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Preface

I spent my simple and happy childhood in Wuxi, a beautiful city by Lake Tai in
China. I admired my father for being a wood science professor, and for his ability

to make beautiful wooden furniture. Very often, I helped hold a wood board when
he drilled a hole in it and passed nails to him. I found that wood is such an easy
material to play with. My father shared many stories with me about wood when

he discovered my curiosities and interest in the matter. Ginkgo is one of the most
suitable wood species for use as cutting boards. Ash can be readily bent after being
soaked in hot water, good for making curved arms for chairs. Chinese fir is a smart
choice for building a house. My father always encouraged me to explore the science
behind these stories. In the summer before I started my university life, I assisted my
father to use bamboo fibers and phenol resin to make the shuttles for knitting cloth,
which required a super impact strength and minimal friction resistance. During

my undergraduate studies, I majored in wood-based composites, understanding
that wood can be modified to produce various types of products to meet the needs
of everyday life. Back in the 1990s, and likely nowadays as well, wood and wood
products were mainly used for making furniture and decorating interiors. With an
aim to broaden my horizons, I went to Canada to pursue my doctoral degree in 1995.

Canada is a forest-rich country that utilizes lumber to construct more than 90%

of its residential houses and buildings. With the change in raw materials, many
engineered wood products (EWPs) such as parallel strand lumber, laminated
veneer lumber, and cross-laminated timber have been invented as a substitution

for conventional lumber products. These EWPs are fabricated with wood elements
(such as strands, veneer, and lumber) and adhesives and/or fasteners (such as nails
and dowels) for use in structural applications. Use of adhesives, dry wood elements,
heat, and pressure in the manufacturing of EWPs provides them with two great
advantages over sawn timber: stable dimensions and uniform properties. Moreover,
the designability of EWPs makes it much easier for these products to meet market
requirements than it is for solid wood products to do so. These merits of EWPs have
been attracting architects, engineers, and builders to adopt EWPs in their design
and construction of buildings. The current National Building Code of Canada
allows for the construction of wood buildings up to 12 stories. Canadian research
scientists and code developers have been working hard towards a very ambiguous
but feasible and promising goal, which is to allow people to select EWPs in the same
way as they choose steel or concrete in the construction of tall buildings in 2025.

Unusual weather, such as flooding and snowstorms, has been occurring worldwide
for the last few decades. It is widely recognized that forests and wood products play
a critical role in the reduction of greenhouse gas emissions. Forests can sequester
carbon and wood products can continue to store carbon over their lifespan, particu-
larly structural wood building products that can last 50 to 100 years. This is a benefit
of using wood rather than fossil fuel-intensive materials such as steel and concrete.
Furthermore, we can recycle and reuse wood products at the end of their lifespan,
which can help store carbon for an extended time. Therefore, increasing the use of
forest wood can help mitigate climate change.



This book is a product ‘fabricated’ by authors from Australia, Brazil, Canada,
Chile, China, Finland, India, Malaysia, Slovenia, Turkey, and the United States.

It discusses EWPs, their uses in construction, and their contributions to reducing
the construction industry’s carbon footprint. The book is divided into two sections
that address general overviews and applications of EWPs and recent research and
development of EWPs.

The first section contains eight chapters discussing EWPs in terms of definition,
classification, design principle, basic manufacturing processes, and mechanical
properties. They also examine the perspectives of using EWPs from architects and
builders, design considerations, and life cycle assessment on carbon.

The second section includes twelve chapters that address the development,
improvement, and prospect of EWPs from material science to structural perfor-
mance, including element size effect, adhesive bonding evaluation, preservative
treatment, Industry 4.0 manufacturing, dovetail joint technique, architectural
modelling, and protection from lightning.

This book provides a general picture of the state of art of EWPs in construction,
making it a valuable reference for manufacturers, engineers, architects, builders,
researchers, and students in the field of construction. I am grateful to all the
chapter authors for their contributions. I also appreciate the support provided by
IntechOpen and its author service managers and editorial and publication staff
throughout all stages of production.

Wood is a gift from nature. The use of wood and EWPs helps reduce adverse
environmental effects and thus improves human wellbeing. My love for wood was
triggered by my father and encouraged by my mother. There will never be enough
words to express my gratitude towards my parents. I sincerely wish they lead a
healthy life and enjoy their retirement. I also express my thanks to my wife and my
son for their understanding and support.

Meng Gong

Wood Science and Technology Centre,
University of New Brunswick,
Fredericton, Canada
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Chapter1

Wood and Engineered Wood
Products: Stress and Deformation

Meng Gong

Abstract

Wood, as a natural, sustainable, and renewable bio-composite material, has
a long history of serving humanity as construction materials. With the advance
in technologies, many modern engineered wood products (EWPs) have been
invented, produced, and used in construction, such as laminated veneer lumber,
oriented strand board, and cross laminated timber. This chapter first introduces
the classification, rationales, and pros and cons of EWPs. Secondly, it discusses the
stress-related topics, including growth stresses in living trees, the evolution of wood
strength from the molecular level to the actual design implementation. Thirdly, this
chapter discusses moisture-induced deformation with examples. Finally, it men-
tions the benefits of using EWPs and their market shares.

Keywords: wood, engineered wood products, classification, growth stresses,
strength evolution, design principle, moisture-induced deformation, market shares

1. Introduction

Wood is a gift from nature. Wood is a sustainable and renewable bio-composite
material, which has a long history of serving human beings in the form of fuel,
construction materials, furniture, paper, sports equipment, musical instruments,
and transportation components. Wood is “manufactured” in a living tree with aims
to grow it by transporting water and minerals and providing strength and rigidity
to anchor it to the ground. A tree is optimally “designed” to resist the loads created
by gravity, wind, snow, and others, rather than produce lumber and boards. The
anatomical structure of wood is adapted to generate maximum strength in the
stressed directions; yet in other directions, the strength is quite low [1]. This results
in the anisotropic nature of wood, i.e., the properties of wood in a given direction
are different from those in another. In addition, wood, as a biomaterial, maintains
its fairly high variability of anatomical structures and physical properties; there-
fore, it requires a very large sampling size in research practice.

The dimensions of solid wood are entirely dependent on the dimensions of
trees. The largest tree in the world is, in terms of the overall volume of its trunk,
reported to be the Giant Sequoia (Sequoiadendron giganteum), which takes about
2300-2700 years to form its current dimensions, roughly 84 m in height and 11 m
in diameter at the base [2]. On the other hand, the free span of composite glue
laminated timber arch beams used in the Richmond Olympic Oval, Vancouver,
Canada reaches 100 m with a depth of 1.6 m [3]. Undoubtedly, natural wood fails
to meet the requirements for constructing modern timber structures, suggesting a
need for “man-made” wood products. Furthermore, to address climate change and
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Engineered Wood Products for Construction

protect the earth’s environment, logging in old-growth forests has been, in the last
several decades, restricted or almost banned in most of the countries in the world.
Consequently, available trees are largely from faster-growth plantations, which
usually produce small-diameter logs of low-density wood and large-percentage
juvenile wood. Traditional large-diameter solid timber, which was often used for
long-span wood buildings in the past, has been phasing out. However, there is an
increasing demand for using wood, as a green building material, to construct large
and tall residential, commercial, and industrial buildings. In order to address the
foregoing challenges of sourcing raw wood materials and catering to the market
demands, an ever-growing number of value-added wood-based commodities

and building materials have been created through the advances of technology.
Contemporarily, modern engineered wood products (EWPs) have been widely used
in construction [4].

An EWP is a product fabricated with wood materials and adhesives and/or
fasteners (such as nails) targeted mainly for structural applications. An EWP has
gone through an engineering design, which is often inspired by nature, and innova-
tive technology. With the great efforts made by scientists and engineers in the last
century, EWPs have grown into an extended family. Figure 1 illustrates commonly
used EWPs and their respective abbreviations.

EWPs offer many advantages over traditional solid timber products [5, 6]: (1)
EWPs can reach a size that is not confined by the tree dimension. Theoretically, EWPs
are only limited in width and length under transportation considerations; (2) EWPs
accommodate a wide spectrum of species and sizes of trees, allowing more efficient

Figure 1.
Mayjor types of engineered wood products and their abbreviations (source: images obtained from archiproducts.
com, canac.ca, diy.com, globalsources.com, leben.co.in, nrcan.gc.ca, and structurecraft.com).

1
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utilization of raw wood materials in the form of fibers, strands, veneers, and lumber;
(3) EWPs have more uniform and reliable properties than solid wood, since the
strength-reducing defects present in solid wood can be removed to a large degree or
placed in a less critical zone(s) in the products; (4) EWPs exhibit greater dimensional
stability and tolerances than sawn timber, due to the use of adhesives, dry wood
elements, heat and pressure during their manufacturing processes; and (5) EWPs can
make themselves much easier to adapt to market requirements than solid wood due to
their designability. Figure 2 illustrates the yields of raw wood material usage from logs
to various EWPs. It can be found that laminated strand lumber (LSL) and oriented
strand board (OSB) have a higher yield (larger than 75%) than plywood, laminated
veneer lumber (LVL), and parallel strand lumber (PSL) (less than 65%). It can also be
reasonably estimated that finger-jointed lumber, glue laminated timber (GLT), cross
laminated timber (CLT), nail laminated timber (NLT), or dowel laminated timber
(DLT) has ayield being less than that of sawn lumber due to the loss of wood materi-
als during their manufacturing. A higher raw wood material yield means less waste
and lower production cost, suggesting that EWPs are a great solution to the utilization
of wood resources.

However, there are some disadvantages associated with EWPs [5, 6], one of
which is that the process of manufacturing of an EWP requires more variables
to manipulate than that of sawn lumber. Thus, highly automated equipment and
technologically intense processes are essential in the production of an EWP, which
significantly increases the capital cost of establishing an EWP mill. Therefore, the
production of an EWP with the existing technologies is very costly compared to that
of sawn lumber. Another shortcoming of most EWPs is that the use of adhesives in
those glue-bonded EWPs causes a negative impact on the ecological image of wood
as a natural biomaterial [5].

From Figure 1, it can be easily distinguished that there exist two groups, i.e.,
beam-like and panel-like EWPs. The beam-like EWPs is a group of relatively large
length and depth compared to width, which is commonly used for beams and
columns. The beam-like EWPs include finger-jointed lumber, GLT, LVL, PSL, LSL,
and oriented strand lumber (OSL). The panel-like EWPs are of relatively small
thickness and large width and length, which are usually used for floors, walls,
and roofs. The panel-like EWPs can be further classified into two sub-groups, in
terms of thickness: (1) thick-panel-like EWPs, containing CLT, NLT, and DLT, and
(2) thin-panel-like EWPs, consisting of plywood and OSB. However, there is not
a widely accepted criterion for sorting EWPs according to their dimensions and
shape. For example, GLT can be used flat as panels for decking like NLT. For another

83%

Scrimber

100%
90%
80%

76%
70% 64%
60% o 52%
50%
40%
40%
30%
20%
10% 1
PSL LSL

Sawn  Plywood LVL
lumber

Raw wood material yield from logs
Q
ES

Product

Figure 2.
Raw wood material yields of sawn lumber and EWPs from logs (data from [7, 8]).
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example, LSL can be manufactured in the form of panels at the beginning and then
ripped along the panel length direction to make beam-like or lumber-like products.
In addition to those EWPs listed in Figure 1, there are many other types of EWPs
such as I-joist (or I-beam), timber concrete composite (TCC), and fiberglass-
reinforced GLT. It is noteworthy that Figure 1 also lists two types of fiber-based
EWPs, which are made of wood fibers as “fibers” and plastic or cement as “matrix”.
These two fiber-based EWPs are not commonly used for structural components

in wood buildings nowadays, but they can be used for ceilings and decking. Wood
plastic composite (WPC) has found its applications in the automotive, marine, and
construction industries. Wood cement fiberboard (WCF) has also been steadily
invading the housing and construction market.

With advancing wood-based nanotechnology, nanomaterials, such as nanocrys-
talline cellulose (NCC), have been derived from woody biomass and other cellulose
sources such as straws. NCC is the celluloses in their crystalline form, which can be
extracted by removing the amorphous sections from the celluloses and processed
into solid flake, liquid, and gel forms. NCC can be employed, for instance, to rein-
force the adhesive bond in EWPs. There is another innovative EWP called scrimber
that is made of “scrims”, a kind of interconnected loose webs. The steps of manu-
facturing scrims include crushing small diameter logs into webs, drying the webs,
applying an adhesive into the webs, cutting the webs to the required length and
width, laying up the webs into a mat, and pressing the mat into a billet using a radio
frequency heating press [5]. However, scrimber has not been well commercialized
because of the application of large quantity of adhesive (causing the high cost of
production), and damaged wood generated while preparing scrims (reducing the
strength of wood).

EWPs (usually excluding fiber-based ones) can be also classified into paral-
lel and cross-laminated groups. The parallel-laminated EWPs include LSL, OSL,
LVL, PSL, GLT, NLT, and DLT; meanwhile, cross-laminated EWPs contain OSB,
plywood, and CLT. The parallel-laminated EWPs are usually used for load-carrying
members such as beams and headers; while the cross-laminated EWPs are used for
floor plates and sheathing sheets. The way of lamination inspires a philosophy of
designing EWPs, which will be briefly outlined in Section 2 “Stress” of this chapter.

Another way of grouping EWPs is rooted in the wood elements that make them,
which include fiber, strand, veneer, and lumber-based EWPs, shown in Figure 3. It

* Wood cement fiberboard (WCF)

Fiber-based * Wood plastic composite (WPC)

Oriented strand board [OSB)
Laminated strand lumber (LSL)
Oriented strand lumber (OSL)

Strand-based

Plywood
Laminated veneer lumber (LVL)
Parallel strand lumber (PSL)

Veneer-based

Glue laminated timber (GLT)
Nail laminated timber (NLT)
Dowel laminated timber {DLT)
Cross laminated timber (CLT)

Lumber-based

Figure 3.
Classification of EWPs in terms of the wood elements used for making them.



Wood and Engineered Wood Products: Stress and Deformation
DOI: http://dx.doi.org/10.5772/intechopen.101199

should be noted that PSL is made of long veneer strands (also called veneer strips).
Thus, PSL is classified into the group of veneer-based EWPs rather than the group

of strand-based EWPs albeit it has “strand” in its name. The wood elements largely
govern, in terms of their dimensions, shape, moisture content (MC), species, the
physical and mechanical properties of the product made from them. For instance,

the density of an LVL made of yellow poplar is just slightly greater than that of yellow
poplar veneer, which is attributed to the use of an adhesive(s) and slightly densified
veneer during manufacturing. For another example, the equilibrium moisture content
(EMC) of plywood is usually lower than the wood from which it is made due to the
use of adhesive, dried veneer, and heat and pressure in the course of manufacturing.
However, the EMC of GLT is very similar to that of the lumber used for making it,
since only a relatively small amount of adhesive is applied in comparison to the volume
of GLT itself, and the room temperature is applied during its manufacturing process.

In the course of discussing EWPs, it is worth introducing another two terms:
structural composite lumber (SCL) and mass timber products (MTPs). SCL refers
to those products that combine dried strands, veneer, or other small wood elements
bonded with an exterior structural adhesive(s) to form thick-panel-like or beam-
like EWPs [6, 9]. SCL basically includes LVL, LSL, OSL, and PSL. One outstanding
characteristic of SCL is that the grain of the wood elements used is essentially aligned
parallel to the length direction of its products with an aim to maximize its structural
properties in this direction. Thus, SCL products are broadly used for beams and
columns in wood buildings. MTPs connote a family of EWPs of a large section
size, which can be employed to make strong but light load-bearing components for
structural applications such as floors and walls [9]. MTPs basically include lumber-
based EWPs, i.e., CLT, GLT, NLT, and DLT. However, MTPs also include SCL, TCC,
and other large-size EWPs such as fiberglass-reinforced GLT, see Figure 4. Among
EWPs, the lumber-based MTPs also possess other unique features, such as wood-look
appearance, environmental friendliness, and low carbon emission. MTPs have been,
since the mid-1990s, attracting architects, engineers, and builders to employ them in
their design and construction of tall and large buildings with an aim to compete with
or even substitute steel and concrete.

The philosophy of designing a timber structure/component/connection is
largely rooted in two aspects: safety, limiting the maximum load-carrying capacity
(i.e., strength) and serviceability, restricting excessive deflection (i.e., deforma-
tion) [10, 11]. The reaction of a material (such as wood) or a product (such as
EWP) to the action of external forces is indicated by its mechanical properties, or

EWP

WCF
wpC MTP
Plywood ar

GLT
0sB NLT
I-joist TCC
Figure 4.

Classification of commonly used EWPs.
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Figures.
Cartesian coovdinate system for wood/lumber (left), LVL (middle) or PSL (right).
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Figure 6.
Probability density functions for strength of lumber and EWP,

otherwise known as engineering properties, including tensile strength, compressive
strength, shear strength, bending capacity, ductility, and creep. When an external
load is applied on a wood component/connection/structure, it causes the stresses
inside the wood component/connection/structure, generating deformations and
eventually leading to failure. Failure can be, from an engineering point of view,
defined as a fracture, when stress exceeds the strength of the wood component/con-
nection/structure or failure as deformation exceeds the design value.

Under certain assumptions, such as ignorance of natural growth characteristics
(e.g., knots and eccentricity) and growth ring curvature, a three-dimensional
Cartesian coordinate system can be introduced in Figure 5, representing the wood/
lumber longitudinal or EWP major direction (X), wood/lumber tangential or EWP
minor direction (Y), and wood/lumber radial or EWP thickness direction (Z). On
this basis, an orthotropic model can be built to simulate the mechanical behavior of
wood, lumber, and EWPs in scientific research and engineering design. As men-
tioned above, the mechanical properties of natural wood vary much more than those
of EWPs, which is illustrated in Figure 6. The lumber product has a relatively wide
distribution of strength due to the nature of its biomaterial, and the EWP has a fairly
narrow range since it goes through an engineering design during its manufacturing.
Overall, the EWP has greater design stress, 5th percentile, and mean values than
sawn lumber. The following two sections will discuss these two basic mechanical
terms (stress and deformation) from the standpoint of tree growth and wood uses.

2. Stress

The strength of wood is a measure of its resistance to failure. If the stress
applied to the wood exceeds the strength of the wood, will break. Stress
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accompanies wood during its formation in a living tree and its services over its
life span. As mentioned, a tree is subjected to various types of stresses during

its growth. Mattheck and Kubler depicted external loading and internal stresses
distributed in a tree [1], Figure 7. By neglecting the weights of the stem and
branches, and loads generated by wind and snow, they simplified their model
by only considering the weights of the upper and lateral crowns (F; and F,). The
compressive stresses (61) produced by F; act on the area (A;) of the stem above
the lateral branch, equaling to Fi/A;. The bending moment generated by F, is
applied on the lateral branches, which increases linearly towards the stem. Thus,
the stem below the branch joint bears both bending moment (tensile and com-
pressive stresses) and axial compressive stress (o7).

These stresses refer to the mechanical stresses permanently supported by wood
in a living tree during its growth, which are called tree growth stresses. The tree
growth stresses result from the combined effects of the increase of dead weight
and maturation of cell walls [12]. There is an interesting phenomenon that can be
viewed in a leaning stem when it is subjected to a bending moment. In this situa-
tion, the stem tries to resume its original, usually upright, position, thus, it needs to
counteract the bending moment. In such a stem, the growth stresses often differ on
its two opposite sides, resulting in abnormally wide growth rings appearing in the
upper or lower side of a leaning stem, Figure 8. The wood of such abnormally wide
growth rings is called reaction wood. Reaction wood in hardwoods or softwoods is
named tension wood or compression wood, respectively. Understanding compres-
sion wood is of great importance since softwood lumber is commonly used in con-
struction of wood buildings. Compression wood has a relatively large longitudinal

compression

=S SRS
e G

F

t I 1} compression

e

tension J
due to ‘;\"' #i compression due to

total stress from
axial force and bending

T

Figure 7.
Combined axial stresses and bending stresses in a tree generated by its crown weights [1].
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(a) Hardwood (b) Softwood

Compressive \
growth stress

Compression {

Tension wood
wood
Abnormally wide growth rings on Abnormally wide growth rings on
the upper side of a leaning stem the lower side of a leaning stem

Figure 8.
Reaction wood in a leaning stem: (a) tension wood in hardwood, and (b) compression wood in softwood

(modified from [12]).

shrinkage compared to normal wood, which can reach 1-2% [13], around 10 times
as large as that of normal wood. As a result, warping and even cracks, often emerge
in softwood lumber. In comparison to normal wood, compression wood has a
relatively high density but similar strength, resulting in a low strength-to-weight
ratio [13].

Wood is a complicated hollow structure consisting of substances and voids. The
substance is the basic building materials constructing cell walls made of an ordered
association of cellulose, hemicellulose, and lignin, with an average density of 1.5 g/
cm’ under oven-dry conditions [13]. The voids in wood appear in the form of cell
lumens, pit openings, pit cavities, and intercellular spaces. The density of wood is
largely governed by these voids, i.e., if a wood species has a larger volume of voids,
its wood has a lower value of density. Figure 9 illustrates the tensile strength values
of wood at various levels. At the molecular level, the strength of wood is extremely
high in the longitudinal direction, with estimates exceeding 7000 MPa [14]. Wood
strength is about 15 times larger than that of structural steel, which has a strength
of 400-550 MPa. Bundles of cellulose molecules form so-called microfibrils, the
basic cell wall elements constituting cell walls in association with hemicellulose and
lignin. From the composite theory point of view, wood is a natural composite, i.e.,
nature’s fiberglass, in which celluloses are the “fibers” and hemicellulose and lignin
are the “matrix”. Microfibrils have a strength of about 480 MPa and individual cells
are estimated to have a strength of about 140 MPa [14]. The tensile strength of clear
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Tensile strength of wood at various levels.

softwoods in the longitudinal direction has values ranging from 40 to 200 MPa [5].
However, lumber has, in the same longitudinal direction, a tensile strength of only
15-40 MPa [5] due to the existence of many strength-reducing characteristics such as
knots, the slope of grain, checks, and splits. In the derivation of the design value of
lumber, its characteristic strength properties, such as characteristic tensile strength
in the longitudinal direction, are determined using the lower 5th percentile value of
the Weibull distribution, which is much lower than the mean. From here, an allow-
able property value can be calculated by dividing the 5th percentile with a property
reduction factor (n), or a so-called adjustment factor. For example, allowable tensile
strength is equal to the 5th percentile divided by n, where n = 2.1 [15]. Finally, design
value can be derived by multiplying the allowable property value with modification
factors such as load duration, service condition, size, treatment, system, and other
factors. For instance, the tensile strength of wood in the longitudinal direction can
be as low as 2.5 MPa in the design of a structural component, which is fully attrib-
uted to the biomaterial nature of wood and its service conditions.

The above discussion suggests that human beings have not fully utilized the
strength of wood. Contributed by the recent technological progress, the optimized
use of wood has been improved to a certain degree in terms of strength. Song et al.
selected three hardwood species (basswood, oak, and poplar) and two softwood spe-
cies (western red cedar and eastern white pine) as test materials, and took two steps
to transform bulk natural wood directly into super strong and tough densified wood
[16], Figure 10. Step 1 used a chemical treatment to partially remove lignin/hemicel-
luloses and Step 2 mechanically hot-pressed the chemically treated wood at 100°C
to reduce its thickness by about 80%. They discovered that the tensile strength of
densified wood reached about 550 MPa, which was 12 times as large as that of natural
wood. This value is higher than that of microfibrils (about 480 MPa). They indicated
that most of the densified wood consisted of well-aligned cellulose nanofibers, greatly
enhanced hydrogen bond formation among neighboring nanofibers. Their research
provides a promising method of maximizing the use of wood strength by removing
most voids and some lignin/hemicellulose. As mentioned in Section 1, NCC derived
from wood attracts increasing attention due to the non-renewability of petroleum
and the global promotion of green materials and products. NCC made from bleached
softwood kraft pulp exhibits a diameter of 10 nm and a length of 150 nm [17].
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Figure 10.
Two-step processing approach for making densified wood (modified from [16]).

The Young’s modulus of NCC can reach about 137 GPa [18]; while that of Douglas fir
clear wood, one of the strongest softwoods, reaches only about 14.5 GPa [19]. This is
one of the key reasons for applying NCC as high-performance “fibers” to “matrix” to
produce composite materials of increased stiffness and tensile strength.

EWPs are fabricated through an engineering process, the basic principle of
which is to place stronger materials at the most stressed zones [5, 7, 9]. Each lamina-
tion, such as lumber and veneer, must be graded visually or mechanically. Figure
11 illustrates two lumber-based EWPs, GLT, and CLT. GLT here is made of sawn
lumber of various visual grades, notably select structural (SS, the highest grade),
No. 1, No. 2, and No.3 (the lowest grade here). The GLT in Figure 11 (left) is
intended to be used as a beam subject to the bending of a simple span. Therefore, an
unbalanced layup is designed with an aim to optimally and efficiently use lumber
by locating SS-grade lumber on the bottom face and No. 3 lumber in the core layers.
Figure 11 (right) depicts the basic idea of designing CLT, in which lumber grades in
its major strength axis are required to be at least 1200f-1.2E MSR or visually graded
No. 2, where No. 3 is the minimum lumber grade required in the minor strength axis
[20]. This design gives CLT two-way action capacities, suitable for floor uses.

Figure 12 further justifies the principles of engineering design in wood in
terms of two basic veneer-based EWPs, namely plywood and LVL. Veneer can be,
according to the size and number of defects (such as knots), sorted into three grades
(high, mid, and low). In the construction of plywood and LVL, the best quality

Figure 11.
Design of GLT (left) and CLT (right) [9].
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Figure 12.
Design of veneer-based products.

veneer is used as top and bottom laminations; however, the laminating approach
differs. The cross-lamination of veneer enables plywood to be relatively strong in
both the length (X1) and width (Y1) directions when loaded on its face, enabling

it be widely used as sheathing materials. In LVL, the grain of each layer of veneer
runs in the same direction, i.e., parallel-lamination. As a result, the strength in the
length direction (X2) of LVL is much stronger than that in the width direction (Y2),
making it a more suitable material for beam and column uses.

Assuming the same wood species, veneer quality, adhesive type, and other manu-
facturing parameters (except the laminating approach) are used in the fabrication of
plywood and LVL, it can be reasonably predicted from Figure 12 that the modulus of
elasticity (MOE) and modulus of rupture (MOR) are the largest in the direction X,, the
second largest in Xj, the second smallest in Y, and the smallest in Y,. This is verified by
a group of undergraduate students at the University of New Brunswick, Canada, who
made 5-layer poplar plywood and LVL panels in their laboratory using a phenol-form-
aldehyde adhesive at two levels of pressure. Each panel they made had a width of about
150 mm and a length of about 300 mm, from which small specimens were cut for bend-
ing tests. Figure 13 summarizes their results indicating that there is a notable difference
in MOE and MOR between plywood and LVL in either the major (X; or X;) or minor
(Y7 orY5) direction. Plywood has fewer degrees of difference in MOR and MOE than
LVL between the major and minor directions, suggesting a more uniform structure in
plywood. However, LVL has a much higher MOR and MOE in the major direction (X;)
than that in the minor one (X;), indicating its one-way strength capacities.

As discussed above, one of the advantages of EWPs over sawn lumber is that they
can be engineering-designed. For instance, a cylindrical LVL was inspired by the
hierarchical structure of a wood cell wall. A cell wall consists of three major layers
in its secondary wall, and each layer has many lamellae containing microfibrils at
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The means and standard deviations of MOR and MOE of plywood and LVL.
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Figure 14.
The hierarchical structure of a mature cell wall (left) (adapted from [21]) and a cylindrical LVL (right)
(adapted from [22]).

different angles [21], Figure 14 (left). The middle layer in the secondary wall has
30-50 lamellae, occupying about 75% of the thickness of the cell wall. The microfi-
brillar angle in the middle layer ranges from 10 to 30 degrees relative to that of the
longitudinal axis of the cell (almost parallel to the longitudinal direction of wood).
Therefore, the middle layer governs the properties of the cell wall and furthermore
the properties of wood, and provides considerably more strength and stiffness
parallel to its axis than perpendicular. Yamauchi et al. used 2.5-mm-thick Japanese
cedar veneer and a resorcinol resin to make cylindrical LVLs using the spiral-winding
method, i.e., by laying neighboring veneer sheets at +10 degrees to form an inter-
locked grain structure [22], Figure 14 (right). The cylindrical LVL specimens they
made were about 300 mm in the outer diameter, 25 mm in the wall thickness, and
3600 mm in the specimen length. They discovered that (1) the MOE of cylindrical
LVLs was the same as that of solid lumber of the same species; and (2) as the number
of veneer plies used in cylindrical LVLs increased from 6 to 10, its MOR increased;
yet MOE remained almost unchanged. Yamauchi et al. concluded that the inter-
locked grain structure they applied could effectively prevent a decrease in MOE and
indicated that cylindrical LVL was suitable for structural uses, especially for posts in
construction [22].

3. Deformation
Wood and EWPs may undergo dimensional changes due to variation in ambi-

ent temperature and relative humidity, and stresses caused by external loads. The
interaction of the surrounding atmosphere and loading conditions can create an
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enhanced level of deformation in wood. This section briefly explains how the
change in moisture content of wood affects the shrinkage or swelling of wood and
aims to increase the awareness of how the moisture-induced deformation impacts
the structural performance of a timber building.

As a hygroscopic material, wood and its products can absorb and release mois-
ture, resulting in dimensional changes. Figure 15 illustrates the possible changes in
moisture content (MC) of wood during the construction and use of wood buildings.
The initial MC is the MC at the time of the manufacturing of a wood product, which
is usually less than 19% for lumber and 4-15% for EWPs [10, 23]. The initial MC of
strand-based or veneer-based EWPs, such as OSB and LVL, ranges from 4-6% [10].
However, the initial MC of lumber-based EWPs, such as GLT and CLT, varies from
11-15% [10]. The difference in initial MC between strand/veneer-based and lumber-
based EWPs can be attributed to the dimension and shape of wood elements, amount
and type of adhesive, and heat and pressure applied during manufacturing. The MC
can significantly increase during construction if the wood components are not well
protected from moisture/water, which can cause a large change in dimension and
shape as well. Proper cautions and measures must be used to minimize such a large
dimensional change. After a wood building is completed and occupied, its in-service
MC may vary from 7-15% [23], depending on the surrounding temperature and rela-
tive humidity, before eventually reaching equilibrium moisture content (EMC). The
EMC fluctuates between the low and high in-service MC, resulting in some dimen-
sional changes in wood from time to time.

As discussed above, the wood components of alow MC at the time of delivery
may get wet on a construction site, generating a swelling value that cannot be
ignored. Figure 16 illustrates a floor joist that is supported by a wood frame wall
on the right end and by a masonry block on the left [10]. During the service of
the floor joist, differential wood movements may occur between the two ends,
Figure 16 (upper). To ensure that the floor is at a horizontal level, the movements
at the two ends must be the same. To address this, a wooden sill beam, just like the
interior beam, can be added to the concrete wall, as shown in Figure 16 (lower),
which provides an equal amount of wood movement in the vertical direction. This
example provides a hint to designers, i.e., it is important to identify, in the course of
designing a wood building, the locations where potential differential wood move-
ments could affect structural integrity and serviceability.

Wood is indeed an anisotropic material. Thus, its dimensional change varies
from one direction to another. The dimensional change in the longitudinal direction
is as low as 0.1-0.2% for mature wood [13]; thus, it can be ignored. However, the
dimensional change in the transverse (i.e., radial, tangential or in-between) direc-
tion can reach as high as 12% or so [13]; therefore, it must be taken into account
during the design of wood buildings. However, it is not practical and sometimes

Site/Construction

Initial MC[-‘
In-Service (High)
0

In-Service (Low)

Moisture content (%)

Figure 15.
Variation of moisture content of wood during the construction and use of wood buildings [23].
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Detailing to account for vertical movement due to the change in moisture content [10].

impossible to estimate the dimensional change in the transverse direction because
the grain orientation in the cross-section of lumber cannot be predicted in the con-
struction of a wood building. To resolve this problem, the Canadian standard CSA
086 “Engineering design in wood” specifies Eq. (1) to estimate the dimensional
change of a member made of sawn lumber or lumber-based EWPs such as GLT and
CLT [11]:

S:Dx(Mi—Mf)xc 1)

where, S is the dimensional change (mm) due to moisture; D is the actual
dressed dimension (mm) (i.e., thickness, width, or length); M; is the lesser of the
initial moisture content of the fiber saturation point (28%); M is the final moisture
content; and c is a coefficient. As for lumber, ¢ = 0.002 or 0.00005 for the dimen-
sional change perpendicular to the grain (i.e., the transverse direction) or parallel to
grain (i.e., the longitudinal direction), respectively.

Scientists at FPInnovations, Canada, conducted a study by monitoring the vertical
movement in a 4-storey wood-frame building over 22 months [24]. The floors consist of
38 mm by 240 mm “S-Dry” dimension lumber joists with a concrete topping. The walls
consist of 38 mm by 140 mm “S-Dry” solid sawn plates and studs. Double top plates and
double bottom plates are used in all storeys. The stud length of all storeys is 2.44 m. The
joist spacing is 400 mm; joist spans are 3.75 m; and stud spacing is 400 mm. The scien-
tists calculated the vertical wood movement including shrinkage from an initial MC of
19% to the final MC of 8%, using the above equation and deformation by assuming the
specified roof and floor dead loads to be 0.5 kPa and 1.3 kPa, respectively. Deformation
generated by stress includes instantaneous deformation and creep deformation. The
equations for calculating these deformations are provided in the report by Doudak et al.
[24]. Figure 17 summarizes the estimated vertical movement values at each storey,
indicating that the accumulated shrinkage over 4 stories accounts for about 90% of the
total vertical movement. This suggests the vertical deformation generated due to the
change in the moisture content of wood is critical and must be considered in the design
of awood building. The actual vertical movement measured in this 4-storey building
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Estimated vertical movement due to changes in MC and axial compressive load (source: data from [24]).

was about 40 mm, which is in good agreement with the estimated value (about 38 mm).
They concluded that it was possible to make a good estimation of vertical movement

to avoid the potential problems of structural integrity, serviceability, and building
envelope over the lifespan of this wood building. The scientists also found that the use
of EWPs could reduce the accumulated shrinkage to about 80% of the total vertical
movement, based on their monitoring of another 5-storey building with floor joists
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bottom of the next.
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In platform framing the
studs and sole plates
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Figure 18.
Light frame construction methods: platform framing and balloon framing (modified from [25]).

17



Engineered Wood Products for Construction

made of LVL flanges and OSB webs. The total vertical movement of this 5-storey build-
ing was about 30 mm, which was 75% of that of the 4-storey building they studied.

There are two basic wood framing construction methods, notably platform
framing and balloon framing [25], Figure 18. In the platform framing, all vertical
structural elements of the exterior bearing walls and partitions consist of single
studs extending the full height of the frame. Meanwhile, in the balloon framing,
the studs of the exterior walls and some of the interior walls are continuous from
the foundation sill plate to the top plate below the roof framing. In comparison to
balloon framing, platform framing is more commonly used for modern structures
due to its simplicity and ease of erection; but its vertical movement due to MC
changes is much larger. Balloon framing is rarely used nowadays since the length
of sawn lumber available is not sufficient due to changes in forest resources with
the production of smaller trees compared to older times. However, with advancing
technologies, many modern EWPs have been invented and manufactured, provid-
ing sufficiently sized materials with less moisture-induced wood movements. This
gives an opportunity for people to rethink the use of the balloon framing method in
building construction.

CLT panels can, attributed by their inherent two-way spanning capabilities,
eliminate the necessity of placing beams underneath the panels, as with other
MTPs. This facilitates the emergence and application of a post-and-panel mass
timber construction system [9]. Therefore, this system significantly reduces the
building height and construction time, as well as overall costs [26]. In this type
of modern construction system, the CLT floor plates are point-supported by GLT
and PSL columns. This may cause two potential issues, i.e., excessive vertical wood

[=—— GLT column

1 | r r CLT panel
/

ST

|- GLT column

Figure 19.

Colummn-to-column connection used in the Brock Commons Tallwood House in the University of British
Columbia, Vancouver, Canada (upper: on-site installation of columns connected to CLT panels (source: wwuw.
fastepp.com); lower: HSS steel connectors [26] ).
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movement because of MC change and crushing of CLT panels due to axial loads, if
there are no proper connectors joining CLT plates and columns. These issues occur
because the vertical direction of the building is the thickness direction of CLT

(i.e., the transverse direction of lumber), along which larger accumulated wood
movements and lower compressive strengths exist in CLT. To address these issues,

a so-called HSS steel connector was developed and employed, Figure 19 (lower),
which can directly transfer load from upper columns to lower columns and provide
some tolerance for dimensional change. The development of various types of metal
connectors is of great importance in the design and construction of wood buildings
with EWPs.

4. Endnotes

With climate change being an inevitable and urgent global challenge, it is essen-
tial to address such issues with real-life content, for instance, the global warming
impacts caused by buildings and constructions. The World Green Building Council
reports that building construction and operation account for 39% of greenhouse gas
(GHG) emissions annually [27]. Among this 39%, 11% is from embodied carbon
and 28% from operational carbon. The embodied carbon of a building is defined as
the amount of carbon emitted during its construction. Whereas, operational carbon
is defined as the amount of carbon emitted during the operation of a building. As
innovative building technologies continue to develop, operational carbon will be
significantly reduced, and embodied carbon can be responsible for almost 50% of
total new construction emissions from now to 2050 [28]. In the next 40 years, with
a doubled urban population, a building area of 2.48 trillion square feet is required
to fit the needs of urban population growth [29]. The combination of consider-
able global CO, emissions from the building sector and the increasing demand on
buildings reveals that actions should be taken immediately to mitigate emissions
from the embodied carbon. One of the answers to this global challenge is to increase
the use of wood and wood-based products in the construction sector. As a biomate-
rial, wood possesses its natural ability to mitigate carbon dioxide (CO,). During the
growth of trees, wood is produced, sequestering carbon. After trees are harvested,
wood can be processed into various products. These products can be therefore used
in construction of buildings, which store carbon over their lifespan. The recently
released report “The state of mass timber in Canada 2021” from the Government
of Canada [30] indicates “As high-value wood products, mass timber can play
an instrumental role in the circular economy by providing a renewable source of
building materials and contributing to a lower carbon footprint for the construc-
tion sector.” In the last two decades, the development of mass timber was rapid
in Canada, which can be viewed through the number of completed mass timber
projects, Figure 20, with 10 projects in 2007 and upwards of 60 projects in 2018. It
should be noted that each project listed in this figure must meet two criteria, i.e., a
minimum floor area of 300 m” and structural use of MTPs.

Figure 21 illustrates the percentage share of each EWP in major markets over
a time horizon [31]. The data in this figure are outdated, only depicting the status
of EWPs in 2006, but it still provides some insight into the market shares of each
EWP. The sheathing and industry plywood markets are in the stages of “decline”
and “maturity”, respectively. This is mainly due to the decreasing volume of veneer
quality logs and the rapid development of OSB. Sheathing OSB is in “rapid growth”,
which has taken a big market share from plywood because of its high yield of using
raw wood materials. Framing lumber takes 90% or more market shares since SCL is
still much more expansive than sawn lumber, resulting in its failure to completely
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Percentage shave in major markets of EWPs over time horizon (source: photos obtained from [31]).

replace lumber [6]. Glulam, a commonly used name for GLT, has passed its plateau
of market demand, moving into the “decline” stage. The main reason for this decline
could be the emergence of other EWPs such as LVL, LSL, and PSL. Albeit LVL stays
at the end of the “expansion”, it could have reached its maximum market share.
This implies that the cost of producing LVL will, just like manufacturing plywood,
definitely increase, since premium logs for producing veneer are becoming scarce
[6]. LSL and PSL are in “expansion” due to their high raw material yield from logs
to the final products. Figure 21 does not show the market shares of CLT, NLT, and
DLT, but it can be reasonably speculated that these lumber-based EWPs are in the
“development” and “expansion phase”, and will enter “rapid growth” quickly, par-
ticularly for CLT. As technologies advance, the cost of manufacturing EWPs will be
further reduced. For example, adoption of the artificial intelligence in production
can lead to an increased yield of raw material usage from logs and reduced labor
costs. Therefore, EWPs will be more competitive to sawn lumber and make inroads
into more market shares.

It can be well foreseen that EWPs will have a bright future in construction
because (1) EWPs are designable, producing an optimal structural performance
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for construction; (2) EWPs have more uniform strength properties and fewer
changes in dimensions and shape, making them more suitable building materi-
als; (3) EWPs provide a wide selection of dimensions, allowing designers and
builders to design and build tall timber, wood-concrete, and wood-steel hybrid
structures; and (4) EWPs fall into the category of environmentally friendly and
recyclable products, contributing to a lower carbon footprint for the construc-
tion sector.
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Engineered Wood Products as a
Sustainable Construction Material:
A Review

Ranjana Yadav and Jitendra Kumar

Abstract

Engineered wood products are considered as best building materials due to
environmentally friendly. Huge change to the way in which wood has been utilized
in primary application of construction in the course of the most recent 25 years
are in light of decreased admittance to high strength timber from growth forests,
and the turn of events and creation of various new design of manufactured wood
products. Engineered wood products are available in different variety of sizes and
measurements like laminated veneer lumber, glued laminated timber, finger jointed
lumber, oriental strand board etc. It is utilized for rooftop and floor sheathing, solid
structure, beams and the hull of boats. This review objectively explores not only
the environmental aspects of the use of different engineered wood composites as
a building material, but also their economic aspects, to understand their effect on
sustainability.

Keywords: engineered wood product, plywood, cross laminated timber, laminated
veneer lumber, oriented strand board etc.

1. Introduction

Wood is one of the world’s most promptly accessible and adaptable building
materials, and recent advances in engineered wood products innovation have
permitted these to be utilized in a basically load-bearing segment [1, 2]. Wood
has assumed a huge part in the existences of people from ancient occasions to the
advanced time. It is richly found in an assortment of normal settings and effectively
retrievable in its raw form. Wood has been a fundamental component of develop-
ment for quite a long time, with saved instances of such constructions dated to mil-
lennia B.C. Engineered wood products (EWPs) are among the most excellent and
harmless to the ecosystem building materials. In manufacture, they are produced
efficiently from a renewable resource. In development, the way that engineered
wood products is accessible in wide assortment of sizes and measurements [3].

EWPs are chiefly laminated veneer lumber [4], wood I Beam, glued laminated
lumber [5], cross laminated timber [6, 7], finger jointed lumber, oriented strand
lumber, oriented stranded board [8, 9], medium density fiber board (MDF) and
Particle Board (PB). These EWPs are regularly created from the adhesive bonding of
wood chips, pieces or veneers, as well as the mechanical securing of timber segments
to frame bigger segments, beams, boards or other structural components [10-14].
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The advantages of EWPs incorporate upgraded dimensional stability, the
development of bigger and more complex structural segments, decreased impact
of common imperfections (for example knots), more noteworthy toughness and
more homogenous mechanical properties [15, 16]. These properties of wood can
be improved through controlled changes, and this is the establishment of designed
wood items [17-20]. This builds the overall performance of structural wood com-
posites, prompting a more viable structure material, accordingly growing potential
end uses [21-23]. Engineered wood products have permitted wood to be utilized in
circumstances where solid timber is incapable, prompting specific items to help a
more different exhibit of uses. This has extended market openings prompting the
positive financial development of this industry [24].

Aswell as being utilized as a substitute for more “traditional” engineering
materials, engineered wood products have demonstrated to beat conventional sawn
lumber in the structural applications for which they are intended for [25, 26]. Extra
advantages of working with engineered wood products include: lower building costs
with less expensive materials/speedier construction time, lower ozone depleting
substance outflows by not utilizing energy escalated materials, unrivaled adaptabil-
ity under seismic burdens and better energy execution/effectiveness [27].

As per estimates of Forest survey of India (2017), while the annual production
from the natural forests is quite low, the production from the tree outside forest is
much higher. Most of the Industrial wood in India is produced from outside govern-
ment forests and agroforestry/ farm forestry in the country. India is one of the emerg-
ing markets in Asia pacific engineered wood industry, currently accounting for 10% of
the Asia pacific engineered wood market share. Cross laminated timber market is ris-
ing construction industry. Laminated veneer lumber is one of the most popular EWPs.

Engineered wood products are making it conceivable to build taller and bigger
wood structures, and there is innovative work on this theme. Hence, this review
chapter focusses on various engineered wood products, which are more economi-
cal. This review chapter of the current writing offers bits of knowledge. This
chapter takes a gander at another age of wood products, made from the sustainable
structural material. These products can assume an undeniably significant part in a
naturally concerned world.

2. Types of engineered wood product
2.1 Glued-laminated lumber (glulam)

Glued laminated lumber, or Glulam, is the most essential and oldest member of
the engineered wood products family, which has helped with growing the structural
uses of wood and conventional sawn wood development [28, 29]. Solid sawn sub-
stantial timber is in restricted accessibly for extremely huge sizes, and is not basically
proficient because of deformities like bunches and checking. Glulam has disposed of
the limitations of utilization of huge sawn wood concerning size of the stem cross-
area, the length of the stem, and the structural deformities present. Production of
this product started in Europe at when the new century rolled over, in the U.S. in the
1940, and in Canada in 1952. Glulam individuals comprise of various wood overlays
(or “lams”) that are fortified together using glue [30-34]. The boards are pressed
with hydraulic equipment in the process to ensure tight bonds. Dimensional soft-
wood lumber is regularly picked for the lamination, and care is taken to guarantee
that the grain of the boards runs parallel to the longitudinal axis of glulam member
(Figure 1). Boards utilized in the lamination process may differ in sizes but do not
exceed two inches in thickness. Notwithstanding the benefits related with huge
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Figure 1.
Glulam [35].

cross-sectional zones, lamination boards are regularly joined at the ends to develop
glulam individuals that increased the lengths of stock lumber. Recently, fiber-rein-
forced polymers have been included in the manufacture of some glulam production
[36]. This component enhances the tensile performance of the member and is said to
offer economic benefit in some applications [37-42]. Glulam is often used as straight
beams, including lintels, purlins, ridge beams and floor beams, Columns including
round, square and complex section, curved beams and roofs.

2.2 Cross laminated timber (CLT)

The construction industry is starting to use new enormous scope engineered
wood composites known as mass lumber items. CLT is a moderately new wood
product that holds extraordinary potential for significantly expanding the utiliza-
tion of wood products in construction [43-45]. CLT as enormous boards built
through the overlay of various layers of structural grade softwood boards. Each
layer of boards is usually oriented perpendicular to adjacent layers and glued on
the wide faces of each board, usually in a symmetric way so that the outer layers
have the same orientation (Figure 2). The products are discovering use in building
projects as floor slabs, load bearing wall and shear wall [47-49].

(a) single layered structure (b) laminated structure.

Figure 2.
Cross-laminated timber [46].
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Being a suitable choice for heavy frameworks manufacturer expanding inter-
est in CLT and giving a green choice to steel and cement. CLT offers high strength
and the structural simplicity needed for cost effective buildings, as well as a lighter
environmental footprint than concrete or steel. CLT board manufacture considers
awide scope of board sizes and thicknesses. Architect use CLT boards as burden
bearing plate components in construction projects, working as floor slabs, rooftops
and walls. The substantial idea of CLT and its great strength properties give the
likelihood to use in multistory structure. CLT can also be processed as a “ready-
made” building material, tailoring its process to the precise required measurement
to reduce wastage of building material.

2.3 Laminated veneer lumber (LVL)

While glulam and CLT boards are contained wooden boards, various engineered
wood products are made with wood veneer. LVL is perhaps the most generally
utilized engineered wood products for constructional applications. It is a composite
board made from various thin layers of veneers that are lined up with the length
of the finished lumber [50-53]. The product was invented in the last part of the
1960’ and has gotten grounded as a high strength pillar and header segment in both
residential con commercial constructions. Since it is made from veneers, LVL makes
up to 35% more powerful utilization of logs than is conceivable with solid lumber.
At fabricate, veneers are dried to 8% moisture content, and reviewed for uniform
strength and width before lay-up. Adhesive is applied and the board is pressed
under heat and consistent pressure until cure (Figure 3). Laminated veneer lumber
is planned for use as high strength, load carrying beams to help the heaviness of
development over window and entryway, and in floor and rooftop frameworks
of residential and light commercial wood frame development. It can give the both
boards and beam/column components [55].

2.4 Laminated strand lumber (LSL)

LSL is usually realized Timber strand. As of now, LSL is being made from excess,
over develop aspen trees that normally are not huge, solid, or sufficiently straight
to develop conventionally wood products. In this cycle, the debarked logs are
utilized to give the material to chipped strands, which can be up to 300 mm long.
These strands are then dried, coated with adhesive, and pressed into huge billets
by a process which incorporates steam injection (Figure 4). The billet might be up
to 140 mm thick, 2.4 m wide and 10metres long. Subsequent to sanding, countless
sizes are sliced to suit applications like headers, edge joists for floor frameworks,

Figure 3.
Laminated veneer lumber [54].
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Figure 4.
Laminated Strand lumber [56].

columns, joists and studs. It is utilized for a wide scope of millwork, like doors,
windows, and practically any item that require high grade lumber. It is additionally
utilized for truck decks, fabricated housing, and some structural lumber such as
window and door headers [57, 58].

2.5 Parallel strand lumber (PSL)

PSL, ordinarily known Parallam, is intended to supplant huge dimension lumber
(beams, planks, and posts). Parallel strand lumber was developed in Canada,
advanced onto the market in the last part of the 1980’s [59]. PSL comes in numer-
ous thicknesses and widths and is fabricated up to 66 feet in length (Figure 5). The
strands are for the most part taken from veneers peeled from the outermost part
of the logs, where more grain is found. Veneers e are dried to 11% moisture con-
tent and reviewed for strength prior to chopping into strands [61]. They are then
adjusted parallel to each other, coated with waterproof glue, then pressed and cured
[62, 63]. It is utilized for enormous individuals in residential construction and as
middle and huge individuals in commercial building construction.

Figure 5.
Pavallel Strand lumber [60].
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2.6 Structural plywood

One of the most important well-known building materials constructed with
veneer is plywood. It is handily sourced from everywhere the world and has exhib-
ited fruitful. Plywood is utilized for some light duty building materials. It is likewise
utilized for rooftop and floor sheathing, concrete formwork, webs of wood beams,
and surprisingly the frames of boats. It very well may be utilized to oppose gravity
loads or to oppose horizontal burdens as in plywood diaphragms and shear walls.
Plywood is fabricated from stacked veneers which are organized in an odd number
of layers, the grain of the face layers arranged to the long dimension of the board
(Figure 6). The cross-overlaid lay-up of the veneers gives strength, stiffness and
dimensional strength [65].

2.7 Oriented strand board (OSB)

OSB was first produced in Canada in 1964. Since the mid-1980s, OSB has been
one of the most commonly used engineered wood-based panels for structural
construction in residential sectors due to excellent properties, especially due to
the increasingly competitive price [64, 66]. OSB is an engineered structural panel
made from strands of wood sliced from small diameter timber logs and bonded
together with an exterior grade adhesive, under heat and pressure [67-70]. OSB is
manufactured in various grades with improving resistance to the effects of moisture
(Figure 7). OSB is extensively used for wall sheathing, floor underlayment, roof
cover and I-joist in both commercial and residential building. OSB also is used in
furniture, reels, trailer liners and recreational vehicle floors [72-74].

2.8 Wood I beam

Wood I beam are engineered wood products which have great strength in respect
to its size and weight. Wood I beam is a light beam support assembled by gluing
together wooden flanges and fiber board and plywood beams. The flanges of beam
made of laminated veneer lumber or finger jointed solid wood lumber. The web of
beam made of plywood, laminated veneer lumber or oriented strand board. Wood
I beam are available up to 80 feet long (Figure 8). It has been used in residential
and commercial construction as floor, rood structure of structure and external wall
frames. I beam are best for the structure which required rigidity, heat insulation and

Figure 6.
Structural plywood [64].
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Figure 7.
Oriented Strand board [71].

Figure 8.
Wood I beam [75].

economy. Nowadays, wood based I beams are becoming popular. Beams allow easy
execution of installation penetration. Their ‘T’ configuration provides high strength
and stiffness.

3. Advantages of engineered wood products (EWPs)

The term engineered wood products covers a wide cluster of wood-based items
produced using veneers or strands peeled, chipped or sliced. These items are appro-
priate for construction reason as structural materials [76]. EWPs tend to perform
better as they have higher load-carrying abilities compared to solid wood of the
same dimension. This is because EWPs have more uniform and predictable struc-
tural properties, as the usual deficiencies in the wood (like knots and cracks) are
either removed or offset by the manufacturing process. The low cost of engineered
wood is the most immediate benefits and the reason that it is so widely used.

The utilization of glue laminated timber offers various benefits including struc-
tural opportunity, proficient utilization of timberland asset like the utilization of
merchantable and non-merchantable wood species and mixed species application.
CLT gives various ecological advantages notwithstanding its excellent thermal per-
formance. CLT boards are produced for explicit end use applications, which bring
about almost no waste. (CLT’s thick cross segment gives significant imperviousness
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to fire since boards char gradually [77]. Probably the greatest advantage of utilizing
CLT is that the design can be fabricated rapidly and productively. The size of LVL is
not restricted by log size, because of its assembling strategy [78]. Since, it is fab-
ricated with homogenous quality that has least number of defects. The advantage
of I-joists/beam is they are less likely to bow, crown, twist, up or split as would a
dimensional piece of lumber.

Engineered wood product lie plywood permits developers to diminish the quan-
tity of trees required for building a home. Plywood sheathing for walls and rooftops
definitely diminishes home construction cost compared with utilizing boards of
solid wood. Some engineered products, for example, MDF and PB can be produced
using sawmill scraps, wood chips and even saw dust reutilizing wood waste.

Engineered wood product is likewise useful in that it assists with cultivating
up the interaction of development. Perhaps the most appealing highlights of these
engineered components and assemblies are that they can be manufactured to longer
lengths than their sawn lumber partners. Additionally, engineered products pre-
serve or extend the use of the forest resource by using a higher percentage of fiber,
which previously was burned or left to rot. The use of wood from residual sources,
plantations and second-growth forests reduces the pressure to harvest more forest
area. Waste timber can be recycled and turned into strands and fibers and reconsti-
tuted into engineered wood products.

3.1 Comparing material options

In considering the utilization of engineered wood products for a construction,
the manufacturer is given a stable of material choices which permit extensive
potential for the declaration of sculptural structure. This opportunity to make a
masterpiece, when taken, regularly brings about a wood structure whose elegance
and excellence is genuinely a supplement to function. It is significant that the wood
industry keeps on advancing the advantages of the unique character and warmth of
the uncovered structural products. Engineered wood products can be considered as
areasonable substitute or complement for concrete, steel and brick in large building
projects.

Simultaneously, it is similarly imperative to know about the premium related
with the stock of regularly elaborate shapes and treatments. These may draw
structural components as architectural components in a way that utilizes essentially
more material that is needed to help a given burden. To appropriately evaluate the
expenses of wood versus steel, one should perceive such contemplations. Really
frequently, a wood alternative is saved due to such defective examinations. For
instance, a school whose structural framework, in the brain of the designer, will
be alright served by a structural steel frame and open web steel joist framework
ought not just be assembled that way in light of the fact that a weighty wood post
and beams framework is costlier. The Engineered Wood Products explained in this
chapter currently permit the wood industry to contend with practically identical
items to the steel alternative. Cross laminated lumber is able to replace concrete
slabs in the frames of multistory buildings [79]. The weight CLT is about 4 times
less than concrete which reduces foundation loads and transportation cost. Glulam
is two third the weight of steel and one sixth the weight of concrete. The high
strength of laminated timbers enables glulam beams to span large distances without
intermediate columns, allowing maximum design flexibility than traditional timber
construction.

The different sections of this chapter which describe various EWPs refer to
the enhanced utilization of logs due to the use of small sections, in many cases
veneers or strands. Engineered wood products bring huge advantages compared to
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competing products such as steel, concrete and aluminum in terms of embodied
energy, and emissions of carbon dioxide and other pollutants during manufacture
and extraction.

4, Conclusions

This chapter presents an overview of the EWPs. The advancement of new
designs of structural wood products - called EWPs- throughout the most recent
25 years has utilized wood fiber and allowed the wood industry to rival other
structure materials in more construction applications. Based on the properties and
end uses engineered wood products will see an expanding market share within the
wood products manufacturing industry. There are various variables impacting this,
for example, the advantages of wood building construction, improved fire execu-
tion over dimensional timber products. CLT offers high strength and the structural
simplicity needed for cost-effective buildings, as well as a lighter environmental
footprint than concrete or steel. Current experience shows that engineered wood
products are excellent structural wood building material for future.
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Chapter 3

Veneer-Based Engineered Wood
Products in Construction

Elena Vladimirova and Meng Gong

Abstract

Veneer-based engineered wood products (EWPs) are widely used in
construction. Veneer-based EWPs are made of thin veneer sheets or veneer strands
with adhesives, mainly including plywood, laminated veneer lumber (LVL), and
parallel strand lumber (PSL). This chapter first discusses veneer-based EWPs in
terms of their manufacturing, properties, and applications. Secondly, it introduces
how veneer sheets or veneer strands intersect with each other in these products,
providing additional strength and stable dimensions. Thirdly, this chapter over-
views the effects of element dimensions, basic structure, veneer grade, adhesive
type, and processing parameters on the properties of these products. Finally, it
illustrates the uses of veneer-based EWPs through examples with a focus on their
construction applications.

Keywords: veneer-based engineered wood products, plywood, laminated veneer
lumber, parallel strand lumber, adhesives, engineering properties, structural uses

1. Introduction

Due to the significant population growth and the rising housing standards, the
need to use structural wood products has been increasing [1]. At the same time,
the timber industry must come up with solutions for ensuring the preservation
of natural resources because of the growing demand for lumber and decreasing
availability of large-diameter old-growth trees [2, 3]. Previously sawn from massive
logs, structural lumber is now made from reconstituted wood in various shapes and
sizes, which is classified as engineered wood products (EWPs). EWPs can maximize
the use of wood and utilize small-diameter logs in comparison with conventional
lumber [3, 4]. There are several types of EWPs in terms of the elements used, such
as veneer-, strand-, fiber- and lumber-based EWPs, among which the veneer-based
group is the oldest but still widely used.

The veneer-based EWPs, or called layered wood composites, are made of veneer
sheets or veneer strands bonded with an adhesive [2], mainly including plywood,
laminated veneer lumber (LVL), and parallel strand lumber (PSL), Figure 1. These
products are largely made from peeled logs and reconstituted wood, which can
then be fabricated into large sheets known as engineered panels [7]. The significant
advantage of using veneer, as opposed to sawn lumber, is that it can increase the yield
of wood materials from logs, particularly from small-diameter logs [8]. Veneer-based
EWPs have a more homogeneous structure and uniform mechanical properties than
solid lumber, making them a good candidate for building materials in construction.
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Figure 1.
Veneer-based EWPs. Top left — plywood (source: photos obtained from Indiamart [5]) top right — thick
plywood. Bottom left — LVL, bottom right — PSL (source: photos obtained from think wood [6]).

Veneer-based EWPs differ by wood species, adhesive type, as well as by layup
structure. Figure 2 shows the cross-sections (i.e., the width-thickness plane, or x-y
plane named here) of four widely used wood products in construction, i.e., solid
wood/lumber, plywood, LVL, and PSL. In the y-axis, the dimensional change is
similar between solid wood, plywood, and LVL due to limited efficacy of adhesive
bonds in this direction, i.e., the radial direction of the wood. However, the dimen-
sional change of PSL in the y-axis is smaller than that of the other three products
because of its irregular arrangement of veneer strands in the x-y plane and applica-
tion of an adhesive. On the x-axis, the dimensional change is largest in solid wood
(Note: the x-axis is the tangential direction of the wood.) and smallest in plywood

Figure 2.
Cross-sections of solid wood and veneer-based EWPs.
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and PSL, with LVL being in between. In other words, solid wood has the largest
variability in both x- and y-axes; plywood and LVL have the reduced variability in
x-axes, and PSL has the smallest variability in both x- and y-axis.

The first type of veneer-based EWPs invented is plywood [9]. Later, modifica-
tions applied to the veneer layups resulted in LVL, and afterward, the long veneer
strands were used to make PSL. The veneer-based EWPs have been widely used
in construction nowadays [8]. Plywood is usually used as the sheathing material
for walls, floors, and roofs, and the web stock for I-joists. LVL is commonly used
as beams, columns, and the flange stock of I-joists. PSL is mainly used as columns
and beams.

2. Plywood
2.1 Introduction

Plywood is a glued wood panel consisting of several thin layers of veneer with
wood fibers in adjacent layers at right angles in most cases. Usually, a plywood sheet
consists of an odd number of veneer layers [2, 3, 10]. Each layer is called ply, so the
plywood can be deemed as a wood sandwich [7]. The cross lamination of adjacent
plies in plywood contributes to improved mechanical properties and dimensional
stability in both length and width directions [10].

Plywood is one of the oldest veneer-based EWPs. More than 3500 years ago,

a type of plywood was found in ancient Egypt, which is part of the coffin, dating
back to the third Egyptian dynasty [8]. Later, around 1500 BC, some images were
discovered in which workers cut plywood with an axe-like tool. These images also
show that the glue, apparently of animal origin, was prepared in a pot on fire [6].
Furniture constructed from overlapping sheets of wood and inlay had been discov-
ered in Egyptian tombs. Hardwood veneer was preferred due to its attractive texture
and shades [11]. The introduction of plywood was linked to the high cost of wood.
Due to the shortage of available wood than supply, Egyptians had to import, by sea,
ebony and mahogany from East Africa and cedar and pine from Lebanon at a very
high price [12]. Later, the ancient Greeks and Romans started producing plywood.
Plywood was primarily used for the manufacturing of furniture and household
items [11]. Plywood production took off in the 1850s thanks to the Swedish inven-
tor Emmanuel Nobel, who created a model of a rotary lathe [8]. This model made

it possible to remove the veneer in a certain and constant thickness from a wooden
block. It gave the plywood a uniform thickness and structure [8].

Despite the fact that plywood is now widely used for sheathing in residential
and commercial construction, early builders were hesitant to use the newly-born
plywood panels because the blood and soybean protein-based glues used were
not waterproof, and some panels delaminated when they got wet [13]. In 1934,
waterproof synthetic wood adhesives were introduced, which solved the problem
and eased builders’ concerns [8, 13]. During World War II, the use of plywood
was exploded in many industries such as boats, aircrafts, footlockers, crates, and
buildings [13]. It led to the post-war boom in plywood production [8], which was
adopted for structural and exterior applications. One notable example of using ply-
wood is the construction of the legendary bomber Mosquito [14]. This aircraft was
introduced during the World War II. Spruce wood, birch plywood, and balsa wood
were used in the construction of aircraft, which made it possible to achieve the
necessary strength with a low weight structure [15]. Plywood and other structural
panels have changed the way of constructing light wood-frame houses and build-
ings [11, 16]. Since the middle of the past century, usage of structural panels has
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expanded from a few niche applications to a popular commodity such as subfloor-
ing, roof and wall sheathing, corner bracing, and concrete forming [16]. Initially
concentrated in the Pacific Northwest of the United States, where old-growth,
large-diameter Douglas-fir was mostly used the plywood business therefrom
expanded into the southeastern regions in the 1970s as the technological barrier of
bonding southern yellow pine veneer was removed [13]. As seen from Figure 3, ply-
wood consumption in Canada was rather stable in the last 15 years or so despite the
emergence of other new types of building materials. However, Canada also imports
plywood from other countries to meet its increasing demand in construction and
other industries such as furniture [17].

2.2 Manufacturing

Figure 4 illustrates the key processes of manufacturing three major veneer-
based EWPs, i.e., plywood, LVL, and PSL. An example of manufacturing Canadian
softwood plywood is given below, which is used for structural applications.
Specially chosen peeler logs are transported to a barker, where they are rotated
against a steel claw, which removes the bark [18]. Then debarked logs are cut into
peeler blocks. A block is placed on a massive lathe, rotating against a sharp knife.
When the block turns, a continuous thin layer of wood, i.e., veneer is peeled off,
similar to how paper unwinds from a roll.

The whole block is tried to use with an aim to generate a high yield of good quality
wood material. The leftover small spindles are used to make other wood products. The
long ribbon of the veneer is then cut with clippers into desired widths and sorted. It is
also possible to remove defective pieces of veneer. Subsequentially, the veneer is dried
to a moisture content of 5% or so in steam- or gas-heated ovens [18]. Depending on
its intended use, the veneer may range in thickness from 0.3 mm (0.01 in) to 6.3 mm
(0.25in) [11]. After drying and sorting, the veneer is fed by glue spreaders, which
apply an adhesive layer of uniform thickness. Phenol-formaldehyde (PF) adhesives
are usually used in the manufacturing of plywood for structural and outdoor applica-
tions when exposed to the weather in its service [3]. Veneer sandwiches are sent to
the hot press, which is a key step in the production process of curing the adhesive,
subjected to a temperature of 150°C (300°F), and a pressure of 1.38 MPa (200 psi).
After the press panels are cut to required dimensions, sanded, and graded [18].

In the fabrication of plywood for non-structural uses, such as furniture, cabinets,
and indoor decoration, water-resistant urea-formaldehyde (UF) adhesives are used.
The UF adhesives can be cured at a temperature of about 120°C (250°F) during hot-
pressing, which can also be cured with high-frequency heating system with an aim to
reduce the hot-pressing time and increase the production efficiency [3].
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Figure 3.
Plywood production and consumption in Canada [17].

42



Veneer-Based Engineered Wood Products in Construction
DOI: http://dx.doi.org/10.5772/intechopen.102034

Forest
I
Log yard
|
Debarking
|

Steaming
1
Cutting logs into
peeler blocks
|

| Veneer peeling | Chipping veneer
I strands
Veneer clipping |
I ‘ Adhesive application |
Veneer layup with a '—| Veneer drying ; 'l
scarfed or lapped I Orientating veneer
joining technologies Adhesive application strands
[
I
I | Assembling |

Adhesive application Veneer layup

|
|
I Cold pressing IR
Hot pressing: microwave aided
) I -
continuous or batch | | continuous press

press with radio Hot pressing I

frequency I | Trimming |
T | Sanding | I
Trimming | - Ripping to specified
I Trimming thicknesses
I I
End cutting to .
> i 4—‘ Sand
specified lengths v Grading anding |
¥ Y v
LVL Plywood PSL
¥

Veneer-based EWPs

[

Figure 4.
Processes of manufacturing veneer-based EWPs.

Quality control, which includes incoming management of raw materials, such as
wood and glue, and manufacturing parameters at all stages of the production, must
be applied in order to produce good quality plywood products. Acceptance quality
control is the final stage of the manufacturing process. Many plywood manufactur-
ers in western Canada produce structural plywood under the supervision of the
British Columbia Council of Forest Industries (COFI), which constantly checks
glue bond strength and other properties to guarantee that the products satisfy the
Canadian Standards Association (CSA) standard [18].

2.3 Typical species and sizes
Plywood can be made from various types of wood. Softwoods are commonly

used to make veneer for plywood in North America, containing Douglas fir, west-
ern hemlock, spruces, pines, and firs [14]. These wood species can be divided
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into various categories based on their strength and use within the plywood
structure. Spruce is used to make the majority of construction-grade softwood
plywood in Canada [7]. More discussion on softwood plywood is given through
the text in following sections.

Of hardwoods, birch, alder, linden, and lauan (“Philippine mahogany”) are most
popular for veneer production [7, 10]. These species do not have distinguished early-
wood and latewood zones, which are characterized by uniform density and structure,
making them easy to be peeled to produce thin and durable veneer.Beautifully grained
hardwoods are often combined in several ways to make a unique face pattern [7].

The first standard plywood sheet had a width of 1.22 m (4 ft) and a length of
244 m (8 ft), which appeared in 1928 [19]. Such a standard size for plywood sheets
has, since then, almost not been changed. The common thickness of plywood varies
from 3.2 mm (1/8 in) to 76 mm (3 in) [10]. It depends on the thickness of the veneer
and the number of layers. The most common plywood contains 3, 5, or multiple lay-
ers. With a three-layer, the plywood is 2-3 mm (0.08-0.12 in) in thickness, which can
be used as an underlayment between the subfloor and the tile. Hardwood decorative
plywood is often uniformly selected for grain texture, which is widely employed for
indoor uses. The universal hardwood plywood has five layers, resulting in a thickness
of 4 mm (0.16 in) or so, which can be used for multiple outdoor and indoor applica-
tions. Multiple layer plywood with more than seven layers can be classified as thick
plywood, which is widely used for structural purposes, requiring acceptable strength
and durability under the loading condition [11]. The thick plywood needs a sub-floor
or structural sheathing attached to the framing elements of a new canopy.

Hardwood can be peeled or sliced for the production of decorative veneer for
making furniture, cabinets, and interior decoration. Slicing results in more loss
in raw materials and more intensiveness in labor [16]. Hardwood veneer, such as
birch, usually has a thickness of 1.5 mm (0.06 in), whereas softwood veneer is often
cut to a thickness of 3 mm (0.12 in) for plywood and LVL production [8].

2.4 Grading

Plywood comes in a range of appearance grades, from flat natural surfaces
suitable for finishing to cost-effective unsanded grades suitable for sheathing. More
than a dozen typical thicknesses and over twenty different grades of plywood are
available [14]. The plywood is usually graded based on the appearance quality of
veneer in North America. There are commonly two classes of plywood, each of
which has its own set of standards: (a) construction and industrial plywood and
(b) hardwood and decorative plywood [3].

In Canada, the two most popular types of softwood plywoods are unsanded
sheathing grade Douglas Fir Plywood (DFP), which conforms to CSA 0121
“Douglas fir plywood”, and Canadian softwood plywood (CSP), which conforms
to CSA 0151 “Canadian softwood plywood”. The poplar plywood, which conforms
to CSA 0153 “Poplar plywood?, is also designated but less uses in construction [14].
The group of DFP can include other species in addition to Douglas fir. For example,
the front and back faces are made of Douglas fir, but the inner plies can be made
from any of the specified species, including Douglas fir, western hemlock, and the
majority of spruce, pine, and fir species in Canada [14]. Plywood that contains
other selected Canadian wood species in the face and back plies is labeled CSP.
Most species that are only allowed as inner plies for DFP may also be used as the
face or back plies for CSP. Three hardwood species, i.e., balsam poplar, trembling
aspen, and cottonwood, are restricted to use as inner plies in DFP and CSP [14]. The
sizes, grades, specialty panels, manufacturing tolerances, and glue bond quality of
plywood are all stipulated in the standards CSA 0121, CSA 0151, and CSA 0153.
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The structural plywood is put with a legible and durable stamp showing the manu-
facturer, the bond style (EXTERIOR), the species (DFP or CSP), and the grade [14].
DFP and CSP are both made in a variety of grades based on the appearance and
quality of the veneer used for making the outer plies.

Many plywood mills are members of the associations, which are responsible
for inspecting, testing, and certifying the products with stamps. These stamps
indicate that the stamped products meet the standards accepted by the associations.
One of the largest associations in North America is APA — The Engineered Wood
Association (formerly American Plywood Association) [20]. There are usually two
letters on a stamp, the first indicating the quality of one surface, while the second
showing the quality of the opposite surface, Figure 5 [7]. This stamp ensures the
customer that this product has followed the association’s stringent quality and
efficiency standards [3]. In Canada, the CertiWood™ Technical Center (formerly
CANPLY- the Canadian Plywood Association), a non-profit, industry-funded asso-
ciation, represents manufacturers of EWPs [21]. Those mills, being the members of
CertiWood™ Technical Center, can put the stamp with the trademark CANPLY on
their products [7, 21].

The vast majority of construction and industrial plywood is used in applica-
tions where structural performance surpasses appearance. Some construction and
industrial plywood are manufactured with faces chosen mainly for appearance of
either plain natural finishes or lightly pigmented finishes [3]. Structural plywood is
available in two exposure durability classes: interior and exterior [13]. INTERIOR
plywood is only intended for use in dry indoor applications where the panels should
be protected from moisture permanently; which is even glued with a water-resistant
interior-use adhesive [13]. EXTERIOR plywood is the only panels suitable for outdoor
exposure. They are bonded with a waterproof exterior-use adhesive [13], including
EXPOSURE 1 and EXPOSURE 2. EXPOSURE 1 panels are waterproof and designed
for applications where long construction delays or exposure to high moisture in service
are possible [13]. EXPOSURE 2 panels are water-resistant and designed for protected
applications, where only minor construction delays are expected since they are mainly
developed for interior use [13]. Sheathing grades that are not listed for appearance
usually have the grading stamp on one of the faces, whereas grades such as Good Two

APA

1 B-C grOVPPt — 5
2 EXTERIOR
3 —— THICKNESS 0.578 IN.

PS 1.09 6

S/ 19132 CATEGORY

Figures.

A sample stamp on plywood: 1- panel grade - panel grades ave generally identified in terms of the veneer grade
used on the face and back of a panel (e.g., A-B, B-C); 2- bond classification - exposure ratings for APA

wood structural panels may be exterior or exposure 1; 3 - decimal thickness declaration; 4 - mill number -
manufacturing mill identification number; 5- species group number - classified according to strength and
stiffness under manufacturing standard; 6 - product standard [20] (source: photos obtained from APA — the
Engineered Wood Association [20]).
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Sides are stamped on the edge to avoid affecting the appearance. The strength values
stipulated in CSA 086 “Engineering design in wood” [22] are used for Sheathing
grade panels based on layups containing only C-grade veneer. Typical DFP and CSP
grades include Sanded grades, primarily used in concrete formwork or non-structural
applications, and Select and Select Tight Face grades, which are primarily used in floor
underlayment applications requiring a smooth and solid surface [14].

Chemical treatments can be applied to plywood to increase its resistance to decay
and fire. In Canada, the preservative-treated plywood must be made following CSA
080 “Wood preservation” [23]. To assess the effects of fire retardants or some other
potentially strength-reducing compounds, plywood producers shall conduct tests
following ASTM D5516 “Standard test method for evaluating the flexural properties
of fire-retardant-treated softwood plywood exposed to elevated temperatures” [24]
and ASTM D6305 “Standard practice for calculating bending strength design adjust-
ment factors for fire-retardant-treated plywood roof sheathing” [14].

2.5 Properties

The density of plywood depends on the wood species and thickness used, which
varies from 400 kg/m3 (25 Ib./fE%) to 800 kg/m3 (50 Ib./£t®) [3]. This is compared to the
density of oven-dry wood, ranging from approximately 320 kg/m’ (20 Ib./ft%)
to 720 kg/m® (45 Ib./ft’) [3]. Plywood has good machining properties; thus, it is
possible to work with it just like with ordinary wood, such as sawing, nailing, and
gluing. However, the cross-lamination design of plywood, in contrast to wood that
is broken down the grain, prevents it from splitting readily in the grain direction.
Asaresult, screws and nails can be used in structural applications near the edges of
plywood panels.

Plywood has exceptional built-in resistance to raking, twisting, or distortion,
which is especially crucial when care is taken for transferring large shear stresses
generated by powerful winds or earthquakes [11]. Many strength properties are
equalized by changing the direction at 90 degrees to the grain with each consecu-
tive wood layer of veneer. This provides plywood with a two-way capacity, i.e., the
properties in the width direction are approximately equal to those in the length
direction. For example, 6 mm (1/4 in) sheathing plywood on a typical framed
construction wall with doors and windows delivers double the rigidity and strength
furnished by 19 mm (3/4 in) thick boards laid diagonally. When glued to the frame-
work, the strength values for plywood walls are raised even further [11].

Because structural plywood uses waterproof resins, a weather-resistant panel can
be obtained if the edges are properly sealed [10]. Awareness of the allowable design
values of a plywood panel is not required except in special engineering applications
such as diaphragms and earthquake-resistant shear walls. When properly fastened
to framing at the correct spacing, the span ratings alone ensure that the panels can
work well under the roof and floor loadings stipulated in the building code. In North
America, the design values can be found in CSA 086 “Engineering design in wood”
[22], Wood Design Manual [25], and APA — Plywood Design Specification [20] or
in its Design Capacities of APA Performance-rated Structural-Use Panels Technical
Note N375 [26]. For engineering applications, STRUCTURAL I panels are typically
the best choice. The typical values of sheathing grades are listed in Table 1. The
properties of plywood vary with the quality of the constituent layers.

2.6 Applications

Plywood is widely employed in structural and non-structural applications [3],
which can be an ideal option for use in both wet and dry environments [14]. It was

46



Veneer-Based Engineered Wood Products in Construction
DOI: http://dx.doi.org/10.5772/intechopen.102034

Mechanical Metric Imperial Remarks
properties
Tensile Strength 27.6-34.5 MPa 4000-5000 Parallel to face;
psi ASTM D3500 [28]
Modulus of Rupture 48.30-68.90 7000- Parallel to face;
MPa 10000 psi ASTM D3043 [29]
Modulus of 8.200-10.300 1190-1490 Parallel to face;
Elasticity GPa ksi ASTM D3043 [29]
Compressive 31.00-41.40 4500-6000 Parallel to face;
Strength MPa psi ASTM D3501 [30]
Shear Modulus 0.138-0.207 GPa 20-30 ksi In-plane (rolling shear) ASTM D2718 [31]
0.586-0.758 GPa 85-110 ksi Through thickness (edgewise shear) ASTM
D2719 [32]
Shear Strength 1.72-2.07 MPa 250-300 psi In-plane (rolling shear)
ASTM D2718 [31]
5.52-6.89 MPa 800-1000 Through thickness (edgewise shear)
psi ASTM D2719 [32]

Table 1.
Mechanical properties and testing standards of plywood (source: Wood Engineering Handbook [27] ).

reported that plywood took about 54.8% of the market share in 2017 in the con-
struction sector in North America Figure 6 [21].

In construction, plywood is mainly used as a load-bearing element in platform-
frame structures, including single-family and multi-family housing, such as sheath-
ing and underlayment, since it has good dimensional stability and does not crack,
cup, or twist [18]. Plywood panels are used as wall sheathing materials, providing
high lateral resistance to shear walls and high racking strength, and assisting in
achieving the overall thermal efficiency of walls [16, 18]. Roof sheathing is frequently
made of plywood. The stiffness of which constitutes diaphragm action when using
prescribed framing and nailing patterns [18]. Also, plywood often finds its uses in the
fabrication of I-joists as web stocks, marine applications, pallets, industrial contain-
ers, and furniture, Figure 7. Extra thick plywood with special surface treatment can
be used for facing concrete formwork in concrete structures [7 10, 14].

4.1%, Packaging 7.5%, Others

5.2%, Transport

12.0%, Flooring
54.8%, Construction

16.4%, Furniture

Figure 6.

North America plywood market share by segment in 2017 (source: Figure obtained from BCC research, FAO,
RAUTE, IMF, National Statistics Offices [33]).
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Floor sheathing and underlayment 7 Roof sheathing
(Source: Photos obtained from Georgia- (Source: Photos obtained from Georgia-
Pacific [34])

Pacific [35])

Plywood webs making I-joists Concrete Forming '

(Source: Photo obtained from (Source: Photos obtained from APA -
Woodware [36]) The Engineered Wood Association [20])
Figure7.

Plywood applications [20, 34-36].
3. Laminated veneer lumber (LVL)

3.1 Introduction

Laminated veneer lumber (LVL) is a type of structural composite lumber
(SCL) made by gluing several layers of veneer in the longitudinal direction of the
wood, which differs from plywood that has the veneer layers cross-laminated.
LVL is one of the most important members in the family of veneer-based EWPs
[8]. This material was initially used to produce aircraft propellers and other
high-strength aircraft components during World War II [18, 37]. The research
and development of LVL can be dated back to the 1940s with an aim at making
high-strength parts for aircraft structures out of Sitka spruce veneer [3]. LVL was
used as a building material since the mid-1970s [18, 37, 38] when the research
was focused on examining the effects of manufacturing variables on LVL with a
thickness being up to 12.7 mm (1/2 in) [3]. LVL is now widely used as building
and packaging materials [18].

3.2 Manufacturing
The veneer manufacturing and drying processes are almost the same as those
used in making plywood. Figure 4 illustrates the different processes in the manu-

facturing of LVL from plywood, largely including veneer orientation during layup,
hot press type, and end cutting to produce the length required.
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To make veneer sheets, the logs are usually peeled in a lathe. The thickness of
veneer sheets in 1.5 mm (0.06 in) up to 6.4 mm (0.25 in) [16, 38], the length is
2640 mm (104 in), and the width is 1320 mm (52 in) or 660 mm (26 in) [18]. The
veneer is dried to a moisture content of 6-10%, ideally 6-8% [38]. The veneer is
clipped to remove any strength-reducing defects and graded. The veneer sheets
are cut to the desired width for billet production [18]. The individual veneer
sheets are then joined, with the grain of all veneers running in the direction of a
billet’s length direction. End joints between different veneer pieces are staggered
along the length of the billet to distribute any defects that could reduce strength.
To effectively transmit load, the joints might be scarf joined or overlapped
for some distance [18]. Then the veneer sheets are covered with a waterproof
phenol-formaldehyde adhesive [18, 37, 38] or phenol-resorcinol-formaldehyde or
polyurethane adhesives [39].

The veneer layup of LVL differs from that of plywood. In the production of
LVL, the veneer is oriented in the same direction, i.e., the longitudinal grain direc-
tion of the wood, providing the super strength in this direction, which is similar to
or larger than solid lumber, Figure 8. Thus, LVL is commonly used for beams and
columns in the construction of buildings [8, 10]. Veneer sheets in plywood are cross-
laminated, making it possess two-way properties, i.e., similar properties in both major
and minor directions, as mentioned in Section 2, suitable for sheathing materials.

The pre-pressing of LVL billets could be carried out in a single-opening cold
press or a short continuous cold press [38]. The completed billets are simultane-
ously exposed to pressure to consolidate the veneer and heat to accelerate the curing
of the glue [18]. In general, the press temperature used to produce LVL is rarely
higher than 175°C (350°F). For the batch type presses, it is usually 160°C (320°F).
For the continuous presses, the temperature might be significantly higher since
there is a pre-heating zone. As veneer sheets are relatively low in permeability, it is
recommended to avoid using a high press temperature, especially when combined
with a long press time [38]. This process is similar to used in manufacturing of
plywood, except that instead of being formed into thin flat panels, the veneer sheets
for making LVL is formed into long billets up to 25 m (80 in) in length. After cur-
ing, the billets are sawn to specific lengths and widths for the target application(s)
of aLVL product [18].

VL Plywood

»
v

Panel major direction

Figure 8.
Layups of LVL and plywood (source: image obtained from Gong [39]).
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During the manufacturing of LVL, the selection of veneer is, in terms of thick-
ness and grade, of great importance. The right veneer thickness can help balance
LVL properties and manufacturing costs in the production. The veneer used in the
manufacture of LVL must be carefully selected in order to obtain the desired engi-
neering properties. Ultrasonic scanning is often used to sort veneer sheets to ensure
that the final product has the desired engineering properties [37]. The individual
veneer is typically graded so that the strength characteristics of each LVL can be
customized [10]. For esthetic reasons and superior flatwise bending properties, the
best veneer sheets are usually used as surface plies, while lower-grade sheets are
used for the inner plies [38]. For example, if the final use of LVL is scaffold planks,
the higher grade veneer will be put on the plank’s outer sides [18].

With decreasing veneer thickness, the number of veneer sheets required
increases for the same density, thickness, and layout technique of an LVL product.
As aresult, defects in LVL with thinner veneer will disperse more defects than in
LVL with thicker veneer. Because of this, as the veneer thickness decreases, the
variation diminishes, and the strength values increase. However, as veneer thick-
ness decreases, resin content, press cycle time, and production cost increase [38].

The strength properties of veneer are more critical for LVL than those in ply-
wood in general. As a result, it is highly desirable for LVL producers to avoid using
the veneer sheets with deep lathe checks that cause a reduction in veneer strength.
Deep lathe checks can decrease LVLs shear strength and stiffness while having little
effect on its MOE. Low shear rigidity can reduce LVLs MOE rating [38].

3.3 Typical species and sizes

LVL can be made from different softwood and hardwood species; however, in
North America, Douglas-fir, larch, southern yellow pine, hemlock, aspen, and yel-
low poplar are the most widely used wood species for producing LVL [18, 37, 40].

LVL is available in thicknesses ranging from 19 mm (3/4 in) to 89 mm (3-1/2
in) and likely to 178 mm (7 in) [18, 41]. The most typical thickness of LVL used
in construction are 38 mm (1-1/2 in) [3] and 45 mm (1-3/4 in) [18], from which
broader beams can be conveniently assembled on a job site by fastening several LVL
plies [18]. The typical depth is from 140 mm (5-1/2 in) to 508 mm (20 in). Different
manufacturers can also provide different widths and depths. At the job site, LVL
can easily be cut to a length required [37]. Typical lengths of LVL are 14.6 m (48 in),
17 m (56 in), 18.3 m (60 in), 20.1 m (66 in), and 24.4 m (80 in) [10, 37, 41]. LVL is
manufactured in the form of billets with widths of 610 mm (24 in) or 1220 mm (48
in). The required depth of LVL can be cut from these billets [18].

3.4 Grading

LVL is a proprietary product; therefore, its engineering properties and sizes can
differ from one manufacturer to another. As a result, there is no general produc-
tion standard or design values in the LVL industry [37]. However, the Canadian
Construction Materials Centre (CCMC) reviews and approves the design values,
which are derived from test results following CSA 086 “Engineering design in
wood” and ASTM D5456 “Standard specification for evaluation of structural
composite lumber products” [37]. Each manufacturer develops the characteris-
tic properties of its LVL products by in-grade testing. The manufacturer is also
responsible for checking the properties of its products by constant monitoring and
quality management. Each manufacturer publishes its own list of design properties,
resulting in a unique grade for a given LVL product [42]. Products that satisfy the
CCMC criteria are assigned an Evaluation Number and an Evaluation Report that
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describes the design strengths. They are then entered into the CCMC’s Registry of
Product Evaluations. The manufacturer’s name or product marking, as well as the
stress grade, are stamped on the material at different intervals, although this may
not be present on every piece due to end cutting [37].

Figure 9 presents a stamp of LVL from APA - The Engineered Wood
Association, which shows a qualified LVL grade (e.g., 3100F,-2.0E), product evalu-
ation reports, the treatment facility, and standard specifications for SCL.

3.5 Properties

The density of LVL is about 480-510 kg/ m?® (30-32 1b./ft?) [43], which is similar
to that of the wood made from. Compared to solid wood, LVL has more stable
characteristics than solid timber. This is due to the fact that natural defects, such
as knots, splits and slope of grain, are dispersed throughout the material or com-
pletely removed during the manufacturing, and dried veneer and adhesives are
employed [37].

LVL can easily absorb water, resulting in the change in dimensions, in par-
ticular in the thickness direction since there are almost no adhesive restrictions.
Therefore, LVL should be protected from the weather during job site storage and
after installation [3, 37]. Wrapping the LVL materials for shipping to the job site
is also critical for minimizing the moisture effect. End and edge sealing are the
commonly used approach to avoid moisture penetration and protect LVL products
in their services [37].

Both special cutting, notching, or drilling should be performed according to
the manufacturer’ instruction. LVL acts similarly to solid sawn timber or glue-
laminated beams of equal height, which requires the same fastening and connection
requirements as solid lumber [40]. The primary sources of knowledge for design,
standard installation descriptions, and performance characteristics are provided in
the manufacturer catalogs and inspection reports [37].

3.6 Applications

LVL is mainly used as structural framing in residential and industrial build-
ings. In the building industry, LVL is widely used for beams or headers over win-
dows and doors on the edge, for hip and valley rafters, scaffold planking, and the
flange material of I-joists [3, 10]. LVL may also be used as truck bed decking and
road signposts. LVL is chiefly used as a structural component, most commonly

APA
1 3100F,-2.0E

3 APAPR-LXXX CCMC XXXXX-R
ICC ES ESR-XXXX ASTM D5456 4

Figure 9.

LVL stamp: 1 — qualified LVL grade (usually represented by design values; 2 — APA mill number; 3 — product
evaluation reports; 4 — standard specification for structural composite lumber (source: photo obtained from
APA — the Engineered Wood Association).
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Figure 10.
Curved LVL structures at Simon Fraser University (Canada) - Ripple Cone Canopy (source: photos obtained
from StructureCraft [44]).

in hidden spaces where esthetics is not a concern. Certain manufacturers offer

a finished or architectural grade look, but it typically comes at a cost. When

using LVL in applications where esthetics is significant, standard wood finishing
techniques may be used to accent the grain and preserve the surface layer. The
finished wide outer layer of LVL looks like plywood [37]. Figure 10 shows such a
complex curved structure constructed Burnaby, British Columbia, Canada, which
was designed and built with 53 parallel CNC-cut spruce LVL sections [44]. Each
curved structure was panelized into six segments, shipped to the construction
site, and assembled into one piece [44].

Veneer-based EWPs have also been used in the windmill industry, in which
wood veneer sheets are used to make windmill blades [45]. Previously, the size of
the wooden blade was constrained by the availability of large, consistent-quality
tree trunks. Veneering, on the other hand, spreads out defects like knots, resulting
in more substantial and more predictable stiffness properties. This makes it pos-
sible to make larger wooden blades. When compared to fiberglass, wood laminates
provide substantial cost and reduced weight. There are examples of blades made
primarily of LVL reinforced with carbon composite spars and coated with a fiber-
glass composite outer layer [46]. One of the largest windmill blades is 107 meters
long (351 ft), which is longer than a football field, produced in Cherbourg, France.
It was made from a high-tech sandwich structure consisting of thin layers of glass
and carbon fibers and balsa wood veneer [47].

4. Parallel strand lumber (PSL)
4.1 Introduction

Parallel strand lumber (PSL) is known as a composite of veneer strands with
wood fibers aligned primarily along the length of the member, i.e., the longitudinal
direction of wood [3]. PSL is overall similar to laminated strand lumber (LSL) and
oriented strand lumber (OSL) but is made up of veneer strands (sometimes called
veneer strips). The length of veneer strands used in PSL is longer than the strands
used in LSL and OSL, with a length-to-thickness ratio of around 300.

PSL was invented in 1975 by MacMillan Bloedel Ltd., in Vancouver, Canada,
who set out to create a high-strength wood-based material [13]. The first PSL
plant was opened in 1982, and its products were first commercially sold for Expo
‘86. MacMillan Bloedel, which is now called Weyerhaeuser, commercialized and
patented its PSL products with the brand name Parallam®. The process has been
improved over time to produce relatively giant and long beams, and the production
and sales have steadily increased [48].
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4.2 Manufacturing

The process of manufacturing PSL allows prominent members to be built
from small trees, resulting in the more efficient use of forest resources [49]. The
first stages in the production of PSL are similar to those used in the production of
plywood or LVL. Figure 4 illustrates the unique processes employed in the manu-
facturing of PSL, differentiating from those in plywood or LVL. To make veneer,
logs are turned on a lathe [18]. The thickness of veneer is from 3 mm (1/8 in) to
6.4 mm (1/4 in) [3]. The veneer sheets are then dried to a moisture content of 2-3%
before being sliced into long thin veneer strands parallel to one another [9]. After
that, the veneer sheets are clipped into long, narrow veneer strands with a length of
2.4 m (8 feet), a width of 13 mm (1/2 in) [18], and a thickness from 2.54 mm (1/10
in) to 3.175 mm (1/8 in) [38].

The production process is designed to use materials from the log roundup and
other less than full-width veneer in the veneer cutting stage. As a result, the process
uses waste materials from a plywood or LVL operation [3]. The veneer strands are
oriented to the length direction of a continuous billet using special equipment
(Figure 11) and mixed with a waterproof exterior structural adhesive, such as
phenol-formaldehyde, prior to hot-pressing.

The pressing process densifies the veneer strands to some degree, and the
adhesive is cured with the aid of microwave technology [18, 49]. A continuous press
is employed to produce PSL, which theoretically produces an unlimited length but
is constrained only by transportation restrictions [3].

4.3 Typical species and sizes

Douglas fir is used to produce PSL in Canada, and southern yellow pines are
employed in the USA. In addition to this, western hemlock and yellow poplar are also
used [3, 49, 51]. In general, there are no restrictions on the use of other wood species.

The available stock sizes for PSL have to be compatible with existing wood fram-
ing materials and standard dimensions [18]. PSL beams are available in thicknesses

- . Logs
Veneer ) —
= .
.\‘\*w‘- Venee
- . eneer
“:\ S strands
PSL

Figure 11.
Orientation of veneer strands in PSL (source: photos obtained from WorldPress.com [50] ).
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from 89 mm (3-1/2 in) to 178 mm (7 in), and in-depth from 235 mm (9-1/4 in)
to 457 mm (18 in) [41]. PSL columns come in square and rectangular shapes of a
dimension of 89 mm (3-1/2 in), 133 mm (5-1/4 in), or 178 mm (7 in) [41]. Smaller
thicknesses can also be used, either individually as single plies or in combination
for multi-ply applications [18, 49]. Steel connectors are usually required for larger
dimensions [51]. PSL is available in lengths up to 20 meters (66 ft) [41].

The beam-like PSL products can be also ripped into thin boards, Figure 12,
which opens a window for non-structural applications [18].

4.4 Grading

PSL is a proprietary product, the same as LVL. Therefore, specifications and
dimensions are unique to each manufacturer. In North America, both PSL and LVL
are treated as the same structural composite lumber [18]. The evaluation procedure
and grade determination of PSL are the same as LVL (refer to Section 3.4). Figure 13
presents a stamp of PSL (Parallam® Plus), including a description of the product
and uses, the type of treatment, and the treatment facility. The treatment stamp
can also reference the treating standards (such as AWPA U1/UC4A by the American
Wood Protection Association) and third-party quality program monitor (SPIB -
Southern Pine Inspection Bureau) [53].

4.5 Properties

Since natural defects such as knots, the slope of grain, and splits have been
scattered across the material or eliminated during the manufacturing process. The
combination of a structural adhesive used with dried wood veneer strands, heat,
and pressure employed during pressing makes PSL less warping than solid timber.
Therefore, PSL is a type of highly consistent, uniform EWPs [49], which exhibits
much less variability and larger load-bearing capabilities than solid lumber [51].
The density of PSL is 720 kg/m3 (45 Ib./ft®) [54], which is similar to that of the
wood used. Other advantages of PSL are given to its high strength, stiffness, and
dimensional flexibility [49]. PSL is less susceptible to shrinkage, warping, and split-
ting as it has a moisture content of 11% [49].

The texture of PSL is rich due to the grain of wood veneer strands and dark
glue lines. PSL is a visually appealing construction material that fits well to the
applications that require a high level of finished appearance [49]. The techniques
applicable to sawn lumber can be used to machine, stain, and finish PSL. At the
end of the manufacturing period, PSL is sanded to ensure exact dimensions and a
high-quality appearance. Stain can be used to emphasize the warmth and texture of
the wood [49]. It should be pointed out that the special cutting, notching, or drilling
of PSL shall be performed in compliance with the manufacturer’ instruction.

Ripping

Figure 12.
Boards ripped from PSL (source: photos adopted from Goulddesigninc.com [52]).
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BEAM/HEADER USE AWPA U1/ UC4A

%?W Parallam® Plus PSL (TREATED) STRUCTURALCOMPOSITELUMBER  0.15 pef CALC KDAT 19% SYP
CULPEPER WOOD

Figure 13.
Stamp on PSL (Parallam® plus) (source: image obtained from Weyerhaeuser [53]).

Property Value (MPa)

Modulus of elasticity, E 13,800

Allowable bending stress, f;, (300 mm depth) 37.0

Allowable shear stress, f, (perpendicular to glue line or wide face of the 37

strand)

Allowable bearing stress, f;, (parallel to glue line or wide face of the strand) 94
Table 2.

Major strength properties of SCL (source: Canadian Wood Council [41]).

As mentioned above, both PSL and LVL are treated as the same SCL in Canadian
practices; therefore, their design values are the same. Table 2 lists the key strength
properties of sample SCL. Some specific design values can be obtained from manu-
facturers [41].

4.6 Applications

PSL is mainly used in residential, commercial, and industrial construction
as structural framing components, such as beams and columns in the post-
and-beam construction, and headers, pillars, and lintels in the light-frame
construction [18]. According to Part 3 of the National Building Code of Canada,
CCMC has approved PSL for use as heavy timber construction [51]. Due to the
excellent strength characteristics of PSL, it is possible to use it in the design of
the roofs with a large span and rooms with open spaces. Figure 14 (left) presents
PSL beams that are used for an open floor plan at Vancouver Firehall No.15,
Vancouver, Canada. Another example is presented in Figure 14 (right), showing
a portable Concord Pacific Display Pavilion at Vancouver, Canada, which uses a
glass-enclosed superstructure made of exposed PSL columns. In addition, PSL
is a visually attractive material; thus, it is well suited to applications where the
finished look is essential. It can be also appropriate for hidden structural applica-
tions where appearance is unimportant [18].

Figure 14.
Floor and columns made of PSL in Vancouver Firehall No.15 (left) and Concord Pacific display pavilion
(right), respectively (source: photos obtained from StructureCraft [55]).
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5. Endnotes

EWPs are relatively recent structural members that have been widely incor-
porated in the building industry in North America and beyond. They have been
invented and used for making timber buildings and furniture. The family of veneer-
based EWPs mainly has three major members, i.e., plywood, LVL, and PSL. Because
the majority of veneer-based EWPs are designed to handle relatively large loads,
they must be manufactured in accordance with recognized standards or technical
guides to ensure that the required engineering design values and applications are
met. Veneer-based EWPs have been accepted and acknowledged in the building
industry as premium structural materials. It is possible to make these products
considerably large from small-diameter logs. The only restriction can be the length
of LVL and PSL during transportation [38].

Non-traditional resources (such as under-utilized wood species) can be used
to manufacture veneer-based EWPs of better physical and mechanical properties
than other traditional structural products (such as solid timber products) [1]. Due
to engineering design, removal of defects, drying of wood materials, application
of adhesive, and layer-by-layer bonding, the veneer-based EWPs are stronger and
more durable than solid wood of the same size. This is an outstanding advantage
for constructing a building requiring high strength without a bulky appearance.
Typically, LVL and PSL have about three times larger bending strength and 30%
larger stiffness than the lumber products of comparable sizes [41].

Interest in veneer-based EWPs products will continue to grow for ecological
reasons. For example, restrictions have been introduced in many countries on defor-
estation of large-diameter old-growth trees. Due to the needs in the construction
market, alternative materials must be further developed. The rapid advancement in
technology, along with the available raw materials, i.e., small-size fast-growth trees,
would inevitably accelerate the development of EWPs [2]. Also, in recent years, the
minimization of carbon footprints in construction has reached a consensus. Many
architects and engineers have been designing and constructing buildings with 100%
solid wood and EWPs. Meanwhile, research on the standardization of the veneer-
based EWPs and expansion of their uses is no doubt required. Modernization of
existing equipment and improvement of the gluing systems will allow the creation of
innovative designs and special shapes that are currently not available for wood prod-
ucts. This will certainly expand the matrix of applications for veneer-based EWPs, as
well as making them become more competitive in the market of building materials.
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Chapter 4

Strand-Based Engineered Wood
Products in Construction

Zighen Gao and Meng Gong

Abstract

Strand-based engineered wood products (EWPs) have been widely employed
in construction since their emergence in the 1970s. The use of strand-based EWPs
can significantly increase the yield of forest resources by utilizing submarginal logs
and branches. In this chapter, the strand-based EWPs, including oriented strand
board (OSB), laminated strand lumber (LSL), and oriented strand lumber (OSL),
are discussed in terms of their fabrication, properties, and uses in construction.
Specifically, the manufacturing requirements for elements (i.e., strands), such as
dimension, density, and moisture content, are introduced. The major manufactur-
ing processes, such as selection of adhesives, pressing parameters, and thickness
control, are also discussed. In addition, the engineering properties and uses of these
EWPs are illustrated. Furthermore, some innovative applications of these products,
such as hybrid cross-laminated timber, are presented in this chapter.

Keywords: strand-based engineered wood products, oriented strand board (OSB),
laminated strand lumber (LSL), oriented strand lumber (OSL),
manufacturing process, mechanical properties, structural applications

1. Introduction

Prior to availability of steel and concrete, wood has been widely used as the
primary structural material in North America. In the recent past, the concept of
green building has become a mainstream and people have been becoming aware of
potential environmental benefits of wood and wood-based materials [1-3]. With the
increase in population and wood buildings across the world, there is an observable
increase in demand for structural wood products [4]. However, the production and
properties of solid lumber are hard to meet the demand of construction since the
logs become smaller and the wood quality becomes lower due to the change in raw
materials that come from the faster-growing plantation species. As a result, engi-
neered wood products (EWPs), such as glue-laminated timber (GLT), cross-lam-
inated timber (CLT), laminated veneer lumber (LVL), and oriented strand board
(OSB), were developed as the alternative, since they commonly provide better and
more predictable physical and mechanical properties than solid wood lumbers [5].

Plywood used to be the most common panel material widely used as sheathing
materials in wood buildings before the advent of strand-based wood products.
Relatively, LVL, as a thicker structural form of veneer-based products, was
developed for beams, studs, and other components in wood buildings as the
substitution of solid lumber. However, small, twisted, and juvenile logs are not
suitable for producing veneer. In addition, up to 60% of the log volume delivered
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to a plywood plant is treated as residues [6, 7]. The cost of manufacturing
veneer-based EWPs keep increasing because the logs of satisfying quality, such
as straight and large diameter stems, have been in short supply [6, 7]. Therefore,
strand-based materials were invented as a substitute for plywood or other solid
wood products to manufacture panel- and beam-like components in buildings.
In the early 1970s, strand-based wood panels called waferboard, which consisted
of randomly placed wood strands, were patented by Armin Elmendorf [8].
Waferboard was the parent product of what would evolve into modern strand-
based products like OSB. When people realized that the properties along the
board could be improved by controlling the direction of strand lay-up, OSB was
established in its present form and was subsequently produced as a commercial
wood panel in North American [8]. In the next decade after the 1970s, the OSB
industry had developed rapidly and began to rival traditional plywood in produc-
tion. By the mid-1990s, the production of OSB had increased to more than 50%
of the plywood volume [8, 9]. Due to the advantages of OSB and its great success
achieved in the wood panel market, laminated strand lumber (LSL) and oriented
strand lumber (OSL), which are other two forms of strand-based products, were
developed as a substitute for LVL and dimensional lumber in the 1990s. In the
early 2000s, OSB surpassed plywood in production and sales, taking the largest
market share of the wood panel products. Up to now, OSB is the leading wood
panel product and occupies a 75% market share in North America [9]. Moreover,
LSL and OSL have also gained some market share in the lumber market [8, 9].
Figure 1 illustrates the production of OSB and plywood in North America over
the last six decades [10]. Overall, the production of OSB exceeded that of ply-
wood around 2000 and there was a decrease in the production of both OSB and
plywood between 2005 and 2010 due to the decline in the housing market in the
USA [10].

Strand-based EWPs have become important members of the family of EWPs
with development and advance in technologies. Over veneer- or lumber-based
EWPs, strand-based EWPs have the advantages such as low requirements for raw
materials, high-dimensional flexibility, and stable physical and mechanical proper-
ties [1]. In this chapter, the strand-based EWPs, including OSB and strand-based
SCL such as LSL and OSL, are discussed in terms of their fabrication, properties,
and uses in construction.
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Figure 1.

Production of OSB and plywood in North America (source: FAOSTAT) [10].
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2. Raw materials
2.1 Wood strands

One of the main advantages of strand-based EWPs compared to other types of
EWPs is that a variety of wood sources are appropriate to be used in their manufac-
turing. In North America, aspen is one of the primary species for making OSB or
other strand-based EWPs due to its low density, low cost, and rich abundance. In
addition to aspen, southern pine, spruce, birch, yellow poplar, sweetgum, sassafras,
and beech are also suitable raw materials for producing strands [1]. In reality, almost
any low- to medium-density species (300-600 kg/m®) can be utilized to make the
elements, that is, strands also called wafers, chips or flakes, which have different
sizes, in the fabrication of strand-based EWPs. In the real world, the strands made
from high-density species, such as beech and birch, are often mixed with those made
from low-density species to improve the mechanical properties of finished products
[9]. In addition, wood with localized defects (such as knots), and wood-derived from
small-diameter logs, forest residues (such as branches), or exotic and invasive spe-
cies, can be also used in the manufacturing of strands. The yield of wood could reach
80-90% in the process of strand manufacturing since losses mainly coming from
bark and broken strands during processing [1]. Table 1 compares the quality require-
ments of raw materials between strand-based and other types of EWPs [11].

The manufacturing of strands contains the following key processes. Logs are
first soaked in a hot water pond before debarking. This helps loosen the bark from
logs and soften logs by increasing the moisture content of the logs to achieve a more
desirable strand size during the stranding process. The fresh logs are then carried to
a drum- or disc-type strander to make strands after debarking. Generally, strands
produced are 75-300 mm in length, 15-25 mm in width, and 0.3-0.8 mm in thick-
ness. Strand geometry has an essential influence on the performance of finished
products [12, 13]. Therefore, strand grading using screens is critical to separate out
strands that do not meet the dimensional requirement. The moisture content of
strands has also a great influence on the bonding quality between strands. Typically,
a cylindrical dryer is used to dry strands to a final moisture content of 2-6%, which
is dependent on the type of adhesives [9, 11].

2.2 Adhesives

As the main raw material besides wood strands in the manufacturing of
strand-based wood products, adhesives play a critical role in the determination of

Products Generic raw material Preferred feedstock
requirements

Lumber-based Adequate strength, stiffness, Lumber from mature trees, but low-grade

EWPs such as GLT and stability; small knots lumber for central layers

and CLT

Veneer-based Large diameter logs; easy of Mature trees with a large diameter

EWPs such as being peeled

plywood and LVL

Strand-based No specific requirements in Mature or juvenile logs, wood derived from

EWPs such as OSB, mechanical properties and small-diameter logs, forest residues, and wastes

LSL, and OSL dimension of logs from the production of lumber or veneer
Table 1.

Quality requirements for raw materials of manufacturing EWPs.
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the performance of finished products, in which phenol-formaldehyde (PF) and
polymeric methylene di-isocyanate (pMDI) are the most commonly used structural
adhesives [1, 6]. The adhesives to be used must meet the specific requirements for
the mechanical properties and durability performance of the final products [1].

PF is one of the most common adhesives used in wood composites that are used
as structural components for exterior uses due to its good mechanical properties
and durability performance [1]. Therefore, PF resins are used in the manufacture of
EWPs, which are exposed to weather or other moisture exposure situations during
construction and use. Cured PF resins could remain stable chemical and physical
properties in high temperature and humidity environments [14]. Therefore, PF
has the ability to maintain the dimensional stability and mechanical properties of
EWPs under wet conditions [1, 14]. The main disadvantage of PF is that its curing
is a slow process compared with other structural adhesives, which requires a longer
press time and higher press temperature during the manufacturing process [15].

As a result, phenol-resorcinol-formaldehyde (PRF) adhesives were developed as
the substitution of PF [7]. As the name implies, it contains resorcinol in addition to
phenol and formaldehyde. PRF has the advantage over PF of being curable at room
temperature due to being much faster in reaction, and has similar good mechanical
properties and durability performance to PF [7]. Some manufacturers have used
PRF as the adhesives for strand-based wood products.

pMDI is usually used as an alternative to PF resin in strand-based EWPs.
Although the costs of pMDI are higher than PF, it is taking the market share away
from PF due to its rapid cure rate and higher tolerance of moisture content in the
wood strands [1, 16]. Typically, pMDI is used in the core layer of strand-based
EWPs since PF is used in the surface layers because pMDI provides good bonding
strength, which makes the panel more waterproof and requires a lower curing
temperature than PF. It is worth noting that mold release is needed if pMDI is used
in the surface layer because it could bond strongly to the mental platens of the press
[6, 16]. Special precautionary protective measures are required to use pMDI because
the uncured resin can result in the chemical sensitization of persons exposed to it
[1]. Fortunately, cured pMDI resin poses no recognized health concerns [1].

3. Oriented strand board (OSB)
3.1 Overview

OSB is multi-layered panels made from wood strands bonded together with
adhesives under pressure and heat, which was first developed as the substitution of
plywood in the 1970s [17]. Typically, OSB panels are made up of three orthogonal
layers of strands, as shown in Figure 2 [18]. The strands in surface layers are parallel
to the long axis of the panel, whereas those in the core layer are perpendicular to
the long axis of the panel or laid randomly. The performance of OSB panels can
be engineering-designed by changing the strand size, orientation, and layered
construction, allowing OSB to suit different uses [16]. OSB has been widely used
for sheathing panels, web stocks of I-joists, packaging materials, and decorative and
other purposes.

3.2 Manufacturing process

OSB can be produced using small-diameter logs from fast-growing trees, cores
from veneering, and forest residues (such as branches and treetops). Only fresh
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- Strand orientation

Figure 2.
Strand ovientation of OSB panels: Schematic (left) (source: Picture obtained from FAPC) [18]; large-size
strands in the surface layer (center) and small-size strands in the core layer (right).
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Figure 3.
The key manufacturing processes of OSB.

wood, rather than recycled wood, can be used for making stands and OSB [6]. A
typical production process is given in Figure 3.

3.2.1 Stranding

The sizes of strands are given in Section 2.1, which results in a length-to-width ratio
of about 3 [1, 19]. There are two types of stranders, drum and disc, producing strands.
The disc stranders have advantages of simple structure, low price, and high production
efficiency. The dimensions of the disc strands can be adjusted according to the require-
ments of different products when they are produced using a disc strander. However,
it can only use large-size logs as raw materials. In contrast to disc stranders, the drum
stranders have the adaptability to various shapes of raw materials, which means lower
production costs for strand production. The larger-size strands are usually used in
the surface layers, whereas the smaller-size strands in the core layer, constituting an
optimized composite structure of better bending and shear properties.

3.2.2 Blending

Good adhesion between strands is a key factor to ensure the good perfor-
mance of OSB panels. The process of adding a structural adhesive(s) and waxes
to the strands is called blending. The adhesive content used in the surface layers
is 3-6% while that in the core layer is 4-8%. Application of more adhesive in the
core layer than the surface ones is a practical process in a production line. This is
because the strands in the core layer have relatively smaller sizes than those in the
surface ones, producing a larger surface area [6]. During blending, the wax with
amount of 0.25-2% by weight is commonly added to improve the water resis-
tance and reduce the thickness swelling of final OSB panels [4, 9]. Blending for
surface and core layers of strands is usually done separately due to the difference
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in the spread amount of adhesive and wax, strand size, and type of adhesives
between the surface and core layers. Therefore, at least two blenders are needed
in a production line, one for surface layer strands and the other for core layer
strands [9, 20].

3.2.3 Forming

The orientation and proportion of long strands in the surface layers signifi-
cantly affect the bending properties of OSB. In general, about 80% of strands
are oriented parallel to the long axis to meet the performance requirements of
OSB [16]. Therefore, the process of depositing blended strands into the form of
amat is called forming. In addition to the orientation of the strands, the forming
can also assist to produce a uniform weight across the area of a board, which can
ensure the final OSB panels to have uniform density and mechanical properties.
Although some new technologies, such as electrostatic strand orientation, have
been developed, mechanical orientation is still the most reliable technology and is
widely used in industrial manufacturing [6, 9]. Following the forming process, a
heavy steel drum is often used to pre-press the mat before hot-pressing, albeit this
step is not a must [16]. Pre-pressing can effectively reduce the risk of edge collapse
during hot pressing. In addition, pre-pressing can also shorten press cycle time and
reduce the risk of resin pre-curing, since pre-pressing squeezes much of air out of
the mat [21].

3.2.4 Hot pressing

Hot pressing is the most important process, which cures the adhesives between
strands under heat and pressure. This is the real step of turning the strands to
a panel. A multi-opening press is widely used in the manufacturing of OSB in
North America [9]. The size of press platens in a multi-opening press is generally
3.66 x 7.63 m (12 x 25 ft) but can be up to 3.66 x 12.2 m (12 x 40 ft). Large-press
platens are favorable because they can greatly increase the production capacity of
a production line. In addition, large single-opening presses and continuous presses
are also used to manufacture OSB panels in some mills [9].

Heated press platens are enough to generate and transfer heat from the surfaces
of a mat to the core to cure the adhesives since most of OSB panels are relatively
thin with a thickness range of 7.9-28.6 mm (5/16 to 1-1/8 in.) [22]. The temperature
during hot pressing ranges from 175 to 205°C (350-400°F) for PF adhesives. The
pressing usually lasts for 3-6 min, which is depended on the type of adhesives,
board density, and thickness [1, 9]. Theoretically, the relationship between the
press time and the thickness of the OSB panel is quadratic when the densities are
similar. For example, the time of hot pressing an 18-mm-thick OSB panel is about
four times a 9-mm-thick one [9]. That means the time and cost of processing OSB
panels greatly increase with increasing the thickness. To decrease the press time and
reduce the cost, a high-frequency press or a steam injection press is adopted when
making relatively thick OSB in some mills [1, 9]. Typically, the pressure used in the
hot press is 4800-5500 kPa [9]. In short, the key to hot-press process is to reduce hot
pressing time and improve production efficiency. Therefore, in industrial produc-
tion, hot stacking of pressed materials is implemented shortly after emergence from
the press to reduce the press time and energy consumption [6]. After the adhesive
has completely cured, the OSB panels are cut to desired dimensions and sanded to
nominal thickness. Finally, the edges of each panel are coated with zinc borate and
oxine copper to improve its durability [18].
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3.3 Properties and grading of OSB

As an alternative material of plywood, the nominal dimension of an OSB panel
is typically 1.2 x 2.4 m (4 x 8 ft) in North America. Moreover, some OSB manufac-
turers also provide oversized panels with a dimension of 2.4 x 7.2 m (8 x 24 ft) for
panelized roof and wall systems, facings for structural insulated panels (SIPs), and
modular floors [22]. The physical and mechanical properties of OSB are directly
related to wood species, strand size, adhesive type, and processing parameters.
The density of OSB panels is usually 500-800 kg/m’ [1]. Because the layers of OSB
are oriented, its mechanical properties are different in the parallel-to- and perpen-
dicular-to-orientation directions. Since both plywood and OSB are used as wood
structural panels in wood buildings, the structural properties of OSB are similar to
plywood. Table 2 presents the major properties of OSB and plywood [1, 7, 18].

As a type of construction materials, the fire performance of OSB is critical. The
flame spread index (FSI) is one of important indexes, which is commonly evaluated
in conformance with ASTM E84“Standard test method for surface burning charac-
teristics of building materials” [1, 23]. According to the International Building Code
(IBC), the FSl is classified into Class A (0-25), Class B (26-75), and Class C (76-200)
[1, 24]. The OSB panels without fire-treatment typically fall into Class C, while that
of plywood panels are Class B or Class C [25]. The FSI values of OSB and plywood are
also given in Table 2.

In North America, OSB panels are manufactured in conformance with Voluntary
Product Standard PS 2 “Performance Standard for Wood Structural Panels” or
Canadian Standard CSA 0325 “Construction sheathing” [22]. According to PS2 and
CSA 0325, OSB panels are large, based on their intended use in construction, classified
into three grades, namely Sheathing, Structural I sheathing, and Single floor [26, 27].
The minimum requirements of the typical properties and their testing methods of
OSB panels with different grades are specified by PS2 and CSA 0325, respectively. For

Property Direction OSB Plywood
Density 500-800 kg/m’ 400-600 kg/m®
Modulus of rupture Parallel 21-48 MPa 33-48 MPa
Perpendicular 8-30 MPa —
Modulus of elasticity Parallel 4.8-8.3 GPa 7-11 GPa
Perpendicular 1.9-3.2 GPa —
Tensile strength Parallel 6.9-10.3 MPa 10.3-27.6 MPa
Compressive strength Parallel 10-17 MPa 20.7-34.5 MPa
Shear strength — 6.9-10.3 MPa 4.1-6.9 MPa
Shear modulus — 1.2-2.0 GPa —
Linear hygroscopic expansion in thickness — 0.15% —

(30-90% RH)

Internal bond strength — 0.28-0.57 MPa —
Flame spread index — 100-172 35-180
Flame spread class — C BorC

Source: Data from Handbook of Wood Chemistry and Wood Composite, American Wood Council and Wood
Handbook [1, 7, 25].

Table 2.
Typical properties of OSB and plywood.
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Span rating or performance category Stiffness, EI x 10° Maximum moment
Major Minor Major Minor
N-mm® N-mm* N-mm N-mm
Sheathing Roof-24 292 85 330 130
Roof-24/subfloor-16 395 94 390 140
Roof-32/subfloor-16 490 113 460 190
Roof-40/subfloor-20 1240 358 810 360
Roof-48/subfloor-24 1790 763 920 510
Structural I sheathing 3/8 292 85 330 130
7/16 395 141 390 220
15/32 490 245 460 320
1/2 490 273 460 330
19/32 & 5/8 1240 471 810 500
23/32 & 3/4 1790 763 920 650
Single floor Single floor-16 876 198 650 230
Single floor-20 1110 264 710 240
Single floor-24 1600 546 910 320
Single floor-32 4170 1270 1570 600
Single floor-48 8660 2110 2080 820

Source: Data from the standard PS 2-18 [26, 28].
Note: Major and minor represent the stress applied pavallel- and perpendicular-to-strength axis, usually the length
direction of a panel.

Table 3.
Quality assurance minimum vefevence values for the bending stiffuness and strength of dry small specimens.

example, the bending properties of OSB shall be evaluated in conformance with ASTM
D3043 “Standard Test Methods for Structural Panels in Flexure,” and the minimum
reference values for its quality assurance are given in Table 3 [26, 28]. In addition, PS2
and CSA 0325 specify that the bonding performance of OSB for construction shall
meet the Exposure 1 bond classification, which means that the OSB panels are suitable
for uses subjected to non-permanent exposure to the weather [26].

According to PS 2, the grade and end-use of an OSB panel shall be evaluated and
classified by a third-party inspection agency, such as APA-The Engineered Wood
Association and TECO-Sun Prairie [26]. The third-party agency has to visit the mills
on a regular unannounced basis and confirm the performance of the OSB panels still
meets the requirements stipulated in the standard [1, 26]. OSB panels conforming
to product performance standards are marked with grade stamps by the third-party
agency [1]. The sample grade stamps are shown in Figure 4 [28, 29].

3.4 Applications
3.4.1 Sheathing

One of the major uses of OSB is for sheathing such as roof sheathing, subfloor-
ing, and wall sheathing in light-frame construction (Figure 5). Typically, the OSB
used as sheathing materials is the sheathing grade or structural-I sheathing grade

[30, 31]. The common nominal thickness of OSB for sheathing is 79 mm (5/16 in.),
9.5 mm (3/8in.), 11.1 mm (7/16 in.), 11.9 mm (15/32 in.), 12.7 mm (1/2 in.), 15.1 mm
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Figure 4.

Tyfoical grade stamps for OSB: (a) APA grade stamp; and (b) TECO grade stamp. (1. Thivd-party inspection
agency; 2. Panel grade; 3. Span vating; 4. Bond classification; 5. Thickness; 6. Mill number; 7. Product
standards; 8. Performance category; 9. Canadian construction sheathing standard; 10. Panel face orientation
indicator. Source: Pictures obtained from APA at https://www.apawood.org/apa-trademark and TECO at
https://www.pfsteco.com).

(19/32in.), 15.9 mm (5/8 in.), 18.2 mm (23/32 in.), and 19.0 mm (3/4 in.) [22].
When the OSB with the same performance category (same grade and same thick-
ness) is used for different sheathings, the allowable maximum spacing of supports
is different [30, 31]. Generally, the span rating of OSB, which donates the maximum
spacing of supports for different sheathing, is marked on the grade stamps [28,

29]. For example, the span rating in Figure 4(a) is 48/24, which means the maxi-
mum spacing of supports is 48 in. when the panel is used for roof sheathing, and
the maximum on center spacing of supports is 24 in when it is used for subfloors.
According to PS 2 and CSA 0325, OSB with roof span ratings of 24 or larger can be
used as wall sheathing when the distance of studs is 24 in., whereas the panels with
aroof span rating of less than 24 can only be used for wall sheathing with a distance
of studs of 16 in. [26, 27, 30]. In addition, the minimum fastening schedule (such as
nail spacing and nail size) and allowable live load of sheathing are also given in PS 2
and CSA 0325.

3.4.2 Floor

The single-floor grade OSB is intended for flooring panels under carpet or

pad (Figure 6). The common nominal thickness of OSB for flooring panels are
15.1 mm (19/32 in.), 15.9 mm (5/8 in.), 18.2 mm (23/32 in.), 19.0 mm (3/4 in.),
22.2 mm (7/8 in.), 25.4 mm (1in.), and 28.6 mm (1-1/8 in.) [22]. Similar to the
sheathing, the span rating of flooring panels is also given on the grade stamps; for
example, the spacing rating in Figure 4(b) is 20 °C, which indicates that the maxi-
mum span of the flooring panel is 20 in. on center [28, 29]. Typically, the span rat-
ings of single-floor OSB are 16, 20, 24, 32, and 48 oc [26, 27]. Allowable uniformly
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Figures.
OSB sheathing used on floors (top), roofs (center), and walls (bottom) (source: Pictures obtained from APA at
https://www.apawood.org/photography).

distributed live load at maximum span for flooring panels is 100 psf. The allowable
uniformly distributed live load can be increased by reducing the spacing of supports
of a floor [22]. The relationship between allowable uniformly distributed live load
and span is given in Table 4 [30].

3.4.3 Other applications

In addition to being used as panels, I-joints web stock is another major use of
OSB, Figure 7, in wood buildings [9]. I-joints are manufactured using lumber or SCL
flanges and OSB webs. Typically, flanges and webs are bonded using exterior-type
adhesives such as PF and pMDI. The shear properties of I-joints are provided by
OSB webs, while the flanges provide the bending properties of I-joints since OSB
has higher shear properties than plywood (Table 2). OSB is also used in industrial
applications such as shelving and packaging in commercial and industrial structures
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Figure 6.

OSB used for floor sheathing and I-joist webs (source: Picture obtained from APA at https://www.apawood.org).

Span rating Maximum span Allowable live load (psf)
(in.) Span of supports

12 16 20 24 32 40 48
16 oc 16 185 100 — — — — —
20 oc 20 270 150 100 — — — —
24 oc 24 430 240 160 100 — — —
320c 32 — 405 295 185 100 — —
48 oc 48 — — 425 290 160 100 55

Table 4.

Allowable live load of flooring panels with the different spans of supports (source: Data from APA at
engineered wood construction guide) [30].

(Figure 8). In addition, some researchers tried to develop new applications of OSB
panels. For example, Ma et al. developed a new type of lumber-like wood products

made of OSB panels, namely laminated OSB, using a cold-cured structural adhesive,

considering the cost and difficulty of manufacturing thick OSB [32].

4. Laminated strand lumber (LSL) and oriented strand lumber (OSL)

4.1 Overview

LSL and OSL are derivatives of OSB since they are all made from flaked wood
strands (Figure 9). These two strand-based EWPs have more similarities than
differences. The main difference is that the strands used in LSL are longer than

OSL and OSB [1]. The length-to-thickness ratio of the strands used in LSL is

approximately 150, while that of the strands for OSL is 75 [33]. As the two typi-
cal SCL, LSL and OSL were developed in response to the increasing demand for
dimensional lumber [1]. LSL and OSL have become substitutes to solid lumber,
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Figure7.
I-joist made of OSB web and LVL flanges (source: Picture obtained from APA at https://www.apawood.org).

Figure 8.
OSB deck board of a pallet (source: Picture obtained from APA at https://www.apawood.org).

LVL, and PSL in many applications, such as studs, beams, and columns. The out-
standing advantages of LSL and OSL are, in comparison with LVL and PSL, their
lower material requirements, high yield of wood fibers, and stable properties [1].
LSL and OSL are, in terms of their manufacturing processes and product proper-
ties, thought to be exchangeable in the industry [34]. Therefore, the following
discussion is mainly given to LSL, which can be used as references when readers
are interested in OSL.

4.2 Manufacturing process

The manufacturing processes of LSL/OSL are similar to that of OSB [34], which
can be seen in Figure 3. The low-density hardwoods, such as aspen and yellow
poplar, are commonly used species for making LSL/OSL [34]. As mentioned in
Section 4.1, the main difference between LSL and OSL is the dimensions of the
strands. The dimensions of the strands used in LSL are 230-356 mm in length and
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Figure 9.
LSL products (source: Pictures obtained from Weyerhaeuser at https://www.weyerhaeuser.com).

15-25 mm in width, while those of the strands for OSL are generally 100-150 mm
in length and 15-25 mm in width [4, 9]. In addition, the thickness of LSL is larger
than OSB; thus, the PF or PRF is not suitable adhesives for making LSL. Instead,
the diphenylmethane diisocyanate (MDI) adhesive is used, which can significantly
reduce the press time as compared with PF [9]. The blending and forming processes
of LSL manufacturing are also similar to those of OSB manufacturing. The big dif-
ference between OSB and LSL goes to the orientation of strands in a mat/panel. The
strands in the surface layers of OSB are mainly oriented parallel to the length direc-
tion, and those in core layers are perpendicular to the length direction or randomly.
However, the strands in LSL are always aligned in its panel length direction through
its thickness [4, 34]. This can help provide relatively high mechanical properties of
the final products in the axis direction. The mat of LSL can be 406 mm (16 in.) in
thickness and 2440 mm (8 ft) in width. The single opening is exclusively used in
the manufacturing of LSL because it has the advantages of shortening press cycle
time and being easy to make a uniform vertical density profile [4]. Sometimes, the
steam injection is used during hot pressing to quickly increase the temperature of
the core layers, reduce the press time, keep a uniform density profile through the
thickness, and create a great resistance to warping [4]. It is worth noting, in some
cases, specialized curved press platens could be used in the hot-pressing process of
OSL to produce the products with some architectural shapes [9]. The LSL panels are
cut to size and tested before receiving a protective end or edge seal. The moisture
content of LSL products ranges from 7 to 10%.

4.3 Properties and grading of LSL and OSL

In North America, the nominal dimensions of LSL are generally similar to those
of dimensional lumber on the market. Some manufacturers also provide special size
products for special applications; for example, the size of TimberStrand®, which is
the trade name of LSL manufactured by Weyerhaeuser Company, is up to 14.6 min
length, 1.2 m in width, and 140 mm in thickness [4, 35].

The density of LSL is about 15% higher than that of OSB, ranging from 640
to 670 kg/ m°> (40-42 Ibs/ft®) [34]. The structural properties of LSL are evaluated
in conformance with the standards ASTM D 5456 “Standard Specification for
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Figure 10.
Different directions of LSL: Beam direction (left) and plank direction (vight) (source: Pictures obtained from
Weyerhaeuser at https://www.weyerhaeuser.com,).

Evaluation of Structural Composite Lumber Products” [36]. The stiffness of LSL

is larger than that of LVL, and the tensile strength of LSL is similar to structure
dimension lumber [34]. In general, the allowable modulus of elasticity (MOE) is
used as the basis of LSL grading; for example, 1.5E grade indicates that the allow-
able MOE is 1.5 x 10° psi (8960 MPa) [4]. The allowable values of flexural strength,
tensile strength, compression strength, and other structural properties of LSL
produced by different manufacturers are slightly different [37, 38]. In addition, the
allowable stress of LSL in the beam direction differs from that in the plank direction
(Figure 10) [38, 39]. As an example, the allowable mechanical properties of LSL
manufactured by Norbord Inc., Canada, are shown in Table 5 [38].

Nail withdrawal and lateral resistance connection properties are also important
for LSL when used in wood buildings. The equivalent specific gravity, which means
the nail withdrawal and lateral resistance connection properties are deemed to
be equivalent to that of the solid lumber with a specific gravity, is always used to
estimate the connection properties of LSL [4, 39]. For example, the equivalent
specific gravity of TimberStrand® LSL with 1.3E and 1.5E grade is 0.5, which
means the standard bolted connection design values could be obtained in the adopt
code for Douglas fir with a specific gravity of 0.5 [39, 40]. The grade of LSL/OSL

Grade MOE Axial Beam direction Plank direction

F F. Fy, Fy Fey Fy, F, Fey

MPa MPa MPa MPa MPa MPa MPa MPa MPa

1.7ELSL 11,720 14.13 14.13 14.82 2.76 8.27 19.31 1.03 2.24
1.55E LSL 10,690 13.34 15.00 16.27 3.62 793 18.06 1.07 3.76
1.35E LSL 9310 9.86 1313 12.76 3.07 793 14.20 1.03 3.90
1.5E OSL 10,345 12.24 12.24 12.07 276 793 17.58 0.90 2.24
1.3E OSL 8960 8.96 8.96 11.20 241 793 13.79 0.79 197
0.8E OSL 5515 4.69 7.58 779 245 9.76 — — —

Source: Data from APA at https://www.apawood.org.
Note: MOE is Modulus of Elasticity; F, is tensile strength; F, is compression strength; F), is bending strength and F, is
shear strength; Fc, is compression strength perpendicular to the axial divection.

Table 5.
Allowable mechanical properties of LSL and OSL with different grades.
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Figure 11.

A grade stamp for SCL: 1. Qualified SCL grade; 2. APA mill number; 3. Product evaluation reports (APA
and ICC-ES in the United States and CCMC in Canada); 4. Standard specification for SCL (source: Pictures
obtained from APA at https://www.apawood.org).

is evaluated and classified by APA-The Engineered Wood Association in North
America. The structural design values for LSL/OSL are published on a proprietary
basis by manufacturers, which are certified by APA. It is worth noting that this
classification is for all SCL products including LSL and OSL. A sample grade stamp
on SCL products is shown in Figure 11 [33].

4.4 Applications of LSL and OSL

LSL/OSL has lower requirements for raw materials than veneer-based SCL
and similar structural properties to dimension lumber, which has become a good
alternative to solid timber. Presently, LSL products with different dimensions and
grades have been used as headers, studs, and rim boards in residential wood frame
construction (Figure 12) [4, 39]. Generally, the specific design values of LSL, such
as allowable stresses, the distance between connections and allowable live load, can
be found in the user’s guides provided by the manufacturers [37-39]. LSL products
are also used as nonstructural rated materials in the non-construction field such as
molding, millwork, and furniture [9]. Moreover, some researchers have identified
and developed the new applications of LSL. For example, the University of New
Brunswick and the University of Alberta, Canada, have developed a hybrid cross-
laminated timber (HCLT) panel product made of LSL/OSL and dimension lumber
and explored its bending and rolling shear properties [41]. The racking performance
of shear walls made of HCLT panels has been also examined under both monotonic
and cyclic loadings. Another example is given by Wang et al. [42], who investigated
the feasibility of manufacturing HCLT made of LSL (used as the surface layers or
core layers) and Lodgepole pine lumber. Their results indicated that the bending
properties and rolling shear properties of HCLT were significantly higher than those
of generic CLT made of Lodgepole pine lumber only.

In comparison with LSL, OSL is a relatively newer strand-based SCL prod-
uct, and its market is still under development. The OSL products have similar
applications to LSL, which are usually used for band joists in floor construction
and as substitutes for rafters in roof construction [1]. The feasibility of using
OSL as a transverse layer(s) for manufacturing CLT has been proven [5, 41]. In
addition, because OSL can be manufactured to an architectural shape, it also can
be used in architectural windows and doors, furniture parts, and other specialty
applications [9].
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Figure 12.
Applications of LSL in residential frame construction. Top: LSL header; center: LSL studs; bottom: LSL rim
board (source: Pictures obtained from Weyerhaeuser at https://www.weyerhaeuser.com/woodproducts/).

5. Endnotes

The strand-based EWPs, such as OSB, LSL, and OSL, has all the environmental
advantages of other EWPs, such as low carbon emissions. However, the strand-
based EWPs have, due to their relatively complex manufacturing process by adding
more fossil-based adhesives, higher environmental impacts than lumber-based
and veneer-based EWPs. A study by the University of British Columbia, Canada,
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indicated that the veneer-based EWPs were more sustainable products than the
strand-based wood products, which showed lower energy utilized and fewer
emissions of CO,, SOy, NOy, and other volatile organic compounds (VOCs) and
particulate matters generated during the manufacturing [20]. Therefore, the manu-
facturing process of strand-based EWPs requires further research and develop-
ment. For example, use of bio-based adhesives to produce strand-based EWPs can
assist to reduce their environmental footprint.

In summary, the strand-based EWPs have become important members of the
family of EWPs, providing a way of producing relatively large sizes of man-made
lumber with a high-yield wood fibers from small-diameter and low-quality logs.
With the anticipated increase in demand for EWPs in construction and change in
accessibility and quality of mature forest resources, the development and applica-
tion of strand-based EWPs keep increasing in the future. With the rise of tall wood
buildings, strand-based EWPs will have great market potential and will be a new
research hotspot.
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Chapter 5

Perceptions, Attitudes, and
Interests of Architects in the Use
of Engineered Wood Products for
Construction: A Review

Hiiseyin Emre Ilgin and Markku Karjalainen

Abstract

Increased use of engineered wood products (EWPs) and thus decreasing share of
non-biobased materials such as concrete reduces the impact of buildings on the climate
by mitigating the primary energy use and greenhouse gas emissions in construction.
A construction project includes many parameters, where the selection of construction
material is one of the crucial decisions with its numerous criteria e.g. cost, strength,
environmental impact. Furthermore, this complicated process includes different par-
ties such as architects, engineers, contractors. Architects are among the key decision-
makers in material selection, and their perceptions influence what they propose
and hence an increase in wood construction. In literature, many studies have been
conducted on the technological, ecological, economic aspects of EWPs, while limited
studies are focusing on EWPs for construction from stakeholders’ perspective. In this
chapter, architects’ attitudes towards the use of EWPs in buildings were scrutinized.

Keywords: Engineered wood products, construction, architects, attitude

1. Introduction

By its very nature, one cubic meter of wood stores almost a ton of CO,, so wood
reduces the carbon footprint of the construction industry while evaluating the
entire life cycle from raw material to production, use, and recycling, and timber
buildings play an important role in supporting to the sustainable bioeconomy [1, 2].

Studies indicate that increasing the use of EWPs in the construction sector has
environmental benefits, as wood is a renewable and lightweight material [3, 4],
where utilization of EWPs instead of conventional building materials e.g. concrete
or steel, the total fossil fuel footprint of building construction can be diminished to a
considerable extent through environmental-friendly-material replacement [5, 6].
Also, based on some estimates, substituting concrete with wood could lessen the
energy used by construction processes by 40%, while greenhouse gas emissions
could be reduced by 35% [7, 8]. Extensive use of EWPs may have helped make the
transition towards more carbon-free production of building materials [9, 10].

A construction project involves a large number of participants with vari-
ous roles, goals, and concerns [11] as in the case of high-rise timber buildings
e.g. Mjgstarnet (Norway, 2019) (Figure 1), HoHo (Austria, 2020) (Figure 2).
Besides, the building material selection process includes many parameters,

83 IntechOpen



Engineered Wood Products for Construction

e.g. cost, structural performance, environmental friendliness, fire performance,
availability, and speed of construction [12, 13]. Moreover, the material selec-
tion procedure is a complex non-linear process involving various actors such as
contractors, structural designers, developers, and architects [14-16].

Among these parties involved, architects play a critical role in material selection
[17, 18], their perceptions influence their choice of material in the structural frame
[13, 15, 19, 20]. Perhaps more importantly, architects’ perceptions could lead to an
increase in the use of EWP for construction [19, 21].

In the literature, many studies have been carried out on the ecological, tech-
nological, economic, and social aspects of engineered wood products and various
technical solutions in buildings [22]; while there is a relatively limited number of
studies concentrating on the EWPs for construction from the stakeholders’
perspective (e.g. [11, 16, 20-25]).

This chapter presented a comprehensive overview of the perceptions, attitudes,
and interests of architects in the use of EWPs together with their perceived benefits
and barriers for construction. This study gathered, mapped out, and systematized
scattered and multifaceted knowledge on architects’ attitudes towards EWPs
employment in buildings, and chronologically presented them in an accessible and
manageable discourse. Notably, the chapter also revealed how this perception has
changed over time.

Figure 1.
Mjostirnet (Norway, 2019) (Source: Wikipedia).
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Figure 2.
HoHo (Austria, 2020) (Source: Wikipedia).

An increasing emphasis on the climate impact of building materials in the
construction sector should therefore increase the likelihood that future EWPs will
be favored to a greater extent. In this sense, attempts to increase the awareness
of architects about EWPs will have a positive effect, e.g. regarding the economic
aspects. In this study, wood or timber refers to engineered timber products such as
cross-laminated timber, laminated veneer lumber, glue-laminated timber/glulam.

2. Studies on architects’ attitudes towards the use of EWPs for
construction and discussion

In the literature, several studies from different countries such as Australia,
America, Sweden are concentrating on wood as a structural material in the build-
ings from architects’ perspective through questionnaires and/or interviews
(e.g. [13,20, 23, 24, 26, 27]).

Among the studies, Truskett undertook surveys and interviews with architects
in Victoria (Australia) to explore factors influencing the specification of wood
products [28]. The findings showed that while the vast majority (90%) of those
surveyed ‘always or mostly’ used structural timber for residential purposes, only
20% frequently used structural timber for non-residential applications. According
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to the architects, timber as a structural and finishing material has strong aesthetic
appeal, but the factors such as maintenance and durability, professional networks,
industry practice, information, and environmental issues hamper its general use.

Kozak and Cohen focused on the construction material selection of architects
(n = 594 out of 3,986) and structural engineers (n = 384 out of 1,822) for non-
residential buildings through an online survey in the United States and Canada
[26]. The results showed that steel and concrete continue to be the most common
material in non-residential applications, whereas wood governs the construction
market for elderly housing and is also frequently employed in religious buildings,
restaurants, and commercial/residential combinations. It was also pointed out that
as the building height increases, the use of wood decreases. However, the attitudes
of architects were encouraging towards the use of timber-frame if they had previ-
ously specified it.

In 2004, Wagner and Hansen scrutinized material preferences among architects
and engineers in America and Chile by a cross-cultural comparison to establish
a procedure for choosing a customer group of a company and then classifying
its demands and needs [27]. They stated that American architects did not give
much weight to issues concerning cost and ecological properties of the building
material when deciding on wood construction, whereas other considerations e.g.
dimensional stability were thought to have more potential for development when
compared with competing materials like steel. Similarly, surveyed architects from
Chile were not interested in the environmental features of the wood. Besides this,
both sample groups of architects had a positive attitude towards the aesthetical
properties of wood, and they perceived uniform quality as an essential asset. It was
also noticed that fire-related issues received less concern among the architects than
the relevant literature suggests [26].

O’Connor et al. studied architects’ and engineers’ perceptions regarding the
use of wood in the North American non-residential construction sector through
an extensive mail survey applied to a series of specifier’s focus groups [15]. This
research identified several perceived challenges for wood utilization in construc-
tion: building code concerning fire safety; cost-competitiveness with steel especially
in terms of complicated structures or structures with a longer span; design perfor-
mance related to strength, durability, stiffness, and lack of established practices.
They also proposed short- and long-term recommendations for addressing these
obstacles.

The research of Bayne and Taylor also examined the barriers to the use of wood
in Australian non-residential buildings to understand the reasons behind the com-
mon use of non-wood products e.g., concrete and steel [29]. They aimed to identify
the reasons for the lack of confidence in specifying wood as a structural material
in these buildings. As a result of interviews with 34 architects, engineers, building
designers, and project managers, a range of strengths and weaknesses regarding
the structural application of wood to non-residential use were underlined. Findings
suggested that aesthetics, easy construction, and adaptability of design and fire per-
formance were evaluated as advantages, while cost and speed of erection were taken
as the most common obstacles by the specifiers. It was also concluded that the use of
wood was found more suitable and promising by the architects for smaller building
types such as housing for the elderly, schools, public buildings, and churches.

In 2008, Roos et al. presented perceptions of 23 Swedish architects and
structural engineers about the material selection process, which also included a
comparison of wood with other materials, the effects of main stakeholders, and the
relation of wood construction with professional roles and knowledge [30]. Both
architects and engineers were interested in using wood but perceived it as compli-
cated. This study as a prospect highlighted the issues such as clear demonstration
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of business-sound wood compared with concrete and steel; functional information
flows from the construction industry to wood sector; expression of smart solutions
enabling flexibility and appropriate span lengths from an architectural standpoint;
putting emphasis on aesthetic and visual aspects of timber-frame, and importance
of providing more information about environmental benefits of wood by suppliers.

Bysheim and Nyrud investigated Norwegian architects’ perceptions regarding
the use of wood as a structural material in urban construction via a questionnaire
to measure attitudes towards the physical, mechanical, and fire-related properties
of wood [31]. They found that many architects show a tendency to use structural
timber, but few are planning to do so. They were also positive; fire and aesthetically
related properties, costs of using structural timber compared to substitutes, and
the energy-related properties of the material, the physical and mechanical proper-
ties of timber-frame. They felt qualified to specify timber-frame in buildings but
did not perceive the choice of using structural timber as being entirely up to them.
The architects had positive attitudes towards timber-frame in residential buildings
but were negative towards use in other building types. Additionally, they were
positive to utilize in buildings up to 3-story. The architects had little experience
with timber-frame in other building types other than residential ones. Most of the
respondents strongly agreed that other architects would have a positive tendency to
them employing timber-frame, whereas contractors and real estate developers were
perceived as negative towards the use of timber-frame.

Robichaud et al. explored the challenges to the use of wood in the North
American non-residential construction sector [32]. This study aimed to examine the
possible role of communication in this emerging market among architects through
asurvey (n = 165 out of 5,000). The results showed that generally, the architects
assessed wood to be a ‘sincere’ but ‘unexciting’ structural material. When compared
to concrete and steel, wood was perceived as the most environmentally friendly
material. However, wood was rated with the lowest score in terms of durability,
fire-resistant, structural performance, and contribution to the high building value.
In the recommendation part of the study, the issue of better communication on the
part of wood producers and product information was highlighted.

The research of Roos et al. analyzed architects’ and structural engineers’ atti-
tudes and perceived factors that hinder or facilitate the specification of wood con-
struction in Sweden [20]. The main finding of this research was that the material
preference of architects and structural engineers is affected by attitudes concerning
the properties of wood and beliefs about the control and ease of building in wood.
Wood was generally perceived as a suitable building material. Issues about decay,
instability, and sound transmission were assessed as negative aspects, while the
features of strength, environmental friendliness, simple handling, and suitability
for use along with industrial methods were taken as advantages of wood. Besides
this, developers and contractors were perceived as the most influential parties by
both Swedish architects and structural engineers in the material selection process.

The result suggests that if the following measures are taken into consideration,
perceived obstacles could be lessened: (i) developing clearer business concepts for
timber-based transparent and affordable construction approaches that decrease the
uncertainty, (ii) creating prefabrication methods for wood to reduce the risk factor
in the construction, (iii) developing education and training in building design and
construction in wood, (iv) providing information about the environmental per-
formance of wood as a building material, (v) improving the ‘professional status’ of
wood via interesting design, (vi) supporting architects and engineers in pursuing
wood construction and developing a dialogue among all the related professions.

Hemstrom et al. assessed Swedish architects’ perceptions, attitudes, and inter-
est towards steel-, concrete-, and timber-frames in multi-story buildings through
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aweb-based questionnaire (n = 412 out of 3,600) [11]. The results indicated that
concrete was found the most favorable frame material for multi-story construc-
tion mainly because of its performance of engineering-based issues e.g., stability
and fire safety that was considered critical for the selection of frame material. The
general attitude towards, and interest in, timber-frame utilization was positive and
related to its perceived environmental features. Differing from findings in North
America [15], this study showed that costs and time to construct a building are

not perceived as major barriers to the use of wood among architects in Sweden.
Contradictory to the perception of wood being a less suitable multi-story frame
material than concrete and steel, the interest in the use of wood frames was large.
Contrary to Norwegian findings [16], the overall attitude towards the use of wood
frames in residential buildings presented here was not different from the attitude
towards the wood in non-residential buildings. Besides this, the results showed that
contractors, structural engineers, and building commissioners have a great influ-
ence on the choice of frame material.

In 2014, Xia investigated the reasons as perceived obstacles for comparatively
limited use of the timber-frame in multi-story non-residential buildings (compared
to low-rise housing) among industry professionals - also including architects - in
Australia by a questionnaire survey (n = 74 out of 176) [13]. The results indicated five
main groups of identified obstacles: (1) lack of support in official regulations, (2) lack
of interest in the industry, (3) lack of experience in professionals, (4) perception of
drawbacks, and inadequate knowledge about merits of timber-frame utilization. This
study also made several recommendations concerning more supportive legislation by
the governmental side to stimulate the use of wood in multi-story building construc-
tion, industry training to raise the awareness and knowledge of the technological
improvements regarding EWPs, the attitudes of developers and investors as the
most influential decision-makers towards increasing the awareness of timber-frame
advantages.

Viluma and Bratuskins conducted research among architects and other
stakeholders in Latvia to find out the main barriers to using wood for buildings
through 38 interviews and questionnaires [33]. There were 73 answers from 85
registered persons of which 36 were architects, 25 were students and lecturers, as
well as representatives from timber production and media. In this study, the main
motivating factors and seven main barriers to the selection of wood constructions
were identified. Research results showed that architects’ attitude towards timber-
frame, in general, is positive, but they thought that due to the Latvian Fire Safety
Regulation, it is not easy to find solutions for wood construction. Additionally, the
architects emphasized the stereotypes, legislation, and the specialist’s qualification as
the main barriers, while the architecture students opted for the lack of knowledge,
lack of experience, and lack of information as the main obstacles out of seven given
possibilities. Two of the seven barriers formulated - stereotypes and legislation - were
not stated in other research, however, these are the most mentioned barriers in the
Latvian case.

Conroy et al. investigated familiarity, use, and perceptions of EWPs among the
AlA-certified architects across Washington, Oregon, and California through an
online questionnaire (n = 533 out of 3,469) [18]. The results indicated that durabil-
ity, fire resistance, and strength were assessed as weaknesses of engineered wood
products, unlike other studies such as [16, 29] that found architects saw wood fire
performance as a strength. The architects from Washington and Oregon projected
the use of wood in the construction industry to develop more in the next five years
compared to steel and concrete. To boost the use of wood as a construction mate-
rial for the structure and building enclosure in non-residential buildings, it was

88



Perceptions, Attitudes, and Interests of Architects in the Use of Engineered Wood Products...
DOI: http://dx.doi.org/10.5772/intechopen.98588

recommended that the forest products industry enhances its internet presence,
developing interdisciplinary communication strategies.

As one of the most recent studies, Kuzman et al. attempted to better understand
the specification process of EWPs and to provide an updated overview of the
perceived identity of these materials among architects in Slovenia, Austria, France,
Sweden, Croatia, and Bosnia, and Herzegovina [34]. The results indicated that
generally, participating architects have a positive attitude towards wood utiliza-
tion in all countries. Thermally modified wood was perceived as positive, whereas
the architects were unfamiliar with more recently introduced wood modification
methods e.g., acetylation, furfurylation (which are not well known). Their findings
suggested that the opportunities for wood to gain a greater market share will grow.

Markstrém et al. probed Swedish architects’ perception of the use of EWPs in
buildings and the parameters which positively influence the preference of these
products via a survey questionnaire [24]. Findings highlighted that in general, and
as per the more recent study by [34], the perception of EWPs is positive among
Swedish architects, and most of them think that their use will increase in the future.
They also added that other decision-makers with greater influence over the mate-
rial selection, such as contractors, developers choose other materials. A lack of
knowledge, as well as uncertainties about the quality over time, were other common
reasons for not preferring EWPs. The results also indicated that environmental
concerns and aesthetic appearance are the main reasons to select these materials for
the architects involved in building projects. It was stated that knowledge, familiar-
ity, and architects’ attitude play a role in increasing the use of EWPs.

Therefore, it can be said that perceived positive aspects of EWPs have markedly
changed from earlier studies in 1997. By that year, in one of the studies by [28] enti-
tled Factors influencing architects in their specification of timber and timber products’,
architects perceived EWPs positively, mostly due to a strong image of their aes-
thetic appeal. However, later studies showed that according to the architects, EWPs
had numerous perceived positive aspects besides their aesthetic quality as seen in
Table 1. Among these positive aspects, environmental performance (e.g. [11, 20, 30,
32]), energy efficiency (e.g. [11, 16, 29]) and speed of erection (e.g. [30]) were the
highlights. On the other hand, durability, fire resistance, and strength were assessed
as the most critical barriers to EWPs in the last two decades of research among
architects (e.g. [15, 18, 20 26, 32]). In general, in the light of the above-mentioned
studies, it can be stated that architects adopted positive attitudes towards the use
of EWPs in construction.

In terms of the major benefits and barriers to using EWPS for construction,
similar findings were identified in different studies such as [11, 24, 32]. Architects
mostly had a positive attitude towards aesthetic quality (e.g. [24, 31]) and environ-
mental performance (e.g. [18, 26]) of EWPs.

Also, in Bayne and Taylor’s study on the barriers to the use of EWPs, it was
found that the use of timber is more suitable for smaller buildings such as housing
development [29]. Similarly, Bysheim and Nyrud found that architects took a posi-
tive attitude towards the use of timber as frame material in three-story houses [31].

Some other studies among architects such as [11, 18, 24, 32] highlighted
ecological characteristics of EWPs such as low climate impact and environmental
friendliness.

In studies conducted among architects in the USA [18, 32] and those in Sweden
[30], fire safety issues were considered as one of the most important obstacles to the
widespread use of timber frame structures. On the other hand, exceptionally, fire
performance was assessed as a positive consideration for the structural application
of timber for non-residential purposes by [29].
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Study by Target groups Main perceived benefits of Main perceived barriers
(chronologically) EWPs to EWPs
[24] architects in e aesthetics * lack of knowledge
Sweden * low impact on the
environment
* speed of construction
[18] architects in e ease of use * durability
the US West * aesthetics « fire resistance
Coast
* cost * structural performance
* environmental friendliness
[33] stakeholders * stereotypes
(mcl.udmg . * legislation
architects) in
Latvia * lack of knowledge
[13] industry * maintenance costs
p.rofesm.onals « fire resistance
(including
architects) in * limited awareness of
Australia emerging technologies
[11] architects in * sustainability
Sweden * ease of renovation and
demolition
* ease of recycling
[20] architects and * strength * durability
Stru.ctural. ¢ environmental friendliness * instability
engineers in
Sweden * simple handling ¢ sound insulation
* compatibility with indus-
trial methods
[32] architects in ¢ environmental friendliness * durability
North America . f .
ire resistance
e structural performance
[31] architects in * aesthetics
Norway « fire resistance
* cost
* physical and mechanical
properties
[30] architects * lightweight * fire resistance
and.bu1ld1.ng * aesthetics ¢ sound insulation
engineers in
Sweden * good indoor climate * form stability
* environmental friendliness * insecure supply
* unsuitability for
large-span-structure
[29] architects, * aesthetics * structural performance
engm.eers, e ease of use ¢ cost
building
designers, * adaptability of design
and project « fire resistance
managers in
Australia
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Study by Target groups Main perceived benefits of Main perceived barriers
(chronologically) EWPs to EWPs
[27] architects and * warmness

engineers in * consistent material with a

the US and .
. unique texture

Chile

[26] architects and * warmness * fire resistance
stru.ctural. * functionality * durability
engineers in
the US and * cost * inconsistent price
Canada * environmental friendliness * insecure supply

Table 1.
Studies on architects’ attitudes towards the use of EWPs for construction.

As many studies (e.g. [13, 33]) reported, more experience with concrete construc-
tion compared to timber was recognized as the main disadvantage of EWPs for
construction. Additionally, knowledge gaps or lack of expertise in timber construc-
tion were underlined as weaknesses in the studies by [30, 35]. Although lack of cost
competitiveness was generally seen as one of the major barriers to the use of EWPs
(e.g. [15,29]), Roos et al. pointed out that while some architects surveyed claim
that EWPs are cost-effective when applied correctly, others fear high costs due to
perceived risk factors in timber construction [30].

Besides, according to the participants in the study by Xia et al., lack of developer
interest was the strongest obstacle to the use of EWPs [13]. Regarding this, the
surveyed architects may not be able to perceive their impact on the choice of frame
material as strongly as building contractors or clients. This issue may support the
relatively low perceived influence of Swedish architects [11, 30], while it may differ
from the findings by O’Connor et al. that architects played the most critical role in
the multidisciplinary material selection process [15].

Overall, architects’ perceptions of EWPs’ engineering performance can deter
them from employing EWPs for construction. Such a change can be driven by an
increase in examples of promising timber building applications. e.g. high-rise build-
ings (over 8-story), and so the general attitude of architects towards EWPs will be
more positive in terms of engineering-based features such as sound insulation, fire
safety, durability, and structural performance.

Future scenarios for wooden buildings could improve if there is a new trend
towards greater importance of environmental factors in the choice of structural
material facilitated by policies, which can make a difference in the demands of
customers and the tendencies of contractors.

Moreover, architects can play an important role as prime marketers in increasing
EWPs for construction, but it seems that more initiatives are required to enhance
their familiarity since the lack of experience and level of knowledge may prevent
architects from proposing timber in their projects.

3. Conclusions and recommendations
The aim of this chapter was to understand the architects’ perceptions, atti-
tudes, and interests in the use of EWPs for construction. In doing so, this research

attempted to identify perceived major benefits and barriers to EWPs
utilization.
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Overall, architects mostly had a positive attitude towards the use of EWPs.
Among EWPs’ positive aspects, aesthetic quality, environmental performance,
energy efficiency, and speed of erection were the highlights. Durability, fire resis-
tance, and strength were assessed as the most critical barriers to the common use
of EWPs. These were followed by a lack of cost competitiveness, knowledge gaps or
lack of expertise, and lack of developer interest.

In this sense, the following recommendations may help to overcome identified
barriers by improving overall attitudes towards EWPs for construction:

(1) providing architecture students with more education and inspiration at uni-
versity, more information about wood-based products, better design aids, and more
design examples (2) supporting architects in timber construction by creating a
sharing environment with members of these professions (3) developing more active
participation in EWP-based problem solving and better interdisciplinary com-
munication strategies among timber suppliers, the timber construction industry
and the architectural community (4) developing business-oriented approaches for
timber compared to traditional materials e.g. concrete in construction (5) develop-
ing effective timber prefabrication methods to reduce the risk factor in construction
(6) Enhance the collaboration of different stakeholders such as government, client,
designer, contractor, and supplier by issuing more supportive regulations and
guidelines to increase the use of EWPs for construction.

It is believed that this chapter will help to deepen the understanding of various
considerations shaping the decision-making process in the use of EWPs for
construction.
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Abstract

Construction work is very resource-intensive, and construction projects contain
many parameters, in which the choice of building material is one of the critical
decisions with numerous criteria, e.g., cost, durability, and environmental impact.
Moreover, this complex process includes different parties such as contractors,
architects, engineers, where contractors are the most influential decision-makers in
material selection. Increasing the use of renewable materials such as wood, which
is a technically, economically, and environmentally viable alternative in build-
ings, can make construction more sustainable. The perceptions of the contractors
influence what they propose and therefore the increase in wood construction.

With the increasing resource efficiency and the need to adapt to climate change in
the construction industry, there is need for contractors to implement sustainable
practices. In this chapter, contractors’ perceptions of the use of wood in buildings
were examined. The results are expected to contribute to environmental remedia-
tion by developing strategies to counter perceived barriers and providing insight
into new solutions to a conservative space and expanding the use of wood to achieve
a more sustainable construction industry. In addition, recommendations for future
research, e.g., adhesive- and metal-fastener-free dovetail wood board elements as
sustainable material alternatives were presented.

Keywords: engineered wood products, construction, contractors, perception,
carbon footprint

1. Introduction

The last two decades have witnessed a dramatic increase in environmental
awareness and concern about the impacts of business activities on climate and natu-
ral resources on a global scale, and environmental degradation is often addressed
as a worldwide problem [1-6]. In this sense, the building construction industry
can contribute significantly to the reduction of CO, emissions, high energy con-
sumption, excessive waste, and the development of a more resource-efficient and
sustainable building environment [7-10]. More specifically, construction activities
involve the use of a wide variety of materials, such as concrete, steel, timber where
the choice of these materials has significant impacts on the environment [11, 12]
as in the cases of tall timber buildings such as the 25-story and 87 m high Ascent
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(Milwaukee, structurally topped out) (Figure 1), the 22-story and 73 m high HAUT
(Amsterdam, under construction) (Figure 2), and the 18-story and 58 m high
Brock Commons Tallwood House (Vancouver, 2017) (Figure 3) [13].

There are several criteria to consider in the selection of building materials,
including stability, durability, environmental impact, speed of assembly, cost, and
availability [14, 15]. Although design professionals are often involved in this process
[16], contractors have the most influence in material selection decisions and there-
fore play an important role in supporting sustainable development in the context of
the construction industry [8, 17, 18].

With the increasing resource efficiency and the need to adapt to climate change
in the construction industry, contractors need to execute sustainable practices.
However, contractors’ decision-making and perceptions of structural frameworks
remain largely unexplored, and there are few studies on the selection of structural
frameworks involving contractors’ perspectives (e.g., [7% 8, 19]).

Wood is the primary building material used by mankind throughout history, a
sustainable and renewable building material [20, 21]. The use of wood in construc-
tion can affect carbon balance by reducing fossil fuel consumption in manufac-
turing compared with alternative materials, preventing emissions from cement
processing, and storing carbon in wood products and forests. Thus, increasing the
use of wood in construction and other long-lasting uses will help achieve sustain-
able development goals, where timber is recognized as a sustainable material in all
major green building rating tools, e.g., Leadership in Energy and Environmental
Design (USA) and the BRE Environmental Assessment Method (UK).

Wooden buildings are characterized by a lower carbon construction concept
than non-wood buildings [22-26], and timber construction represents a lower
embodied energy consumption compared with steel and concrete production [7].
Wooden structures provide significant advantages in combating climate change,
because wood can be used as an alternative to other materials to reduce greenhouse
gas emissions, but also has unique features such as storing large amounts of carbon
in the structure [27, 28]. For example, estimated environmental impact of wood
use in Brock Commons Tallwood House (Figure 3) was calculated as 1753 metric
tons of CO, in terms of carbon stored in the wood [29]. Besides being used as a
building material during the construction, wood can be reused as a raw material
for other structures after the building’s service life or, as a last resort, burned

Figure 1.
Ascent (Image courtsey of Jason Korb/Kovb + Associates Architects).
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Figure 2.
HAUT (Photo courtsey of Jannes Linders).

Figure 3.
Brock Commons Tallwood House (Photo by Michael Elkan and courtsey of Acton Ostry Architects).
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instead of fossil fuels [30-32]. The use of wood has many other advantages such as
esthetic value, better design adaptability, ease of construction, living comfort, and
indoor quality [15, 33, 34].

A better understanding of the perspectives of key actors, such as contractors,
in the selection of structural frameworks, can improve insights into concrete path
dependency. Because of the CO, effects of structural frameworks, such knowledge
contributes to understanding the key factors for the development of a more sustain-
able built environment.

Overall, this chapter examines the perceptions of the contractors regarding
the use of wood in buildings. It is believed that the results will contribute to envi-
ronmental remediation by developing strategies against perceived barriers and
providing insight into new solutions to a conservative space and expanding the use
of wood to achieve a more sustainable construction industry.

In this chapter, wood or timber refers to engineered wood products (EWPs)
[35, 36] such as CLT (a prefabricated multilayer EWP, manufactured from at least
three layers of boards by gluing their surfaces together with an adhesive under
pressure), laminated veneer lumber (LVL; made by bonding together thin vertical
softwood veneers with their grains parallel to the longitudinal axis of the section,
under heat and pressure), and glue-laminated timber (glulam) (abbreviated as
GL; made by gluing together several graded timber laminations with their grains
parallel to the longitudinal axis of the section).

2. Studies on contractors’ perceptions of the use of wood for
construction

In the literature, many studies focus on the technological aspects of EWPs,
their use in construction, and different building solutions [37-50]. Several studies
address wood as a structural material in buildings from the perspectives of key
professionals (e.g., [8, 17, 51-58]) and consumers or residents (e.g., [59-64]); while
there is a very limited number of works focusing on EWPs from the contractors’
perspective in the literature. They are from different countries such as Sweden,
Finland, Australia focusing on the use of wood as a structural material through
surveys and/or interviews.

Among the studies, Hemstrom et al. [8] conducted interview-based research
among contract managers working in contracting companies about their role in the
sociotechnical regime, the choice of structural framework, and their perceptions
of different alternatives. The results showed that because of their critical position
in the firm, managers greatly influence the choice of the structural framework for
multifamily buildings managed by the established concrete-based sociotechnical
regime. The results also indicated that, due to cognitive rule-based decision-making
processes, when assessing the cost of different structural frameworks, they applied
their previous experience with concrete solutions as a structural material rather
than making deep cost assessments. This approach has prevented timber-framed
multifamily buildings from entering common use. While strong incentives for the
use of concrete have made it difficult for timber frames to become more common,
initiatives promoting wood could contribute to increased awareness and percep-
tions of wood construction and expectations for future developments in Sweden.

Riala and lola [19] conducted a study through 18 interviews with representatives
from the entire value chain to identify the barriers to the adoption of multistory
timber construction in Finland, the ways that wood competes with established
solutions, and the possibilities for partially integrating construction into the
bioeconomy. The results showed that although barriers to its adoption still exist,
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multistory timber construction can offer competitive solutions for more sustainable
construction. A noteworthy finding of concern for the wood products industry was
that interviewees with the most experience in multistory timber construction were
more critical than those with less experience. This showed that building more wood
and gaining more experience is not enough to increase the popularity of wood con-
struction. Additionally, limited possibilities were found to relate the construction
industry to bioeconomy. The best way to ensure greater use of renewable materials
in multistory construction would be to focus on increasing the competitiveness of
multistory timber construction. For this, it was necessary to take advantage of the
strengths of the wooden structure such as lightness and prefabrication possibilities
and focus on improvement.

Through the qualitative analysis of the data from 36 interviews, Wang et al.
[7] examined the perceptions and insights of British construction experts (e.g.,
industry interest group, timber manufacturer, construction material merchant)
to increase understanding of Green Building and the potential of using wood for
the UK construction industry. The results confirmed the important role played
by the British government in the creation, promotion, and development of Green
Building and showed a positive increase in the use of wood in the UK construc-
tion industry, supporting the idea that the environmental performance of wood
was the main factor in wood adoption. Experts with sound knowledge of wood as
a building material were also shown to agree on wood’s superior environmental
properties; however, end-users who do not know about wood products often
have a strong prejudice against their use. Finally, it was shown that legislation,
environmental awareness, attitudes and traditions, market and competition,
publicity and communication, and technology and know-how are among the
main drivers promoting wood as a sustainable solution for Green Building in
the UK construction industry. Additionally, most respondents rated the lack of
education as one of the most prominent challenges in the current construction
industry, hindering the expansion of potential applications of wood products.
Following the discussion on wood providing the optimal solution for Green
Building (e.g., [21, 65]), the study found a generally positive attitude toward the
use of wood in the UK construction industry and found support for the idea that
environmental performance is the main driver for wood adoption in the Green
Building concept.

Through a survey of 74 experienced construction industry participants
(e.g., architects, contractors, developers, and government officials), Xia et al. [11]
explored the main barriers to the use of timber framing in multistory construction
in Australia. According to the results, the barriers identified can be broadly divided
into five groups: lack of legal support, lack of industry interest, lack of experienced
professionals, perception of wood framing disadvantages, and limited awareness
of wood framing advantages. The survey confirmed the limited awareness of the
new wood technologies available, as well as the biggest barriers to the perceived
increase in maintenance costs and fire risk. The results are expected to benefit the
government and the timber industry by contributing to environmental remediation
by developing strategies to increase the use of multistory timber technologies by
countering perceived barriers in the Australian context. One approach to overcom-
ing these barriers might be the collaboration of various stakeholders such as govern-
ments, customers, designers, and contractors. It was suggested that the government
may introduce more supportive legislation and regulations to encourage the use of
wood for structural purposes. Industry training (e.g., workshops and seminars)
and education in timber structures might have contributed to increasing awareness
and knowledge of technological innovations in wood products in the construction
industry.
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Tan et al. [66] extensively reviewed studies on the relationship between sustain-
ability performance and contractors’ competitiveness. The results indicated that
there was no unique relationship between the two variables. Therefore, a frame-
work for the implementation of sustainable construction practices was developed
to increase competitiveness to help contractors develop their sustainability policies,
strategies, and practices to meet the growing need for sustainable development in
the construction industry.

Qi et al. [4] aimed to identify the factors affecting contractors’ adoption of
green construction practices through a survey. The results showed that managerial
concern is the most important driver in the adoption of green practices. Significant
relationships were also found between government regulation and enterprise
size, along with the adoption of green construction practices, while there was no
substantial evidence of the relationship between the adoption of green construc-
tion practices and perceived stakeholder pressures. This study aimed to contribute
to better decision-making regarding the implementation of green construction
practices.

3. Conclusions and recommendations

This study aimed to understand the contractors’ perceptions of the use of wood
for construction. In doing so, this chapter attempted to identify perceived major
barriers to timber utilization. However, as the focus of conducted research among
contractors differed as noted above, it was not possible to compare these studies with
each other, but still, some conclusions were reached as follows: (a) their previous
experience with concrete solutions, especially as a structural material, could have
prevented them from conducting in-depth analysis for new materials; (b) building
more wood and gaining more experience may not be enough to increase the popular-
ity of wood construction; (c) lack of legal support, lack of industry interest, lack of
experienced professionals, lack of education, perception of wood framing disadvan-
tages, and limited awareness of wood framing advantages as well as the perceived

Figure 4.
Adhesive- and metal fastener-free dovetail wood board element.
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increase in maintenance costs and fire risk were cited as barriers to wood use;
(d) managerial concern was among the most important drivers for the adoption of
green practices related to wood use.

In this context, the following recommendations can help address identified
issues among contractors by improving general attitudes toward the use of wood:
(1) providing initiatives that promote wood for increasing awareness and percep-
tion of wood construction and prospects for future developments; (2) increasing
competitiveness by highlighting the strengths of wooden structure such as lightness
and prefabrication possibilities; (3) establishing collaboration of critical stakehold-
ers such as governments, customers, designers, and contractors;

(4) introducing more supportive legislation and regulations at the government
level to encourage the use of wood for structural purposes; (5) organizing industry
training (e.g., workshops and seminars) and education in wooden structures to
increase awareness and knowledge of technological innovations in wood products
in the construction industry; (6) conducting more research projects (e.g., the
DoMWoB project/Dovetailed Massive Wood Board Elements for Multi-Story
Buildings — see Acknowledgments and Funding) [67] and developing more innovative
and environmentalist EWPs (e.g. adhesive- and metal-fastener-free dovetail wood
board elements) (Figure 4) [68] to demonstrate the potential of wood for use in
construction.

It is believed that this chapter will help deepen the understanding of the various
aspects that shape the decision-making process particularly among contractors in
the use of EWPs for construction.
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Tall Wooden Residential
Buildings in Finland: What Are
the Key Factors for Design and
Implementation?

Lassi Tulonen, Markku Karjalainen and Hiiseyin Emve Ilgin

Abstract

This chapter examines tall residential buildings using engineered wood products
(EWPs) in Finland. As specified in the National Building Code of Finland, ‘tall
wooden building’ is defined as a structure with more than 8-story. Currently, there
are two wooden residential buildings, 14-story Lighthouse Joensuu (2019) with
laminated veneer lumber (LVL) structure and 13-story HOAS Tuuliniitty (under
construction) with cross laminated timber (CLT) structure, that fit the defini-
tion above. This study analyses the phenomena associated with the design and
implementation processes of these remarkable buildings, the starting points for
the projects as well as the prospects of tall wooden housing in Finland through the
case study method and interviews with the key actors in the projects. These cases
are mapped with extremely detailed information, comprising a valuable source
both for designers, engineers as well as developers. As a result, the current state-of-
the-art and the critical factors influencing the design and implementation of these
challenging sustainable projects in Finland have been identified. It is believed that
this chapter will aid and direct key stakeholders in the construction industry in the
sound planning and development of tall wooden residential projects in Finland.

Keywords: Engineered wood products (EWPs), construction, tall residential
building, Finland, architectural and structural design considerations

1. Introduction

Timber has typically been used for centuries in single and multi-residential
construction projects around the world. Timber in the form of EWPs, such as CLT
(manufactured from at least three layers of boards by gluing their surfaces together
with an adhesive under pressure), has been available on small scale projects in
Europe, particularly in Germany and Austria, since its invention in the early 1990s.
Moreover, recent advances in EWP technology have overcome major challenges
in material strength and fire safety, making these products competitive against
concrete and steel for tall building design.

Increasing wood construction has been a governmental policy in Finland for
nearly three decades, and wooden buildings are being promoted by public authori-
ties through various supporting wood programs and legislative changes. The key to
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encouraging wood construction has been to increase the degree of processing of the
wood industry, improve exports and enhance ecology locally [1].

In the 2010s, climate targets became the main driver of wooden construction.
Technical solutions in this promising area have so far been perceived to develop
mainly as state-supported housing so that public solutions and operating models
developed through assisted residential construction gradually become established
in self-sufficient housing [2].

Apartment building construction has been seen as an opportunity to boost
wood utilization [3]. Approximately 70% of residential construction completed in
Finland in the last five years has consisted of apartment buildings, many of which
are still built with reinforced concrete. Although structural systems for industrial
timber construction have been known in Finland for nearly thirty years, wooden
apartments have gradually become widespread.

Fire regulations played a central role in spreading the factor contributing to
the wooden structure. In 1997, the revised fire code version resulted in permission
being granted for the construction of residential and office buildings with wooden
frames and fagades up to 4-story high, due to which momentarily growth started in
the construction of wooden apartment buildings in Finland. In 2011, the building
regulation was revised to allow the construction of wooden apartment buildings up
to a maximum of 8-story under certain conditions [4].

Especially in recent years, the number of wooden flats has started to increase
significantly, and wooden structures have also attracted a lot of attention. Multi-
story wooden apartments, e.g. Lighthouse Joensuu also gained great international
visibility. Especially in the media, there is a lot of focus on the height of wooden
buildings, and the development and innovation of wooden structures are widely
presented through tall buildings.

However, very few wooden apartment buildings have been implemented so far,
and their share in all Finnish apartment production is still very small. In 2019, less
than 32,000 apartment buildings were completed in Finland, of which less than
2% were in wooden apartment buildings [5]. However, as industrial manufactur-
ing and design and construction know-how improves and costs drop, larger-scale
wooden apartment construction is becoming increasingly common. In particular,
the construction of low-rise wooden apartment buildings is beginning to settle
down so well that industrial wood construction, especially for them, can no longer
be considered purely experimental production [6, 7].

As apartment building with EWPs has begun to take root, critical views on
new pilot projects have also emerged. For example, more than 8-story wooden
apartment buildings can be considered as such, which require functional fire
safety analysis and a special procedure for construction projects. Instead, less than
10-story wooden buildings and increased competition in established markets are
more important for the construction sector [8].

Most residential apartment buildings in Finland have a maximum of 9-story. At
the end of 2018, there were a bit more than 61,000 residential apartment buildings
in Finland, of which only 236 were 10-story or higher [9]. Thus, of all apartment
buildings in Finland, only 0.4% were relatively tall construction, which contributes
to the question of whether there is a need or justification for the development of
tall wooden apartment buildings, especially as subsidized housing production. On
the other hand, although there are so far few apartment buildings in Finland, tall
construction has also increased significantly in recent years [10].

The main purpose of this study was to reveal the current state of tall wooden
apartment construction with EWPs in Finland. The research examined the
architectural and structural considerations of tall wooden residential buildings in
the Finnish context. To achieve this goal, this chapter scrutinized the design and
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implementation process as well as the architectural and structural features of the
two wooden residential buildings (over 8-story), Lighthouse Joensuu (2019), and
HOAS Tuuliniitty (under construction), in Finland.

The scope of the chapter was limited by using five main points to identify key
factors for design and implementation in Finnish tall wooden residential construction:
Literature survey, structural considerations of wooden apartment buildings, special fea-
tures of tall building construction, case studies including general information together
with architectural and structural design considerations, and finally, interviews.

By revealing the up-to-date status with key factors for the design and imple-
mentation of contemporary Finnish tall wooden residential practices, this research
provides insights into the making of more technically and economically sound
planning decisions for future tall wooden residential building designs. In this study,
wood or timber refers to EWPs including CLT, laminated veneer lumber (LVL)
(made by bonding together thin vertical softwood veneers with their grain parallel
to the longitudinal axis of the section, under heat and pressure), and glue-lami-
nated timber/glulam (GL) (made by gluing together several graded timber lamina-
tions with their grain parallel to the longitudinal axis of the section).

In this chapter, the three main research questions were: (i) What are the key
factors for the design and implementation of tall wooden apartment buildings in
Finland? (ii) What are the special features of tall residential buildings in Finland?
(iii) What are the prospects for tall wooden apartment construction in Finland?

2. Literature survey

While wood construction research in Finland has increased in recent years, the
use of EWPs in the construction industry has become progressively more common.
However, particularly in the Finnish context, the peculiarities of the tall wooden
apartment building have not been analyzed very extensively and studies have
focused mainly on low-rise wooden construction. Previous research on tall wooden
construction in Finland has primarily scrutinized individual wooden apartment
buildings and so, no comparative study has been conducted between projects.

Among the above-mentioned studies, the research conducted at the Karelia
University of Applied Sciences in Joensuu was particularly on the construction of
tall wooden apartment buildings. This is mostly because currently, the only wooden
apartment building with more than 8-story in Finland is Lighthouse Joensuu,
which is also widely used as a case study. Several theses were published related to
Lighthouse Joensuu construction process [11], the use of wood in tall construction
in general [12], and more specifically individual technical and structural solutions.
In addition to these studies, a collection of articles on Lighthouse Joensuu in tall
urban construction was published [13].

On the other hand, the factors affecting the overall development of wooden
apartment buildings were examined in several Finnish studies (e.g [14-18]).

2.1 Structural considerations of wooden apartment buildings

In Finland, wooden apartment buildings are currently implemented with three
different structural systems: a volumetric modular system, a load-bearing large
element system, and a post-beam system. The case studies examined in this chapter
and the other tallest wooden apartments in Finland were applied with either large
element or volumetric modular system solutions.

Wooden post-beam structures were considered a competitive structural system in
Finland, especially in low-rise wooden apartment buildings with a maximum of 5-story
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[19]. The structural system chosen affects the architectural design of the building,
through the location of the load-bearing lines and the possible spans of the subfloors
[20]. Steel fasteners or screw fasteners are usually used for joints in wooden structures.
The method of fastening is influenced by the selection of the structural system.

Compared to reinforced concrete construction, the maximum spans of the sub-
floors of wooden apartment buildings are typically somewhat shorter and, depend-
ing on the construction method, spans of about 4-7meters can be cost-effectively
achieved with wooden subfloors. The load-bearing structures and partitioning
walls between apartments are also usually thicker than concrete structures, which is
particularly due to fire and sound insulation requirements [21].

In addition to the above-mentioned structural systems, it is possible to use vari-
ous combinations of structural systems or wood/timber-concrete hybrid structures.
For example, the 14-story and 49 m high Treet (2015) wooden apartment building
in Bergen (Norway) consists of a GL frame and volumetric modular system. The
load-bearing structure of the building is an adhesive lattice resembling a bridge
structure and two concrete subfloors on the fifth and tenth floors. Volumetric CLT
modules make up four-story-high entities that are separate from the load-bearing
frame and do not contribute to the total frame stiffening [22].

Currently, the 18-story and 85 m high Mjestarnet (2019) in Brumunddal
(Norway) (Figure 1) is the tallest wooden apartment building in the world, and
the 24-story and 84 m high HoHo (2020) in Vienna (Austria) (Figure 2) is the

Figure 1.
Mjostdrnet (Norway, 2019) (source: Wikipedia).
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Figure 2.
HoHo (Austria, 2020) (source: Wikipedia,).

second tallest [23]. Mjostarnet’s structural system is like a massive post-beam grid
as in the case of Treet, but the apartments were built with prefabricated walls

and floor elements rather than a volumetric modular system. The partition walls
are implemented as CLT structures and the facades as sandwich panels attached
to the GL frame. The wall structures do not contribute to the structural stiffness
of the building. The elevator shafts and staircases are implemented as a CLT
structure. Subfloors are made of LVL up until the tenth floor. The upper floors
have concrete subfloors to counter the swaying of the building caused by lateral
forces [24].

HoHo was designed as a hybrid structure. In the middle of the building was
areinforced concrete stiffening staircase, the surrounding spaces of which were
constituted by load-bearing CLT walls. The subfloors are wood-concrete joint-
structures that are supported by the concrete stairwell and the exterior walls. In
total, about 75% of the building was made of wood [25].

Other possible joint solutions are, for example, the steel corner joint used in the
10-story and 34 m high Dalston Works wooden block of flats in London (UK). The
steel parts used to connect walls to the CLT-subfloors above and below the floor
slab, are also connected through the subfloor. This solution transfers the upthrust
caused by wind forces to the lower floors [26]. At the 8-story Bridport House in
London, CLT wall and floor elements are connected through a comb joint that
reduces compression of the floor slab [12].
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In volumetric modular system construction, the building is assembled from
prefabricated modules in the factory, which in apartment building construction
form either individual apartments or parts of an apartment. These elements are
connected at the construction site, for example with steel brackets, and they usu-
ally form the load-bearing and stiffening frame of the building as such. In Finland,
most of the volumetric modular system construction is currently carried out with
solid wood CLT elements, but the elements can also be implemented as a rigid
structure.

In a solid wood volumetric modular system, the walls and the roofs are typically
formed of CLT panels. The floor of this element, i.e. the load-bearing subfloor
structure, can also be implemented with a CLT board, but recently the beam
subfloor has been a more common solution, especially due to better sound insula-
tion. For example, Puukuokka 1 in Jyviskyld was completed with CLT slab floors,
but buildings 2 and 3 were made with beam floors. In volumetric modular system
construction, the walls and mezzanines between the apartments consist of two
adjacent or overlapping elements, which allows the wooden surface to be left visible
inside the dwellings in some cases if sound insulation is implemented between the
double structure. The CLT solid wood panel acts as load-bearing and bracing struc-
ture in the walls at the same time, but due to the way the volumetric modular system
is installed, only one of the adjacent walls can be fixed so that it acts as a bracing
wall [27]. Solid wood also performs as a vapor barrier, and in part also as warm and
sound insulation.

Volumetric modular system construction imposes quite a few boundary
conditions on architectural design. The element has certain maximum dimen-
sions, which depend, among other things, on the manufacturer, transport,
and lifting possibilities. The narrow rectangular shape of these elements limits
the types of housing that can consist of the elements. On the other hand, the
volumetric modular system technology allows for a more cost-effective imple-
mentation of recessed balconies than concrete construction, for example. The
basic solutions in architectural design that affect the cost-effectiveness of such
constructions are the size and shape of the element and their total number and
frequency.

2.2 Special features of tall residential construction

In addition to wooden construction in Finland, interest in tall buildings has
also increased over the past decade. This is largely related to the urbanization
trend and the rapid population growth in the major cities [28]. In a Finnish urban
structure, buildings that are already quite low can be considered tall construction.
Tall construction definitions can vary by city in Finland, depending on how tall the
current building stock is. The definition of tall buildings starting from 16-story in
Helsinki is accepted as 12 in Tampere. In many smaller cities of Finland, construc-
tion of more than 8-story already stands out as a taller construction than the rest
of the building stock. In the view of the authors of this study, a tall wooden build-
ing is assumed to be a building of more than 8-story height based on the National
Building Code of Finland.

There are a total of about 50 buildings over 50 m in height in Finland [29]. At
present, the tallest residential building in Finland is the 35-story and 132 m high
Majakka in Helsinki (also known as Lighthouse, Redi Kalasatama 1) [23]. Other
Finnish tallest apartment projects include the 26-story and 86 m high Cirrus (2006)
in Helsinki, and the 24-story and 78 m high Niittyhuippu (2017) in Espoo. The
tallest building project in Finland is the Trigoni Tower 1 with 51-story planned for
Pasila, which will be 180 m high. In the 2010s, some rather tall student apartments
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with reinforced concrete have also been implemented, which were perhaps the best
benchmark for the current tall wooden apartment building construction.

3. Research methods

The study was conducted through literature surveys, the case study method, and
interviews with the key actors in the projects.

3.1 Case studies

In this section, two wooden residential buildings (over 8-story), Lighthouse
Joensuu (Figure 3) and HOAS Tuuliniitty (Figure 4) were analyzed with excep-
tionally detailed information in terms of architectural and structural design
considerations. Also, general information e.g. number of stories, floor area, frame
system, fire consultant about case studies were provided in Table 1 below.

In Lighthouse Joensuu project, in particular, the start-up of the entire project
and wooden construction was strongly the goals set by the city’s corporate man-
agement, according to which the builder acted, while HOAS Tuuliniitty was the
builders’ first wooden apartment building projects.

Lighthouse Joensuu and HOAS Tuuliniitty have were designed based on the
existing town plan. Moreover, the Tuuliniitty is a special wood construction area,
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Figure 3.
Lighthouse Joensuu (Joensuu, 2019) (drawn by Emre ILGIN).
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Figure 4.

HOAS Tuuliniitty (Tuuliniitty, under construction) (drawn by Emre ILGIN).
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Lighthouse Joensuu HOAS Tuuliniitty
# of stories & height 14 & 48 m 13&42m
Completion date 2019 2021
Floor area 4787 m’ 4787 m’
Gross area 5934 m’ 7584 m”*
Residential area 3764 m’ 4433 m’
Space efficiency 63% 58%
# of apartment & area (av.) 117 & 32 m’ 165 & 27 m’
Duration of the project 38-month
Duration of the 20-month
construction
Frame system LVL/CLT large elements CLT volumetric elements

Builder/client Joensuun Elli opiskelija-asunnot Oy Helsingin seudun opiskelija-
asuntosddtio HOAS
Architect Arcadia Oy Ark tsto. Jukka Turtiainen
(nowadays Arkkitehtipalvelu)
Structural designer Joensuun Juva (nowadays A-Insinéérit) A-Insin6orit
Wood supplier Stora Enso Elementti-Sampo
Contractor Eero Reijonen JVR Rakenne

Fire consultant

Markku Kauriala Oy

KK-Palokonsultti Oy

Table 1.

General information about Lighthouse Joensuu and HOAS Tuuliniitty.
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the town plan of which defines wood as the mainframe and fagade material for all
new buildings.

3.1.1 Architectural design considevations

The architectural plan of the residential floors is largely based on the structural
system selected (Figure 5). In HOAS Tuuliniity, most of the apartments are studios
and all the space elements are located transversely to the building frame, which
means that the frame depth of the buildings becomes quite large and almost all
the apartments open in only one direction. The building has two staircases, one of
which is an exit staircase outside the building envelope. The first floor is made of
concrete construction and accommodates storage and common areas. Floors 2-13
are similar residential floors. Floor 13 is an attic floor not included in the building
height, which houses the residents’ club room and the sauna facility. The staircase
and elevator shaft are implemented as separate space elements, which are located
against the outer wall along the middle corridor. On the facades of the Tuuliniity,
horizontal wood panel cladding is employed.

In Lighthouse Joensuu, the apartments are grouped around the staircase in the
middle of the building (Figure 6). There are two compartmentalized staircases and
an elevator that opens in both directions in the middle of the frame. All residential
units are located on the periphery of the building, and the staircase is completely
opaque. Most of the apartments are placed parallel to the staircase and the depths
of the apartments are very narrow. Especially the studios consist of different
models from the student units in Lighthouse Joensuu. Also, all interior surfaces are
upholstered, and the wooden surface is invisible. The main reason for this is that
the LVL panels used as the frame material are not esthetic surface material like CLT.
The facades of the building are covered with fiber cement boards in three different
shades of white and gray.

3.1.2 Structural design considerations
Lighthouse Joensuu is implemented with a large-element system, where the load-

bearing walls are LVL-structured and floors are CLT-structured. In the foundation
system of the building, steel pipe piles are used by anchoring to the rock. The lower

Figures.
HOAS Tuuliniity typical floor plan (drawn by Emre ILGIN).
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Figure 6.
Lighthouse Joensuu typical floor plan and section (drawn by Emre ILGIN).

floors have a concrete structure with 30 cm thick load-bearing reinforced concrete.
Similarly, 20-30 cm thick concrete and 50 mm thick concrete subfloor are utilized on
the first floor. A thicker intermediate floor slab increases the mass of the structure,
which helps to control the lateral forces on a light wooden apartment building.

The thickness of the load-bearing walls decreases in the upper floors as the
load decreases. In the three lowest wood-structured floors, the thickness of the
load-bearing LVL board is 162 mm, the next seven floors, and the three top floors,
144 mm and 126 mm, respectively. The fire and sound insulation inside the apart-
ments are made of 50 mm stone wool with double plasterboard on top.

The intermediate base subfloors of the staircases are made of solid wood ele-
ments connected by butt or half-point joints. The longer corridor has an LVL
structure, and the shorter corridor and staircases have a CLT structure. The stairs
are prefabricated elements made of CLT panels with the steps milled into the panel.
Under the intermediate floor slab of the staircase, there is an LVL beam supported
by the walls, to which the stair element is attached with screw connections.

The wet rooms are built on-site. The implementation of large-element construc-
tion did not allow the use of wet room elements, as the sound insulation on the
lower surface of the subfloor structure had to be implemented before the construc-
tion of wet rooms.

HOAS Tuuliniitty is built from modular CLT elements. The load-bearing walls are
constructed of CLT panels and the intermediate floor structure is built with LVL beam
structure. Overlapping space elements are connected with dowel pins solder casting
from inside the modular element. The partitions between the modular elements are
load-bearing and the outer walls are mainly non-structural. Longitudinal bracing is
mostly carried out by the walls of the central corridor and transverse bracing by the
walls between apartments. The Tuuliniity is located near the sea, which causes the
building to belong in terrain class 0. This affects the wind loads significantly com-
pared to, for example, the Joensuu Lighthouse which belongs in terrain class 2.
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The walls of the first floor are reinforced concrete elements and a cast 25 cm
reinforced concrete slab. Similarly, on wooden floors, the intermediate floors of
the staircase are made of reinforced concrete slabs. Reinforced concrete piles and
a load-bearing lower base are employed in the foundation system. Wet rooms are
implemented as pre-installed elements.

The load-bearing walls between the apartments consist of two 120 mm CLT
panels with 30 mm of mineral wool as sound insulation between them. The apart-
ments have stone wool insulation with a double gypsum board. There are sound
insulation pads between the CLT frame and the studs of the insulation frame. The
walls between the apartments and the staircase an otherwise similar structure, but
there is only one CLT panel in the wall.

The ceilings of the apartment modules are 80 mm thick CLT panels that are kept
exposed as a visible ceiling surface. The load-bearing floors have a 220 mm LVL-
beam structure and a 100 mm layer of mineral wool as sound insulation. Beneath
the beam structure, there is a double fire gypsum board and a 30 mm layer of min-
eral wool. On top of the beams, there is an 18 mm veneer, sound insulation layer,
and a cast floor. In a tall building, a flexible frame structure would cause excessive
swaying of the building, so instead of separating apartment modules with flexible
insulation pads, the sound insulation is implemented as an acoustic inner shell
inside the apartments. The intermediate floors of the central corridors are made of
250 mm thick reinforced concrete slabs that are connected to the surrounding CLT
walls with steel.

3.2 Interviews

The semi-structured interview study (see Appendix) dealt with the specific
issues through a realized case study and the general issues about tall wooden apart-
ment building construction in Finland based on the views of different stakeholders
as project partners on the success of the overall process and the roles of different
actors in these challenging projects. Also, Lighthouse Joensuu and HOAS Tuuliniity,
as well as other important apartments such as PuuMera, Puukuokka, DAS Kelo, were
included in the survey. The 21 interviews highlighted the following key findings:

* The builder, structural designer, and architect/chief designer were deemed to
have the most significant influence on the outcome of projects, and construc-
tion supervision municipal building control was the least important.

* According to interviews at HOAS Tuuliniity, the design process was architec-
turally oriented although the project was implemented with the same volume
modular element supplier’s system. This was partly because the architectural
office was responsible for the project’s BIM coordination. Tuuliniity did not
happen either.

* Overall, it was estimated that the most important factor affecting the general
result of the projects was the cost of wood construction. The projects tried to
compensate for the construction cost, for example by simplifying the floor
plan and the shape of the building. In volumetric modular system construction,
in particular, costs are largely determined by the reproducibility of the total
number of modules, so the cost savings have a significant impact on the overall
architecture of the building.

* Architects estimated that wood construction, compared to the more conven-
tional concrete building, has had the most significant impact on the shape and
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main dimensions of the building mass, as well as on the amount and schedule
of design work. In particular, the design accuracy of wood construction and
the frontloading of design work were emphasized. The architects interviewed
also underlined the understanding of the structural system used and the
boundary conditions it set right at the beginning of the design.

* The influence of wood construction on the facade and surface materials has
been assessed by the architects more broadly concerning what type of building
is considered a wooden apartment building. Non-architects’ view, too, was quite
often expressed that a wooden facade is not automatically related to wooden
construction, but wood is seen mainly as a frame material. The use of wood asa
visible surface material was also generally considered more essential indoors than
in the facade of a building.

* No major problems were identified in the implementation of wooden apart-
ment buildings with up to 8-story and they were believed to become more
common as experience and cost competitiveness improve. However, according
to interviews, it seems unlikely that tall wooden apartment buildings will
proliferate much further unless the tall wooden building is strongly supported
by public authorities.

* The builders of HOAS Tuuliniity and Lighthouse Joensuu stated that the solu-
tions for tall timber construction in the projects were well suited for the con-
struction of student housing. One of the major problems in the development of
tall wooden structures was that the projects were one-off and the development
of experience and building concepts through repetition has not materialized.

* Overall, the interviewees stated that there is little need for tall buildings
in Finland, regardless of whether the buildings are made of wood or any
other material. However, the construction of the first Finnish tall wooden
apartments was considered an important factor in the credibility of wooden
construction.

* While the focus of construction was found to be on buildings up to 8-story, the
construction of taller buildings was seen as a tool to improve technical solu-
tions and develop design expertise. The interviews also highlighted opportuni-
ties for Finnish wooden apartment buildings and relevant knowledge in foreign
markets, so it might make sense to develop new tall wooden apartments even if
there is no real demand for them in Finland.

4, Conclusions

The actual competitiveness factors of wood construction, such as the speed of con-
struction or the possibilities of wood architecture, have not been very significant reasons
for wood construction, but the projects have been chosen to be wood-based, mainly due
to other objectives such as ecology or sustainable image of wood construction.

The implementation process for wooden apartment buildings is currently
considerably different between buildings with a maximum of 8-story and taller.

8-story wooden apartment buildings are comparable to the low-rise wooden con-
struction and similar structural solutions can be employed for low-rise construction.

The architectural design of a tall wooden building requires close interaction
between the architect and the structural designer, where the structural designer also
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plays a major role in the architectural design in practice. With industrial prefabrica-
tion, the design process for tall wooden blocks of flats apartment buildings is more
forward-looking frontloaded than conventional construction, which requires an
open flow of information from all related parties and the ability to make solutions
decisions early in the project. Additionally, the special technical design should not
be done based on ready-made architectural plans, but solutions should be developed
from the beginning in cooperation with all design fields.

Especially for projects up to 8-story high, it seems that different networks of
developers, contractors, and wood suppliers are evolving, that develop their building
concept and are widely responsible for the entire implementation chain of the building
project.

Appendix: sample questions used in interviews

1. What would you give to the completed project and the implementation
process?

Finished building (1-5).
construction/project management (1-5).
construction (1-5).
architectural/main design (1-5).
permitting process and official activities (1-5).
building components manufacturing process (1-5).
Do you want to justify your answer or make suggestions for improvement?
2.How much influence do you think the following parties had on the outcome of
the project?
builder (1-5).
principal designer/architect (1-5).
structural designer (1-5).
contractor (1-5).
wood supplier (1-5).
city planner (1-5).
construction supervisor (1-5).
Do you want to justify your answer or make suggestions for improvement?
3. How much impact do you think the following parties had on the cost of the
project?
builder (1-5).
principal designer/architect (1-5).
structural designer (1-5).
contractor (1-5).

wood supplier (1-5).
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city planner (1-5).
construction supervisor (1-5).

Do you want to justify your answer or make suggestions for improvement?

4.How much influence do you think the following parties had on the project
schedule?

builder (1-5).

principal designer/architect (1-5).

structural designer (1-5).

contractor (1-5).

wood supplier (1-5).

city planner (1-5).

construction supervisor (1-5).

Do you want to justify your answer or make suggestions for improvement?

(1) very low (2) quite low (3) neutral (4) quite significant (5) very significant.
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Chapter 8

Carbon Impacts of Engineered
Wood Products in Construction

Hongmei Gu, Prakash Nepal, Matthew Arvanitis
and Delton Alderman

Abstract

Buildings and the construction sector together account for about 39% of the
global energy-related CO, emissions. Recent building designs are introducing prom-
ising new mass timber products that have the capacity to partially replace concrete
and steel in traditional buildings. The inherently lower environmental impacts of
engineered wood products for construction are seen as one of the key strategies to
mitigate climate change through their increased use in the construction sector. This
chapter synthesizes the estimated carbon benefits of using engineered wood prod-
ucts and mass timber in the construction sector based on insights obtained from
recent Life Cycle Assessment studies in the topic area of reduced carbon emissions
and carbon sequestration/storage.

Keywords: life cycle assessment, mass timber products, forest carbon,
wood products carbon, carbon sequestration/storage, avoided emissions

1. Introduction

Wood utilization in construction is a practice as old as human civilization.
Value-added wood products harvested from forests have been used as building
materials for millennia. With global forest resources strained, research in efficient
use of harvested wood materials with engineered conceptions has increased sig-
nificantly in recent years. Traditional wood building products, such as plywood,
oriented strandboard (OSB) and I-Joists, are now complemented by emerging
mass timber products, such as Cross Laminated Timber (CLT) [1], Glue Laminated
Timber (GLULAM), Nail Laminated Timber (NLT), Dowel Laminated Timber
(DLT), and Mass Ply Panels (MPP). These products are all engineered for wide-
spread and efficient use in construction.

Mass timber is a term used to describe innovative wood product systems that
utilize large, solid wood panels for wall, floor, and roof construction. These panels
are six feet or more in width and length, and are manufactured with resin, nails, or
by the use of dowels. Each layer of boards is oriented perpendicular to the adjacent
layer and dowelled, glued, or nailed on the wide face of each board, in a symmetric
manner in order that the outer layers have the same orientation. Panels can be used
in CLT, DLT, GLULAM, NLT, and MPP systems. Mass timber products can be used
to build traditional houses, office buildings, and high-rise structures.

Mass timber use is increasing around the world not only because of the desirable
properties of engineered designs, but also due to their low-carbon footprint and
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carbon storage benefits. In addition, mass timber products are renewable materials;
carbon loss in forests due to increased harvests suggest the need for the manufacture
of mass timber products, which can offset carbon loss over time as forest biomass
regrowth occurs on forestland. Until recently the use of wood in high-rise build-
ings had been limited due to building code restrictions. A recent change in the
International Building Code now allows for mass timber use in buildings up to 18
stories. Sustainability of the mass timber buildings has been studied since the first
USDA-FS Tall Wood Building competition winner “Framework” (Figure 1) building
was designed, and progresses with the current “Ascent” building, to-be-the-tallest
mass timber building (Figure 2) in the North America. Research and code develop-
ment have paved the way for architects and building developers who are increasingly
turning to mass timber building designs for both new construction and renovations.
One of their aspirations is to help achieve the UN Climate Change Paris Agreement
[2] goal of limiting global warming to no more than 1.5°C temperature rise from
pre-industrial times. Given that the building sector accounts for 39% [3] of total
global warming potential (GWP), researchers have conducted systematic assessment
on whole-building environmental impacts for potential GWP reductions, using an
internationally accepted method called Life Cycle Assessment (LCA) [4].

LCA is a holistic and scientific method for assessing environmental impacts
from all life cycle stages of a product, process, service, or even a whole-building sys-
tem. International standards ISO 14040 [5] and ISO 14044 [6] provide guidelines,
principles, and framework to conduct an LCA. Standards such as ISO 21930 (2017)
[7] and EN 15978 (2011) [8] provide guidelines for assessing whole-building system
environmental performance over the entire building life cycle.

Environmental impacts of engineered wood products and mass timber use
in construction can be evaluated within two LCA frameworks. An attributional
LCA evaluates environmental impacts of manufacturing, installation, use, and
disposal of a product (9-10). In contrast, a consequential LCA evaluates change in
environmental impacts due to a change in product output or a change in a service

Figure 1.
12-story framework building with mass timber from ground floor (not built) designed for Portland Oregon US
(Credit: Lever Architecture).
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Figure 2.
25-story Ascent building built with mass timber products in Milwaukee Wisconsin US (Credit: Thornton
Tomasetti and Korb & associates).

or a system [9-11]. In the case of wood products LCA, an attributional LCA, for
example, provides information about the amount of GHG released during manu-
facturing of a unit (m®) of lumber or CLT. In contrast, a consequential LCA evalu-
ates overall greenhouse gas (GHG) emission, of increased demand for lumber or
CLT use in buildings, including both direct (within system boundary) and indirect
(e.g., change in forest land use) effects resulting from such increased demand.

Engineered wood products (EWP) used in buildings have a long history. Glulam
timber was used to construct an auditorium in Basel Switzerland [12], and plywood
became a popular engineered wood building material in the early 1900’, followed
by OSB and Laminated Veneer Lumber (LVL) invented in the mid 1960%. In the
mid-1970’, CLT was first used as a building material in a roof system. Now, with
architects and developers aiming to achieve more sustainable designs, mass timber
products such as NLT, DLT, and MPPs are becoming more and more popular.

With the Tall Wood building movement in North America ramping up [13-15],
the environmental benefits of using mass timber and other engineered wood
products have been scientifically examined in multiple studies around the world,
and consider global forest resource availability and depletion, and the impact on
world forest regeneration and protection. This chapter highlights carbon reduction
and the storage benefits of engineered and mass timber products utilizing insights
obtained from recent LCA studies.

2. Forest carbon, harvested wood products carbon, and avoided carbon
emissions of substituting wood for non-wood materials in the
construction sector

Increased demand for wood used in the construction sector may lead to changes
in timber growth, growing stock inventory, and harvest that affect the storage of
forest carbon. It may also alter the quantity of wood products manufactured and
used to displace non-wood materials affecting carbon stored in wood products and
avoided manufacturing emissions. Potential increased timber prices resulting from
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increased demand may encourage increased investment and forest management
activities contributing to higher forest growth, growing stock, and reforestation
(and forest carbon). Price increases might also lead to unsustainable harvesting in
aregion that supplies wood to wood-consuming industries. All of these potential
effects should be considered when evaluating the overall carbon benefit of substi-
tuting wood for non-wood materials in construction. A consequential LCA provides
a framework to consider all potential changes over a given time frame; the projected
environmental effects for increased wood demand scenarios are compared with the
effects projected for the business-as-usual reference case. The difference between
the two scenarios constitutes the net emissions effects of increased wood use in the
construction sector.

Using a consequential LCA, Nepal et al. [16] evaluated a scenario of increased
softwood lumber and structural panel use in nonresidential construction in the
United States, compared to a reference scenario without such an increase in wood
consumption. They found that for each ton of CO,e (tCO,e) in additional wood
consumption that replaced non-wood material in nonresidential construction in
the United States, there was a net savings of 2.33 tCO,e emissions over a period of
50 years. This estimate considered changes in carbon storage in forests (including
logging residues) due to biological regrowth and market induced investment in for-
est management, the carbon stored in harvested wood products, and manufacturing
emissions. In another study, Hildebrandt et al. [17] evaluated various scenarios of
increases in annual demand for CLT-based solid wood structures and the Glulam-
based frame structures in Europe by 2030. Their results indicated that these struc-
tures would result in lower annual GHG emissions and higher carbon stored in wood
products (used in buildings), with an estimated combined annual carbon benefit
of about 29.6 to 60.5 million tCO,e per year during the 2015-2030 time-frame.

The results were dependent upon the assumed future increases in the growth rates
of different wood products used for construction. The derived combined carbon
benefit per unit of CO, in additional wood consumed, given their projected changes
in carbon stored in the wood products used in housing stock during the same period
(11.8 to 15.4 million tCO,e per year), was 2.50 to 3.93 tCO,e/tCO,e. The changes in
forest biomass carbon that would result from increased harvests was not considered
in these estimates, which may increase or decrease the derived avoided emissions
depending on how forest management would change in response to increased timber
harvests in Europe. Similarly, Smyth et al. [18] estimated the avoided emissions
benefits of wood substitution in a built environment in Canada that included single-
family and multi-family housing, six-story multiuse buildings, residential flooring,
furniture, and decking reported an average avoided emissions benefit of 0.54 tCO,e/
tCO,e for sawnwood and 0.45 tCO,e/tCO,e for plywood. Their estimate is based on
a potential increase in wood use in those structures and excludes changes in forest
ecosystem carbon and carbon stored in harvested wood products.

Findings from these studies indicate that there are considerable variabilities
and uncertainty in the estimated GHG reduction benefits of wood products sub-
stitution in buildings. This is mainly due to the differences in the system bound-
ary (e.g., consideration of direct or market induced effects on forest carbon),
non-wood materials substituted (steel vs. concrete), energy mix assumed to be
used in manufacturing wood products (e.g., wood energy and fossil energy), and
types of buildings analyzed (low-rise vs. high-rise, single-family vs. multi-family,
residential vs. nonresidential, etc.), and whether carbon storage in wood products
is considered. This suggests that the carbon benefits of wood substitution in the
construction sector should be evaluated holistically, considering all potential direct
and indirect effects (e.g., land use change) caused by increased wood consumption
in the building sector.
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3. Carbon emission reductions with engineered wood products and mass
timber use in the building sector

A whole building LCA (WBLCA) is typically performed to evaluate the total
environmental performance of a building from materials utilized and operation dur-
ing their entire life cycle. Consistent with International Standards [7-8], the system
boundary of a WBLCA (Figure 3) starts with the product manufacturing stage (stage
A1-A3), followed by construction (A4-A5), use (B1-B7) and the end of life (C1-C4)
process. Environmental benefits or burdens after the end of life of a building are
typically considered beyond the system boundary and depend on whether building
materials, after demolition, are reused, recycled to produce new products, burned
with or without energy capture, or dumped in landfills.

Buildings constructed with a large quantity of EWPs are usually compared to
traditional concrete and steel buildings in order to examine the materials impact
on the whole-building life cycle environmental performance. Table 1 summarizes
the embodied carbon of select building materials as a comparison. Concrete and
steel, the main building materials used in traditional buildings, are carbon inten-
sive materials. In contrast, EWPs are low-carbon impact materials. Therefore,
CLT and other mass timber products use are emerging into the building sector

BUILDING ASSESSMENT INFORMATION

Al3 A4S B1-7 Cl4
SUPPLEMENTARY
CONSTRUCTION INFORMATION BEYOND
PR:I('DECT PROCESS USE stage RNDSEF:"FE THE BUILDING LIFE CYCLE
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Figure 3.
Building life cycle stages and modules for building life cycle assessment.

Building Material GWP'

1m~"3 kg CO, eq

Concrete’ 225~550

Galvanized steel sheet 2929

Cross Laminated Timber (North America) 110~158

Glue Laminated Timber (North America) 81~515

Laminated Veneer Lumber 423

Plywood 368

Oriented Strand Board 361

Wood I-Joist® 17

Global warming potential from US LCI database or North American EPD.
Concrete mix between 2500 psi~5000 psi, and values ave from National Ready Mixed Concrete Association report.
3From American Wood Council EPD for 10 meter long I-Joist.

Table 1.
Common building materials carbon emissions from product stage (A1-A3 in Figure 1).
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to replace some portion of concrete and steel use in mid-to-high rise residential
buildings [14-15]. I-joists, used as EWPs in construction, are typically used in floor
and roof framing, due to their extremely high-strength relative to their mass (or
volume), thus they are assessed in LCA with length as their functional unit rather
than volume.

Comparative building LCA is often applied to assess the total carbon emission
difference between traditional concrete buildings and buildings with mass timber
or other engineered wood products under the assumption of functional equiva-
lency. A significant reduction in carbon emissions or global warming potential from
mass timber buildings, has been discovered as a result of several whole-building
LCA comparative studies [19-23]. Embodied carbon (EC) refers to the building’s
total upfront carbon emissions from the manufacture of all materials, transporta-
tion, and installation of construction materials. EC does not include the carbon
stored in materials, or of the impact from building operational energy. EC, from
building life cycle Stage A (module Al to AS5), was reported to drop by between 18%
and 50% for mid-to-high rise mass timber buildings as compared to traditionally-
built concrete and steel counterparts, depending on the amount of EWPs used in
the buildings. If 384 kgCO,./m” of floor area is assumed as a median value for EC
(for traditional concrete and steel buildings), as suggested in Simone et al. [23],
then with an 18-50% reduction from mass timber used to replace concrete and
steel, the mass timber buildings EC would be between 157 to 315 kgCO,./m” of floor
area. Globally 230 billion m® [24] of total floor area is projected to be built by 2060
in order to meet projected world urban population growth demand, a reduction of
about 16 to 44 billion tonnes CO,e emissions may be achieved with the construction
of mass timber EWP buildings rather than with concrete and steel materials. For
perspective, CO, emissions reduction of this magnitude would be equivalent to the
removal of 3.5 to 9.6 billion passenger vehicles from the road in one year (4.6 metric
tons COyeq/vehicle/year quoted from EPAsS GHG equivalencies Calculator [25]), or
reducing electricity use by 22 to 62 trillion kWh (7.09 x 10~* metric tons COo/kWh
[25]) which equivalent to eliminating the carbon footprint of the world’s electricity
consumption over a year.

4. Forest carbon sequestration and harvested wood products carbon
storage benefits from mass timber buildings

Trees sequester carbon from the atmosphere during their growth. Harvested
trees manufactured into wood products continue to store carbon during the
products’ lifespans. EWPs used in construction store carbon for extended periods
as buildings usually are in service for more than 50-years. With mass timber build-
ings emerging into the global building sector, even longer lifetimes are expected
[26] for buildings that utilize large quantities of mass timber products. Thus, with
such buildings, greater service duration and increased carbon storage benefits will
potentially be realized.

Carbon stored in buildings with EWPs can be calculated simply using a static
method as described in Eq. (1) below:

CO, stored (kg) = Volume of EWP (m3 ) x Density (kg /m’ ) x(1-MC)
x[carbon in wood] x| Molar mass of CO, / Molar mass of C| (1)
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e MC — moisture content (%) of EWP
¢ The carbon in wood is about 50%
* the molar mass of CO; is 44; and the molar mass of C is 12.

From Eq. (1), it is clear that carbon stored in EWP depends on the wood species.
Common species used to produce mass timber products include fir (Abies spp.),
Spruce (Picea spp.), Douglas fir (Pseudotsuga menziesii), larch (Larix spp. Nutt.), pines
(Pinus spp.), Western hemlock (Tsuga heterophylla), and yellow poplar (Liriodendron
tulipifera Linnaeus). Their densities (at 12% moisture content) range from 470 kg/m’
to 627 kg/m’. Using Eq. (1), it was estimated that carbon storage per m® of wood used
in mass timber buildings can range from 758 kg CO, to 1,012 kg CO,. Data collected
from a few mass timber constructions built in North America, Europe, and Australia
indicated that the mass timber volume used in construction ranged from a minimum
of 0.08 m’/m” of floor area to a maximum of 0.62 m*/m?, with an average of 0.29 m’/
m” of floor area. This indicates that an average of 220~293 kg CO, can be stored for
every m” of floor area in a mass timber building.

The Softwood Lumber Board [27] projects that 3.82 billion board feet (bf)
(equivalent to 9 million m?) of softwood lumber will be consumed in mass timber
products per year in the U.S. residential and non-residential construction sectors
by 2035. Under this assumption, an estimated 6.8 to 9.1 metric tons of CO, per year
will be stored in those buildings during the buildings’ lifespans. In this way, timber
buildings fabricated in urban areas may be considered as transferring carbon stor-
age from the forest to the city.

A mass timber building can serve as a carbon reservoir over the building
lifespan, which can potentially assist in the mitigation of climate change. Mass
timber buildings not only store carbon in the structure, but they can also help
sequester more carbon in forests via two mechanisms. First, in a sustainably man-
aged forest, harvesting mature stands and replanting lead to an increased carbon
sequestration rate compared to merely maintaining mature stands. Second,
increased demand for wood products use in buildings may lead to timber price
increases, which may provide economic incentives to invest in intensified forest
management activities and/or plantation, which can further lead to increased
forest growth and carbon sequestration [16]. When building with wood products,
carbon sequestered by trees is transferred into urban buildings and stored for
extended periods of time before being released back into the atmosphere upon
the building’s decommissioning or renovation, through landfill emissions or
burning for energy, as depicted in Figure 4. Such an extended time delay of car-
bon emissions has been recognized as an effective way to mitigate climate change.
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Figure 4.
Carbon life cycle of the EWPs in construction.
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5. Potential environmental impacts from end-of-life design for
engineered wood products in buildings

When buildings reach the end of their service life, the materials, after demoli-
tion, will either go to landfill or are recycled for reuse and/or substituted for fossil
energy. Traditional wood materials used in buildings have a recycle rate of only 27%
with the remaining 73% of wood waste from demolition estimated to go to landfills
according to the EPA’s 2018 C&D management report [28]. Among 27% that are
recycled, 22% are reused as compost and mulch, 11% are used in manufacturing
wood products, and 67% are burned to generate energy to replace fossil fuel. As
mass timber product consumption increases in the building sector in the future,
the end-of-life treatment for structural timber may result in a greater recycle rate
accompanied by much lower to near zero landfill rate. Several studies have evalu-
ated end-of-life strategies for structural timber or EWPs to understand environ-
mental benefits and economic impacts, using WBLCA and Life cycle cost (LCC)
analysis (Figure 5).

In WBLCA, the end-of-life (EoL) phase refers to the impacts occurred in Stage
C (Figure 1). At this stage, activities like deconstruction, waste management
(recycling or landfilling), and waste transportation to the landfill are included
to examine the total environmental and economic impacts of building materials.
The assessments [21, 29-30] revealed a greater recycle/reuse rate for mass timber
building products that would reduce not only the global warming potential but
also the total life cycle costs of mass timber buildings. Studies [31-33] also have
demonstrated the potential benefits at the EoL stage of recycling mass timber
EWPs for the same or similar uses in subsequent building construction to extend
the carbon storage time. Research [34] was conducted at the USDA Forest Service’s
Forest Products Laboratory (FPL) on timber recovered from the second Glulam
structure built in the US at the FPL. After 75-years’ service, minimal degradation of
the Glulam beams structural performance was found and the reuse of the product
in the same function was attested to be feasible.

The United States and many European countries are implementing stricter
regulations for the disposal of wood construction materials in landfills. The reason-
ing is that while solid wood decomposes very slowly in landfills, it releases biogenic
methane, a greenhouse gas with 25 times more global warming potential than
carbon dioxide [35]. Thus, EoL strategies that lead to increasing the recycling of
demolished wood materials from mass timber construction are expected to contrib-
ute positively to the global forest based circular carbon economy.

Carbon accounting at the EoL stage for mass timber EWPs should include
CO, emissions from deconstruction and transportation of materials to landfills or
remanufacturing facilities, and emissions from remanufacturing processes and
landfill emissions. Carbon accounting also should include assessing the carbon ben-
efits derived from storage in the products reused or repurposed, storage in landfills,
and the substitution of fossil fuels for wood waste in energy recovery.

Previous mass timber building studies using WBLCA and LCC analyses [16, 23],
including sensitivity analysis by different recycle rates, have demonstrated that a sig-
nificant reduction of carbon emissions and total LCC can be achieved with improv-
ing EoL building management. With the greater reuse of mass timber construction
products, demolition waste is minimized, and salvage values are amplified.

However, such reclamation practices for mass timber buildings also require
front-end building materials designed for easy and safe disassembly. Therefore,
EWPs and buildings designed with a goal of reuse or recycling are being recog-
nized to have higher environmental and economic benefits. While the economic
implications are still unclear, the WBLCA and LCC analyses strongly suggest
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Life cycle
Cost Analysis

Figures.
Building life cycle stages for LCA and life cycle cost analysis.

landfills should be avoided, and recycling and reuse should be first principles in
waste management for mass timber and EWPs.

6. Conclusions

With their inherent low carbon impact and carbon storage benefits, engineered
wood products will play an important role in transforming the built environment
from being a major contributor of greenhouse gas emissions to a central solution to
the climate crisis. Whole building LCA studies revealed buildings constructed with
mass timber, or with a large quantity of engineered wood products, yield significant
embodied carbon reductions and are accompanied by large amounts of long term
carbon storage, which aids in the mitigation of climate change. Potential avenues
for mass timber products end-of-life treatment in construction were examined with
LCA and LCC tools to assist policy makers in determining strategies for circularities
in material and economy. The increased use of engineered wood and mass timber
products in building construction is projected to offer considerable GHG mitigation
potential, though the estimated GHG reduction benefits differed widely among
studies due to different system boundaries, mass timber products used, and types of
building analyzed. Such variability in the results suggests that the carbon benefits
of mass timber buildings should not be generalized but should be evaluated on case-
by-case basis.
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Chapter 9

Review of Existing Methods for
Evaluating Adhesive Bonds in
Timber Products

Maryam Shivmohammadi and William Leggate

Abstract

Gluing is an integral part of the majority of production processes in the timber
industry. The effectiveness of adhesive application, glue bond development and
glue penetration into the wood structure is becoming more and more important as
more structural glued timber products are used in construction and other applica-
tions. The continued increase in utilisation of mass timber products (MTPs) such as
CLT, glulam and LVL in tall timber buildings requires an accurate and in-depth
understanding of adhesive roles and their performance effectiveness during the life
span of any of those products in relation to the type of loading applied, environ-
mental effects (e.g. RH and temperature) and in-service condition of elements (e.g.
exposure to major wet events and degradation from decay). This review aims to
provide a comprehensive summary of existing imaging and other visualisation
methods used to assess the glue line properties and examine the performance of
glue lines in relation to factors such as species, product type and environmental
conditions during manufacture and in-service life.

Keywords: glue line thickness, glue penetration, adhesion, timber species, image
analysis, SEM, light microscopy, pCT, contrast agent, chemical imaging

1. Introduction to adhesive effectiveness

Gluing is an important and integral part of the majority of timber processing and
new wood product designs and developments. Investigations into the effectiveness
of the gluing process, formation of the glue line and structural strength of the
product relies on an in-depth understanding of glue properties, the interaction
between glue and timber species and type of product. This book chapter aims to
review existing image analysis and other visualisation methods used to investigate
the effectiveness of the gluing process and glue line formation in timber products at
the cellular level.

Wood is a non-homogenous medium with a complex cellular structure and a
range of chemical compositions that varies with type (hardwood vs. softwood),
species, density and surface preparation. High extractives content, sensitivity of
extractives to a high temperature environment and the surface characteristics of
species affects the adhesion bond formation and strength. Adhesive bonding is
currently considered to be mainly a combination of three mechanisms: mechanical
interlocking (through wetting of the wood surface, glue penetration and
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distribution and), physical attraction and covalent chemical bonding [1, 2]. Figure 1
shows a diagram of glue bond development and importance of the mechanisms
leading to development of a strong glue line and good glue penetration into wood
cellular structure.

The natural resinous and oily extractive content of some timbers in combination
with different drying methods, or added chemicals during processing could affect
the adhesive performance due to possible changes in wood surface chemistry.
Adhesion is a surface phenomenon and its penetration varies with different wood
surfaces, extractive contents and spatial scales of surfaces. The actual measurement
and assessment of mechanical interlocking of glue in the wood industry requires
more investigation and is still developing [1]. The physical attraction between the
wood and adhesive in many adhesive types is considered as the primary bonding
process through developing van der Waals forces and hydrogen bonds [1]. The
initial surface wetting and absorption into the wood structure are fundamentally
important in development of a strong adhesive profile though physical attraction.
The covalent bonding between wood fibre and adhesives occur through electron
sharing however, in waterproof adhesives where there are sufficient intermolecular
physical attractions this electron sharing system may not be necessary [1].

The development of adhesive bonds requires wetting of the surface, flow of the
adhesive into the wood structure and penetration into lumens and cell walls of
wood (for some adhesive types only). A good wetting process requires formation of
a low contact angle with the surface. The flow however refers to spread of adhesive
liquid over the wood surface and better coverage of the surface will lead to better
bond development. Penetration is the movement of the adhesive into the depth of
the wood structure [3]. The overall penetration of adhesive in wood follows Darcy’s
law where liquid volume flow (Q in m>.s™ ") is defined as function of the specific
permeability of wood (K in m?) and area perpendicular to the liquid flow (A in m?),
length in flow direction (L in m), dynamic viscosity of the adhesive liquid (1 in Pa.
s) and pressure gradient (AP in Pa) [4].

A 1
Q:KxfxngP (1)

Permeability plays an important role in glue bond development and low perme-
ability of wood types (such as Douglas-fir heartwood) can cause very low penetra-
tion of resin into radial and tangential surfaces while high permeability of the wood
surface can lead to bond line starvation [5, 6].

Adhesive penetration into wood can be categorised into: gross penetration and cell
wall penetration [6] (see Figure 2). In gross penetration the adhesive flows into the
wood porous structure filling the lumens, this type of penetration occurs in most of
the resin types at low viscosity. The cell wall penetration which is the flow of the
adhesive into the cell walls of woody structure is only achieved with resins with small
molecular weight (MW) components. A previous study identified that a MW of 3000

Glue and Adhesive Glue and
wood interphase wood
interface layer et
Figure 1.

Adhesive bonding mechanism including the glue and interaction between glue and timber.
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Figure 2.
(Left) Imaging of effective penetration (EP) and maximum penetration (MP) of gross penetration of into
structure [8] and (vight) penetration of urea formaldehyde (UF) into wood cell walls shown in green colour [9].

for polyethylene glycol (PEG) is a critical factor at room temperature to achieve cell
wall penetration in Sitka spruce. Higher temperatures could cause larger MW due to
the changes in cell wall polymer and intermolecular volumes [6, 7]. Both effective
and maximum penetrations are critical in achieving a good adhesive bonding [4, 6].

Effective penetration (EP) is defined as the total area of adhesive in the inter-
phase region of the glue line divided by the width of glue line. Maximum penetra-
tion (MP) is measured as the average value of five distance measurements taken of
the five most remote adhesive objects observed in the image field [8].

na 5(a. .
EP:—Z"AI andMP:—Z’ (y’—H’l yO)

X, 5 (2)

As shown in Figure 2(a), A;, Xo, y;, i and y,, are the area of adhesive studied in
pm?, width of image or maximum rectangle determining the area in pm, centroid of
adhesive object i, mean radius of object i and reference y coordinate in pm [8].

Resin viscosity, molecular weight (MW), molecular weight distribution, resin
solid content and surface tension are properties of an adhesive that affect the bond
development and adhesive penetration [5, 6]. Literature suggests the lower MW
leads to deeper penetration of adhesive into wood structure in comparison with
higher MW resins [10]. Operational factors such as open processing time, pressing
time, temperature and consolidation pressure also affect the glue bond development
and penetration [4-6]. Adhesive interaction with the wood surface is a function of
length scale and defined as interlocking/entanglement and charge. The interlocking
or entanglement interactions occur over a longer length scale in comparison with
charge interaction which happens in the molecular or nano-length scale [4, 11].

Adhesive penetration is defined by the maximum depth of adhesive in wood, the
thickness of the glue bond and the surface condition that affects the penetration
measurement and direction. In softwood, tracheids filled with glue are visible in an
interconnected zone while the process in hardwoods is more complex. In hardwood,
the vessels are filled with glue but they are usually scattered and not close to the
actual glue line. In softwood samples the maximum glue penetration is usually
measured by trigonometric relations between the uni-directional tracheids near or
around the borderline (see Figure 3). Hass et al. [12] applied a new approach in
defining adhesive penetration in hardwood samples (beech) by considering pore
space, ray distribution, viscosity of adhesive and bond line morphology. The study
showed that the position of measurement has direct and significant effects on bond
line characteristics [12]. The anatomical structure of samples, its wood type,
adhesive type and their properties (viscosity for example) could all affect the
penetration measurement and its replicability for various studies and products.
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Figure 3.
SEM imaging of maximum adhesive penetration in (left) softwood (spruce) and (vight) hardwood (beech).
The length of the scale bar in images is 200 um [12].

2. Adhesive systems and types

The adhesive type used in each application need to be suitable for the end use of
the product as well as being compatible with the wood type and characteristics and
bonding conditions [3]. Wood adhesives can be categorised by their structural,
semi-structural and non-structural applications as well as the strength and durabil-
ity of the bond they develop.

Polymer formation can be used to categorise adhesive types. Linear polymers
develop links that are like strings of beads; polyethylene and polypropylene are two
linear polymers. The other type of polymer develop branches of linear chains and
the properties of formed polymers changes intensely as the branches change. As the
density and length of polymers developed changes the melting point, flexibility and
strength of adhesive bond changes as well [3, 13].

2.1 Self-adhesion

Self-adhesion in wood products can be achieved in certain conditions however
for better strength usually adhesives are needed. Hydrogen bonding, auto-cross-
linking, wood welding and rotational welding are two of the self-adhesion types.
Hydrogen bonding and auto-cross-linking of the lignin and hemicellulose compo-
nents in high-density fibreboard requires little to no adhesive. In high moisture and
temperature conditions, softening of lignin and the hemicellulose content of wood
leads to hydrogen bonding of hemicellulose joining fibres and lignin to develop
chemical bonds. Through vibrational welding at high temperature and cellular
distortion, bonds are developed. The bond developed has shown good strength
properties in dry environments, but the strength is very low in wet conditions.
Rotational welding happens when a wood dowel is driven into another piece of
wood. Self-adhesion can be improved by modifying the environment (moisture,
heat etc.) as well as the addition of chemicals for better bond development [14-18].

2.2 Formaldehyde adhesives

Formaldehyde adhesives (resorcinol formaldehyde (RF), phenol resorcinol
formaldehyde (PRF, urea formaldehyde (UF) and Mixed Urea Formaldehyde (MF-
including melamine urea formaldehyde MUF) are usually water borne resins and
the curing procedure involves polymerisation and loss of water. The loss of water in

144



Review of Existing Methods for Evaluating Adhesive Bonds in Timber Products
DOI: http://dx.doi.org/10.5772/intechopen.99237

the bond line delays the reaction of adhesives with wood due to the reduction in the
wettability and movement of resin. This will limit the collision required for poly-
merisation process and heat transfer.

Thermosetting phenol-formaldehyde (PF) or UF are the polymers used more
commonly in structural veneer-based wood product applications. For exterior
veneer based wood product applications usually PFs are used and UFs are mainly
used for interior applications [1]. Formaldehyde adhesives develop a rigid bond and
do not creep due to combined development of polymeric chains and cross-linking
groups [3, 13].

2.3 Isocyanates in wood

Isocyanates in wood (Polymeric Diphenylmethane Diisocyanate, Emulsion
Polymer Isocyanates, Polyurethane Adhesives).

Isocyanates are used in wood adhesion due to their reactive characteristics to
compounds with reactive hydrogen. These adhesives however can react very fast
with wood moisture which will compete against the required reaction with the
hydroxyl group in wood’s cellulose and hemicellulose and phenol and hydroxyl
groups in lignin sections. The other drawback of these adhesive is their high reac-
tivity level with the human body that could cause safety concerns during the gluing
process. The most used type of isocyanates is polymeric diphenylmethane
diisocynate (pMDI) in manufacturing oriented strand board (OSB) [3, 19]. PUR
adhesives are also now widely in use for a wide range of application in timber
products including glulam and cross laminated timber (CLT).

2.4 Epoxy resins

Epoxy resins are compounded with ketimines that assists with releasing the curing
agent when the adhesive is exposed to moisture. Similar technology is already used in
coating products [1]. Epoxies are produced with a range of curing times which can
influence the degree of cure and mechanical strength of adhesive layer [3].

2.5 Polyvinyl and ethylene acetate (PVA) and dispersion adhesives

These are waterborne adhesives that are cost effective and do not require a heat
curing operation and they are mainly used in furniture construction. These adhe-
sives commonly exhibit good flow into the cell lumens that are exposed to glue
however due to the high molecular weight they do not usually penetrate into wood
cell walls [3]. Polyvinyl acetate (PVA) is commonly used for wood gluing in non-
structural and furniture making however it lacks water resistance and has low load
bearing properties.

2.6 Bio-based adhesives (protein Glues, tannin adhesives, lignin adhesives)

The protein driven from wheat grain (gluten) can react with aldehydes in a
similar way to urea. Gluten has a high level of amine groups (lysine and arginine)
which react similarly to the ones in melamine and phenols [20]. The availability of
gluten from grain is an advantage for its application in wood adhesion. However,
the powder form of the gluten limits its applicability to be used in current industrial
manufacturing operations.

Lignin has a phenolic structure which makes it a potential replacement for
phenol in phenolic resins used for wood adhesion [21]. Lignin based adhesives can
be considered in two major categories including phenol formaldehyde and
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formaldehyde free adhesives. Initial investigations into using unmodified lignin in
phenolic adhesives showed a reduction in glue strength and an increase in press
time, so chemical modification of lignin has been suggested as a solution [22]. The
use of Kraft lignin and polyethylenimine (PEI) for development of a formaldehyde
free adhesive showed a very high shear strength and water resistance in the glue
developed [23].

2.7 Miscellaneous composite adhesives

In this group of adhesives depending on the role of timber in the composite there
are three different product types known including: wood-fibre cement boards,
wood-plastic composites and wood filler for plastics [3]. Wood-fibre cement prod-
ucts use the plant fibre to reinforce the panels and reduce the possibility of fracture
development, this field is still under further studies. Wood-plastic combination is
used to reduce the product weight for industries such as automotive industry. These
products require good polymer- fibre interaction otherwise exposure of fibre to
moisture and under stress the interface can fail.

2.8 Construction adhesives

These adhesives are used in construction for attaching floors and wall coverings
which provide better rigidity in comparison with using nails or screws only. These
adhesives do not require fast curing as the nails or screws hold the connection
together while curing is completed. These adhesives have high molecular weight
with minimum amount of solvent and are applied at room temperature. They are
used to cover the gaps in the connected joints. The adhesives used in construction
are usually elastomers to provide some deformability for small range displacement
so the bond lines do not fail/crack as timber expands or shrinks. These adhesives are
not designed for larger scale movements due to their high molecular weight and
require checks and maintenance of the joint over time [3].

2.9 Hot melts

These adhesives develop bonds quickly and are used for furniture, cabinet mak-
ing, windows and edge banding of laminates. The high viscosity of these adhesive
limits the wetting properties of them [3].

2.10 Pressure sensitive adhesives (PSAs)

These adhesives are high molecular weight polymers that have application in
decorative laminates, tapes and labels. They are usually used in gluing plastics to
wood and have different ranges for products used in indoor and outdoor conditions.
Their low flow characteristics makes the pressure application important so that the
force applied creates required deformation in the elastomeric adhesive [3]. In these
adhesives debonding or failure of the bond developed can happen under large
dimensional changes and is dependent on the stress—strain properties of the
adhesive.

2.11 Contact adhesives
These adhesives are polymers in solvent and are applied on gluing surfaces and

left for the solvent to evaporate before the two surfaces are brought together and
pressed. These adhesives are used in bonding wood to plastic laminates.
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2.12 Polymerizable acrylic

These adhesives are expensive and are not commonly used in bonding wood.
Structural acrylic and cyanoacrylate instant adhesives are two types of these adhe-
sives that can be used for gluing wood. They require a smooth surface and are used in
products that require rapid curing and high strength bonds. They are used in products
such as electronics assembly or decorative layers in panel manufacturing [3].

2.13 Film adhesives

These adhesives are used in applications where the use of liquid glue is difficult
or limiting for the type of product. They are applied using an applicator such as
fibreglass mat or tissue paper in applications such as gluing very thin layer wood
veneers [3].

2.14 Formulation of adhesives

Adhesives are developed for specific applications where altering the properties
of the adhesive can be required. Parameters such as surface roughness, moisture
level in wood structure, cost, time between application and curing, type of produc-
tion process and conditional changes (season) can influence the customisation
required for formulation of adhesives [3].

3. Techniques used in imaging wood products

The conventional microscopic imaging has been the most common and primary
tool for capturing wood structure using optical waves and high magnifications to
clearly capture the structure of the sample. Modern optical microscopes can gener-
ate images with 1500 times magnification with a 0.2 um limit in spatial resolution.
The light transmitting through transparent sections and reflecting on the other parts
of object helps in differentiating the structural components and developing clear
images of the surface. Use of bright, dark, polarised, phase difference and fluores-
cence enhances the imageability of objects depending on the differences between
the structural components [24]. It is not easy to create perfect images of a natural
object using optical wavelengths due to variations in optical waves passing through
the lens of the microscopes [25]. However, use of digital multimedia and digital
processing technology to enhance the light microscopic system allows the collection
of imaging outputs, improves the image quality and provides more image post-
processing options.

3.1 Microscopy (visible light, UV, IR)

Using light microscopy, the position and thickness of adhesive in lumens and
other parts of the wood structure, can be captured and measured depending on
wood species and adhesive types used [26]. Light microscopy can be used in gener-
ating 2 and 3D images of structures. 3D imaging of a sample’s volume can be
achieved by further processing of either microtome sectioning and stacking of
images using visualisation software or using optical techniques (such as light-sheet
microscopy, confocal laser scanning microscopy or optical projection tomography)
to mount the images taken into volumetric models [27-29]. Florescence microscopy
is used to separate wood cells from the glue line [30] using short wavelength light to
brighten sections of the sample [24]. Fluorescence microscopy uses a high voltage
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mercury lamp [24] that can improve the image quality by permitting the light
excitation to irradiate the specimen and separate the weaker re-radiating fluores-
cent light from the brighter excitation light (Figure 4) [31].

The fluorescence presence in the adhesive needs to be sufficient to be able to
capture a clear image of the bond and glue line (see Figure 1 for more information).
In order to enhance the image quality fluorescence staining can be used however
sufficient power is required to produce fluorescent light [24]. Specific optical filters
(each has a certain wavelength) are needed to generate images with suitable wave-
length of light emitted resulting in maximum fluorescent light outputs. An aqueous
mix of 0.2% of acridine yellow which is absorbed by wood but not the PF glue is
used to enhance the fluorescence presence in the imaging process [31]. However the
staining methods used in the literature are limited and require extra experimental
steps for sample preparation, and majority of reported staining trials applied stain
to the resin prior to gluing. The application of stain in industrial scale production
line can be costly and cause undesirable colour changes in the product [32].
Combining images taken in visible and florescence modes (FM) can enhance the
visibility of the glue line. Mahrdt et al. [32] used a merging method to combine
images taken in visible and fluorescence modes using gentian violet and brilliant
sulphaflavine dyes respectively (Figure 5). The merging technique improved the
post-processing required for quantifying glue line parameters by allowing

Figure 4.
Adhesive bond line fluovescence microscopy of an epoxy glue showing regions of glue penetration [30].

(©)

Figure 5.
Image of cross section and glueline using (a) visible, (b) fluorescence modes and (c) merged image [32].
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semi-automatic analysis of images. The most common disadvantage associated with
using FM is the limitation in capturing depth which is an important parameter in
glue line investigation [33].

Based on the optical path used the fluorescent microscopy can be a transmission
fluorescence microscopy (TFM) or an epifluorescence microscopy (EPI) [24]. TFM
usually uses a dark field passing light through a condenser to excite the sample to
emit fluorescent light in different directions. TFM provides generation of strong
fluorescent light in low magnifications however once the magnification increases
the fluorescent light reduces making the method more applicable for larger speci-
mens [24]. EPI uses the objective lens as a well corrected condenser first then as a
light gatherer to form an image (see optical path illustration in Figure 6).

The images produced by TFM are usually darker in comparison with images
taken by EPI. Some of the other advantages of EPI systems are increased fluorescent
light intensity, reduction in light loss, no loss of fluorescence intensity [24].

Imaging of adhesive penetration into wood based composites using EPI is shown
in Figure 7 [34]. The maximum penetration depth in fibres showed a rising trend as
the moisture content increased. A study on the effects of moisture curing of poly-
urethane on the segment content (hard and soft content) of adhesive bonds showed
that increasing hard phase content increased the intermolecular interactions, liquid
viscosity of adhesive,and the soft phase glass transition temperature [35]. This
study showed that glue bond line thickness increased as hard phase percentage
increased while the hard mass percentage had a negative relation with the effective
glue penetration (Figure 8).

Penetration of PF resin into poplar was quantified using EPI imaging at 2, 6 and
10% moisture content [34]. For imaging, a 50% phenol formaldehyde (PF) resin
solution in water was sprayed onto the uniform oriented strand board. The mixture
made of poplar and 2% potassium carbonate (K2CO3) as the catalyst was added to
the strand boards [34, 36].

Using ultraviolet (UV) microscopy can generate better resolutions and higher
magnification for images of glue lines. UV incident light microscopy imaging
(UVLMI) was used to study the glue line in LVL samples of beech shown in
Figure 9 after cyclic temperature and RH conditioning [37]. The images taken
showed a clear illustration of the modified melamine—formaldehyde resin (MUF)
and PUR penetration in the LVL structure. High-resolution episcopic microscopy
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Figure 6.
Optical path differences between (left) TFM and (right) EPI [24].
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Figure 7.
Penetration of PF resin into poplar strands at different moisture contents of (a) 2%, (b) 6%, (c) 10% and (d)
the discontinuity of glue in 6% moisture content samples [34].

PUB020 PUS5050

PU2080

|

Figure 8.
Florescence microscopy imaging of PUR bond line and penetration development for top: PU8020 with 53.5%,
middle: PU5050 with 65.4% and bottom: PU2080 with 72.5% hard phase mass [35].

((HREM) uses microtome sections taking images of thin layers of the sample block
(1-5 pm thick). The images are then stacked using visualisation software to develop
a 3D model of the sample block. A florescence stereomicroscope and a digital
camera are used to capture the dye mixture embedded in the sample block in
visualising the structural components [29]. The HREM method has been success-
fully used in various medical applications providing better resolution imaging in
comparison with X-ray computed tomography, MRI, and optical projection tomog-
raphy (OPT) [28, 38]. Samples require detailed processing of dehydrated tissues
prior to HREM imaging using 4% paraformaldehyde (w/v) for 1-2 hours under
vacuum and then incubated at 4°C overnight before being washed by ethanol and
embedded in embedding solution (Figure 10) [29].
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Figure 9.
Images of layered structure of LVL specimens conditioned in different temperature and relative humidity [37].

Figure 10.
Section images of mature Citrus limon fruit using HREM [29].

3.2 Electron microscopy (SEM, ESEM, transmission electron microscopy
(TEM))

To enhance the spatial resolution of microscopes, the use of electron beams is
becoming a more preferred technique replacing the visible light source. Electron
microscopy can reach a maximum of more than 300 million times magnification.
Moving electrons can act similar to optical wavelength variation. The concept of
detecting the energy release and wavelength as electrons move are the foundation
for development of transmission electron microscopy (TEM) in 1938 and scanning
electron microscopy (SEM) in 1952 [24]. Imaging with a higher level of magnifica-
tion and in greater depth is possible using electron microscopy. However the grey
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colour of the images produced limits the imaging of different glue lines and sample
preparation and imaging in a vacuum environment are some of the limitations for
electron microscopy [24, 33].

3.3 X-ray computed tomography (XCT)

Computed tomography (CT) was initially developed in 1970s for medical imag-
ing, the CT scanner provides a range of image sizes including: large up to 250-
500 pm or smaller p-CT (min spatial resolution of 50 to 325 nm) and n-CT (min
spatial resolution of 200 nm). For smaller size samples, reduction of the X-ray flux
is required which would increase the required scanning time [27]. X-ray computed
tomography (XCT) is used in microscale to image the cellular structure of samples
in 3D mode providing spatial details of the complex xylem network [39]. XCT uses
radiation that penetrates into the sample and then detects photons after being
traversed through the specimen. XCT uses two different mechanisms to develop
images of the structure: absorption contrast and phase-contrast tomography. In
absorption contrast methods, the differences in material linear attenuation coeffi-
cients, , affects the absorption contrast resulting in sufficient contrast to map out
the edges of cells in the sample structure. The linear attenuation coefficients are
dependent on material density and atomic number (Z). Phase-contrast tomography
uses photons incident beam phase shift at an interface between two different
materials. Phase contrast tomography is suitable for materials with low absorption
contrast such as soft material with a lower atomic number [40]. In wood adhesive
penetration detection, the similarities between the attenuation PF and cellobiose
(chosen polymer in this study to represent cell walls in wood structure) showed that
XCT is not a suitable detecting method if the PF glue was tested without any
contrast agent added [41]. However, this may not apply to all glue types and timber
products depending on wood species, their characterises and densities (Figure 11).

The lack of x-ray absorption contrast by the adhesive and the wood cells makes
the use of micro CT (uCT) technology in bond line imaging and adhesive penetra-
tion challenging. The insufficient differences between the natural density of wood
and the glue types used require addition of an enhancing agent to the glue for the
purpose of imaging. Heavy metals have been used as contrast agent for imaging of
glue line in wood products however their limited tag mobility and phase separation
of those components made use of them less effective in studying the glue line
properties [42]. The scanning is dependent on the absorbed contrast based on a
materials linear attenuation coefficient (u) differences. The linear attenuation coef-
ficient is a function of material density and elemental composition. Based on Beer-
Lambert’s law, p is calculated using the transmitted (I) and initial (/o) radiation
intensity and the material thickness (d) [43]:

Vi, = exp 3

Considering the differences between adhesives used in the timber industry and
the density of commercial timber species, achieving the required contrast between
the two materials will require addition of contrast agents to the wood or adhesive
used. The use of contrast agent additives has been studied for wood adhesive pene-
tration studies before [33, 40, 41, 44, 45] . From a range of tested contrast agents
used with PF (see Figure 12) iodine was selected as the preferred agent, improving
the clarity of differences between adhesive and cell walls. Rubidium was also tested as
a contrast agent in combination with PF. RbPF (added in form of RbOH as a contrast
agent to PF with molar ratio of 14.3) showed significantly clearer differences between
the glue and cell walls. Use of Rb as contrast agent produced clear images and
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Linear attenuation recorded for PF- control, brominated (BRPF), iodinated (IPF1 and 2) and rubidium
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Figure 12.
Results of imaging adhesives with different contrast agents added [41].

adhesive with Rb travelled easier in species with higher permeability such as oak and
poplar while Douglas-fir showed lower movement of Rb in sample structure. The
images taken from samples also showed that Rb travelled into the wood structure
independently of the adhesive and penetrated further than the adhesive which indi-
cated the complexity of using Rb as a contrast agent [33].

Use of x-ray micro tomography (XMT) in capturing the PF adhesive penetration
in Douglas-fir samples improved the clarity of glue penetration in the sample
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structure however, the grey-scale results did not illustrate clearly the interface
between cell walls and resin filled lumens (Figure 13).

For clarity and image quality using XMT, samples need to be dried. The excess
moisture - at saturation point can reduce the cell wall contrast and image quality.
However, the oven drying of wood samples below FSP could increase the risk of cell
wall collapse. Combining electron energy loss spectroscopy (EELS) or energy dis-
persive X-ray analysis (EDXA) with electron microscopy has shown advantages in
quantifying the glue line parameters and depth. EELS uses an electron probe
targeted with high capabilities in imaging dark modes (these couple weakly with the
optical excitation making imaging more difficult in comparison with light mode) to
map different locations of the sample [46]. The SEM-EDXA is suitable in investi-
gating if the adhesive penetrated into the cell structure (Figure 14) [47].

Iodinated (IPF) and brominated (BrPF) PF resins were used in pCT imaging of
the glue lines in wood composite panels. The study of glue viscosity and MW (after
curing) showed no changes in BrPF. However, the MW of glue before curing
increased as percentage of added contrast agent increased. The IPF had slightly
lower viscosity compared to control PF samples. The powder density determined
for BrPF was lower than controlled PF samples. Further testing of tagged adhesive
using fluorescent micrographs and energy-dispersive spectroscopy (EDS) elemental

(b)

Figure 13.
3D images of Douglas-fir with phenol-formaldehyde adhesive in transverse surface on top (a) with the cell wall
details and (b) removed cell wall details [33].

Figure 14.
EDX spectrum and backscattered SEM imaging of OSB using zinc borate as a contvast agent, arrows show the
zinc borate particles in lumens of wood cell [47].
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maps by Modzel [48] showed the presence of Rb in cell-walls in sections with no
RbPF glue presence (Figure 15) [43].

In a study by Kamke et al. Iodinated PF (IPF) was made by adding 10% 3-
iodophenol to plywood adhesives following commercial adhesive synthesis
manufacturing process. The final adhesive had 39.5% weight iodine as the contrast
agent to enhance the x-ray imaging results. Even though the viscosity of adhesive at
25C was 930 cP which could have changed the curing properties of the glue it did
not compromise the behaviour of the bond. Images from this study are shown in
[41]. The images generated with ionising radiation (called tomograms or slices) are
obtained from the translation and rotation of the source and detectors. In this
imaging technique, the attenuation coefficient of x-ray or gamma rays are recorded.
In a non-homogenous medium such as wood structure it detects the attenuation
coefficient depending on the quantum energy of the ionising radiation and the
chemical composition of the sample [49]. The computer tomography (CT) method
provides the option of imaging the full 3D structure of the sample including bark,
knots, heart and sapwood borders etc. [44]. The scanning parameters measured by
ionising radiation vary with wood species, size of the specimen, level of contrast in
density for different defects, end use of scan information, speed of scanning
required for imaging [49].

3.4 Magnetic resonance imaging (MRI) or nuclear magnetic resonance (NMR)

MRI or NMR was developed in 1970s for medical imaging and it was used later
in the 1980s in imaging plant material [27, 50]. MRI is a non-destructive method to
develop images of plant structure and has been used as an in vivo method to
determine the water content and moisture movement in plant structure [51].
Images of a Quercus serrata branch were taken using MRI at different signal inten-
sity specification to detect different components (shown in Figure 16) including
water, annual ring, inner rings [52]. Although no studies have been reported in the
literature on the use of MRI or NMR for studying adhesive bonds, both these
technologies have considerable potential for this purpose.

Thermal technique uses the temperature to map out the surface of the object
applying an active or passive heating procedure. The cyclic loading in structural
timber for example can be used as an active source of heating to detect the effects of
defects in structure on the mechanical strength and performance of products [49].

The passive heating process usually applies for detecting knots direction, slope
of grain, moisture distribution and rupturing in wood structure. The passive heating
process does not create the destructive effects on the samples due to low thermal
stress however it requires fast recording methods to generate accurate images.

(b) lBondline (©) / Bondline
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Figure 15.
X-ray images of poplar glued using iodinated PF, (a) cross section, (b) wood and bond line in 3D, (c) 3D bond
line without wood sections [40].
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2)
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e :
Figure 16.

Images of Quercus serrata branch using MRI, (a) Surface-rendered image reconstructed from a 3D-FSPGR
dataset. Bolts 1 to 3 correspond to the numbers in Figure 3b. (b) Proton density weighted crosscut images. TR,
2000 ms; TE, 25 ms. (¢ J d) A proton density weighted (TR, 2000 ms; TE, 20 ms) and a T1 weighted (TR,
540 ms; TE, 20 ms) radial image, respectively. Pixel size 156 ym. — Scale bar = 1 cm [52].

Infrared cameras are the most common types of detecting systems using electronic
detection of infrared emitted from the sample [49]. These methods are used in
determining the integrity of the surface and sub-surface, for example in wood based
composites [53].

Scanning thermal microscopy (SThM) uses two different modes to detect the
changes in chemical composition of samples and map out the adhesive penetration
in the structure using a thermal probe. The thermal contrast microscopy (TCM)
measures the changes in temperature of the sample surface. Conductivity contrast
microscopy (CCM) also measures the sample’s surface conductivity as the temper-
ature is kept constant [54]. Images of wood phenol-resorcinol-formaldehyde-
adhesive bonds (PRF) using SThM are presented in Figure 17.

In microwave techniques, Dielectric properties of the sample structure are used
to image the structure in microwave imaging methods. This method is commonly
used for assessment of wood products after drying and gluing, for detecting any
internal detects such as knots, spiral grains, discontinuation in structure of logs,
lumber and wood based composites [49].

Ultrasonic methods are low cost methods for detecting the adhesive content of
wood products with a high sensitivity to delamination, however achieving imaging
with high resolution is difficult and coupling pressure dependency reproducibility

K
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(b)

Figure 17.

(a) Images of adhesive bond in spruce samples using (top): Light microscopy and (bottom): SThM mapping the
topography, probe current and voltage and (b) differences in topography for SPURR epoxy resin (Centre) and
in contact with PUR adhesive (left) and PRF adhesive (right).
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of this technique is poor [44]. There have been reported studies on the uncertainty
around voltage values that the tranducer recorded (20-25% variation) where extra
applied hand pressure is required for ultrasonic readings [55]. Air coupled ultra-
sonics systems however have shown promising results eliminating this variation
which requires future investigation on its effectiveness in detecting complex glued
sections (Figure 18) [44, 55].

FTIR imaging of chemical components (Fourier Transform Infrared) provides
details of functional groups based on absorption, of chemical band intensity, band
areas, and position. Figure 19 shows the FTIR readings for wood and Polymeric
diphenylmethane diisocyanate (pMDI) in uncured and cured conditions [56]. This
study reported on the challenges in detecting glue formation in the cell walls using
this method.

Chemical imaging is used to map out the intensity and distribution of different
components in wood structure [57, 57]. The study used non-covalent interaction of

Figure 18.
Microwave technique used to detect knots in radial (a) and veconstructed image (b) [49].
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Figure 19.
Results of imaging using FTIR spectra of loblolly pine (Pinus taeda L.) wood and pMDI, and
wood-pMDI [56].
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acetylated nanocrystalline cellulose (AC-NCC) with polylactic acid (PLA) in mate-
rial tested as an indicator for chemical imaging. Figure 20 shows the readings for
different chemical components in the samples including visible light image in left
column, mCH2 absorption maps in middle column and integrated mC=0 second
derivative absorption peak areas in right column. The results showed that FTIR
imaging can be used effectively to image the chemical links between a substrate and
functionalised filler [57].

3.5 X-ray photoelectron spectroscopy (XFS)

As discussed earlier, X-ray computed tomography (XCT) was used after
adding the bromine substituted phenol formaldehyde (BrPF) to increase the X-ray
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Figure 20.
Results of absorption map for different particles using chemical imaging and FTIR micro spectroscopy for
composite materials [57].
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attenuation and capture a brighter glue line which is distinguishable from wood
cells [58].

This study also used X-ray fluorescence microscopy (XFM) to acquire images of
the bond line [59]. This study investigated the required adhesive (BrPF) flow and
infiltration to develop an effective glue bond in loblolly pine (Pinus taeda). Four
materials including BrPF, BrPF-mixed with wood, wood and air in the porous
structure of wood was observed in the images as shown in Figure 21 (left image
(b)). The study indicated some uncertainty around the wood composition with
BrPF that was not included in the 3D reconstruction of the image. Figure 21 shows
the X-ray and X-ray fluorescence image and the sections in red circles that were not
used in 3D reconstruction. The potential inclusion of wood cell walls infiltrated with
BrPF or another material interface in the images could be a limitation in 3D imaging
with XCT that could be overcome using XFM. Image on the right in Figure 21
shows the consistency of XCT images.

The XCT method provides the option of visualising the flow of BrPF and pene-
tration into the 3D wood structure over time. In sections with less clarity of BrPF
mixed with wood, XFM provided a detailed observation for the glue presence inside
the cell structure of the wood (Figure 22).

A study of PF in wood cell walls using XFM in combination with
nanoindentation showed that using BrPF enhanced the cell wall matrix (see sections
showed in Figure 21). The different molecular weights (MW) of BrPF tested
showed that the lower MW had greater effects on preventing the softening of cell
walls due to gained moisture. In Figure 23, the glue line is shown by arrows and the
dashed white line shows the cells that were tested for mechanical strength using
nanoindentation [59].

Nano indentation and scanning probe microscopy (SPM) imaging of year old
Masson pine (Pinus massoniana Lamb.) showed the advantages that SPM could
provide in investigating the cellular strength [60]. Figure 24 shows the detailed
images of cells and modified (PF resin (as thermosetting agent) impregnated sam-
ples at 15, 20, 25 and 30% treatments) cells. This method can be used in detecting
the presence of glue in various sections of the cell wall and its effects on cell wall
strength as the thickness of glue and the properties of bond line (thickness and
depth of penetration) varies.

W Air B Mixture
W Wood BrPF

85-min  135-min

Figure 21.
Left- X-ray computed tomography (XCT) and right- X-ray fluovescence microscopy (XFM) images of glue
line [58].
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Figure 22.
Flow of BrPF into wood structure over time [58].
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Figure 23.
XFM used to map Br penetration into wood cell structure, (a) after 85 min BrPF and (b) 155 min

samples [59].

3.6 Epifluorescence microscopy (EPI)

EPI microscopy can provide imaging of the cell structure from the surface of

samples used for imaging.
A study of adhesive penetration in particle board composites using EPI showed
this microscopic method was effective for quantitatively assessing glue interaction
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modified cell

control cell

Figure 24.
Images of Masson pine (a and c) under microscope and (b and d) under SPM equipped with nano indenter
probe [60].

with wood. The study determined adhesive filled fibre numbers (FFN), adhesive
filled vessels number (FVN), maximum adhesive penetration depth in fibre (MPDy)
and in rays (MPD,). Figure 25(a) shows the results of EPI microscopy in poplar
samples at different moisture content (2, 6 and 10% MC) [34]. Penetration of resin
was higher in higher moisture content wood. Figure 25(b) shows results of EPI
imaging of three UF adhesives in poplar in radial and tangential directions. The
images taken showed clear sections where glue penetrated into vessels, rays as well
as showing the bond lines. Three UF adhesives were tested at different viscosities
including UF I, 545 mPa.s < UF II, 745 mPa.s < UF III, 1644 mPa.s [36].

This study showed penetration into the radial direction was lower than penetra-
tion in tangential direction which could be related to the presence of pits (on radial
walls) that facilitate the adhesive movement in tangential direction. Shear strength
of specimens increased as penetration increased and was higher in adhesive with
lower viscosity (due to better flow of adhesive) [36].

3.6.1 Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) provides an optical depth selection
option to image the sections of a structure that are usually very hard to physically
prepare. Imaging of glued sections using CLSM under FM provides a clear repre-
sentation of the glue line and its borders in wood structure. Figure 26(a) represents
the images taken from a coated wood surface in a study investigating the durability
of the coating material used and penetration into surface cracks of radiata pine
(Pinus radiata). The comparison with light microscopic imaging showed the advan-
tages of using CLSM in showing the details of penetration into cell lumina and fine
surface cracks [61].

(b)

Figure 25.
(a) Images of UF penetration into wood structure using EPI [34] and (b) EPI imaging of adhesive penetration
into different planes of poplar (a, b and c are in radial and o b’ and ¢ ave in tangential directions) [36].
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Bond-line
Fully filled tracheid

Figure 26.

CLSM used in (a) imaging coating surface and penetration of coating material into the wood structure
(bar = 20 ym) [61], (b) urea formaldehyde (UF) vesin penetration into wood structure [62] and (c) UF
adhesive imaging showing wood structure and resin penetration [9].

The separation between urea formaldehyde (UF) resin and wood cells is not
usually easy with common microscopic methods; Figure 26-right show images of
UF resin using CLSM [9].

Figure 26(b) shows results of CLSM of UF resin penetration in radiata pine
(Pinus radiata D. Don) veneer layers (2 mm thick) of plywood including fully
adhesive filled and unfilled tracheids and the glue bond line developed [62].

Figure 27.
Images of particleboard section glued using fluorescence-labelled UF resin, bar = 50 pum [63].
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Figure 26(c) shows results of CLSM imaging of UF resin in samples of Cryptomeria
fortune Hooibrenk. This study showed that UF resin penetrated in axial tracheids
and ray lumens and cracks around the glue line. Imaging showed that glue pene-
trated easier in the direction of lowest resistance (shown in image by arrows) to the
compression applied by the press machine [9].

CLSM has also been used in imaging different particle board samples targeting
the UF resin component in board structure enabling the quantification of resin
percentage in the total board area. This study which combined CLSM and fluores-
cence labelled UF (Figure 27) showed clear sections of cells and glue penetration
into the structure of boards (made from Norway spruce (Picea abies (L.) Karst.)
[63]. Singh et al. used [61, 64] confocal florescence micrographs to capture the
adhesive penetration into the wood cell structure as well as detailed information on
interlocking of cells by glue (see Figure 28). CLSM is a new imaging technique that

Figure 28.
Left- light microscopy image with high magnification, middle- image taken using confocal florescence
micrograph and right- SEM image [64].

Lignin

Figure 29.
Raman mapping on cross section of coated samples of Japanese cedar (a) Raman image (b) lignin, (c) alkyd
resin and (d) merged information adrenal glands [65].

163



Engineered Wood Products for Construction

has capabilities in enhancing the contrast between the wood and coating or adhesive
materials to improve the image quality and clarity.

3.7 Chemical mapping - FTIR microscopy

Chemical mapping and imaging of biological and biometric samples- FT-Raman
spectroscopy- has recently been used in studying wood including coatings, degra-
dation and modification of cell walls. Similar to NIR detecting systems, Raman
spectroscopy uses the vibrational transitions [65]. However, Raman spectroscopy
uses the changes in polarizability of functional groups while NIR uses differences in
infrared absorption to detect chemical components. A study of Japanese cedar
(Cryptomeria japonica D. Don) using confocal Raman microscopy showed clear
details of the structure and chemistry of wood including distribution of alkyd resin
and lignin (Figure 29). The study showed the great capability of Raman microscopy
in detecting different chemical components of wood and wood coating materials at
the cellular level of structure.

Similar work done by Wang et al. [60] showed the advantages that Raman
spectroscopy can provide in studying the penetration of PF resin into the cellular
structure of Masson pine. The images indicated the penetration of PF resin into cell
lumens as well as into cell walls. The images also show the interaction of the PF with
polymers in the cell walls. The nano indentation done on cell walls in combination
with the Raman spectroscopy conducted showed that the added PF resin in the
wood structure reduced the dimensional changes of the structure resulting from
swelling and shrinkage [60].

4. Summary and future directions

The review focuses on existing studies and techniques used for visualising adhe-
sive bonds in various timber products. This review highlighted the capacity, advan-
tages, limitations and the potential of the different visualisation methods including
Microscopy (visible light, UV, IR), Electron Microscopy (SEM, ESEM, transmission
electron microscopy (TEM)), X-ray computed tomography (XCT), Thermal tech-
niques, Microwave techniques, Ionising radiation, Ultrasonics, FTIR imaging of
chemical components, X-ray imaging, Epifluorescence Microscopy (EPI), Confocal
laser scanning microscopy (CLSM) and Chemical mapping. The majority of work
published has focused on applications and types of wood used for specific products
rather than developing/following a standard protocol in determining definitions for
adhesive bond development and measurements. These studies are mainly qualita-
tive and comparative only to samples tested in each study. The review suggests that
there is a need for developing standard definitions for glue bond shape, thickness,
penetration depth and scale in both 2 and 3D in order to be able to quantitatively
assess the effectiveness of gluing process for various timber products. The effects of
wood types, anatomical structure, gluing properties, curing mechanisms and glue
types used for different applications/products need to be studied for different
structural and non-structural timber elements. The review also highlighted the need
for better definitions of glue lines, penetration in relation to wood grain direction
and cellular details which could affect the penetration effectiveness depending on
surface wetting properties, extractive content in cells and size of cells. The interac-
tion between glue, cell walls and chemical extractives of different wood types
before and after glue application and product manufacturing will need to be care-
fully studied and a summary of potential differences and similarities for each type
of timber product can be developed for industry to access.
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The existing literature shows the strength and capacity of different visualisation
methods for analysing the adhesive effectiveness in different wood types, however
more research is required to examine the potential of each method for a range of
timber products and wood types (e.g. soft vs. hardwoods). The 3D imaging can
provide detailed information on adhesive bonds in various conditions including
where there is variation in MC, glue type (different curing requirements and curing
time) and wood type (including low to high density and for soft and hardwood).

In the use of X-ray scanning where density differences between the wood and
glue are the main visualisation factor, further studies are needed for investigating
the effects of adding contrast agents (such as iodine) to adhesives and the potential
effects on glue properties that could lead to bond line variations and changes in
penetration patterns.

Further work is required to monitor potential effects of industrial processes and
environmental conditional factors on bond formation and adhesive penetration
during and after production and in the service life of timber elements specially for
structural products such as glulam, CLT and LVL.
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Abstract

Oriented strand board (OSB) is generally used for sheathing in residential walls,
floors, and roofs. Because of its low pricing and utilisation of tiny diameter logs from
fast-growing trees and thinning logs as raw materials, OSB is anticipated to gain
popularity. In chapter, board properties of OSB using smaller strand size of Leucaena
leucocephala as core layer had been studied. Small strand size of S3 (length = 75 mm,
width = 3.2 to 6.3 mm) was located in the middle layer of the board while bigger
strand sizes of S1 (length = 75 mm, width = 12.7 to 19.0 mm) and S2 (length = 75
mm, width = 6.3 to 12.7 mm) were located at the face and back layers. Utilization of
smaller strands (S3) in the middle layers may yield boards that have better physical
and mechanical properties. Except for MOR in the minor axis, board density and
resin content were shown to have a substantial impact on physical and mechani-
cal properties. Except for MOR in the major axis, strand size had little affected on
physical and mechanical properties. The effects of board density on mechanical
properties were discovered to affect significantly different. With a positive correla-
tion, board density had a significant effect on thickness swelling. Between S1+S3 and
S2+53 strand size, there is no significant effect on bending properties, internal bond
strength and thickness swelling. The effect of resin content on bending properties
revealed a significant difference of MOR in major axis, as well as MOE values in both
major and minor axes. Even when the resin content was as low as 5%, all treatments
of OSB passed the general requirement of general purpose OSB.

Keywords: oriented strand board, strand size, core layer, physical properties,
mechanical properties
1. Introduction

Leucaena leucocephala is a fast-growing tree species and can be cultivated in
Malaysia. This species has potential as an alternative resource for the Malaysian
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furniture and panel board industries in the coming years because of a shortage

of the current frequently used raw material of rubberwood [1]. The use of a fast-
growing species for wood composite production may offer some advantages, such
as a shorter time required to activate production compared with other woody plants
[2]. In Malaysia, the study on OSB from rubberwood was successfully carried out
at the laboratory for the first time in 1996 by researchers from the Forest Research
Institute Malaysia (FRIM), showed a good sign of using plantation species [3].

OSB is an engineered wood-based panel material in which long strands of wood
are crushed together in layers and bonded together with a synthetic resin glue. Despite
its strength, the effective performance of OSB begins immediately after it is created;
OSB panels are light in weight and simple to handle and instal. Due to the coordination
between the board and the adhesive to generate a strong, dimensionally stable panel, the
panels also demonstrate outstanding fastener—holding, resist deflection, delamination,
and warping. OSB is commonly used for flooring, roof and decking, and wall sheathing
because it is uniquely acceptable for load-bearing applications in construction [4].

In order to efficiently used OSB products, it is important to understand the
material and manufacturing variables that affect properties of the boards. Asa
result, this study will investigate the properties of OSB from L. leucocephala wood.
This chapter describes the findings of the study conducted to evaluate the proper-
ties of the OSB produced from smaller strand size. The strand size of S3 as core
material in the manufacture of OSB using eight-year-old L. leucocephala wood
(Figure 1) strands was conducted in the study. Smaller strand size of S3 or fines
is an additional component to this study. Any wood particles that pass through a
6.3 mm screen but remain at 3.2 mm screen are considered fines. They are a natural
by-product of the stranding process and are used as filler material in the board.
They add to the board’s mass but are assumed to have no effect on the board’s
final volume. An optimal manufacturing process would use a balance of wood
strands and fines to achieve the strength requirements while reducing the cost of
raw materials. The S3 strand size (length = 75 mm, width = 3.2 to 6.3 mm) was
found in the middle layer of the board, while the S1 (length = 75 mm, width = 12.7
to 19.0 mm) and S2 strand sizes (length = 75 mm, width = 6.3 to 12.7 mm) were
found on the face and back layers (Figure 2). The focus of this study is to maximise
recovery and to find the best combination of treatments. Perhaps, by utilisation of
smaller strands (S3) in the middle layers may yield boards that have better physical
and mechanical properties. By utilising S3; residue utilisation, only a small portion
will be burned as waste or sent to a landfill. Table 1 exhibit the properties of OSB
according to board density, strand size and resin content.

Boards made from S1S3 with 9% resin content gave the best value of physical
and mechanical properties in the fabrication of boards with a target board density
of 700 kgm’3 (MOR major axis; 43.57 MPa, MOE major axis; 7377 MPa, MOR

Figure 1.
Leucaena leucocephala logs.
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Figure 2.
Strand size.
Major axis Minor axis

Target strand Resin  Actual MOR MOE MOR MOE IB TS
density size (%) density (MP) (MPa) (MP) (MPa) (MPa) (%)
(kgm™) (kgm™)
700 S1S3 5 699 38.11 6455 15.94 1444 0.64 15.75
700 S1S3 7 695 40.70 6703 16.84 1485 0.79 1411
700 S1S3 9 707 3.57 7377 16.26 1597 1.20 12.05
700 S283 5 697 36.00 6684 1441 1444 0.57 20.43
700 S2S3 7 695 39.73 6929 14.29 1483 0.90 1519
700 S2S3 9 703 41.05 7013 14.71 1569 0.98 12.30
800 S1S3 7 793 5212 7324 18.22 1624 0.92 1942
800 S1S3 9 797 56.24 8555 20.66 2024 2.06 12.93
800 S2S3 7 792 46.08 7663 18.67 1804 134 1534
800 S2S3 9 799 51.03 7783 19.76 2003 1.92 15.07

Min. req. 18MPa 2500 MPa 9MPa 1200MPa 028 MPa  <25%
Type OSB/1: General EN EN 310: EN EN 310: EN 319: EN
purpose 310: 1993 310: 1993 1993 317:
EN Standard 1993 1993 1993

Note: MOR = Modulus of Rupture, MOE = Modulus of Elasticity, IB = Internal Bond, TS = Thickness Swelling.

Table 1.

Properties of OSB.

minor axis; 16.26 MPa and MOE minor axis; 1597 MPa, Internal Bond; 1.20 MPa

and thickness swelling; 12.05%). However, boards produced from S2S3, with a

density of 700 kgm™ and 5% resin content, had the lowest mechanical properties
in both major and minor axes, with the exception of MOE in major axis. The board
also had the highest percentage of thickness swelling (20.43%), yet it still met the
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a) S1S3 b) $283

Figure 3.
Spring back phenomena.

EN standard’s minimal requirements. The highest MOR values in the major axis
were 2.4 times higher than the EN standard specification. Furthermore, MOR in the
major axis performed 37.32% better than MOR in the minor axis. MOE values in the
major axis perform tremendously with 3 times greater than minimum requirement.
By raising the resin content from 5-9%, the internal bond values of OSB board
improved significantly. Internal bond improvements were 1.7 to 1.8 times better
than the internal bond with 5% resin content. The boards with 9% resin content
had the best thickness swelling overall. Physical and mechanical properties were
determined to comply with EN 300 standard [5] for general purpose (type OSB/1)
even at the lowest resin content of 5%, according to the study’s findings.

In the major and minor axes, the boards with a target board density of 800 kgm
and a combination of strand sizes S1S3 at 9% resin content had the highest MOR
and MOE values. In the major axis, the MOR and MOE values are 56.24 MPa and
8555 MPa, respectively. MOR had the highest minor axis value of 20.66 MPa and
MOE had the highest minor axis value of 2024 MPa. The board also had the highest
internal bond values, at 2.06 MPa, which was 7 times higher than the EN standard’s
specification. The board’s thickness swelling was also lower, at 12.93%. Boards
constructed from target density of 800 kgm > with strand size of S1S3 and 7% resin
content, on the other hand, had the lowest values for mechanical properties in major
and minor axes, with the exception of MOR in major axis. This board likewise has
the highest percentage of thickness swelling (19.42%), yet it still meets the maxi-
mum requirement of 25% and below. The findings of this study revealed that boards
with a resin content of 7% exhibit spring back phenomena, resulting in a thickness
increase of more than 12 mm (Figure 3). The ‘spring back’ effect was reduced by
reducing the board density and increasing the resin amount. As a result of the per-
formance at 7% resin content, the fabrication of boards with 5% resin content was
not conducted. Because the board specimens blow in the core layer, no data from the
treatment of S1S3 and S2S3 at board density of 800kgm > with 5% resin content was
acquired. In general, boards with strand sizes of S1S3 perform better than boards
with strand sizes of S2S3, and all boards fulfil the EN 300 minimum criteria.

2. Statistical significance

The analysis of variance (ANOVA) and correlation analyses are presented for
discussion. The ANOVA of the effect of board density, strand size and resin content
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Major axis Minor axis
SOV Df MOR MOE MOR MOE IB TS (%)
(MPa) (MPa) (MPa) (MPa) (MPa)

Density (D) 1 51.90** 40.57** 22.97** 21.03** 115.48* 6.76*
Strand Size (S) 1 5.66* 0.0 ns 191 ns 0.08 ns 1.58 ns 0.69 ns
Resin Content 1 5.80* 1751 0.84 ns 6.19* 74.26** 13.25**
(RC)

DxS 1 3.36 ns 0.35ns 1.29 ns 0.24 ns 6.90* 2.38ns
DxRC 1 0.06 ns 0.10 ns 1.03ns 1.37ns 21.72** 0.24 ns
SxRC 1 0.35ns 10.01** 0.02ns 0.38 ns 767** 1.33ns
DxSxRC 1 0.41ns 0.01ns 0.55ns 0.19 ns 0.14 ns 0.99 ns

Note: SOV = Source of variance, Df = Degree of freedom, ns = not significant at p > 0.05.
* significant at p < 0.05.
**highly significant at p < 0.01.

Table 2.
Summary of the ANOVA on the properties of S1S3 and S2S3 board.

and their interactions on the OSB properties are shown in Table 2. Mechanical
properties and thickness swelling were both affected by density, according to
statistical analysis. Except for MOR in the major axis, strand size did not affect
mechanical properties and thickness swelling. Except for MOR in the minor axis,
all mechanical properties and thickness swelling were found to be affected signifi-
cantly by resin content. Except for internal bond, there is no significant difference
in the interaction between board density and strand size. The interaction between
board density and resin content showed a similar pattern. Despite this, there was
no significant difference in the interaction between strand size and resin, with the
exception of MOE in the major axis and internal bond strength. In the interaction
of all main factors, no significant effect was found.

3. Effects of board density

The effect of board density on mechanical properties are given in Figure 4. The
mechanical properties showed higher value with increase in board density. The
mechanical properties are significantly different at p < 0.05, according to the t-test
comparison. With increasing board density, the values of MOR and MOE in major
and minor axes of each board increased almost linearly. The MOR in the major axis
was approximately 2.6 times that of the minor axis. In MOE, a similar trend in density
effects was seen. According to [6] the values of MOR and MOE determined in the par-
allel direction are approximately 40-50% greater than the values determined in the
perpendicular direction. MOR major axis, MOE major axis, MOR minor axis, MOE
minor axis, and internal bond increased with increased board density (r = 0.68**,
0.59**, 0.56**, 0.50**, and 0.61**, respectively) according to correlation analysis
(Table 3). According to [7], board density was one of the most critical elements influ-
encing particleboard mechanical properties. In wood composites, board density is the
most important component for board structure to sustain load, so increasing density
means increasing material resistance to outside forces and achieving strong composite
unit contacts for improved bonding strength Study by [8] investigated three different
board densities (0.53, 0.66 and 0.78 gcm ™) and found that mechanical properties
increased as panel specific gravity increased for douglas-fir flakeboards.
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Figure 4.
Effect of board density on bending properties.
Major axis Minor axis
Variable MOR MOE MOR MOE 1B TS (%)
(MPa) (MPa) (MPa) (MPa) (MPa)
Density 0.68** 0.59** 0.56** 0.50** 0.61** 0.30*
Strand Size —0.18 ns —0.04 ns —0.18 ns 0.06 ns —0.01ns —0.02 ns
Resin 0.27* 0.40** 0.09 ns 0.29* 0.52** -0.40**

Note: ns = no significant correlation.
*Correlation is significant at the 0.05 level.
**Correlation is significant at the 0.01 level.

Table 3.
Correlation coefficients of the effect of Strand size, resin content and density on board properties for S1S3 and

S2853.

The internal bond follows a similar pattern to bending properties and has
a significant effect (Figure 5). A positive correlation between board density
and internal bond strength (r = 0.61**) was revealed in the correlation analy-
sis (Table 3). Because the core layer’s strand size (S3) is smaller, it’s easier to
increase the core density, which leads to more intimate contact between strands
and hence stronger internal bonding. Higher amount of materials in a board den-
sity of 800 kgm’3 resulted in a stiffer board. Board density has been studied as
one of the elements that affect the internal bonding of strand composite panels,
according to [9].

Figure 5 also revealed a significant difference in board thickness swelling.
Thickness swelling has a positive correlation with board density (r = 0.30*) accord-
ing to correlation analysis (Table 3). A probable reason for this behaviour is that
when immersed in water, the greater density zone and finer particles in the core
rebound to swell more. When both were constructed with the same wood supply,
greater density boards had more compression set than lower density boards, but
expanded more following immersion in water, according to [10]. According to
[11] in their study found a good linear correlation between density and thickness
swelling values. According to [12], OSB thickness swelling not only causes aesthetic
problems in some applications, but it is also linked to a reduction in the material’s
strength and stiffness. However, decreasing board density could increase board
dimensional stability [8].
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Effects of board density on internal bond and thickness swelling.

4, Effects of strand size

Figure 6 shows the effect of strand size on bending properties. There is no
significant difference on bending properties between combination of strand size
of S1S3 and S2S3. Study by [13] discovered that the length of flakes between 5.0
and 7.5 cm had no significant effect on MOR and MOE. This is because smaller
strand sizes provide denser structures between strands in the core part, whereas
larger strand sizes of S1 and S2 act as stress supporters on the board’s face and back.
The lower value of bending properties could be due to the distribution of large
wood strands. Large strands that should improve bending strength may be heavily
disoriented, according to [14], whereas smaller strands that have less influence on
bending strength may be well orientated. Due to additional space or void in the core
layer and adjacent layers of face and back (Figure 7), boards with S1S3 strands have
a higher spring back. Boards with S2S3 strands, on the other hand, had less spring
back because the S2 strand size was smaller, resulting in less void between the S2
and S3 strands. According to [15], the presence and distribution of macro-voids are
governed by the bigger and longer strand, which could be filled by smaller strand
size to close the gap. Increased proportions of smaller strands had a negative impact
on the mechanical properties of the board in general. The mechanical properties
had an insignificant (r = —0.18 ns, —0.04 ns, —0.18 ns, and 0.06 ns) correlation

© ©
Strand size ® 5 & ®©
N o o~ Y
os183 ~ ~ © <
0S2s3
g
b= S 8
P N
] ™~ < L ]
= R o <
> 2 o
5
©
| =]
g
n
MOR MJ MOR Mi MOE MJ MOE Mi

Figure 6.
Effects of Strand size on bending properties.
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Figure7.
Voids within the board.

with strand size, according to the correlation analysis (Table 3). Study by [16]
reported that the MOR and MOE of the boards were not affected greatly with
increase in strand size.

One of the important mechanical properties is internal bond strength. The
majority of failure in the internal bond test on boards manufactured from S1S3
and S2S3 strand size happened in the wood part, not at the adhesive or glue line
(Figure 8). The strand size used in the study had no effect on the internal bond
strength of the boards, according to the statistical analysis (Figure 9). The internal
bond strength showed an insignificant (r = —0.01 ns) correlation with decreasing
strand size, according to the correlation analysis (Table 3). Internal bond strength
did not increase for boards with 30% fines content, and even reduced as fines
content was increased to 45%, according to [17]. This is likely owing to poor bond-
ing, resulting in less resin covering on the surfaces of wood fines. According to
[18], wood elements are deposited randomly over the horizontal plane in a more or
less layer-by-layer way throughout the hand-forming process, and voids can result
between any adjacent elements in any layer. The number of these voids decreases in
a unit area within one layer as flake size rises, whereas void size increases.

The strand size showed no significant effect on thickness swelling readings after
a24-hour soak at a 95% significant level (Figure 9). The results demonstrate that
S2S3 boards with a combination of strand sizes outperformed S1S3 boards with a

Wood
failure

Figure 8.
Failure occurred in the wood portion.
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Figure 9.
Effects of Strand size on internal bond and thickness swelling.

variety of strand sizes. The statistical analysis revealed that bigger strand size of
S1and S2 strand sizes in the face and back layers had an excellent role in prevent-
ing the board from swelling further, with no significant different between boards
manufactured with S1S3 and S2S3 strands. The use of strand sizes of S1, S2, and
S3 to maximise recovery without jeopardising board attributes was demonstrated
in this treatment technique. The thickness swelling values showed insignificant
(r = —0.02 ns) correlation with strand size, according to the correlation analysis
(Table 3). The thickness swelling of smaller strand size at the core center of the
OSB was higher than that in the surface region, according to [19].

5. Effects of resin content

The influence of resin content on bending properties is shown in Figure 10.
MOR values in major axis and MOE values in both major and minor axes shows
significant difference according to the statistical analysis. With increased resin
content, however, MOR exhibits no significant difference in minor axis. The bend-
ing properties of MOR in major axis, MOE in major axis, MOR in minor axis, and
MOE in minor axis all show a positive association with increased of resin content
(r=0.27%r=0.40",r=0.09 ns,and r = 0.29%, respectively) according to the
correlation analysis (Table 3). Insufficient resin is available to bond smaller strand
sizes, resulting in lower performance by 7% resin content, especially for S2 and S3.
Because smaller strand sizes absorb more resin and create uneven resin distribution
among smaller strands during the blending process, higher board density and the
presence of smaller strand sizes resulted in less bonding contact. Smaller strand sizes
or particles resulted in insufficient resin coverage on the surface, resulting in poor
strength [20-23]. Nonetheless, in terms of rupture property, the boards with 7%
resin content are comparable to boards with 9% resin content. As a result, it might
be possible to make the boards with a lower resin level. According to [24], high-cost
resin adhesives must be applied at appropriate rates to ensure both the product’s
exceptional qualities and its economic viability. When considering reduced applica-
tion rates, the composite’s improved performance and quality must be maintained.

Figure 11 indicates that increasing the resin content shows a significant differ-
ence on internal bond strength. A positive correlation between resin content and
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Effects of resin content on bending properties.
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Figure 11.
Effects of resin content on internal bond and thickness swelling.

internal bond strength (r = 0.52**) was also discovered in the correlation analysis
(Table 3), indicating that increasing resin content improved bonding perfor-
mance. According to the findings, a high resin content is required for successful
bonding, particularly for small strand geometry (S3; core layer). When insuf-
ficient resin content is employed, high levels of wood fines in the core layer might
contribute to lower internal bond strength, according to [17]. According to a study
by [20], finer particles in high-density surface zones required far less resin than
coarser particles in lower-density core sections. This finding highlights the need
of good bond formation, which may be achieved with the right board forming
parameters.

After 24 hours of immersion in water, boards with 9% resin content show sig-
nificantly lower thickness swelling (Figure 11). The thickness swelling was reduced
by increasing the resin content. When the resin content was increased to 9%, the
dimensional stability of the boards was significantly improved (19%). The correla-
tion analysis (Table 3) also demonstrated that resin content and thickness swelling
have a negative relationship (r = —0.40**). When the board is immersed in water,
it becomes dimensionally unstable, and increasing the resin content improves the
board’s resistance to water exposure. According to [25] normally, board decreases in
thickness-swell with the increase of resin content.
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6. Conclusions

Based on the findings of this study, OSB made from smaller strands size of
Leucaena leucocephala as core layers demonstrated good physical and mechanical
properties. All boards produced were complied with the standard requirement
values MOE, MOR, internal bond strength and thickness swelling in accordance to
EN 300 Standard for general purpose (type OSB/1) which are used as the sheathing
materials for walls, floors, roofs, general construction and renovation work.
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Effect of Materials Content on
Dimensional Stability, Nano
Roughness and Interfaced
Morphology for Virgin or Recycled
Polypropylene Based Wood
Composites

Shamsul Haq

Abstract

The compositions of mango wood-polypropylene composites (WPCs) are
formulated, with different compositions of virgin polypropylene (PP) or recycled
PP, mango wood waste and a coupling agent. The compositions are fabricated via
melt extrusion compounding pursued by injection hot molding. The tests of the
prepared compositions are carried out for, water absorption, thickness swelling,
surface properties at a nano-scale and interfaced morphology. Comparative study
of WPCs composition has done on respective properties. All processing variable
conditions are constant for different compositions. The recycled PP based wood
composites with or without the coupling agent possessed superior properties in
comparison to virgin PP based composites. FESEM images show that coupled com-
posite is having the better bonding strength and smoothness along with a higher
dimensional stability in comparison to none coupled composite. Future endeavor
should be focused on optimizing the composition of reinforcement wood and
recycled plastics matrix according to intended application. The quality of WPCs can
also be improved with the co-ordination of latest development in technology and
processing technique relevant to them. WPCs study supports “turning waste into
something useful”. This provides the mileage in price performance ratio and also the
product’s environmental footprints to be adjusted to suit the products application.

Keywords: polymer wood composites, interface morphology, nanoscale roughness,
water absorption, sustainability, wood-based products

1. Introduction

Wooden materials are one of the firstly natural construction materials, as
utilized by the human being. It is used in most of the cases. But it is applied in maxi-
mum cases, according to the traditional approach methodologies. This is showed by
past experience and utilization tactics of wood. As a view of the above, in the field
of engineering perspective and application, wood and the wood-based material
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is one of the low tech or second tier materials. But the fact is that the exploitation
of wooden based material uninterrupted to steadily expand in construction and
structural field. To reduce the consumption of neat wood or tree plant, many of the
approaches are developed to create wood based material for sustained in differ-

ent engineering applications. One of the approaches is based on the combination
wood material with other material. Wood composites are based on a component of
wood and thermoplastic are gaining an importance in the current century. Wood
plastic composites are one of the newly developed materials for the different field
of application. It is still a very new material in comparisons to the long history of
natural lumber as a construction material and plastics.

The wooden article is readily biodegradable and renewable. On the other hand,
thermoplastic has an option for the recyclability. For wood plastic composites
(WPCs), thermoplastic and wood combinations have exerted enough pressure
recently to develop the WPC products, due to their favorable properties, processing
characteristics and eco-friendly advantages [1, 2]. Polypropylene (PP) belongs to
the polyolefin family and most widely used plastics today. It is also light in weight.
In WPCs, thermoplastics and wood flours are acting as a matrix and reinforce-
ment materials respectively [3-5]. The filler wood flour has bearded the load
across its interface with the matrix and procures the WPCs against break-down
under the applied loads [6, 7]. Most of the physical and mechanical properties are
broadly investigated and listed in the previous research works in this field [8-14].
Hygroscopic thickness swelling of composites was estimated for 50:50 wood
plastic ratios [14]. Influence of artificial UV conditioning on the roughness of the
composite was estimated for one composition of wood and PP [15]. Roughness
characteristics of such like WPCs should be investigated for finding out its bonding
and finishing properties [16, 17]. Also, WPCs are used in many interior and exterior
applications. WPCs are gaining increasing potential in many construction applica-
tions including decking, fencing, (Figure 1) siding, paneling, furniture industries,
windows, doors, siding, sign board, barrier, cabinet etc. In general, WPCs may
be used in almost all application where wood or plastic already are utilized. Also,
improving the performance of WPCs materials, additives may be used for the dif-
ferent function such like as Lubricant, pigments, colorant, an anti-microbial agent,
antioxidants, UV stabilizer, fire retardants agent, coupling agent, stabilizers etc.
Surface quality and dimensional stability of wood-based panels are one of the most

Figure 1.
Fencing and deck board made from WPCs.
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important characteristics. It is stimulated by the manufacturing processes or their
adhesive strength and also performs an important preface in the determination of
the attributed product for an ultimate application. Therefore minute observation of
dimensional stability, surface roughness and interfaced morphology of these WPCs
materials is desirable. The objective of this work is to study various compositions of
WPCs, fabricated by mango (scientific name-Mangifera indica) wood waste, virgin
(v) PP, recycled (r) PP and maleic anhydride polypropylene (MAPP). Fabricated
compositions of WPCs are compared and correlated in terms of water absorption,
thickness swelling, nano-roughness and interface morphology. Also, estimated the
effect of mango wood flour, vPP and rPP quantities are on the abovementioned
properties. Effect of coupling agent on mango wood-PP composites is also studied
in rPP matrix based compositions. Surface roughness parameters, roughness profile
and 3D surface variations have analyzed the roughness of compositions.

The developments in the quality life of peoples are provided through better
uses and exercises on available unutilized or utilized resources. From ancient times
humans have fabricated wood and wood-based products as the most available
materials in the surrounding. However, led to environmental consciousnesses are
in exclusively on recycling of utilized materials, degeneration in forest resources
and warming in global condition. These factors have forced the peoples to make
efforts to form bio-composites from waste wood resources or non-wood residues
[11]. Similarly, the plastic waste which is a major part of municipal solid waste
(MSW) should also be utilized. In past research work, efforts have been made to
utilize these waste thermoplastics and wood in sequence to decrease the eco-system
imbalance and production of the neat plastics and wood. The important factor
for promoting the recycling of a waste plastic product is to achieve an appropriate
composition with the intended application. Worldwide environmental degradation
motivated the researchers to focus on fabrication of the materials using several
recycled and waste stream [2, 18]. Also, WPCs product can be re-molded under the
application of heat many times after the useful service [19]. Correlation between
nano-roughness and dimensional stability of above like mango-PP composites are
not admitted as much as other engineered materials. So this study concerned for the
surface, stability and interface between mango wood flour and polypropylene.

2. Materials, fabrication, and experimentation

Wood flour is biodegradable and cheap in cost, with low density and abrasion in
comparison to synthetic reinforcement [20]. Mango wood sawdust waste is pro-
cured from the local Kanpur (U.P. India) saw mill. It is heated at 100°C for 2 hours
in order to remove the moisture content up to less than 3%. The Sieve analysis is
performed with 50 and 30 mesh sieve and the corresponding size of the wood par-
ticles are found between 297 pm < D <595 pm. Thermal degradation temperature
of the wood flour is 200° C [21, 22], hence there is no mass loss at the processing
and molding temperature in this study. Lubricant Zinc stearate (C36H7004Zn)
helps to improve the flow of melt in mold and also worked as a mold releasing
agent. Polypropylene is obtained from the RIL, India. Recycled and virgin PP is
used in this study. PP granules are heated in an oven at 50°C for 8 hours before melt
compounding with reinforcing flours. It is a homopolymer, h10 ma grades with
a density of 0.9 g/cm®. MFI of PP is 11.9 + 0.29 g/10 minute according to ASTM
D1238. MAPP worked as a compatibilizer or coupling agent to WPCs. It is procured
from Defense Material & Stores Research and Development Establishment Kanpur.
MAPP (with Mw -9, 100 by GPC, Mn - 3, 800 by GPC and maleated anhydride
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1.5 wt.%) is used in this study. Twin screw micro conical co-rotating extruder is
used for the melt compounding of the flours of wood with v or r PP and MAPP.
Haake mini CTWS5 lab performed the melt compounding and produced WPCs
blend. Composites are formulated by the weight ratio in percentage. The different
compositions and their codes are given in Table 1 [23]. The twin screw with speed
of 65 revolutions per minutes in the co-rotating extruder, compounding in the
house is for two minutes and temperature range (start to end) in the chamber is 175
to 180°C. Same machine parameters are applied for the compounding of both wood
flour with rPP or vPP and MAPP. The conical co-rotating twin screw, intercepted
the agglomeration from start to end at the various stages of compounding due to its
design characteristic. Haake mini jet micro injection molding is used to fabricate
WPC samples as per ASTM standard by the molding of WPC blend or pellets. The
temperature of the cylinder is about 188 to 190°C and of a mold is 55°C. The pres-
sure of 450 bars is maintained for 7 sec. at the cylinder formfull filling the cavity of
the mold.

Dimensional-stability (water absorption and thickness swelling) test is fol-
lowed the ASTMD570-98 [24]. In this test, samples are immersed in a container
of distilled water for 2 hours and then for 24 hours, at a temperature about 23
1°C. All surface waters are wiped off with a dry cloth before all measurements.
Surface topography measured by the attractive forces between the probe and the
sample in a non-contact mode by AFM (Agilent Technologies, USA) at nano-level.
AFM provides three-dimensional image and highresolution information. AFM
cantilevers are fabricated with an integrated sharp tip of silicon nitride. The Agilent
AFM, raster scanning in the X and Y axes, tip in the Z axis and produces the 2D
profile and 3D surface structure of the composites. Surface roughness parameters
data followed by ISO 4287 standards. It scans about 2 x 2 pm surface area of the
sample. AFM produces the result with high accuracy and calibration but used with
a limitation of little region scanning. AFM has collected a roughness parameter (Ra,
Rz, and Rmax), 3D surface structure and roughness profile at a nanoscale [25]. The
fracture interface of the samples arem characterized by FESEM, DMSRDE Kanpur.
The scanning data between the interfaces of cracked composites are analyzed at
500x magnifications.

S.No. Code for WPCs Polypropylene Polypropylene Mango MAPP
samples composition form content flour (CA)
content content

Mango wood flour — polypropylene composites

1 I vPP100 virgin 100 0 0
2. II rPP100 recycle 100 0 0
3. 11 vPP70W30 virgin 70 30 0
4. v rPP70W30 recycle 70 30 0
5. \4 vPP60W40 virgin 60 40 0
6. VI rPP60W40 recycle 60 40 0
7. VIl vPP50W50 virgin 50 50 0
8. VIII rPP50W50 recycle 50 50 0
9. IX rPP47W50CA3 recycle 47 50 3
10. X rPP45W50CA5 recycle 45 50 5
Table 1.

WPCs formulations of sample given below in table (percentage by weight).
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3. Results and observation
3.1 Dimensional stability

Water absorption and thickness swelling of the compositions is examined
for both rPP and vPP based WPCs. The dimensional stability test is also done in
coupled composites. Data from the test is presented in Tables 2 and 3. It is found
that the water absorption, increased with the higher quantity of mango flour in
the WPCs composition. This trend is exactly right for both 2 and 24 hours water
immersion for all samples. It is also calculated that the water absorption for 2 hours
immersion increases from 0.02 to 6.51%, and after 24 hours water immersion, the
water absorption rises from 0.056 to 9.08% dependent on the wood-plastic com-
posite compositions. Sample V has a value of 3.72% and 7.46% and VI has a value
of 3.38% and 7.04% for 2 hours and 24 hours respectively. It is established that rPP
have lesser water absorption in comparisons to those fabricate of vPP for same
plastic to a wood composition. The same behavior is pursued by sample III, IV, VII
and VIII. Dispersion of wood flour and interface bonding, due to the existence of
oxidized impurities are improved for rPP based composites [26]. The stability is
increased by the presence of oxidized impurities in rPP by the development of ester
bond with wood flour. So that micro gaps or crack at across the interface between
the reinforcing flour and rPP matrix are reduced. It has provided a lower surface
wetting for the same. That is why the dimensional stability of rPP based WPCs are
higher than vPP based. It is pointed that the MAPP can significantly reduce the
water absorption. This trend is followed by the samples IX and X for rPP based
composites. In addition, the sample VIII exhibited more water absorption than
sample VI. This shows that the composites made from higher plastic content have
less water absorption.

It is also true for vPP based composites. This is due to the hydrophobic proper-
ties of polypropylene because it is covered the functional polar hydroxyls groups of
wood flours and made chemically in active.

The composition of WPCs with high water absorption displayed higher thick-
ness swelling for all sample compositions. The result of thickness swelling test is

Composite sample code Water absorption (%)

(2 hours) (24 hours)
I 0.024 (0.026) 0.078 (0.039)
II 0.02 (0.0245) 0.056 (0.0167)
111 2.88 (0.335) 5.94 (0.152)
v 2.48 (0.192) 546 (0.114)
\ 3.72 (0.165) 746 (0.207)
VI 3.38 (0.134) 7.04 (0.294)
VIl 6.51 (0.222) 9.08 (0.228)
VIII 613 (0.12) 8.52(0.13)
IX 3.38 (0.148) 6.6 (0.424)
X 2.7 (0.158) 5.63 (0.403)

The numbers in parenthesis are standard deviation value.

Table 2.
Result from water absorption test of the WPCs.
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Composite sample code Thickness swelling (%)

(2 hours) (24 hours)
I 0.0125 (0.017) 0.0625 (0.022)
11 0.0063 (0.014) 0.05 (0.028)
111 2.07 (0.198) 5.16 (0.247)
v 1.69 (0.175) 4.7 (0.214)
\ 2.85(0.164) 6.68 (0.376)
VI 2,57 (0.194) 6.26 (0.408)
Vil 5.46 (0.199) 8.44 (0.247)
VIII 4.78 (0.219) 8.01(0.215)
IX 249 (0.218) 6.1(0.313)
X 2.08 (0.186) 5.19 (0.204)

The numbers in parenthesis ave standard deviation value.

Table 3.
Result from thickness swelling test of the WPCs.

presented in Table 3. The existence of other polar groups and hydroxyl in several
constituent elements of wood produces the poor compatibility between hydro-
phobic polypropylene and hydrophilic wood. So that, these wood-plastic based
composites have the ability to take up water under humid environment due to

the availability of various hydroxyl groups present for interaction via hydrogen
bonding with water molecules. MAPP treated composition shows, lower thickness
swell than the composition with the absence of MAPP at the same wood content.
The anhydride moieties of MAPP enters into with hydrophilic groups of mango
wood through an esterification reaction [27]. It forms monoester and diester bond
between a wood particle and thermoplastic, consequential improve the compat-
ibility. This is reduced water absorption sites in MAPP coupled compositions.
Above properties of rPP based composites are improved by adding 3 to 5% coupling
agent (MAPP).

3.2 Surface characterization

The roughness properties of composition at a nano-scale are estimated by the
Average roughness (Ra), maximum roughness (Rmax) and mean peak-to-valley
height (Rz) using AFM. The roughness parameters of mean values of are given in
Table 4. The sample V and VII have reinforcing flour quantity 40 and 50 per-
centage respectively. The Ra values of sample V and VII are 1.47 nm and 2.38 nm
respectively. It is clear from the above Ra values that with the decrease of plastic
quantity from 60-50%, Ra value increases for the WPCs samples. A similar trend
is also followed by rPP based wood composition VI and VIII. Roughnesses of the
WPCs composition are significantly higher by the increase in the wood flour quan-
tity for all composition of WPCs. On the other side, the Ra value of the sample VII
and VIII are found to be 2.38 nm and 1.63 nm respectively. From these Ra values
of sample VII and VIII, it can be concluded that vPP based composite has a more
roughness in comparison to rPP based WPCs. The same trend is followed by the
sample V and VL. It is because of the well dispersed wood flour in the rPP matrix
[28]. Resultantly, rPP based WPCs obtained a good interfacial bonding between
wood reinforcement and rPP matrices. Due to which, Ra value is lower for rPP
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Composites code Roughness parameters (mean value) (nm)
Ra Rz Rmax
\% 147 4.97 9.95
VI 0.952 242 4.15
viI 238 912 16.4
VIII 1.63 392 8.18
X 0.74 2.59 3.64
Table 4.

Mean value of roughness parameters.

based composition. The roughness parameters (Rz and Rmax) also pursued the
same trend of Ra result for samples.

The influence of coupling agent upon the roughness characteristics of WPCs
composition VIII is also analyzed. With the addition of 5% MAPP, a roughness
of the surface is decreased. Sample X has surface parameters, Ra, Rz, and Rmax
values 0.74 nm, 2.59 nm, and 3.64 nm while VIII has values of 1.63 nm, 3.92 nm, and
8.18 nm. This proves that sample X has a smoother surface than sample VIII. This
result shows the effect of MAPP and confirms the improvement of the interface
bonding between the flours of wood and the rPP matrices for the sample [27, 29].

Particular roughness profile and the 3D surface variation of WPCs sample V, VI,
VII, VIII and X also supported the result for the roughness parameters. 3D rough-
ness variation is shown in Figure 2. Also, it must be noted that profile of a tip probe
upon the surface does evaluate the variation in the roughness profile. 3D roughness
image shows an actual 3D morphology of the zigzag structure for the respective
composition at a nano-scale.

3.3 FESEM analysis

Mango wood flour of a weight ratio of 50% with vPP and rPP matrix is shown
by FESEM morphology in Figure 3 (VII) and (VIII) respectively. Outcomes of
this morphology that interface bonding between vPP mango wood flour and rPP
mango wood flour are showing a distinct lumen, cavity and gaps for sample VII and
VIIL. The pattern of Figure 3 (VII) and (VIII) shows that the wood flours are so
inadequately connected to the PP matrix. So it is recommended that the interface
across the reinforcing flour and PP matrices are poorer due to the bad compatibility
and dispersion. Mango wood flour shows a better and uniform dispersion with
rPP matrix (sample VIII) in comparison to vPP matrix (sample VII). Because the
mango reinforcement is in filling the small cavity and micro-gaps in the rPP matrix.
Mechanical interlocking is improved due to better-dispersed flours filler in the rPP
matrices [28]. So it possesses good entanglement in connections at the interface for
composition VIII.

Image of coupled composite sample X in Figure 3 (X) displayed no apparent cav-
ity between reinforcement and matrix materials which indicates, the strong bond at
the interface. It is observed from the morphology of sample X that there is a much
little magnitude of ragged matrices, informing that the composite X is stable than
those VII and VIII composites which have no coupling agent. The meshes of MAPP
(coupling agent) are developed at the interface and fill the gaps. There is a lowest
aggregation in the MAPP coupled composites. While in non-coupled composite,
wood flour set out the aggregates for sample VIII. The presence of the -OH groups
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¥ =2 um
Z=407 m

Figure 2.
3D surface structures for sample V, VI, VII, VIII, and X respectively.
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Figure 3.
FESEM morphology of interface for sample VII, VIII and X respectively.

in the reinforcement flour, create hydrogen bonds and tempted to each other [19].
The addition of MAPP has certainly altered the chemical character of the wood
flour surface [27] and improved crystallinity of the structure [23]. It is favorable for
densification and reduces the roughness of WPCs [16, 26]. This enhances in turned
the dimensional stability as well as surface smoothness.

4. Conclusions
Water absorption of the composites based on rPP is lower for those based on
vPP in all set. Also, rPP based compositions show better smoothness in com-

parison to vPP based compositions. The coupling agent is improving the surface
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characteristics, highest in the same class and decreasing the water absorption in rPP
based composites. This is reduced water absorption [(6.13% to 3.38% and 8.52% to
6.6%) & (6.13% to 2.7% and 8.53% to 5.63%)] for 2 h and 24 h and with addition

of 3 and 5% MAPP respectively. The performance of surface roughness and water
absorption of composites improved with reducing plastic content. The rPP based
compositions displayed a better outcome in the same class either with MAPP or
without MAPP, observed from the experimentations. FESEM interface images
morphology is also validating the results. The Present research work demonstrates
that all WPCs compositions which have lower water absorption or better dimen-
sional stability shows higher smoothness and dense interface morphology and vice
versa. The intended application of WPCs is suitable, where dimensional stability
and smoothness condition merits are important especially in humid condition.
Formulation contents and raw materials characteristics directly affect the quality of
above properties. The present study will be further helpful for Wood based prod-
ucts development and construction applications.
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Chapter12

Wood Plastic Composites: Their
Properties and Applications

Kaimeng Xu, Guanben Du and Siqun Wang

Abstract

Wood plastic composites (WPCs) is one of crucial and potential engineering
wood products that has been extensively employed in the fields of landscape,
transportation, municipal engineering and building construction. It has gradually
been used to replace the conventional wood-based composites. This chapter aims
to introduce the properties and development of WPCs and illustrate how defects in
their mechanical properties, biological and aging resistance, and flame retardance
affect their global development. Herein, the effects on the biological durability of
WPCs against algae, mold, fungi, and termites made with various wood species
with different chemical extractive compositions, the natural weathering perfor-
mance of WPCs and the mechanisms of protection against ultraviolet light and
moisture, the effectiveness and mechanism of reinforcement of WPCs by novel
alloy modification of linear and aromatic polyamides are reviewed. Additionally,
the flame retardance properties, common testing methods as well as the perfor-
mances of novel flame retardants for WPCs, are comparatively described. Lastly,
the limitations and prospects of WPCs in future construction applications are also
discussed.

Keywords: wood plastic composites, natural durability, reinforcement,
flame retardance

1. Introduction

Under the global background of shortage crisis of forestry and fossil oil
resources, it is estimated that there is an expectation for the application of natural
fiber-reinforced composites from 12% in 2010 to 18% and 25% by 2020 and 2030,
respectively [1]. With the fast-growing demands of engineering wood products for
various applications, wood plastic composites (commonly abbreviated as WPC), as
the most important one of natural fiber-reinforced composites, mainly produced
by the thermoplastic polymers (polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC) and polystyrene (PS)) and the biomass particles and fibers from
forestry and agricultural wastes (wood, bamboo, straw, stalk, husk and bast),
which have been well considered as a crucial and novel candidate for residential and
industrial constructions [2, 3]. WPC with a unique combination of advantages from
wood and plastic has been extensively employed in landscaping facility, transporta-
tion, packaging, municipal engineering as well as the inner-outer decoration and
structure of building [4-6], as seen in Figures 1-3. In recent years, WPC begins to
partially replace some conventional and novel engineered wood products like wood

197 IntechOpen



Engineered Wood Products for Construction

Figure 1.
The applications of WPC in various building construction.

Figure 2.
The applications of WPC in the indoor or outdoor ceilings and sidings.

veneer (WV), particle board (PB), medium-density fiber board (MDF), plywood
(PW), oriented strand board (OSB) and laminated veneer lumber (LVL) [7].

In the initial developing period of WPC, manufacturers claim that there
are many advantages for WPC including high strength and modulus, excellent
dimensional stability, outstanding biological (fungi and termite) resistance and
low maintenance requirement [8-10]. Hydrophilic biomass particles or fibers can
be effectively encapsulated by hydrophobic thermoplastic resin to provide well
protection against biological invasion. Although it had to be admitted that there was
a superior weathering and biological durability for WPC than solid wood, natural
aging and biological degradation of WPC by common microorganisms (mold, algae
and decaying fungi) and harmful termites indeed can be observed with the damage
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Figure 3.
The applications of WPC in the furniture, kitchen, and bathroom products.

of its external layer and interfacial bonding under the appropriate circumstance

like mild ambient temperature, high humidity and oxygen content as well as strong
ultraviolet (UV) radiation [11]. Meanwhile, the insufficient mechanical properties
and poor flame retardance due to weak interfacial compatibility, high fire sensitivity
of polyolefin resins and the strength limitation of conventional resins were gradu-
ally exposed as the service time of WPC extended, which may lead to potential
failures and serious accidents in engineering construction.

Recently, a growing interest for WPC used in the field of construction becomes
more popular with pervasive consciousness of environmental protection and
sustainability. To further improve the mechanical properties, durability and flame
retardance, selection of wood species with various extractives, alloy modification
with linear and aromatic polyamides as well as the addition of flame retardants with
single and synergistic effectiveness have been reported. This provides a significant
technological support for WPC’s future use in the construction.

2. Natural durability of WPC
2.1 Biological durability of WPC

The ever-expanding commercial market for WPC products in exterior construc-
tion engineering applications has placed more spotlights on improving the biologi-
cal durability and lifetime of WPCs. The wood component of WPCs is considered
as common fiber fillers with similar properties, including renewability, low density,
high specific strength, and hydrophilicity. In fact, the species of wood plays a
critical role in the comprehensive properties of WPCs, in addition to other factors,
such as the plastic type, particle size, additives, and processing technology. Termites
and other microorganisms, such as mold and fungi, can decrease the esthetic
quality and mechanical strength of WPCs through discoloration and degradation
by chemically altering the structures of lignin, hemicellulose, and cellulose fibers
in the wood [12, 13]. However, algae colonization only affects the outer appearance
of the WPC instead of the inner interfacial bonding [14]. To promote the quality
and prolong the service time of the entire WPC structure, more attention needs
to be paid to improving the biological durability during the engineering of the
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composites in the future. The chemical composition of wood extractives, such as
tannins, fatty acids, aldehydes, ketones, sugars, and starches, have been reported to
have both a negative and positive effect on the susceptibility of WPC to microbial
invasion [11, 15, 16].
Despite of continuing emergence of new publications in this field, there are few

reports on how the identity of the wood species affects the biological durability

of WPCs. Different wood species contain varying compositions of volatile chemi-
cal components. The high toxicities of some natural wood extractives have been
shown to exhibit a positive effect on the resistance of WPCs to microorganisms. The
susceptibility of mold in PVC-based WPCs containing maple wood was found to be
higher than the analogous WPCs made with pine wood [17]. Gloeophyllum trabeum
(brown rot) demonstrated significantly higher mass losses in PE-based WPCs com-
pared to Trametes versicolor (white rot). The ranking for the white rot testing fungus
for the WPCs made by five wood species was Douglas-fir > black locust > white oak
> ponderosa pine > poplar, while the ranking for the brown rot testing fungus was
black locust > white oak > ponderosa pine > Douglas-fir > poplar [18]. PP-based
WPCs made from maple or oak were more susceptible to fungus than the PP-based
WPCs made with pine [19]. PE-based WPCs containing Parthenium argentatum,
Parthenium incanum, and Parthenium tomentosum fibers displayed better termite
resistance compared to the WPCs containing pine fiber, with mass losses of 7%, 6%,
and 5%, respectively. PVC-based WPCs filled with different wood species exhibited
varying resistance levels to four common biological organisms, including algae,
fungi, mold, and termites, as shown in Figures 4-7. The trend for the algal resis-
tance was: Liquidambar formosana > Cunninghamia lanceolata and Melaleuca leuca-
dendra > Eucalyptus grandis x Eucalyptus urophylla and Pinus massoniana. The trend
for the fungal resistance to Coriolus versioolor was: Cunninghamia lanceolata > Pinus
massoniana > Melaleuca leucadendra > Liquidambar formosana > Eucalyptus gran-

dis x Eucalyptus urophylla; for the fungal species Poria vaporaria, the trend was:
Cunninghamia lanceolata > Eucalyptus grandis x Eucalyptus urophylla, Melaleuca
leucadendra, Pinus massoniana > Liquidambar formosana. The trend for the mold
resistance was: Cunninghamia lanceolata and Melaleuca leucadendra > Eucalyptus
grandis x Eucalyptus urophylla > Pinus massoniana > Liquidambar formosana. The
trend for the termite resistance was: Cunninghamia lanceolata > Melaleuca leuca-
dendra > Eucalyptus grandis x Eucalyptus urophylla > Liquidambar formosana > Pinus
massoniana [11, 14, 20].

Figure 4.

The decay resistance to Coriolus versioolor (in lowercase) and Poria vaporaria (in capital) testing of PVC-
based WPC filled with different wood species: (a) Cunninghamia lanceolata, (b) Melaleuca leucadendra,
(c) Eucalyptus grandis x E. urophylla, (d) Pinus massoniana, (¢) Liquidambar formosana [20].
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b

Figure 5.

The algae resistance of PVC-based WPC filled with different wood species: (a) Cunninghamia lanceolata,

(b) Melaleuca leucadendra, (¢) Eucalyptus grandis x E. urophylla, (4) Pinus massoniana, (¢) Liquidambar
formosana [14].

Figure 6.

The mound resistance of PVC-based WPC filled with different wood species: (a) Cunninghamia lanceolata,
(b) Melaleuca leucadendra, (c) Eucalyptus grandis x E. urophylla, (d) Pinus massoniana, (e) Liquidambar
formosana [11].

Figure7.

The termite vesistance of PVC-based WPC filled with different wood species: (a) Cunninghamia lanceolata,

(b) Melaleuca leucadendra, (c) Eucalyptus grandis x E. urophylla, (4) Pinus massoniana, (e) Liquidambar
formosana [11].

Several functional chemical extractives naturally present in wood variet-
ies can either facilitate or inhibit the biodeterioration of WPCs. For example,
8-propoxycedrane, cedrol, a-cedrene, and p-cedrene in Cunninghamia lanceolata;
2,3-dihydro-2,2-dimethyl-3,7-benzofurandiol, 3-demethylcolchicine, and squa-
lene in Melaleuca leucadendra; 2,3-dihydro-2,2-dimethyl-3,7-benzofurandiol and
stigmast-4-en-3-one in Eucalyptus grandis x Eucalyptus urophylla were conducive
to promoting the biological durability of WPCs. On the contrary, longifolene,
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caryophyllene, and a-pinene in Pinus massoniana; and 4-hydroxy-3,5-dimethoxy-
benzaldehyde, 3,5-dimethoxy-4-hydroxycinnamaldehyde, and cinnamyl cinnamate
in Liquidambar formosana induced biodegradation [11]. Additionally, comparison to
medium-density fiberboard, WPCs were found to demonstrate a better resistance to
termites due to the presence of antifeedants, and there was a higher resistance level
for PVC-based WPCs than for PE-based WPC made with the same wood particles.
The biological durability of the WPC was potentially improved due to the intrinsic
antimicrobial properties of PVC as well as the addition of inorganic fillers into the
composites.

Similar results for the PP-based WPCs filled with poplar, MOSO bamboo, ramin,
pine, gum, cedar, and rubberwood were reported, as observed in Figure 8. There
was a poor mold resistance of the WPC made with MOSO bamboo due to the pres-
ence of 5-hydroxymethylfurfural in the bamboo species. The WPC made with ramin
wood showed high resistance to various mold species, which could be attributed
to the presence of y-sitosterol, cis-9, cis-12-octadecadienoic acid, benzyl alcohol,
and 8-propoxycedrane. However, 4-hydroxy-3-methoxycinnamaldehyde and
dehydroabietic acid were determined to be the crucial chemical components that
mediated the high resistance of WPCs made by pine. The resistance of WPCs made
with gum fillers to molds can be explained by the synergistic effect of y-sitosterol,
stigmast-4-en-3-one, and cedrol. The relatively low fungal resistance of WPCs
filled with rubberwood was attributed to the relatively high content of 5-hydroxy-
methylfurfural. In addition, hinokitiol, cedrol, a-cedrene, thymoquinone, totarol,
p-cedrene, ferruginol, hinokiol, and benzyl alcohol were found to be vital chemical
compounds in WPCs filled with red cedar for manifesting a high resistance of the
composite to molds. The relatively high contents of cedrol, stigmast-4-en-3-one,
and 8-propoxy-cedrane in Chinese fir provided the corresponding WPC with
significant resistance to mold growth. Meanwhile, the relatively low contents of
a-Cedrene, p-cedrene, a-cadinol, and y-sitosterol were beneficial for mitigating the
biodegradation of WPC [21].

2.2 Natural weathering of WPC

The exposure of WPCs to ultraviolet light and moisture represents two signifi-
cant natural weathering sources of WPCs in outdoor applications, which affects

Figure 8.
Mold colonization of PP-based WPC with various wood species: (a) poplay, (b) MOSO-bamboo (c) Chinese
fir (d) Ramin, (e) pine, (f) gum, (g) cedar, (h) rubberwood [21].
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not only the visual appearance of the WPCs but also their mechanical properties by
manifesting deleterious effects such as discoloration, furrows, and separated voids
[22]. The photographs of unweathered and weathered WPCs are shown in Figure 9.
Chromophores naturally present in polymers and biomass generally accelerate
the absorption of UV light, leading to the photodegradation of WPCs. Specifically,
the photo-yellowing discoloration of weathered biomass can be attributed to the
breakdown of lignin into smaller chromophoric monomers, including quinones,
carboxylic acids, and hydroperoxyl radicals [23]. Polymer photochemical degrada-
tion is mediated by chain scission reactions, typically through Norrish Type I and
II reactions (Figure 10). Norrish Type I reactions lead to the formation of free
radicals by the cleavage of the ketones and aldehydes. On the other hand, carbonyl
and vinylic groups are generated by Norrish Type II ring-opening reactions.
Consequently, these photochemical degradation reactions lead to a reduction in
the degree of chain entanglements in the amorphous zone, which results in the

Figure 9.
Photos of HDPE-based WPCs before and after natural weathering [23].
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Figure 10.
The reaction mechanism for photochemical degradation of polymer in WPC [24].
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crystallization of smaller polymeric units and individual monomers, reducing the
mechanical properties of the WPCs [24]. Some chemical additives, such as photo-
stabilizers, antioxidants, and pigments have been incorporated into WPC matrices
to retard the discoloration of the composites.

Moisture in the air, especially during the rainy season, can be easily absorbed
by the hydrophilic biomass particles in WPCs, during which the biomass par-
ticles begin to swell and create micro-voids or cracks in the polymer matrix,
resulting in decreases in both the interfacial adhesion between biomass particles
and plastics and the stress transfer efficiency from the matrix to the fibers
(Figure 11). Therefore, the elastic modulus and flexural strength of the WPCs
gradually decrease. In addition, the individual components of biomass (i.e.,
cellulose, hemicellulose, lignin, and extractives) have varying susceptibilities
to photodegradation. In fact, UV light, warm temperatures, and aerial moisture
typically have a synergistic effect on the natural weathering of WPCs. When
the biomass particles in WPC undergo photodegradation, the surface chemical
groups trend to become more hydrophilic due to the formation of water-soluble
products from the breakdown of lignin. The surface wettability increases
and appears more sensitive to moisture levels. It was also found that the anti-
weathering discoloration of WPC was reinforced after the biomass was extracted
or delignified [25]. The surface roughness of PP-based WPCs before and after
weathering was measured by atomic force microscopy [26], which indicated that
there was an increase in the roughness value after the photodegradation of PP,
leading to the presence of some microcracks in the WPC and the loss of biomass
particles, and a decrease in the interfacial bonding on the weathered surface.

EHT = 1008V SIHZNT EMT = 1.00KV Dele 5 Mar 2007
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Figure 11.

Scanning electron micrographs of various WPCs before and after weathering: a, c. HDPE-based and PP-based
WPC that was unweathered, respectively; b, d: HDPE-based and PP-based WPC that 2-yr exterior-weathered,
respectively [23].
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Many studies have evaluated the natural anti-weathering properties of WPCs
in various applications. WPCs containing 40 wt.% of the polymer demonstrated
better resistance to natural weathering a polymer loading of 50 wt.% [27]. High
humidity also was determined by various researchers to be a principal determinant
of the loss of flexural strength. In WPCs prepared with rubberwood fibers and
several polymeric matrices, including HDPE, LDPE, PVC, PP, and PS, PP- and
PS-based WPCs had the smallest reductions in tensile and flexural strengths of
the WPCs by natural weathering when the mass fraction of polymer was 60 wt.%.
These results demonstrated that PP and PS were the two ideal choices for WPC
engineering applications in which WPCs are required to resist high stresses and
natural weathering [28].

3. Reinforcement on mechanical properties of WPC
3.1 Linear polyamide reinforcement

The unfavorable mechanical properties of WPCs made with conventional PE,
PP and PVC resins led to the placement of restrictions and safety risks on engineer-
ing construction products. Polyamides 6, 66, 1010, and 11 are typical engineering
polymers that exhibit high strength and stiffness, excellent chemical stability, and
outstanding heat resistance, and have the potential to promote the comprehensive
properties of WPCs. PA6/biomass fibers composites have been directly fabricated
by hot compression, extrusion, and injection at temperatures range from 230 to
250°C. However, severe thermal decomposition and poor dispersion of biomass
fillers typically occurred during these manufacturing processes [29-31].

The melting and processing temperature of polyamide polymers can be
decreased by the incorporation of lithium chloride (LiCl). LiCl and either maleic
anhydride-grafted polyethylene (MA-g-PE) or maleic anhydride-grafted poly-
propylene (MA-g-PP) exhibited a synergistic effect on the mechanical strengths
of PE- or PP-based WPCs with the reinforcement of the polyamide resin. Lithium
cations (Li*) can be easily embedded into the amorphous and crystalline phases
of PA6 by the coordination of amide nitrogen or oxygen atoms, thereby breaking
hydrogen bonds and disrupting three-dimensional arrangements. The formation
of the copolymer PA6-g-PE by the condensation of amine functionalities in the PA6
polymer with the grafted anhydrides were found to improve the interfacial bonding
ability between high-density polyethylene (HDPE) and PA6. Li* ions could also be
complexed by the oxygen atoms of the anhydrides, which, too, promoted inter-
facial adhesion. On the other hand, biomass particles with rich hydroxyl groups
synergistically reinforced the hydrogen bonds between PA6 and the wood flour
(WF), underwent esterification reactions with MA-g-PE and WF, and complexed
Li* ions [32]. The total reaction mechanism can be depicted as Figure 12. The
addition of 2 wt%-2.5 wt% LiCl to the MA-g-PE polymer matrix led to a maximum
flexural strength, flexural modulus, and impact strength of the PE-based WPC that
exceeded 100 MPa, 6000 MPa, and 12 kJ/m?, respectively. Similarly, the maximum
flexural strength, flexural modulus, and impact strength of the PP-based WPC with
1 wt% LiCl were 115 MPa, 6500 MPa, and 10 kJ/m?, respectively [33].

Increasing the molecular weight of PA6 is another effective way to improve its
mechanical properties. The reaction of the chain extender 2,2’-(1,4-phenylene)
bis(2-oxazoline) (PBO) with the terminal groups of PA6 was found to increase
the molecular weight PA6 from 33000 to 72800 after the chain extender being
incorporated into the melting polycondensation systems, the mechanism of
which is shown in Figure 13. During the initial stage of chain elongation, the two
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Reaction mechanism diagram of LiCl and MA-g-PE in PE-based WPC [32].

oxazoline rings were opened, which then reacted with the two terminal carbox-
ylic acid groups rather than the amine functionalities of the PA6 polymer, lead-
ing to the extension of the PA6 molecular chains. In addition, hydrogen bonding
between the amide groups in PA6 and the hydroxyl groups in WF, as well as the
noncovalent interactions between the oxygen and nitrogen atoms in PBO and
the hydroxyl groups in WF, enhanced the interfacial bonding ability of PA6 and
WF. PBO and LiCl were simultaneously used to modify the PA6-reinforced WPC,
after which the melting point and processing temperature of PA6 decreased
from 220-190°C and 240-210°C, respectively, which effectively mitigated the
discoloration and thermal decomposition of the WPC. The modification of PA6
by PBO effectively improved the mechanical properties of the WPC by increas-
ing the tensile strength, flexural strength, and modulus by 43%, 30%, and 37%,
respectively [34].

Recently, the incorporation of novel, environmentally friendly polyamide
copolymers matrices PA6/11 containing e-caprolactam and 11-aminoundecanoic
acid into WPC products was studied. The chain extension reactions of the PA6/11
copolymer were inhibited by the generating water from condensation reactions
when the e-caprolactam content was high. The melting temperature of the PA6/11
copolymers with the ratio of 40 to 60 can decreased to 120°C, which enabled the
processing of the WPC below the thermal decomposition temperature of WF. In
addition, when the ratio of PA6:PA11 was 70:30, the corresponding WPC exhibited
outstanding ductility, with a strain at break of 15 to 20% [35].
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Figure 13.
Reaction mechanism diagram of the chain growth of PA6 [34].

The thermal modification of natural biomass fibers by superheated vapor has
also proved to be a green, facile, and effective method for improving the mechanical
and thermo-stable properties of WPCs. During this process, no chemical reactions
ensue between the biomass fibers and exogenous reactants; instead, only chemical
transformations within and between polymers, such as cellulose, hemicellulose and
lignin, occur. Hemicelluloses are often hydrolyzed into oligomeric or monomeric
structures at high temperatures. The hydroxyl groups of cellulose chains, as well as
some chemical bonds that can be broken to form phenolic groups in lignin poly-
mers, resulting in a reduction in the polarity of the biomass fibers and an improve-
ment in their compatibility with non-polar HDPE resins [36]. The modification of
rubber seed shell (RSS)-reinforced HDPE-based WPCs by superheated vapor at
200°C and 220°C is illustrated in Figure 14.

The superheated vapor treatment improved the mechanical strengths and
thermal and dimensional stability of RSS, as well as its compatibility with HDPE.
The fractured cross-section of the RSS/HDPE composites after RSS modification
showed a rough morphology similar to a “thorn” due to strong interactions between
the RSS and the HDPE matrix, such that the RSS fibers were pulled out during
fracturing (Figure 15). The RSS particles modified at 200°C significantly enhanced
the interfacial bonding ability of the RSS/HDPE composites and manifested out-
standing mechanical properties. The flexural and tensile strengths of the RSS/HDPE
composites were increased by 21.27% and 12.92% after modification of the RSS at
200°C and 220°C, respectively [37].

Superheated vapor modification mitigates the severe thermal degradation of
biomass fibers during the heating processing, while the interfacial bonding can be
promoted at the ideal ratio. The fractured surfaces of the PA6/HDPE/WF composite
with HDPE:PAG ratios of 8:2 and 7:3 both exhibited a rough appearance with many
voids and separated structures, corresponding to the poor compatibility among
WF, PA6, and HDPE [38]. These results were consistent with the weak interfacial
bonding of PA6/HDPE/clay composites with when the weight ratio of HDPE:PA6
was 80:20 [39]. However, the HDPE:PA6 compatibility was markedly improved
when the HDPE:PAG6 ratio was 6:4, as the composite exhibited a coarse cross-section
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Figure 14.
The HEPE-based WPC with RSS modified by various superheated vapor temperatures: a. control, b. 200°C,
c. 220°C [37].
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Figure 15.
Micro-morphology of the HDPE/RSS composites with unmodified and modified RSS by superheated vapor:
a. unmodified, b. modified [37].

consistent with “thorns” similarly with Figure 15. The effect could be attributed to
WEF pulling out during fracturing with a strong interfacial bonding as mentioned
above. The PA6 and modified wood fibers synergistically reinforced the interfacial
adhesion only at a 6:4 ratio of HDPE:PA6, which was determined to be the optimal
ratio. The flexural strength and flexural modulus of the PA6/HDPE/WF composite
increased by 82.05% and 64.08%, respectively, compared to the control HDPE-
based WPC. In addition, the tensile and impact strengths increased by 93.47%

and 120.45%, respectively, and the maximum thermal degradation temperatures
corresponding to the first and second decomposition stages increased by 7.17°C and
8.99°C, respectively. Moreover, the water absorption ratio of the PA6/HDPE/WF
composite was controlled within 1.50%. Overall, these results demonstrated that
the HDPE/PA6-modified WF composites have great potential in construction and
building engineering applications as WPC products (Figure 16).

3.2 Aromatic polyamide reinforcement

Poly (p-phenylene terephthalamide), manufactured under the name Kevlar® by
the Dupont corporation, is a linear polyamide featuring additional benzene rings in
the polymer chain. Kevlar fibers (KFs) can be used as another novel reinforcement
for WPC because they are resistant to combustion and have a high specific strength
and modulus, superior toughness, and excellent chemical and thermal stability.
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Figure 16.
The PA6/HDPE/modified WF composites: a. the samples with different vatios in the lab, b. the products in the

factory.

Figure 17.
The Kevlar reinforced HDPE-based WPC: a. HDPE/WEF, b. HDPE/WF/KE, c. the assumed configuration of
KF [40].

While KFs have been incorporated into WF/HDPE composites, their chemical
inertness and low surface energy were found to be deleterious to the interfacial
adhesion of the polymers within the composites. Prior to the addition of KFs, many
voids and holes between the WF and the HDPE matrix on the fractured surface
with the pullout of WF were attributed to poor interfacial adhesion (Figure 17a).
The modification of KFs with allyl and 3-trimethoxysilylpropyl groups improved
the compatibility between the WF and HDPE matrices, resulting in an increase
in the mechanical properties of the composites (Figure 17b). The tensile strength
and modulus of the KFs-reinforced WPC increased to 23.1% and 31.4%, respec-
tively, while the notched and unnotched impact strengths of the reinforced WPC
increased to 42.8% and 52.3%, respectively, when the KF loaded was below 3%
compared to the unmodified WPC. In addition, the alkoxysilane groups on the
KFs can be hydrolyzed to generate silanol groups or siloxane networks, which can
engage in hydrogen bonding with the hydroxyl groups in WF. There was a physical
anchor bonding among the melting of HDPE, KF, and WF. Meanwhile, free-radical
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reactions between HDPE chains and allyl groups may have occurred during the
extrusion process. The flexible KFs with diverse S, ], C, and I configurations is
shown in Figure 17c. The major structural failures included matrix, fiber, and
interface fractures as well as fiber fibrillation and buckling. The various configura-
tions of the KFs contributed to the mechanical interlocking among KF, WF, and
HDPE components, which promoted an efficient stress transfer from the resin
matrix to the KFs. Therefore, the reinforcement of WPCs with KFs can bestow
the WFCs with the strength and toughness required for engineering applications
[40]. However, until now, there has been very limited research conducted in the
field of Kevlar and natural biomass fiber-reinforced composites. Nonetheless, the
incorporation of KFs into WFCs can be considered a promising modification for
the improvement of the mechanical properties of WPCs in various engineering
applications in the future.

4. Flame retardance properties of WPC

The continued development of WPCs for a variety of different engineering
applications, as well as the increased demand for more safety-consciousness prod-
ucts, has necessitated the development of flame-resistant materials as a substitute
for some of the conventional engineering materials used in WPCs. Currently,

PE- and PP-based WPCs are most often utilized in building exterior and outdoor
products because PP and PE both have a high sensitivity to flame, which means they
can quickly burn when ignited, leading to hazardous scenarios. Meanwhile, PVC-
based WPCs are most often used in indoor products; although PVC has a relatively
low flammability and inherent self-inhibited flame properties compared to PE and
PP, PVC often does not comply with the safety requirements and regulations of
governments because it releases a significant amount of toxic smoke while burning.
Thus, it is necessary to improve the flame resistance of WPCs to expand their poten-
tial engineering applications. Many strategies that have been developed to enhance
the flame resistance of WPCs can be divided into two general categories. The first is
the incorporation of fire retardants into biomass particles and polymers during the
compression, injection, and/or extrusion processes. The other strategy entails the
pretreatment of the biomass particles with liquid flame retardants by impregnation,
after which the particles can be combined with the polymers using the conventional
processes.

The major flame retardants used in WPCs include halogenated and nonhaloge-
nated chemicals. The halogenated flame retardants mainly include brominated and
chlorinated molecules that function to reduce the heat release and inhibit combus-
tion by quenching the burning of the materials. Nevertheless, they emit toxic or
corrosive gases that harmful to the environment while burning. Hence, they have
been gradually withdrawn from use because of added pressure from many govern-
ments around the world. In recent years, though, some novel halogen-free flame
retardants like phosphorus-based flame retardants, boron-based flame retardants,
metal hydroxide flame retardants and intumescent flame retardants have been
developed.

4.1 The testing methods of flame retardancy for WPC
Many different evaluation methods of flame retardancy are available for vari-

ous materials, among which the limited oxygen index (LOI), UL-94 V, and cone
calorimeter burning testing are most frequently used for WPC products.
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4.1.1 Limiting oxygen index

The LOI, which is also referred to as the critical oxygen index (COI) or oxygen
index (OI), was first introduced by Fenimore and Martin in 1966. It is defined as
the minimum concentration of oxygen in an atmosphere composed of a mixture
of oxygen (O,) and nitrogen (N,) at 25°C required for supporting the continuous
flaming combustion of a material sample. LOI has been included in several interna-
tional and national standards, such as ISO 4589 and ASTM D2863 [41]. Specifically,
the testing involves placing a WPC sample with a candle-like shape vertically in
a glass column while feeding the sample an atmosphere of O, and N,. After the
WPC sample is ignited from the top, the oxygen concentration is decreased (i.e. the
nitrogen concentration is increased) until the minimum oxygen concentration that
allows for the sustained burning of the sample is determined. Prior to observation
and evaluation, the sample should be at a stable burning stage. The testing can be
considered as an effective result if one of two situations occurs: either the sample
continues burning 3 min after the removal of the fire source or the consumed length
of the sample is within 5 cm [42]; otherwise, a new sample should be retested at an
adjustable O, concentration. The LOI test has been considered one of the most use-
ful testing methods for determining the flame retardance of PE-based and PP-based
WPCs since it can provide a precise rating on a numerical basis.

4.1.2 UL-94V

The UL-94 V method was initially designed to evaluate the flammability of
plastic materials for parts in devices and appliances and is also accepted throughout
the world as a standardized method. Similar to the LOI, it also is used to assess
the flame retardancy of PE-, PP- or PS-based WPCs. In this method, a bar-shaped
sample is placed vertically and held from the top. The sample is ignited twice by
a Bunsen burner, and the total sustained combustion time is recorded after each
burning. A second burning will be conducted if the sample is self-extinguished
after the first burning. Based on the results, the WPCs can typically be classified
into V-0, V-1, and V-2 levels. The V-0 level means that the specimen is extinguished
less than 10 s after it is ignited. The V-1 level corresponds to a maximum com-
bustion time of a sample of less than 50 s without any combustible drips, or the
combustion time for five samples is less than 25 s [43]. Often, standard cotton is
positioned under the sample to determine whether the combustible drips will ignite
the cotton. The sample is classified as V-2 when the combustion times comply with
the requirements of V-1 level, but some of the flammable drips ignite the cotton.

4.1.3 Cone calorimeter

The LOI and UL-94 V methods generally are facile, fast, and reproducible.
However, these methods typically only provide a single test parameter. The test
results cannot be well-quantified and are difficult to correlate with the burn-
ing behavior of the material in a real fire scenario. In addition, the evaluation of
identical materials using different experimental methods can generate conflicting
results. Instead, cone calorimetry is the most effective way to measure and simulate
the flammability behavior of a medium-sized WPC sample, as it provides abundant
test parameters, including the time to ignition (TTI), heat release rate (HRR), mass
loss rate (MLR), total heat release (THR), total smoke release (TSR), and effec-
tive heat of combustion (EHC) [42]. It also can be used to predict the large-scale
testing results in fire-protection engineering, and it is incorporated into various
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international standards like ISO 5660 and ASTM E1354 because of its availability.
The basic principle of cone calorimetry relies on the measurement of decreasing
oxygen concentration in a mixture of gases during the combustion of a sample
exposed to a constant heat flux.

4.2 Flame retardants for WPC
4.2.1 Phosphorus-based flame vetardants

Phosphorus-based flame retardants can be traced back to the nineteenth
century when ammonium phosphate was used to prevent the burning of theater
curtains in France. The surface of wood materials has been coated with a mixture
of phosphoric acid and other curable resins to modify the flammability of various
materials in early Canada. Nowadays, it has become an important flame retardant
for improving the flame resistance of WPCs. Phosphoric acid can facilitate the
formation of char in the condensed phase and reduce the presence of flammable
radicals in the gas phase, which leads to an enhancement of the flame retardance
of WPCs [44]. Several kinds of phosphorus-based flame retardants, including
ammonium polyphosphate (APP), aluminum hypophosphite (AHP), monoam-
monium phosphate (MAP), melamine phosphate (MP), melamine polyphosphate
(MPP), and red phosphorus (RP), have been introduced into the formulations of
polyolefin-based WPCs. Table 1 lists the cone calorimetry testing results for WPCs
containing several phosphorus-based flame retardants. It was concluded that there
APP demonstrated a better flame resistance of WPC compared to DAP and MPP,
while the effectiveness of DAP was lower than MPP.

4.2.2 Boron-based flame vetardants

Boron-based flame retardants, which often contain additional functionalities,
such as smoke suppressants, afterglow suppressants, and antitracking agents, are
early used for cellulose-containing products [50]. However, the use of zinc borates
(ZB) and a mixture of boric acid (BA) and borax (BX) as flame retardant in WPCs

WPC samples Weight TTI pHHR (kW/m?) THR (M]/mz) Reference
ratio (s)
WF/PP 60/40 21 359 87 [45]
WEF/PP/APP 60/40/20 22 208 68 [45]
WF/PP 40/60 19 535 319 [46]
WEF/PP/MPP 36/56/8 20 470 300 [47]
WF/PP 40/60 19 535 319 [46]
WF/PP/DAP 36/56/8 19 495 299 [46]
WF/HDPE 30/70 28 194 71 [48]
WEF/HDPE/APP 30/70/10 19 113 62 [48]
WF/HDPE 40/60 35 422 102 [49]
WEF/HDPE/MPP 40/60/35 36 202 45 [49]
WF/HDPE 40/60 23 523 335 [46]
WEF/HDPE/DAP 37/57/4 22 466 311 [46]
Table 1.

Results of cone calorimeter for polyolefin-based WPC with various phosphorus-based flame retardants.
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has gained more attention. Table 2 lists the cone calorimetry testing results for
WPCs with two typical boron-based flame retardants. PP-based and PE-based
WPCs demonstrated improved fire retardance due to increased TTI and decreased
pHRR and THR values after incorporating ZB and BA-BX. The polyolefin WPC
containing ZB demonstrated a superior effectiveness over BA-BX, but ZB has
been determined to not be an ideal flame retardant for PVC-based WPCs because
PVC has an intrinsic flame resistance given the presence of chlorine atoms in the
polymer [54].

4.2.3 Metal hydroxide flame retardants

Metal hydroxides can consume a significant amount of heat energy from
the surroundings as well as release water during thermal decomposition [55].
Magnesium hydroxide (MH) and aluminum trihydroxide (ATH) are two commonly
used flame retardants in PP-based WPCs. Table 3 lists the cone calorimetry test-
ing results for WPC containing these metal hydroxides. The flame retardance of
the WFC samples with varying weight ratios of WF, PP, and MH were different.
Compared to the control samples, both WFC samples containing MH and AHH
demonstrated a noticeable improvement in their flame resistance due to higher
TTI and lower pHRR and THR values compared to the WFC samples without MH
and AHH.

4.2.4 Expandable graphite (EG) flame vetardants

Expandable graphite (EG) is a layered crystal consisting of sheets of carbon
atoms tightly bound to each other. Some chemicals, such as sulfuric acid and
potassium permanganate, can be inserted into the carbon layers of graphite. When
subjected to heat, EG can expand up to 300 times compared to its original volume,
which produces an insulating layer that can provide excellent flame resistance for
WPCs [58]. EG appeared to be more effective for the polymer component of WPCs
than the WF component when the weight ratios of the two varied from 60:40 to
40:60 (Table 4). Furthermore, EG exhibited the best flame retardance for PP-based
WPC, with the lowest pHRR and THR values, compared to all the flame retardants
mentioned above.

WPC samples Weight TTI pHHR (kW/m?) THR (M]/mz) Reference
ratio (s)
WF/PP 40/58 19 505 253 [51]
WEF/PP/ZB 40/58/10 22 402 237 [51]
WF/PP 40/60 19 535 319 [47]
WEF/PP/BA-BX 37/57/4 20 465 318 [47]
WF/PE 50/45 25 505 373 [52]
WF/PE/ZB 50/35/10 26 320 255 [52]
WF/HDPE 40/60 26 516 319 [46]
WF/HDPE/BA-BX 37/57/4 25 510 320 [46]
WE/PVC 35/58 26 160 49 [53]
WF/PVC/ZB 35/58/6 27 209 43 [53]
Table 2.

Results of cone calorimeter for polyolefin-based WPC with various boron-based flame retardants.
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WPC samples Weight ratio TTI(s) pHHR (KW/m?) THR (MJ/m?) Reference
WE/PP 40/58 19 505 253 [51]
WEF/PP/MH 40/48/10 25 407 249 [51]
WE/PP 50/46.7 21 563 93 [56]
WEF/PP/ATH 50/36.7/10 25 467 99 [56]
WE/PP 50/43 28 395 162 [57]
WEF/PP/ATH 40/43/10 30 336 152 [57]
Table 3.

Results of cone calorimeter for polyolefin-based WPC with various metal hydroxide flame retardants.

WPC samples Weight ratio TTI(s) pHHR (KW/m?) THR (MJ/m?) Reference
WEF/PP 60/40 21 358 87 [45]
WEF/PP/EG 60/40/20 32 181 64 [45]
WE/PP 40/60 20 390 90 [59]
WEF/PP/EG 40/60/25 24 99 39 [59]
WEF/PP 60/40 28 358 102 [60]
WEF/PP/EG 60/40/25 23 84 48 [60]
Table 4.

Results of cone calorimeter for PP-based WPC with expandable graphite flame retardants.

4.2.5 Prospect of flame retardants in WPC

While all WPC samples containing individual flame retardants displayed
decreased pHRR and THR values, they still demonstrated limited effectiveness
under the mandatory flame condition. In the future, the development of flame
retardants for WPCs will be more focused on the synergism between multiple com-
ponents to further improve the flame retardance and the interfacial compatibility
in the compound system. Intumescent flame retardants (IRFs), which consist of a
char-forming agent, dehydrating agent, and blowing agent, have attracted signifi-
cant attention because of their environmental friendliness and high efficiency [61].
However, moisture absorption and incompatibility with polymers are potential
drawbacks for blowing agents and carbonic sources. Therefore, novel flame retar-
dants that are nontoxic, have excellent flame resistance, and are highly compatible
with polymers should be developed in the future.

5. Conclusions

Wood plastic composites has a significant potential and brilliant prospect in the
application of building construction. WPC products like sidings, ceilings, windows,
and floorings with the special advantages in environmental protection and sustain-
able development can effectively promote the coordinated development of wood-
based engineering products in the “next-generation” green construction. However,
the main defects on low mechanical properties, weak biological and aging resistance
and poor flame retardance limit its further development. The novel modification
ways including the selection of wood species, alloy reinforcement and synergistic
improvement on flame resistance can be used to effectively facilitate the promotion
of comprehensive properties of WPC, which achieves to the related requirements in
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the field of building construction. Future works also should focus on these neces-
sary problems. In addition, the coextrusion technology with solid woods, functional
polymers or metals is also a promising modification method for engineered WPC
for construction in the future.
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Mineral-Bonded Wood
Composites: An Alternative
Building Materials

Halil Turgut Sahin and Yasemin Simsek

Abstract

The manufacturing of cost-efficient construction materials is at the center
of attention these days. The development of engineeringly design products has
occurred mostly over the past few decades. However, the term of mineral bonded
wood composite is relatively new, covers many of the products, and is used to
describe a material that is produced by bonding woody material with mineral-
based substrates. At present, millions of tons of bio-based composite materials are
now manufactured annually from many wood species. Woods are sustainable and
engineeringly have enough performance properties in composite matrix systems
for many end-use areas. Thus, their utilization processes and intended uses vary
accordingly. But at manufacturing, many variables affect binder hydration in
composite structure and the networking/bonding between wood and binder. The
mineral bonded wood products are high in density and the appropriate strength
in the construction industry, an important advantage to engineering applications
appears to lie in their ability to absorb and dissipate mechanical energy. Despite
their higher weight-to-strength ratio, especially cement and gypsum bonded wood
composites have become popular, for use in many internal and external applications
to meet increasingly stringent building design regulations for insulation, and failure
in service due to deterioration.

Keywords: mineral binder, wood-cement composite, gypsum, magnesia cement

1. Introduction

Wood is one of the first raw materials for construction purposes. Its usage has
continuously increased since human beings. However, as a result of excessive wood
utilization, natural forests have become depleted at scarcity value. Therefore, con-
sumers have become more aware of the destruction of the natural forests for wood
supply. After technological developments and intensive studies, many valuable
constructional elements have been developed from lignocellulosic in recent years
[1-3]. In this context, numerous alternative biomass sources such as; agricultural
and forest residues, low-value woody materials, annual plants have been consid-
ered to use as wood substitute alone or in combination with synthetic binders to
manufacture construction materials [4-7].

One of the interesting materials has been invented which using inorganic
minerals as the bonding agent, called mineral-bonded wood composites. These
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products were first produced by an Austrian carpenter using wood shavings and
gypsum together in 1914. However, cement-bonded wood composites called Wood
Wool Cement Board (WWCB) were also produced in Austria in the 1920s and
several others in Europe followed. Moreover, Cement Bonded Wood Chip Boards
called Durisol were invented and commercially produced in the 1930s. After that,
the cement-bonded coarse wood particleboards called Velox boards were produced
in the 1950s. The first Cement Bonded Particle Board (CBPB) called Duripanel
was produced in 1970. Since the first invention of these products in Europe, these
materials have developed further with calling different names in the market, spread
to the rest of the world. These days, numerous mils have been built throughout the
world, mostly in manufacturing panel form [8].

Due to variables and wide range of properties, mineral bonded wood composite
materials could be broadly divided into two distinct groups;

1. Composite materials in which woody materials (i.e. fibers, sawdust, chips) are
incorporated as an aggregate in the mineral matrix,

2. Composite materials in which the mineral binder acts purely as a binder, (i.e.
wood wool cement board, particleboard, or fiberboard).

However, the three most common mineral-bonded composite products could be
found in the market. These are;

* Cement-bonded composites,
* Gypsum-bonded composites,
* Magnesia cement-bonded composites,

All these mineral-based binders have been used to manufacture low-medium den-
sity (360 to 800 kg/m’), and medium-high density (800 to 1.400 kg/m’) products.

Gypsum bonded Portland Cement Magnesium Cement
composites bonded composites bonded composites
Gypsum Bonded Fiberboard Wood Wool Cement Board Wood Wool Magnesite
— (GBFB) — (WWCB) — Board (WWCB)
(Fermacell, Fiberbond) (Fibrolith, Fibralit) (Heraklity, Tectum)
Gypsum Bonded Wood Strand Cement Board
—_— Particleboard (GBPB) — (EltoBoard, EltoPlank)
(Sasmox, Nesporex)

Wood Residue Cement
— Products
(Velox, Durisol, texolite)

Cement Bonded Particle
— Board (CBPB)
(Sasmox, Nesporex)

Cement Bonded Fiber
Board (CBFB)

Figure 1.
The general classification of mineral-bonded composites [8].

222



Mineral-Bonded Wood Composites: An Alternative Building Materials
DOI: http://dx.doi.org/10.5772/intechopen.98988

Cement-bonded low-density products are usually called Excelsior and
high-density products are called cement-bonded particleboard or fiberboard.
However, Portland cement is the most common mineral binders while gypsum
and magnesia cement are sensitive to moisture, and their useability is gener-
ally restricted to interior applications. Therefore, the panel materials bonded
with Portland cement are considered to be more durable than others. These
make cement-bonded products are useful material in both interior and exterior
applications [2, 3, 9]. Although, synthetic resin-bonded panels (fiberboards and
particle boards) are produced in much higher volumes due to the low cost and
wider application areas, especially wood-cement bonded panels present several
advantageous properties that make them more competitive for some special
outdoor applications.

The general classification of mineral bonded wood composite materials and
their commercialized names are briefly given in Figure 1. However, much valuable
information and some excellent results have been provided on these products could
be found elsewhere [2, 3, 8-12].

2. Compatibility of mineral binders with wood

The setting of inorganic binders is the result of a multi-complex chemical reac-
tion causing a succession of crystallization stages. However, the hydration of min-
eral binder is an exothermic process which is possible to trace the compatibility by
monitoring temperature changes. Typically, lignocellulosic have a cellular structure
with various inhibitory substances (cellulose, hemicelluloses, lignin, extractives),
and some of them dissolve in water and could be disturbed in the mineral binder
crystallization [8-11]. Thereby, species compatibility varies with the type of binder
and chemical constituents. But the term compatibility usually refers to ‘the degree
of binder setting after mixing with water and with a given wood in a fragmented
form’ The inhibited reactions are generally characterized by;

* Hydration temperature,
* Hydration time,
* Retarding the cure of binders.

As briefly explain introduction section, the woody material can act both as an
aggregate and as a reinforcing element in a mineral binder-based matrix system. In
either case, the interaction between the binder and the element is very important.
Because the particle-matrix interface is the diffusion zone, the matrix phases are
connected either chemically or mechanically [8-12]. However, this diffusion region
mostly influences the mechanical properties because the interfacial adhesion
between particles and matrix characterizes composite materials. During hydration
of cement, it created crystals in the contact layer with variable dimensions. But
the crystals in the middle layer should be appropriate in the transition layer and
resemble should be well bonded to each other. Because of inhibiting constituent
presence, the form and dimension of the crystals could be modified. Thereby, some
layers of altered crystals cannot be distinguished [9, 13].

However, cement is more sensitive to wood chemical constituents than either
gypsum or magnesia cement, in most cases, the hydration times are the longest.
Moreover, relative hydration times of gypsum, as also affected by selected wood
species while sugars and extractives do not have as much effect on the curing and
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bonding of magnesia cement. The general comparative hydration properties of
selected species with the inorganic binder are shown in Table 1.
The compatibility of wood with cement can be strongly influenced by

* Cutting and storage time of woods,
» Water to binder ratio of paste,
* Wood particle size of paste

But the content and type of sugars present in wood have been previously
identified as the most critical compounds causing incompatibility, especially in
softwoods [9, 13, 14]. Hence, it is very important to supply woody elements with
homogeneous physical and chemical properties for the standardization of the
manufacturing process.

However, the hydration of mineral binders can be improved by treating the
particles or by using some additives. In the most cases, the pre-treatment is
necessary, allowing to compatibility with mineral binders to obtain more suit-
able production [9, 14]. The aging or seasoning of wood and some degree use of
chemical agents (i.e. CO,, CaCl, and MgCl,) found to be increase certain wood’s
compatibility with cement [9, 11-14]. The similar approaches could be useful for
both gypsum and magnesia cement as well.

2.1 Cement-bonded composite materials

Portland cement is the most common type of binder in mineral based wood
composite products. However, it reacts with water in a process called hydration and
eventually solidifies into a hard mass. In general, the major ingredients of cement
are three complex mixture of tricalcium silicate, dicalcium silicate, and tricalcium
aluminate, which comprise more than 87% of the total weight [9, 13].

The advantages associated with wood elements in cement matrix system, include
wide variety of species available, low density, high tensile strength, relatively low
cost and well-developed technology to supply raw materials from renewable sources
[9-11]. However, the use of cement in wood composites is faced with some limitations.
One of the major drawback is the vulnerability of natural fibers to decompose in the
alkaline environment of cement. In addition, some woods might exhibit incompatibil-
ity with cement due to specific chemical structures (sugars and extractives) that retard
the cure of cement that impermeable hydrates are formed around unhydrated cement
grains, which delay the setting and affect the final strength of the products [8-14].
Therefore, species selection can be important for the effective manufacturing process.

These drawbacks could be solved by several techniques which are effective in
removing the detrimental components from wood. These are [9-14];

Wood or chemical Gypsum Magnesia cement Portland cement

Inorganic binder 1.0 1.0 1.0

Glucose 1.20 1.20 Inhibited

(1.0%)

Spruce wood 133 135 135

Beech wood 146 1.53 255
Table 1.

The comparative velative hydrvation properties (%) [13].
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¢ Hot water extraction,

* Leaching in cold water,

¢ Chemical extractions,

* The use of cement curing accelerators like CaCl,, MgCl, and CaCO;,
¢ CO, treatment,

* Addition of pozzolans such as volcanic ash, fly ash, rice husk ash and condensed
silica fume.

2.2 Gypsum-bonded composite materials

Gypsum is a sedimentary mineral and composed of calcium sulfate (CaSO,)
and water (H,0), naturally in a crystalline form known as calcium sulfate dihydrate
(CaS042H,0). However, gypsum boards are typically made from a slurry of gyp-
sum, water, and lignocellulosic fibers. Its structure is composed of interconnected
needle-like calcium sulfate dihydrate crystals which entangle and rehydrated during
the binder curing process (calcination), hardening to create a gypsum network [15].
Because hydrate crystals form in a gypsum-natural fiber network, wood chemical
constituents especially sugars or some extractives may retard the hydration of the
binder and alter crystalline structures. Typically, gypsum crystals are relatively
long and have a hexagonal form, but the retarder chemicals could be influenced, the
form and dimension of the crystals are altered [13, 14].

Manufacturing of wood-based gypsum boards required a higher binder (gypsum)
than that needed in the bonding of composites with thermosetting resins. However,
one of the main drawbacks of gypsum as a building material is its heaviness and
brittleness. Hence, these boards do not have strong impact resistance for some build-
ing applications. These situations can be partly overcome by combining gypsum with
various types of natural fibers (waste paper, agriculture waste fibers) to impinging
better mechanical performance [15, 16]. Some advantages and disadvantages of
gypsum-based composite materials are given in Table 2.

Advantages Disadvantages

Ease of workability and adhesively attached to many substrates Dry construction material that sensitive
to water or moisture.

Acoustics properties that can be used partitions and floor/ Very short period of setting times
ceiling systems for control sound.

Fire resistance material that gypsum could not support It has very brittle matrixes.

combustion

Cost effective manufacturing process and lower CO, emission Water mold damage possible

compared to other construction materials (i.e. portland

cement)

Lightweight material Environmentally not sound

The gypsum plaster supply chain has low energy consumption Harmful for health produce toxic SO, gas
and

Gypsum board is used to construct strong, high quality walls High wastage in use and manufacturing

and ceilings

Table 2.
Some advantages and drawbacks of gypsum bonded composites.
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2.3 Magnesia-cement-bonded composite materials

Magnesia cement-based boards are formed by a chemical reaction between MgO
and MgCl2, typically in a weight ratio of MgO/MgCl, (1.0/2.5-3.5 by weight). This
product is quite similar to Sorel cement but has both organic additions (sawdust,
wood flour) and inorganic fillers (sand, lime, or volcanic ash) [17]. However, the
hydrated product is hard and strong, but the product decomposes over time by
contact with water or air at high relative humidity (RH) [17, 18].

The first industrially made inorganic bonded wood composites were magnesia-
bonded wood wool boards called the Heraklith boards in Europe and Tectum boards
in the USA [13, 17, 18]. Recent studies show that half calcined dolomite can be
partially substituted for magnesia. However, it was proposed that wood composites
can also be made using a mixture of heavy magnesia and ground dolomite in com-
bination with a solution of ammonium polyphosphate as the binder. The process is
further simplified by using caustic calcined magnesia or half calcined dolomite in
combination with a sparely soluble ammonium polyphosphate [13].

Fewer boards bonded with magnesia cement have been produced than portland-
cement bonded panels, mainly because of cost. However, magnesia cement does
offer some manufacturing advantages over portland cement. These are;

* The extractives and chemical constituents in lignocellulosic do not have as
much effect on the curing and bonding,

* The magnesia cement is more tolerant of high water content during production.

These open up possibilities to use lignocellulosic not amenable to cement
composites, without leaching or other modification, and to use alternative
manufacturing processes and products.

In the production of this panel product, wood wool (excelsior) is laid outin a
low-density mat. The mat is then sprayed with an aqueous solution of magnesia
cement, pressed, and cut into panels. The cure of magnesia binders can be readily
accelerated by the addition of heat. Wood-based boards made with this material are
therefore compressed in a heated press. As with resin-bonded wood composites,
total press time can be reduced by rapidly transferring heat to the center of the
board. Steam injection pressing, a process whereby saturated steam is forced into a
mat during pressing, is being successfully used to raise the center-line temperature
of resin-bonded boards to curing temperatures in less than a second [13, 18, 19].

However, the addition of fluorine anhydrite has been caused by the modification
of wood-magnesia bonding mechanisms that affect the stabilization of creeping
deformations of the products. The fluorine anhydrite intensifies the processes of
caustic magnesia solidification and causes the formation of thick structure in the
wood-magnesia panel products [19].

3. Properties of mineral bonded composites

Typically, there are two types of water (free and chemically bound) in mineral
bonded boards. This is important because it contributes to the fire resisting behav-
ior. Hence, when exposed to fire, these materials undergo reactions in which the
water is gradually driven off at temperatures above 100°C. However, considerable
high-level heat energy is required to evaporate the free water and for the chemical
reaction to release the water in the crystal structure. Moreover, those have also usu-
ally low heat transfer coefficients and are capable of quick release of the humidity.
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However, wood-cement bonded composites have become environmentally
benign sustainable materials for the constructions due to reducing material costs
by combining a lower cost material [9, 20]. Hence, these products have very
good dimensional stability, high fire resistance properties, and impart additional
energy absorbing capacity to the matrix system. The wood cement composites
typically show improved ductility, flexibility, and crack resistance when com-
pared to neat cement concrete [9-12]. In addition, besides being high strength
properties, these products could be provided well protection against decay and
insect attacks as well [21, 22].

The mechanical properties of gypsum base panels are closely correlated with
panel porosity, water/gypsum ratio, network structure, intercrystalline interaction,
crystal sizes, and aging time. Although the hydrated gypsum and magnesia bonded
boards are hard and strong, the product decomposes over time by atmospheric
effects at high relative humidity (RH) [17]. Hence, the gypsum and magnesia
bonded boards are not recommended as sheathing in exterior facades or any other
application where the boards are in contact with a moist climate. In contrast, the
cement-bonded boards showed excellent dimensional stability and only a slight
reduction in mechanical properties after outdoor exposure for years, greatly outper-
forming other wood-based panels.

The modified magnesium polyphosphate-bonded particle boards are some simi-
lar properties to those obtained with magnesium sulfate while shrinkage decreases
due to carbonization of wood-magnesia matrix, and the density, strength, and
water resistance increases [13, 19].

There are numerous studies for determining the suitable board configurations
on the end-use applications. But many properties such as; strengths, fire resistance,
sound absorption, and insulation behaviors of panels, are primarily influenced by the
density of the product and the binder/wood ratio. Tables 3 and 4 show the general
and physical comparative properties of mineral-based wood composite materials.

The cement-cellulosic substrate matrix is a complex system that can be given
different properties and the resulting products can be used for a broad variety
of applications. However, cellulosic fibers are well bonding ability to each other.
Especially well-fibrillated fibers are more flexible and have a higher area available
for bonding. This is possible by using refiners which are breaking the primary wall
and the fibrils from the secondary wall will stick out. This will increase the surface
area for bonding and therefore increase composite strength. The results presented
in Table 4 support this hypothesis.

Gypsum Wood-cement Magnesia
boards boards boards
‘Water resistance + . +
Fire resistance e i e
Fungal/mold/termite resistance 4+ v 4+
Acoustic insulation Fas + +
Lightweight Fas + +
Nail holding capacity + . P
Workability i 4+ 4
Durability + 4 4

Table 3.
General Properties of mineral bonded boards composites [9-12, 19, 23].
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Wood composites Density Binder/wood ratio MOR IB

(kg/m3) (MPa) (MPa)
Cement-bonded particleboards 1000-1350 29 6.0-15 0.4-0.6
Cement-bonded fiberboard 1000-1350 10 12-20 0.8
Gypsum- bonded particleboards 1000-1200 4.0 6.0-9.0 0.3-0.6
Gypsum- bonded fiberboards 900-1000 5.0t06.0 4.0-7.0 0.3-0.5
Magnesia-bonded particleboard 900-1250 15 7.0-14 0.4-0.6
Magnesia-bonded fiberboard 700 to 1100 5.0 8.0t010 —

Table 4.

Comparative physical Propoerties of mineral bonded boards boards [23].

4. Uses of mineral bonded composites

An acceptable property from mineral bonded panels is dependent on both the
type of the binder and wood properties. All these materials are considered non-
toxic yet and commonly referred to as being virtually incombustible. Due to very
high dimensional stability and physical properties, the cement-bonded products
could be useful for many external applications including; exterior siding, agri-
cultural buildings, pre-fabricated structures, mobile buildings, roofing, flooring,
industrial and exterior domestic cladding, tunnel linings, highway sound-barriers,
fire-barriers and paving tiles. However, the low-density cement-bonded boards
(Excelsior) could be used for high-performance applications and improved acoustic
and damping properties such as; fire-resistant, sound-absorbing walls, ceilings,
and thermal insulation panels [24]. But it is important to note that the utilization
of cement-bonded composites is highly dependent on construction techniques,
esthetics, safety and energy regulations, and all the other underlying factors which
determine public acceptance of a product. The vast literature on cement bonded-
wood-based composites, their properties, and manufacturing variables could be
found elsewhere [9, 20]. Table 5 shows comparative use ability and Figure 2 shows
some examples of mineral bonded composites.

The gypsum-based composites are a well-known low-cost material and fre-
quently used to finish interior wall and ceiling surfaces that are often called dry-
wall, wallboard, or plasterboard [20, 25]. Thereby, these materials could be useful
for both residential and non-residential construction applications. However, the
paper-faced gypsum boards have been widely used since the 1950s for the interior
lining of walls and ceilings which are appropriate to fire ratings [20]. The paper-
faced gypsum boards also find use areas as exterior wall sheathings. The facings of
drywall and gypsum sheathing panels are adhered to the gypsum core, providing
the panels with impact resistance, and bending strength, and stiffness. An alterna-
tive to adhered facings is to incorporate lignocellulosic fiber (typically recycled
paper fiber) in the gypsum core to make what is termed fiber-reinforced gypsum
panels. Moreover, the gypsum sheathing panels are primarily used in commercial
construction, usually over steel studding, and are distinguished from gypsum
drywall by their water repellent additives in the paper facings and gypsum core [8,
15, 20]. It has already well established that natural fiber-reinforced gypsum panels
(wood fibers) are typically stronger and more resistant to abrasion and indenta-
tion than paper-faced drywall panels and also have a moderate fastener-holding
capability [8, 20, 25]. Although gypsum-based boards have usually been marketed
for use as interior finish panels (drywall), some hydrophobic additives can pro-
vide a certain level of water resistance, for use as sheathing panels, floor, or roof
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Cement bonded Gypsum bonded Magnesia bonded
composites composites composite
Exterior and partition walls it + +
Coating of the wall 4+ 4+ 4
Acoustic and thermal 4 . i+
insulation
Decoration 4+ e it
Flooring et + ++
Large size prefabricated et + ++
elements
Roofing, shingles and shade ++ ++ ++
Ceilings and architraves ++ ++ i+
Fire resistant construction e e P
Table 5.

General uses of mineral bonded composites (+: low level; ++: medium level; +++: high level).

Figure 2.
The uses of mineral-bonded composites in some applications.
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underlayment, or tile-backer boards. In addition, the gypsum-based panels have
alow thermal coefficient and low solid contents that these properties are good for
insulating against heat and sound while the mechanical strength of the gypsum-
based composites is still retained [8, 9, 16, 20].

Although composites bonded with magnesia cement are considered water
sensitive, they are much less so than gypsum-bonded composites. One successful
application of magnesia cement is a low-density panel made for interior ceiling and
wall applications. However, the gypsum and magnesia-based wood composites
have also presented high dimensional stability and resistance against biodegrada-
tion while well fire resistance and some level sound insulation properties. This is
attributed to the lower content of organic matter and the crystal water in the binder.
These special properties make these products could be useful for a wide variety of
purposes in construction applications. Thereby, the low-density products could be
useful as interior ceiling and wall panels while high-density panels could be used as
complete wall and roof decking systems. Moreover, exterior-type panels are coated
with stucco, and the interior is a gypsum board. These are also useful for decorative
and sound barrier purposes in constructions [22, 26].

However, high-density magnesia and/or Portland cement-bonded boards
can be used as flooring, roof sheathing, fire doors, and load-bearing walls. But
complex shapes, such as decorative roofing tiles or non-pressure pipes, can be
molded or extruded as well. The largest volume of cement-bonded wood-based
composite materials manufactured in North America is fiber (pulp)-cement siding
[27]. Moreover, cement-bonded panels can be used as low-cost housing systems
in developing countries such as; rural prefabricated structures, mobile homes,
structural insulation panels so on [9].

The Magnesia and gypsum boards might also be used outdoors but must be
protected from direct exposure to the weather because of sensitivity to moisture.

5. Conclusions

The markets for inorganic-bonded wood composites vary throughout the world.
However, there is a great potential for the use of wood species to make mineral-
bonded composites. Substantial markets for these panels have been developed for
various construction end-uses (i.e. sheathing and siding) with insulation parti-
tions. These products may provide an option for using lignocellulosic residues for
improved properties like fire and sound insulation characteristics and hence can be
used as wall covering and filling material in the constructions. Moreover, inorganic-
bonded boards could be adapted to the wood frame construction techniques used
for residential housing.

The use of mineral-bonded composites is highly dependent on building codes,
safety and fire regulations, construction techniques, esthetics, availability of materi-
als, and all the other underlying factors which determine public acceptance of a
product. However, cement-bonded wood composites (WBC) have been taken as
very stable dimensionally when subjected to outdoor applications. However, gypsum
boards are commonly used as a lining material in walls, ceilings, and wall partitions.
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Chapter 14

Timber-Concrete Composite
Structural Elements

Anita Ogrin and Tomaz Hozjan

Abstract

Timber-concrete composites are interesting engineered wood products usually
used for structural elements, which are mainly subjected to bending load; from
simple floor systems to long-span bridges. This way, the advantage can be taken of
timber tensile strength and concrete compression strength. The chapter begins with
an introduction of various types of timber-concrete composite structural elements
regarding type of the element, connection type and types of timber and concrete.
Next, specific characteristics and advantages of timber-concrete composite struc-
tural elements are thoroughly discussed from viewpoints of engineering, architec-
ture, builders and ecology. Furthermore, basic mechanical principles of timber-
concrete composite structural elements are presented and some design methods are
briefly described. Finally, worldwide inclusion of timber-concrete composite struc-
tures in currently applicable standards is discussed.

Keywords: timber-concrete composite, floor systems, mechanical principles,
advantages, design methods, standards

1. Introduction

Timber-concrete composite (TCC) structural elements are usually horizontal
elements, which carry the load in one direction (so called one-way spanning ele-
ments) subjected to uniaxial bending. Timber and concrete part of TCC element are
connected with one of several types of connectors in order to achieve composite
action [1]. Since concrete has almost negligible tensile strength, timber is commonly
on the lower side of the element, where tensile stresses are expected, and concrete is
on the upper side, where compressive stresses occur. While there are also some
reversed TCC structural elements with concrete on the bottom side [2] and even
some TCC wall systems [3], this chapter focuses on most typical application of TCC
structural elements described above.

A development of TCC structural elements began around 100 years ago in
Germany, aiming at renovation and strengthening of existing timber floors. Paul
Miiller patented TCC floor system, made of upright timber boards with concrete
topping in 1922. Another patent was received by Otto Schaub in 1939 for TCC slab
made of timber ribs and concrete slab, connected with Z- or H-shaped steel con-
nectors [1]. While in Europe TCC elements were firstly used as floor systems only,
TCC bridges of short and medium span were developed in 1930s in America, as a
result of shortage of steel for concrete reinforcement. Construction of TCC bridges
spread to Australia and New Zealand in 1950s, where they were probably built by
US army. In Europe, TCC bridges did not appear until 1990s [4].
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Figure 1.
Examples of structures with TCC structural elements. (a) Bridge over river Agger, Germany [5]. (b) LifeCycle
Tower One, Austria: prefabricated TCC slab during construction (left) and finished building (right) [6].

Nowadays, however, TCC structural elements are getting more and more popu-
lar worldwide. They are used both in restoration and renovation of existing, often
historical structures as well as for new buildings and bridges. Figure 1 shows TCC
bridge over river Agger in Germany, which was built in 2014 [5], and 8-story
building called LifeCycle Tower One in Austria, which has TCC horizontal
structural elements and was built in 2012 [6].

In this chapter, various types of TCC floor systems are presented and described
regarding type of the element and connection type, as well as types of timber and
concrete. Next, specific characteristics and advantages of TCC structural elements
in comparison with fully concrete or fully timber floor systems are thoroughly
discussed from viewpoints of engineering, architecture, construction process and
ecology. Furthermore, basic mechanical principles of TCC structural elements are
presented, together with most often used simplified methods for their design. The
chapter concludes with discussion on worldwide inclusion of TCC structures in
currently applicable standards.

2. Variety of designs
TCC structural elements are very diverse. While there are only two main types

of geometry of TCC floors (beam and slab type), there are a lot of different types of
connections between timber and concrete with considerably different behaviour.
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Also, there are several possibilities for type of concrete and even more for type of
timber.

2.1 Beam type and slab type TCC floor systems

TCC structural elements are usually slab-like elements (floors in buildings and
decks of bridges) and can be either of uniform thickness or ribbed, depending on
several factors such as aesthetics, height limit and availability of materials. At the
same time, TCC structural elements are almost always one-way-spanning elements,
and can be modelled as beams, loaded with uniaxial bending. Therefore, there can
be some confusion with the terms: is it a TCC beam or is it a TCC slab? Hereinafter,
the following terms will be used: beam type of TCC floors and slab type of TCC
floors. Beam type cross-section consists of a timber web and a concrete flange, i.e.
timber part is much narrower than the concrete part. Consequently, the neutral axis
of the entire TCC cross-section is located in the web. On the other hand, concrete
and timber parts of slab type have equal widths and neutral axis is often in the
concrete part. Besides the difference in appearance of both types, presented in
Figure 2, there is also the difference in location of the neutral axis, which influences
the portion of the concrete where tensile cracking can occur, and consequently
influences appropriate design methods.

Concrete slab,
- casted in-situ

-— Dowel type
connectors

Timberls]ab,
madc of vertically

oriented timber boards

“Notch

Concrete slab,
Al + T . .
C.Unne(,t}on casted in-situ
made with - /
inclined screws ™

HHHHHH

Pcrmaﬁcnt formwork
(e.g. plywood)

b)

Figure 2.
Examples of slab type and beam type of TCC floor systems. (a) An example of slab type of TCC floors. (b) An
example of beam type of TCC floors.
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2.2 Materials

Timber part of TCC cross-section can be made from massive timber (beams or
boards) or engineered wood products such as laminated veneer lumber (LVL),
cross-laminated timber (CLT), glued laminated timber (Glulam), ... Especially with
slab type of TCC floors there is also a matter of orientation of timber components;
boards, plates and lamellas of LVL beams can be orientated either horizontally
(placed one on top of another) or vertically (placed next to each other) [7]. Fur-
thermore, while beam type of TCC floor usually has web made of one timber beam,
there can also be two connected timber beams next to each other [8]. Such solution
is necessary in case of certain type of connectors (e.g. nailplates), but can also be
used in other cases.

Concrete in TCC structural elements is usually normal-weight concrete,
reinforced only with small amount of steel reinforcement in order to prevent
cracking of concrete due to its shrinkage. However, some research was conducted
regarding the use of light-weight concrete with the aim of achieving smaller self-
weight of TCC element (e.g., [9]). Furthermore, steel-fibre-reinforced concrete
(SFRC) in TCC structural elements has proven to reduce possibility of explosive
spalling of concrete in fire conditions [10].

The lower side of concrete part of TCC cross-section could be bare, or it can be
covered with permanent formwork made of thin timber layer (e.g. plywood).

2.3 Timber-concrete connection

Timber-concrete connection has major influence on behaviour of TCC structural
element. The perfect connection has enough strength for transfer of shear forces
between the two materials, enough stiffness to allow only limited slip and enough
ductility to avoid brittle failure of the connection. Additional, non-mechanical
properties of the connection, such as cost and handiness, can also influence the
choice on the connection type [1]. However, the perfect connection is nearly
impossible to achieve in practice. Several connection systems have been developed,
each with its own advantages:

* Dowel type fasteners include dowels, screws, inclined screws, nails and other metallic
connectors. With exception of inclined screws, dowel type fasteners represent a
connection system with the lowest stiffness and the largest ductility [11].

* Notched connections, where notches can be of various shapes (rectangular,
circular, with vertical sides or with inclined sides, ... ), are among the most
brittle connections. Ductility of notched connection is greatly improved with
addition of steel fastener (dowel or screw) into the indentation [11].

* When strength of glued connections is exceeded, they experience brittle failure.
Their advantage is that they are very stiff and enable almost full composite
action. Also, they ensure uniform distribution of shear forces and can be used
for connection of timber with prefabricated concrete slab [1].

* Connections with nailplates have various designs of plates; one of the possibilities is a
plate with lower part designed as a nailplate, positioned between two timber beams,
and with the upper part designed as a perforated plate [8].

* Friction based connections are based on a system with upright positioned timber
boards of altering heights, and are mainly used in Switzerland [1].
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e)

Figure 3.

Connection types. (a) Connection with dowels. (b) Connection with inclined screws at 45° in two rows. (c)
Notched connection with inclined sides. (d) Notched connection with vertical sides and dowels. (e) Glued
connection. (f) Connection with nailplates.

Some of the connection types are schematically presented in Figure 3. An inter-
ested reader can also find graphical comparison of stiffness and ductility of various
connection systems (with respect to their normalised strength) in [11]. Addition-
ally, more variations of connections can be found e.g. in [12].

In one-way-spanning simply supported floors, which is most often the case for
TCC floors, the greatest shear force in the connection occur close to the supports,
while it can be negligible in the middle of the span. The failure of one connector
near the supports would lead to an additional load in the remaining connectors,
which could result in more brittle failure of the TCC element [11]. In order to avoid
that, the spacing between separate connectors near the supports is sometimes
reduced, while at the midspan the spacing can be increased [13].

3. Characteristics of TCC structural elements

Due to their composite nature, TCC structural elements have pretty specific
characteristics, some of them represent advantages over fully timber elements and
other over fully concrete elements.

3.1 Aesthetics and convenience

From architectural point of view, timber, as a natural structural material, is
often preferred over concrete. Therefore, timber parts of TCC structural elements
are usually left to be visible due to aesthetic reasons. Furthermore, visible timber
parts are desired when TCC structural elements are used in restoration of historical
buildings.
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In comparison with fully concrete structural elements of similar mechanical
performance, TCC structural elements have lower self-weight. Among other bene-
fits, this contributes to easier transport of materials to the construction site, as well
as to smaller seismic forces on the finished structure.

Moreover, TCC structural elements can be prefabricated, either as a whole
element or timber and concrete part separately. This can expedite the process of
construction on site and the use of resources can be more controlled in a workshop,
which result in smaller amount of waste.

3.2 Strength, stiffness and ductility

Strength of a structural element governs maximum load that the element can
withstand without failure. In comparison with traditional timber-only floor sys-
tems, TCC floor systems (with properly connected timber and concrete parts)
achieve up to three times higher load carrying capacity and up to six times greater
bending stiffness [12]. Concrete on the upper side contributes to compressive load
capacity of the TCC element, and timber on the lower side contributes to its tensile
load capacity.

Bending stiffness of structural element is a resistance of an element against
bending deformations, i.e. it determines how large deflections will occur under
certain bending load. Greater bending stiffness of TCC elements, which means
smaller deflection, is achieved due to elastic modulus of the concrete being several
times higher than elastic modulus of the timber. In-plane rigidity of TCC floors is
also improved when compared to timber floors. In fact, TCC floor systems can act
as horizontal bracing of the structure and thus improve its seismic response, if both
timber and concrete part of TCC element are connected to the walls [12].

Ductile structural elements can sustain large plastic deformations before failure.
Properly designed and executed connection between timber and concrete can lead
to improved ductility in comparison with fully concrete or fully timber floors. In
order to achieve that, the connection must be sufficiently strong and rigid [1].
However, if the connection is too strong and stiff, a brittle tensile failure of the
timber may occur prior to plastification of the connectors [12].

The bending stiffness of TCC structural element (which depends on the stiffness
of the connection) influences distribution of deformation and stresses over TCC
cross-section, and consequently importantly influences verification of ultimate
limit states (ULS) as well as of serviceability limit states (SLS) [1]. As both timber
and concrete are rheologically active materials, initial and long term response of
TCC structural elements must be checked. Calculation of strength and stiffness of
TCC elements is discussed in Section 5.

3.3 Sound insulation and vibrations

Normal-weight concrete has density around 2400 kg/m?, which is three to five
times higher than hardwood and around five to eight times higher than softwood
(depending on the quality class of timber) [14]. As a result, TCC floor systems
provide better insulation for air-transmitted sound than fully timber systems. Fur-
thermore, in comparison with fully concrete systems, TCC floor systems provide
improved insulation for impact noise, due to increased damping characteristics [12].

As already mentioned, TCC structural elements can achieve longer spans than
fully timber floors, due to higher strength and bending stiffness. However, a
research on one TCC slab type floor system has shown that an increase of height of
concrete part with the aim of achieving higher load capacity and consequently
longer span has its limit. When this limit span is exceeded, vibration performance
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becomes the controlling design parameter. The reason is in reduced natural fre-
quency of TCC element as a result of increased self-weight of the element due to
increased concrete height [15]. Because of low natural frequency, TCC floor systems
could be categorised as susceptible to resonance [16]. Nevertheless, the viscous
damping ratio of TCC systems is higher than that of fully timber systems. Conse-
quently, “springiness” felt by the users when jumping or walking on the floors is
reduced and users are less annoyed [12]. It was experimentally confirmed, that the
achieved values of occupancy annoyance for TCC floors are way below the annoy-
ance limit proposed in Eurocodes [16].

3.4 Fire conditions

Behaviour of TCC structural elements in fire conditions is an important factor in
their design. First of all, there are certain phenomena, inherent to each of the two
materials, which occur at exposure to high temperatures. In timber, being a com-
bustible material, pyrolysis occurs at elevated temperatures, resulting in reduction
of material properties and eventually (at approximately 300°C) in charring of
material [17]. The charred layer of the timber part of TCC cross-section have
negligible strength and stiffness and is for design purposes considered as mechani-
cally completely ineffective layer. However, char works as a thermal insulation and
therefore protects the remaining cross-section. On the other hand, mechanical
properties of concrete are reduced when temperature exceeds 400°C [18]. Concrete
part of TCC cross-section is usually quite thin slab, reinforced with small amount of
steel reinforcement (aimed only at prevention of concrete cracking as a result of
shrinkage). It has been shown that thin concrete slabs are more likely to experience
explosive spalling than thicker ones [2]. Another research has shown that explosive
spalling in beam type of TCC floor can be avoided with the use of concrete
reinforced with steel fibres (SFRC) [10].

Geometry of the TCC cross-section changes during fire duration due to charring
of timber and spalling of concrete. Additionally, height of the timber part can be
reduced in case of laminated timber (LVL, CLT ...) if separate lamellas fall off [13].
This can occur either due to charring and result in lesser thermal insulation of the
remaining cross-section or earlier due to failure of glued connection between
lamellas, which causes additional reduction of otherwise effective cross-section.

Elevated temperatures influence behaviour of the connection between timber
and concrete as well. Reduction factors for both strength and stiffness of the con-
nection depend on: (i) type of the connection, (ii) initial timber cover i.e. distance
between initial boundary of the cross-section exposed to fire and the connectors and
(iii) development of elevated temperatures and related charring progress. It appears
that lateral timber cover in beam type of TCC floors is more important for protec-
tion of the connection than bottom timber cover [19].

An obvious, yet important difference presents itself between beam type and slab
type of TCC floor systems in fire conditions. With beam type, there are three sides
of timber part (lower and both lateral sides) directly exposed to fire and charring
progress. Additionally, almost entire lower side of the concrete slab is either imme-
diately exposed or initially protected with thin layer of permanent formwork only.
On the other hand, only lower side of timber slab in slab type of TCC floor system is
directly exposed, therefore, heat transfer and charring process can be considered
one-dimensional [7].

A different approach to TCC floor systems, so-called reverse TCC system, has
concrete slab below timber beams and timber deck. An important function of
concrete slab in such systems is fire protection of the timber part. The research has
shown that very thin concrete slabs already provides efficient thermal insulation

241



Engineered Wood Products for Construction

and thickness of the slab is actually governed by required cover depth of steel
reinforcement and by prevention of explosive spalling of concrete [2].

Thus far, behaviour of TCC structural elements in fire has been extensively
experimentally investigated [20] and both analytical simplified methods and
numerical methods for fire safe design have been developed, see for example
[19, 21, 22], respectively. However, the variety of designs and complexity of
behaviour of TCC structural elements in fire conditions calls for further research.

3.5 Ecology aspect

Design of buildings with TCC structural elements can contribute to more eco-
logical and sustainable built environment in several ways.

Firstly, TCC floor systems were developed and are still being used for strength-
ening of existing timber floors with added concrete layer or as their replacement.
Consequently, the lifetime of renovated building is prolonged and thus its sustain-
ability is improved.

Furthermore, in comparison with reinforced concrete structural elements with
similar structural performance, TCC elements contain less concrete and, clearly,
more timber. This brings the following ecological advantages:

¢ Unlike concrete, timber is a renewable natural resource.

* Carbon footprint is defined as sum of greenhouse gas emissions caused by
organisation, event, product or individual expressed as carbon dioxide
equivalent. Several studies have shown that timber-based buildings generally
have lower carbon footprint and lower energy consumption during their life
cycle (i.e. lower embodied energy) than concrete buildings with comparable
heating and cooling requirements [23]. Research on cradle-to-gate
environmental performance has also confirmed very low values of carbon
footprint and embodied energy for prefabricated TCC wall element [3].

 Timber part of TCC element represents storage for carbon, which was captured
there during tree growth. In order to avoid release of the captured carbon in
the atmosphere and consequential increase of carbon footprint it is important
to apply available carbon capture and storage (CCS) technologies for timber
incineration at the end of its lifetime [23].

Since concrete, which is obviously less friendly to the environment than timber,
importantly influences structural performance of TCC element, the question
remains: “What geometry of TCC cross-section is optimal for satisfying both struc-
tural and environmental needs?” It was shown for a specific slab type of TCC floors,
that for achieving longer spans than 7 m it is better to increase height of timber part,
while keeping concrete thickness in specified range [15]. However, due to many
different designs of TCC structural elements that is not always the case.

4. Mechanical principles

TCC structural elements are most often simply supported one-way-spanning
floors (either slab type or beam type), subjected to vertical external load resulting in
positive bending moment only. Each of the two parts of the TCC cross-section (i.e.
timber part and concrete part) is usually rectangular. Mechanical principles in this
section are presented accordingly.
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Due to positive bending moment, tensile normal stresses occur on the lower half
of each part of the TCC cross-section and compressive normal stresses occur on
their upper halves. The connection between timber and concrete restricts horizontal
slip on the contact and transfers shear force, which is in equilibrium with internal
normal force in each part of the cross-section. The magnitude of the shear force and
inherent magnitude of the constant normal stresses in each part of the cross-section
are determined by the stiffness of the connection. Therefore, stiffness of the con-
nection between timber and concrete has important influence on total stress distri-
bution over