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Opening of the COST E34 - 4" Workshop
“"Practical Solutions for Furniture & Structural Bonding”

George Ntalos, George Mantanis and Michalis Sokratous
Dept. of Wood & Furniture Design & Technology (TEI Larissa) and TTR Centre (Cyprus)

Dear colleagues:

It is our great pleasure to welcome you all to this excellent place (Larnaka, Cyprus), and we are
almost ready to kick-off this COST E34 workshop!

It is great to see many colleagues coming all the way to present their recent works on topics
relating to "Practical solutions for furniture and structural bonding”. In this workshop additionally
some state-of-the-art techniques and recent technical and research data will be presented on the
areas of furniture and wooden constructions as well as on structural rehabilitation of timber
structures on-site.

At the same time, we wiil hopefully give the opportunity to local technical people coming from the
furniture manufacturing or civil engineering sector to experience and learn about new methods
and techniques.

We would like to thank much all the contributors to this technical workshop and of course to the
COST Office. We are positive that this workshop will not only provide a state-of-the-art, but also it
will function as an inspiration for wood-working enterprises and technical people initialising a more
widespread practical implementation of the presented technologies, techniques and applications.

Thus, we hereby declare that the COST E34 “4™ Workshop” is open!






“Furniture”

Chaired by Dr. Martin Ohlmeyer



10



Wood bonding in the furniture industry and
the effect of changing wood supply

Frihart, C.R., Wiedenhoeft, A.C., Jakes, J.E.!

Abstract: Wood is a complex and heterogeneous material, exhibiting variation in its structure and properties
at all size scales. For furniture manufacturing, both macro- and microscopic variations in wood structure affect
its bondability with various adhesives and the longevity of those bonds. For example, the relative proportion
of earlywood and latewood affect mechanical and rheological properties of wood and dimensfonal stability and
s an important macroscopic feature. Especially in some hardwoods, microscopic characteristics such as vessel
size and their distribution influence minimum thickness of the veneer or adhesive formulation to minimize
bleed through. At a larger size scale, the presence of juvenile wood or reaction wood in a piece of core stock
affect mechanical and physical properties of the wood, thus potentially changing the expected efficacy of
bonding and durability of these bonds. The substitution of plantation-grown wood for old-growth wood
complicates the performance of these bonds by decreasing uniformity of wood properties. In summary,
variations in chemical composition and micro- and macroscopic wood structure play important roles in bonding
wood. Understanding these factors is the first step toward achieving good service life for furniture and
structural wood applications.

Introduction

The widespread availability, favorable economics, and aesthetic appeal of wood have led to many uses in our
homes and in businesses of bonded wood products from lumber, veneers, flakes, fibers, and particles.
Different product types and assembly conditions necessitate many types of wood-bonding adhesives. The fact
that an adhesive for structural uses needs very different properties than one for furniture assembly makes it
difficult to draw general conclusions about essential adhesive properties. However, two aspects are desired for
all wood adhesives: the bond should be stronger than the wood, and the bond should adjust to dimensional
changes of wood as humidity and temperature change. A better understanding of wood structure, adhesive
properties, and adhesive interaction with wood can help manufactures make better wood products, including
furniture.

Wood is an unusual substrate in many respects. For a structural material, wood can shrink and swell
repeatedly with changes in moisture content while losing only a small portion of its intrinsic structural
integrity. Wood is porous, so adhesives and bonding conditions need to be controlled to obtain sufficient but
not excessive penetration. Material properties can vary widely between the many wood species and even
within a species, depending upon the quality of the material and the way in which it was processed. Even
material properties of pieces of wood from the same tree can vary greatly depending on the relative amounts
of juvenile, reaction, and mature wood present. The small joint sizes used in furniture can make these bonds
very sensitive to changes in material properties of the wood used and its moisture level. Given that most of
the questions about bonding problems or bond failures that we receive at the Forest Products Laboratory are
related to furniture, we felt that more detailed knowledge about wood and wood bonds would be helpful to
the furniture industry. Thus, this paper discusses wood structure, adhesives, adhesive-wood interactions, and
wood availability issues.

Wood Anatomy and Properties

Wood is a biological composite having coordinated domains of various component cells in distinct sizes,
shapes, and configurations. One can describe wood at a variety of scales, from single chemical bonds all the
way to functioning of wood in a living tree. For this paper, we consider wood structure at two interrelated
levels: (1) cells and cell assemblages that define the microscopic structure of wood and (2) larger scales of
analysis that are evident to the unaided eye. Both scales of analysis are critical for understanding bond
durability in wood—adhesive interactions

Cell walls and cell types in wood

Cells in wood are composed of two domains, the cell wall and the cell lumen (pl. lumina) (Figure 1B,C). The
cell wall is the actual substance of wood, and the lumen is the air space internal to the cell wall. This air space
or void volume is critically important in wood properties because it affects physical properties such as density

1 Forest Products Laboratory, One Gifford Pinchot Drive, Madison, WI 53726 USA
tel. +1 608 231 9208, fax +1 608 231 9592, email: cfrihart@fs.fed.us
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and adhesive interactions with the wood. The lumen of a cell is as much a part of the cell as is the cell wall
itself.

Although all cells in all wood species have both cell walls and lumina, not all cells in wood are the same;
characteristic cells are found in hardwoods (wood from broadleaved trees such as maple and beech) and
characteristic cells are found in softwoods (wood from cone-bearing trees such as pine, fir, and cedar). The
relative proportions of cells in each wood species combine to define its wood structure and consequently its
properties.

Softwoods contain two main kinds of cells: tracheids and parenchyma cells. Tracheids are long, thin cells that
make up over 90% of the volume of most softwoods. They are oriented along the grain of the wood and vary
in wall thickness, cell length, and other microscopic features but are otherwise similar across all softwoods. In
the tree they function in long-distance water transport in sapwood and mechanical strength, which makes
them the critical cell type in softwood—adhesive interactions. Tracheids have either thin or thick walls,
depending on their position in the growth ring (see below). Parenchyma cells are roughly brick-shaped cells
that play only a small role in either mechanical strength of wood or interaction with wood adhesives. The resin
in the resin canals can cause surface appearance and bonding problems.

Hardwoods contain three main cell types: parenchyma cells (virtually identical to those in softwoods and less
important to wood bonding than other cell types), vessel elements, and fibers. Vessel elements are the
defining cell type of hardwoods, are specialized for long-distance water transport, and are oriented along the
grain of the wood. They are barrel-shaped, large-lumined, and thin-walled, with little mechanical strength.
Fibers, also oriented along the grain of the wood, are thick-walled, long spindly cells, much like tracheids in
their overall shape but narrower and shorter; they are specialized for providing mechanical strength. Knowing
the functions of these cell types in the living tree will prove relevant to understanding wood—adhesive
interactions in the context of wood permeability and bond strength.

Gross wood structure

Although the component cells of softwoods and hardwoods differ in some respects, the overall organization of
cells in both kinds of wood is similar. Specifically, wood has two cell systems: an axial system and a radial
system. The axial system is the sum of all the cells running along the grain of the wood; indeed, the grain of
the wood is the axial system, and it functions largely in water transport and in providing mechanical strength
to the tree. The radial system runs at a 90-degree angle to the axial system, from the center of the tree out
toward the bark, and functions primarily to provide living cells with necessary chemicals, including water.

The axial system, however, is critically important, and is further subdivided into functional units that are
important to the tree, to the wood user, and to adhesive interactions. As most people know, trees in the
temperate world lay down a certain amount of wood each growing season—a growth ring or growth
increment. That growth increment is, at least in some species, clearly divided into two different domains,
earlywood and latewood (Figure 1D,E). The earlywood is the first-formed wood of the growth increment and
when distinct from latewood is characterized by generally thinner cell walls and larger lumina. This results in
the earlywood having lower density and higher permeability. Conversely, the latewood is generally
characterized by cells with thicker cell walls and narrower lumina. In addition to wall thickness, hardwoods
can show appreciable variation in the proportions of cell types (vessels and fibers) in each domain of the
growth ring. An important macroscopic property of wood that is derived from growth rings and growth rate is
the number of rings per centimeter, which is a measurement of how quickly the tree grew. In the case of
softwoods and many hardwoods, slower growth generally indicates higher density and more desirable wood
properties. For ring-porous hardwoods such as oak, elm, and ash, slower growth actually results in lower
density and generally less desirable wood properties because of relatively fewer fiber cells and more vessel
elements.

The two systems give rise to three planes of section, or three directions of observation, in wood. They are the
transverse, radial, and tangential (Fig. 1A) planes. Radial and tangential are also used to describe directions
of dimensional change across a board. Tangential change is change in the direction along the growth rings,
across the board, and radial change is at 90 degrees to tangential change.
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Fig. 1. A, cut-away illustration of a tree at various magnifications intended to
correspond roughly with the images at right; top, a softwood cell and several
hardwood cells illustrated to give a sense of scale between the two,; one tier
lower, a single growth ring of a softwood (left) and a hardwood (right) and an
Indlication of the radial and tangential planes; next tier illustrates many growth
rings together and how one might produce a straight-grained rather than a
diagonal-grained board; lowest tier illustrates the relative position of juvenile
and mature wood in the tree. B and C, light microscopic views of the lumina
(L) and cell walls (arrowheads) of a softwood (B) and a hardwood (C). D and
E, hand-lens views of growth rings, each composed of earlywood (ew) and
latewood (Iw) in a softwood (D) and a hardwood (E); F, a straight-grained
board, note that the line along the edge of the board is parallel to the line
along the grain of the board. G, a diagonal-grained board; note that the two
lines are markedly not parallel; this board has a slope of about 1 in 7. H,
gross anatomy of a tree trunk, showing bark, sapwood, and heartwood.

Zones in the tree

If we step away from the microscopic structure of wood and instead think about the standing or freshly cut
tree (e.g., Fig 1A), we can consider several large-scale features. Specifically, the typically dark-colored,
extractive-rich heartwood is distinct from the light-colored sapwood (Figure 1H). The heartwood represents
the older wood in the tree and often is the wood of commercial importance for most furniture applications
because it is the color-bearing wood. The sapwood, found directly beneath the bark, is conversely the
younger wood of the tree, lacks the color of the heartwood, and is sometimes removed during wood
processing. However, some species have mainly sapwood. Historically, when people were harvesting mature,
naturally grown trees, heartwood and sapwood were the only distinctions of importance to make in lumber.
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Now, as we harvest ever-increasing volumes of fast-grown plantation material, the difference between
juvenile and normal wood is another distinction of concern.

Juvenile wood is the collection of the first 5 to 20+ growth rings, depending on species, found at the center of
the tree. This means that some of the heartwood is in fact juvenile wood. Juvenile wood is structurally and
chemically different from mature wood and as such it has different physical and mechanical properties. For
example, Kretschmann (1997) concluded that shear strength parallel to the grain of solid wood decreased as
the percentage of juvenile wood in the shear specimen increased in loblolly pine. For the most part, compared
with normal wood, juvenile wood has undesirable traits and is best avoided, if possible. In many ways like
juvenile wood, reaction wood (wood that is formed by leaning trees) also has chemical and structural
differences compared with normal wood and behaves differently, as well. Juvenile wood is discussed below in
some detail with regard to moisture relations in wood and how it affects the properties of an adhesive—-wood
bond, but much of what is said applies to reaction wood, as well.

Moisture relations in wood

Wood is fairly unique as a material, in that it undergoes dramatic changes in dimension with changes in
moisture content (MC) of the board. The MC is defined as the weight of water in a board as a percentage of
the dry weight of the board. Moisture in wood can either be chemically/physically adsorbed into the cell walls
(bound water) or be liquid water in the lumina of the cells (free water). When a board has adsorbed all the
water that can be physically bound, it is said to be at fiber saturation point (FSP), and any additional water
will be held as free water. Between the FSP and the oven-dry state is where the gain or loss of water causes
dimensional change in wood. Environmental conditions of temperature and relative humidity determine the
MC of wood. The MC under a given set of conditions is referred to as the equilibrium moisture content (EMC),
at which point the moisture taken up by the wood is equal to the moisture lost.

In the case of normal wood, changes in MC between 0 percent and FSP give rise to radial and tangential
strain; generally, tangential strain is roughly twice the radial strain, and strain in the longitudinal direction is
negligible. In juvenile wood, however, longitudinal strain can approach that of radial strain, resulting in
massive changes in board length and influencing stress on bonded joints.

Wood Adhesives

Adhesive interaction with wood

This complex nature of wood makes it likely that adhesive interactions with wood will be complex. In addition,
the wide variety of adhesives used in wood bonding and the different joint types further increase complexity.
Both wood and adhesive play important roles in controlling the bond formation process and ultimate
performance of the assembly.

A key issue in wood bonding is proper control of penetration so that it is sufficient to develop a good
adhesive-wood interaction but not so excessive that it leads to an adhesive-starved joint. Penetration into
wood can involve either flowing into the lumina and cracks or migrating into the cell wall. To aid in
distinguishing these two fundamentally different processes in this paper, the former will be referred to as
penetration and the latter as diffusion. Penetration into lumina is controlled by grain angle, density, wood
species, and wood surface preparation. Grain angle is very important: In bonding to the edge or face of wood
pieces, adhesive penetration is limited if the surface is exactly parallel to the grain. However, being exactly
parallel to grain is unlikely (see Figure 1G, for an extreme example); thus, adhesive can flow into many open
lumina, leading to deeper penetration than when parallel to grain. This flow into lumina away from the
surface can provide stronger bonds through mechanical interlocks, but it also removes adhesive from the
bondline. If too much adhesive flows into the wood, over-penetration occurs and insufficient adhesive remains
at the bondline (i.e., a “starved bond”). Excessive flow into lumina can be a large problem for butt, scarf, and
finger joints. Excessive flow can cause bleed-through on veneers, especially if they have large vessel elements
(Christiansen and Knaebe 2004). The ability of the adhesive to penetrate into wood is species dependent and
is generally greater for earlywood than for latewood, especially in softwoods and for vessel elements in
hardwoods. For example, adhesives more readily penetrate into a pine board, such as loblolly pine (Pinus
taeda), than they do into a hard maple board, such as sugar maple (Acer saccharum), because of the larger
median cell lumina of the earlywood cells in pine. Penetration of heartwood is generally more difficult than it
is for sapwood because heartwood can have aspirated pits and higher extractives, decreasing its porosity.
Many adhesive studies are done on sapwood; thus, bonding of a wood species can be more difficult than the
literature indicates if the wood surface is heartwood.

For penetration to take place, the adhesive needs to wet (intimately cover) the wood surface. Thus, freshly
prepared surfaces from mechanical planing or hand sanding are better for bonding because the adhesive
better wets the surface (River et al. 1991). On the other hand, abrasive planing often crushes surface cells,
with poor bond strength resulting from a mechanically weak boundary layer. Some wood species, such as
teak (7ectonia grandis), are hard to bond because they have oily extractives that limit the ability of the
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adhesive to come into contact with the wood and therefore provide a chemically weak boundary layer.
Solvent-wiping the surfaces of oily wood improves bond strength. In contrast, a wood without such oils, such
as Afrormosia (Afrormosia elata, known by some as “poor man'’s teak”) is more easily bonded. Thus, correct
identification and understanding of the wood to be bonded can reduce bonding problems.

Adhesive properties also greatly influence their interaction with wood. Key factors include the ability of the
adhesive to wet the surface and penetrate/diffuse into the wood. Although most wood adhesives are water-
borne and wet surfaces poorly, the few that are not, such as polymeric diphenylmethane diisocyanate and
epoxies, can wet wood surfaces well, especially those that are not freshly prepared. As for ability to
penetrate/diffuse into the wood, most adhesives will fill cell lumina at and near the surface, creating a
mechanical interlock. Additionally some actually penetrate into cell walls, creating micro-sized mechanical
interlocks; those that penetrate may also alter the cell walls’ swelling capacity and modify their mechanical
strength.

Another important factor is their ability to fill gaps between the surfaces. Those adhesives that are cured by
moisture, including isocyanates and polyurethanes, generally prefer tight fitting joints because the curing
process generates gas bubbles that can weaken the joint of thicker adhesive bondlines. The formaldehyde-
type adhesives using phenol, resorcinol, urea, melamine, and combinations of these chemicals can tolerate
somewhat thicker bondlines. Poly(vinyl acetates) are generally used in tight bondlines because shrinkage is an
issue in thicker bondlines. For gap-filling ability and lower clamping pressures, epoxies are preferred.

Wood adhesives also exhibit a variety of means of setting, including polymerization and loss of water solvent.
Some that polymerize, such as epoxies and phenol-resorcinol-formaldehydes, cure (polymerize) at ambient
temperatures, whereas most others require heat or moisture. Moisture-cured adhesives need to have
sufficiently wet wood to cure within a reasonable time. In addition to setting by polymerization, most wood
adhesives are water borne and set by the wood absorbing water. Those adhesives that set by water removal
may cure more slowly when bonding heartwood than sapwood because the former absorbs water more slowly
than the latter. Bonding conditions are greatly influenced by type of product being produced. For example,
plywood bonding generally requires a different adhesive than does oriented strandboard production because
of adhesive application conditions and the amount of compression that the wood experiences for bringing the
surfaces together during bonding. For furniture, many phenolics are undesirable because of their dark color
and slow setting speed. The traditional poly(vinyl acetate), or white glue, is often being replaced by moisture-
cured isocyanates because the latter have better durability. The selection of adhesive depends upon wood
substrate, type of joint, bonding conditions, and use conditions for the bonded product.

Bond durability

Wood products are expected to have a long lifespan—over 100 years is fairly typical of wood products,
whether used in buildings or furniture. Thus, adhesives need to very “durable.” As noted by Kamke (2006),
we use the term durability but often do not define service conditions and service life. Service life is generally
easier to define—that of inexpensive furniture and cabinets is usually measured in tens of years, while that of
structural elements and fine furniture is measured in hundreds of years.

Service conditions involve both applied loads and internal forces as generated by changes in temperature and
wood MC. For a beam, bookcase shelf, or vertical member, the load applied to the wood product can
generally be calculated and the bonded product tested for its performance. This allows the manufacturer to
determine the suitability of the wood product for its load-bearing ability. On the other hand, internal forces
generated by the setting process of the adhesive and moisture level changes are harder to quantify, making it
more difficult to know the true service life. The shrinking of wood as it dries and the expansion as it picks up
moisture are well known, and overall dimensional changes can be measured. For wood to swell and shrink
means that much of the water absorption by the cell wall goes into making the cell walls increase in thickness
by expanding outward from the lumen during swelling and the opposite during drying. However, even
knowing the expansion of the bulk wood, converting the swelling data into actual internal forces on the
bondline is difficult. How much of the dimensional change is mitigated by stress relaxation in the wood and
how uniform is this stress given that earlywood should have different expansion and contraction values than
latewood? How are the forces distributed given the anisotropic nature of wood? How much of the stress is
distributed through the adhesive? How much internal force originally exists in the bondline from normal
volume shrinkage of the adhesive during the setting process, from loss of the solvent, or the polymerization
process? Changes in wood MC while in service are difficult to prevent, but the best practice to maintain the
wood during bonding at a moisture content near the average level the product will experience during use.
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(A) In-situ polymerized — rigid, multifunctional oligomers that highly crosslink,
but can diffuse into cell walls.

7%

(B) Pre-polymerized — flexible backbone that lightly crosslinks or extends during setting.

Fig. 2. Wood adhesives can generally be classified as either (A) those that are in-situ
polymerized where the applied adhesive consists of small molecules that polymerize to
form large molecules during the adhesive setting process or (B) those that are pre-
polymerized and are often crosslinked during the adhesive setting process.

Although these questions may not be readily answered, we can better understand the performance of wood
bonds if we understand how two general classes of adhesives deal with internal forces (Figure 2). One class,
which represents the largest volume of wood adhesives, includes those that are formed from /n situ
polymerization. These adhesives are made of rigid monomers that are often highly crosslinked, yielding an
even more rigid cured adhesive, and include the formaldehyde-cured adhesives made from phenol, resorcinol,
urea, and melamine, and epoxy adhesives. If the adhesives are rigid, how do they cope with
dimensional changes of wood as moisture level changes, especially in exterior exposure? Many of these
adhesives are made from chemicals that are known to stabilize the wood by making it more rigid and
reducing dimensional change with changing moisture levels. Thus, the difference in dimensional changes
between the bulk wood and the bondline is spread through the wood in the interphase region. The other class
of wood adhesives is the pre-polymerized adhesives. These generally have a flexible backbone that is often
crosslinked during the curing process and include poly(vinyl acetate), polyurethane, emulsion-polymerized
isocyanate, and protein. These materials usually have the ability to adjust to dimensional changes of wood by
spreading the strain through the adhesive layer. Thus, general comparison of adhesive mechanisms should
include evaluation of the polymer morphology, its physical properties, and its mode of interaction with wood.

In the manufacture of panel products, most adhesives are of the /n sitv polymerization class. However, for
furniture manufacture, both classes of adhesives are used. The bonds generally are strong enough to give
wood failure, although most poly(vinyl acetate) or white glue is not crosslinked, so under high moisture
conditions the adhesive softens as the swelling stresses increase, leading to bond failure.

Changes in Wood Supply

In the past 100 years, wood characteristics within species for many American woods have changed as we
have moved from cutting old-growth trees to harvesting younger material. Wood quality within a species is
governed by factors such as growth rate of the tree (rings per centimeter in a board), overall health and vigor
of the tree as affected by silvicultural practices, and final age of the tree when it is cut. Directly related to
these are factors such as presence of knots, completion of heartwood formation, proportion of juvenile wood,
and greatest width of possible boards cut from the tree. The quality of boards cut from a single tree primarily
depends on the proportions of juvenile, reaction, and mature wood. With these changes in tree and board
characteristics come changes in the cost of material; as demand exceeds the ready supply of material of a
given quality, price increases, often encouraging bold entrepreneurs to explore the use of alternative species.
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When attempting to shift to a new species, people are generally seeking an identical wood that is, for the
moment, available at a competitive price. Of course, “identical” means different things to different people;
some may want the white color of high-quality sugar maple and care little about its strength, whereas others
may be seeking only inexpensive, strong secondary wood for hidden parts of a large piece of furniture. Thus,
if one’s requirements are well defined, a cheap and plentiful alternative may be found by matching the
relevant wood properties of the commonly used material with the alternatives available.

This means that a wood user must specify the exact characteristics of interest (e.g., correct scientific name,
density, rings per centimeter, number and size of knots), particularly when grading standards are not
available or not uniformly enforced (as with many tropical hardwoods). For example, a furniture maker might
specify teak, thinking of good, old-growth Burmese Tectona grandis (Wood Identification 2007). Their
supplier, however, may deliver a load of so-called Brazilian teak (cumaru) Dipteryx odorata, which, apart from
being nothing like genuine teak in its wood properties, is also an endangered species. Or the supplier may
provide Costa Rican teak, which, although it is in fact botanically the correct species (being plantation
material), has growth rings of 20 to 26 mm, not at all what the furniture maker had in mind when the order
was placed. Thus, to manage the changing wood resource, furniture makers must accurately and precisely
specify their needs in contracts with wood suppliers.

Also of critical importance to the issue of wood quality and changing supply is the issue of moisture content in
the product. With the relative increase in proportion of juvenile wood in many species, and the ever-
decreasing diameter of trees being harvested, control of MC is even more important now than before,
because the material itself is more likely to change unevenly with changes in MC. Also, targeting the MC of
the wood at the time of processing to the expected MC at the site of end-use will minimize dimensional
changes. Likewise, the correct adhesive must be chosen for the specific wood, at the correct MC, and on the
correct type of joint for successful application. Targeting all these processes accurately and correctly will take
best advantage of the properties of the raw material and will minimize the likelihood of product failure.

Relatively little work has been published on the effects of juvenile wood on mechanical properties of an
adhesive-wood bond. The rising supply of wood with higher proportions of juvenile wood and this lack of
published literature prompted researchers and the United States Forest Service’s Forest Products Laboratory
to conduct some basic experiments (Jakes et al. 2007). Using ponderosa pine (Pinus ponderosa), compression
shear block specimens were constructed using two adherends and a phenol resorcinol formaldehyde resin.
Three groups of shear block specimens were tested, one with two mature wood adherends (MM), one with
two juvenile wood adherends (J]), and one with one juvenile and one mature adherend (JM). Interestingly,
despite juvenile wood'’s perceived inferiority to mature wood, the 1] group was significantly stronger than both
the MM and JM groups. However, the JM group produced the weakest bonds. The resulting compression
shear strengths were 11.3 £ 0.3, 9.1 £ 0.3, and 7.3 %+ 0.5 for JJ, MM, and JM groups, respectively, where the
uncertainties are 95% confidence intervals on the mean. An analysis of the corresponding load—displacement
curves revealed that the JJ group had over twice the work to failure than did the MM and JM groups, and the
overall bond stiffness was lower. This work suggests that during the loading of a compression shear block
specimen, the more compliant 1] specimen is able to dissipate twice as much energy during loading than is
the MM specimen, and the result is an overall stronger bond. However, if mature wood is bonded to juvenile
wood, the opposite affect occurs, and a weaker bond results. This work demonstrates that juvenile wood,
when present in adhesive-wood bonds, will affect bonding, but not necessarily negatively in all cases.

Conclusions

Understanding both the nature of wood and adhesive interactions with wood is important to making a wood
product with an acceptable service life. Wood supplies are changing, with a greater proportion of earlywood
or juvenile wood than in the past, which can have a variety of effects on end use. Furthermore, these
changes can greatly affect the interaction and performance of adhesives with wood. Two main classes of
adhesives, based upon their polymer chemistry and morphology, each respond differently to changes in wood
moisture levels. The wood user, especially the furniture maker, needs to be cautious and informed in wood
selection or may need to consider altering the design and adhesive used to accommodate these changes.
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Emission of TVOC from materials applied
in the furniture manufacture

Przemyslaw Gaca?

Abstract: Volatile organic compounds from particleboards, plywood, finish foil, furniture elements and
polyvinyl acetate (PVA) adhesive were measured in the small chamber. Samples emission properties in small
chamber was given both qualitative and quantitative characterization with the use of GG/MS system. Volatile
organic compounds (VOC) emissions were very high for a furniture element — veneered particleboard and raw
pine wood. Relatively high emission was observed also in the case of child bed sample where aromatic
derivatives were detected. For plywood, PVA adhesive and finish foil VOC emission was found low and met
the IKEA requirements. Significant differences, both qualitative and quantitative, between unfinished and
finished samples were observed. There were also conducted TVOC emission tests from different kinds of
lacquers put on wood species. High emission levels of TVOC for polyurethane and chemo-hardening lacquer
were determined.

Introduction

The state of the environment is, according to World Health Organization (WHO, 1989), the main reason of
health problems of inhabitants, connected with the increase of tumor sicknesses and other civilization
diseases. Principally, one of the most important things is indoor air quality (IAQ). It is well known that people
spend most of their time inside buildings and apartments. Lower immunity of children and the elder people
cause that they are especially exposed to the influence of hazardous compounds present in the air of rooms.

In order to improve indoor air quality, it is generally advised to control sources by reducing pollutant
emissions, particularly by the selection of “low emission” building products (Yrieix, 2004 and Zellweger,
1997). Other important thing is creating the labeling schemes which are available in many countries (Wolkoff,
2003).

The furniture - the main indoor equipment of rooms intended for permanent stay of people — should be under
constant monitoring, taking into account their manufacture from different materials with the application of
synthetic chemical compounds which could cause the emission of volatile organic compounds.

In the Department of Environmental Protection and Wood Conservation of Wood Technology Institute we
carry out the research on emission of harmful compounds such as formaldehyde and VOC from materials
applied in the furniture manufacture.

The main objective of our studies was the VOC emission research from the chosen materials applied in the
furniture manufacture like particleboard, plywood, finish foil, raw pine wood finished furniture elements and
polyvinyl acetate glue (PVA). We also examined 4 types of lacquers which were applied into the surface of six
wood species and for comparison into the surface of glass plate and fibreboard.

Materials and Methods

In our research we applied following furniture materials: particleboard, plywood, finish fail, finished furniture
elements, raw pine wood materials and polyvinyl acetate (PVA) adhesive.

All determinations of the VOC emission from indoor materials and products were conducted by the chamber
method (chamber: 0,025m> capacity). The chamber was made of glass and was conditioned for proper
temperature and relative humidity according to the following conditions:

- air temperature in chamber: 23°Cx1°C
- relative humidity of air: 45%+5%
- air exchange in chamber: 1ht

- filling up the chamber with the tested material: 1m*m3

The chamber was equipped with suitable accessories such as inlet port for airflow and an port for
temperature/humidity measurements. The climatic conditions were continuously monitored by the PC
software. This chamber was placed in the air-conditioned room.

2 Dept. of Environmental Protection and Wood Conservation, Wood Technology Institute, Winiarska 1, 60-654
Poznan, Poland. Email: gaca@itd.poznan.pl
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TVOC concentration [pg m™]

The sorbent tubes constructed of glass were used for collection of emissions. The tubes were packed with one
layer of Tenax TA (120 mg). Before usage these tubes were conditioned at 260°C for 24 hours and exposed
to the flow of helium at 15 mI'min™.

The sampling flow rate was set at 100 mI'min™, collecting for analysis 1 liter of air for a sampling period of 10
minutes. After collection of two air samples, chemical compounds adsorbed on traps were thermally desorbed
on-line into the chromatographic column.

To characterize and quantify the target compounds the gas chromatograph/mass spectrometer (GC/MS)
system was utilized. Target compounds were identified by the retention time, full mass spectra and/or by the
presence of some ion fragments. Quantitative evaluation was achieved by comparing the chromatogram peak
area of each compound to the corresponding peak area of an internal standard. Analysis was performed on
the Thermoquest Finnigan Trace 2000 gas chromatograph coupled with Finnigan Trace mass spectrometer.

Analysis conditions of samples were as follows:

—  GC/MS interface temperature - 220°C,
—  detector MS - 220°C,
— oven temperature - 35°C (4 min) 5°C/min --> 140°C (0 min)
12°C/min --> 240°C (3 min)
—  carrier gas flow - imI'min™
— injector - thermal desorber, 280°C for tube desorption and 280°C for trap
desorption
Results

The total concentration of volatile organic compounds (TVOC) emitted from the tested materials is presented
in Figure 1 (the test results are expressed by the mean value of two air samples and did not differ by more
than 10% from each other).

The highest emission of VOC compounds was observed in the case of the furniture element — three layered
particleboard veneered with natural birch veneer - and resulted 3 860 ug'm? after 24 hours and 3 407 ug'm™
after 48 hours. Also TVOC emission from raw pine wood (1 616 pgm™ after 24h, 1 552 ug'm™ after 48h) did
not fulfill the IKEA requirements and was above 1 200 pg'm™. For other materials the total concentration of

Fig. 1. The TVOC emission of selected furniture materials
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the volatile organic compounds after 48 hours was below the IKEA requirements. In the case of finish foil and
polyvinyl acetate adhesive there was observed very low emission of volatile organic compounds (relatively: 42
pg'm=> and 51 pgm™ after 48 hours). Relatively high VOC emission from the child bed sample: 840 ugm
after 24 hours and 701 pug'm? after 48 hours, should be taken into consideration. As it was mentioned above,
children have lower immunity, so such a level of hazardous compounds emission could cause different health
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effects like eye, nose, and throat irritation, headaches, loss of coordination, nausea, damage to liver, kidney,
and central nervous system and even cause cancer (Rutkowska I., 1995)

The results of the measurements of the hazardous compounds concentration showed significant qualitative
and quantitative differentiation of group VOC compounds emitted from the tested materials.

In Figure 2, the percentage emission distribution of the group compounds emitted after 48 hours from the
tested materials is presented.

Aldehydes were the main part in the three samples: particleboards (thickness: 16mm and 25mm) and
plywood: 59%, 47% and 30%, relatively. However, in the case of plywood aliphatic compounds were the
most important part — 65%. They also played the principal role in the other 2 samples: PVA adhesive (45%)
and furniture sample — veneered particleboard (54%).

The large participation of terpenes emitted from raw pine wood sample, above 96%, was not any surprise. It
is natural, that these compounds are the main elements of raw pine wood. The child bed sample made of
pine wood had also high amount of terpenes (37%). But the most worrying fact is the presence of aromatic
compounds. Almost of all compounds emitted from this furniture element have aromatic derivation. It can be
explained by the fact of application of varnish, from which these compounds are emitted.

The amounts of alcohols and ketones were relatively low and their participation in the main distribution of
group compounds was below 10% for all air samples collected from the chamber filled with the test materials.

@ Others
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i O Aromatic
compounds

| O Aliphatic
compounds

O Ketones

H Aldehydes

B Alcohols

| === . .

particleboard  particleboard ply wood finish foil raw pine wood PVA adhesive furniture furniture el. -
16mm 25mm element - child veneered
bed particleboard

Fig. 2. Percentage emission distribution of the group compounds (after 48 hours)

We also conducted the determination of VOC emission from four types of lacquers put on the different wood
species and for comparison on the glass plate and fibreboard. The results of tests are presented in the Figure
3.
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Fig. 3. Total VOC emission from different kinds of lacquers

The highest VOC emission was observed from the samples lacquered with polyurethane and chemo-hardening
lacquers. The VOC emission from the glass plate lacquered with polyurethane lacquer was only 567 pgm?. In
the case of wood species and fibreboard there were very high emission levels in the range of 3 805 pugm?
(larch wood) and 6 850 pgm™ (beech wood). Applying of chemo-hardening lacquer on the beech wood
sample gave outstanding high TVOC emission value above 12 000 pg'm™. There was also high emission from
fibreboard (above 8 000 pg'm™) on which was put this kind of lacquer. Other samples were characterised with
much lower TVOC concentrations (from 685 to 2 746 ug'm™.). The nitrocellulose and acrylic lacquer applied at
the surfaces of wood species and glass plate and fibreboard had levels of TVOC mostly not exceeding 600
pg'm>. The higher emission value for the pine sample is due to the presence of terpenes compounds. It is
worth to notice the high concentration of TVOC compounds in the air samples of beech species: 2 534 ugm=.

Discussion and Conclusions

The research confirmed the need for qualitative and quantitative characterization of indoor pollutants like
volatile organic compounds emitted from furniture and materials applied to their manufacture.

Most of the test samples were not dangerous to the indoor environment in the respect of the amount of
emitted volatile organic compounds. The test materials samples emitted VOCs at the level below 1 200 ug/m?.

But the thorough qualitative and quantitative research indicates the appearance of some dangerous group
compounds which can be present in the air of the indoors. It should be taken into consideration, that
unfinished wood boards, like particleboards, are the main source of aldehydes emission. The emission
research of the child bed showed relatively high concentration of aromatic compounds which cannot be
present in such product. Such compounds could cause different health effects. Nielsen et al. (1994) showed
the principles of the evaluation of health effects of VOCs emitted to indoor air.

High emission of terpenes in the case of raw pine wood was confirmed (Jensen, 2001).
It should be noticed that the furniture element — particleboard veneered with natural birch veneer - was

characterized by the very high emission of volatile organic compounds. Over 50% of all emitted compounds
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were aliphatic derivatives. ¥4 of all compounds were aromatic derivatives. This large amount of VOCs found
suggests that there were applied materials (like adhesives, veneers) characterized by the high content of
organic solvents.

Very high emission levels of TVOC characterized the wood samples lacquered with polyurethane and chemo-
hardening lacquers with a maximum value of 12 354 pg/m> from beech samples covered with the second
varnish. The high differences between glass plate (relatively, 567 and 685 pgm=) and other wood samples
and fibreboard (relatively from 1 143 to 12 354 pg'm™) may result from the interactions between compounds
present in the structure of samples and compounds present in the lacquer. The levels of volatile organic
compounds emitted from water-based acrylic lacquer and nitrocellulose lacquer were much lower not
exceeding 600 ug/m?> in most cases.

In this study there were tested only several materials used to furniture manufacture. Taking into account both
qualitative and quantitative differentiation, it is imperative to continue the research of indoor air quality. It is
necessary to further develop the knowledge on emission of volatile organic compounds from materials applied
in manufacture of furniture. It may contribute to identification and possible extermination of the emission
sources and finally to improve indoor air quality and decreasing the risk of disadvantageous indoor
environment influence on human health.
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Linear and high speed rotational wood welding:
Wood furniture and wood structures

Antonio Pizzi!

Abstract: Linear vibrational surface-to-surface wood welding and high speed rotation-induced wood dowels
welding, without any adhesive, rapidly yields wood joints of considerable strength. The mechanism of
mechanically-induced wood welding is shown to be due to the temperature-induced softening and flowing of
some amorphous, cells-interconnecting polymer material in the structure of wood, mainly lignin, but also of
hemicelluloses and consequent high densification of the bonded interface. In linear wood welding wood
species and grain direction are important parameters. In rotational wood welding wood species, relative
diameter differences between the dowel and the receiving hole, dryness of dowel and substrate, and pressing
time are parameters yielding significant strength differences, while relative orfentation of the fibre grain of the
dowel in relation to the fibre grain of the substrate, relative rate of rotation within a limited range and the use
of rough or smooth dowels did not have any significant influence. X-ray microdensitometry and scanning
electron microscopy are also used in the presentation to show the advantages and limits of wood dowel
welding by high speed rotation. The use of dry dowels inserted hot or cold in the substrate after preheating
them at high temperature (100°C) yielded consistently better results than that obtained with PVAc gluing.
The joint construction also afford a level of water resistence of the doweled joint, although not to the level to
produce exterior-grade joints. High-speed dowel rotation welding was used to manufacture several furniture
pieces as well as a full-scale suspended floor, hence a building construction structure. This was coupled with
obtaining a more light weight floor assembly at equal stiffness by maximizing the rigidity of the suspended
floor while minimizing the number of timber planks used to build it, and maintaining its vibration frequency
high and its level of vibration low. Deformation under 4 points static load of the floor was carried out to
determine displacement under load and the floor vibration behaviour was determined by the use of
accelerometers. The properties of the floor and the own frequency measured do satisfy well in excess all the
requirements specified by Eurocode 5. The lower is the value of the maximum vibration rate Vi, the better
is the floor. The floor measured V., value is low rendering the dowel-welded floor competitive with
traditional floors. Both furniture and the structural suspended floor were manufactured by using either fixed-
base or hand-held electric drills, rendering the use of the technique particularly easy and inexpensive.

Introduction

Mechanically-induced friction welding techniques which are widely used in the plastic and automotive industries
have recently been applied also to joining wood, without the use of any adhesive. These techniques work by
temperature-induced softening up to melting of some wood components and forming at the interface between
the two wood surfaces to be joined a composite of entangled wood fibres drowned into a matrix of molten
wood intercellular material, such as lignin. Evidence that the temperature induces intercellular material
softening and melting is provided by the complete loss of the cellular structure of wood and its high
densification at the welded interface.

Linear mechanical friction vibration (Fig. 1) has been used to yield wood joints satisfying the relevant
requirements for structural applications by welding at a very rapid rate. Cross-linking chemical reactions have

also been shown to occur by CP-MAS *3C NMR. These reactions, however, are relatively minor contributors to
the strength of the welded joint during the very short welding period but acquire more importance after the

welding period.
J_|7 APPLIED FORCE

Wood /ﬂv‘ <:::> LINEAR DISPLACEMENT

Fig. 1. Vibrational movements of two solid wood surfaces during linear vibration wood welding.

1 ENSTIB-LERMAB, University Henri Poincaré - Nancy 1, Epinal, France.
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Assembly techniques by dowel insertion, with or without the use of adhesives, are common and particularly
useful in joining solid wood in the furniture and wood joining industries. In particular, in the furniture assembly
industry the traditional manner to insert dowels in good quality solid timber furniture joints is by percussion,
pneumatic or manual means. Adhesives, generally poly(vinyl acetate) (PVAc), are used, but not always. In the
most general case, dowels of 10 mm diameter are inserted in a prepared hole of 9.5 to 9.75 mm diameter in
the substrate. When poly(vinyl acetate) (PVAc) adhesive is used instead 10 mm diameter dowels are inserted
in 10 mm diameter holes.

T
o A

l ~—— WOODEN DOWEL

7 B
PREDRILLED
HOLE

WOOD
SUBSTRATE

PR E,

Fig. 2. Schematic representation of the insertion of a cylindrical dowel in a predrilled hole
in a wood substrate.

Insertion of dowels by high speed rotation, however, cause an increase of temperature, and hence a series of
physical and chemical events leading to wood welding comparable to that obtained by vibrational flat surface
welding (Fig. 2).

This presentation review what exciting developments has been achieved up to now in this extremely new field
of wood binding.

Linear Wood Welding

Linear welding of wood can gives bonding results satisfying the relevant standards, while orbital welding gives
much lower results. Some of the parameters that influence welding of metals with the same type of equipment
also influence wood welding. Thus, the influence on the final weld of the vibration welding time, the contact
holding time after the welding vibration had stopped, the welding pressure exerted on the surfaces, the holding
pressure after the welding vibration had stopped, and the amplitude of the shift imparted to one surface
relative to the other during vibrational welding are of importance. Welding frequencies of 100 Hz are used.
The joint tensile strength depends on vibration amplitude, showing some good bond strength for 3mm
vibrational amplitude. The joint tensile strength depends on welding pressure, values of 2 to 2.3 Mpa giving the
best results. The joint tensile strength depends on welding time, but less markedly than on welding pressure.
In general combinations of 3 seconds welding time and 4-5 seconds holding time give strong joints presenting
strength in excess of 10 and sometime of 11 Mpa. The relevant European Norm for these types of joints
requires strengths equal to or higher than 10 MPa.

The strong joints obtained are not capable of satisfying specifications for exterior joints as they show relatively
poor resistance to water. These joints can then only be considered for interior applications such as for furniture
and for interior grade wood joints. Improvements in joint design can however improve their resistance to
watrer, but never to exterior grade level. Furthermore the technique at this stage is only usable for solid wood
joints and joints between premanufactured panels and not only those presenting the same type of
characteristics as solid wood, such as plywood and oriented strand board (OSB), but also MDF and
particleboard. The technique has considerable interest for its low cost and in the implementation of totally
environment friendly wood joints in joinery and furniture manufacturing.

The mechanism of mechanically-induced wood vibration welding has been shown to be due mostly to the
melting and flowing of some amorphous, cells-interconnecting polymer material in the structure of wood,
mainly lignin, but also hemicelluloses. This causes partial detachment, the "ungluing" of long wood cells, wood
fibres, and the formation of a fibres entanglement network in the matrix of molten cell-interconnecting material
which then solidifies (Figs. 3 and 4) . Thus, a wood cells/fibres entanglement network composite having a
molten lignin polymer matrix is formed. Figs. 3 and 4 show scanning electron micrographs showing the detail
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of the type of composite formed in the bondline of a solid wood joint. The interfacial composite formed has
lost all the anatomical structure of wood and presents a density more than double than that of wood, this
characteristic alone already contributing greatly to the increase in strength of the welded joint (Fig. 5).

Fig. 3. Scanning electron microscopy images of lignin fusion band at 100 magnification
showing the entangled and detached tracheids, a fused intercellular lignin mass and
tracheids and fibers immersed in the fused lignin matrix.

EHT = 2000 k¥ Platine: 7 = 10.207 mm Signal A= QBSD Grand.= 422X Heure :15:07:36

Taille de sonde =300 VD= 13 mm Tension Collecteur= 380V

Temps Cycle =335

Fig. 4. SEM micrographs of the surface of a dowel that has been tested. Fibres of the wall of the
substrate hole welded to the underlying fibres of the dowel that run 90° cross-grain (422X
magnification).
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Fig. 5. X-ray microdensitometry-derived three-dimensional wood density map of a beech
wood joint clearly showing high density peaks at the interface where the wood is joined in
relation to the lower density of the surrounding wood.

During the welding period some of the detached wood fibres which are no longer held by the interconnecting
material are pushed out of the joint as excess fibres. Cross-linking chemical reactions also have been shown
and confirmed to occur (the most likely one of these identified by NMR appears to be a cross-linking reaction of
lignin with carbohydrate-derived furfural and furfural self-polymerization). These reactions, however, are
relatively minor contributors during the very short welding period. Their contribution increases after welding
has finished, explaining why some holding time under pressure, after the end of welding, contributes strongly
to obtaining a good bond.

Rotational Dowel Welding

High speed rotation-induced wood dowels welding, without any adhesive, rapidly yield wood joints of
considerable strength. The mechanism of mechanically-induced high speed rotation wood welding is due, as
already observed in linear vibration welding, to the temperature-induced softening and flowing of some
amorphous, cells-interconnecting polymer material in the structure of wood, mainly lignin, but also of
hemicelluloses and consequent high densification of the bonded interface. Wood species, relative diameter
differences between the dowel and the receiving hole, and pressing time were shown to be parameters yielding
significant strength differences; while relative orientation of the fibre grain of the dowel in relation to the fibre
grain of the substrate, relative rate of rotation within a limited range and the use of rough or smooth dowels
did not have any significant influence. X-ray microdensitometry and scanning electron microscopy were used
to determine the limits of wood dowel welding by high speed rotation. The type of parameters that had an
influence on strength indicated that the strength values obtained, although often rather high, were often due
to welding of only a limited part of the dowels to the substrate. This is due to the forcing of the dowel into a
truncated conical shape by the pressure of insertion and the consequent disruption of bonding in some areas.
Notwithstanding this effect, the welded contact area is sufficient to yield strength results comparable to, or
even slightly higher than those obtained by PVAc adhesive bonding. The use of dry dowels inserted hot or cold
in the substrate after preheating them at high temperature (100°C) yielded consistently better results than
those obtained with PVAc gluing.

Oven-dry dowels, insertion of hot dowels, cross-cut dowels, substrate holes of step-decreasing diameter as a
function of depth, use of ethylene glycol or other compounds able to decrease the glass transition temperature
of wood components have all been shown to contribute to improving weld joint strengths in a variety of less
drastic conditions than the 10 mm/8 mm dowel/substrate hole diameter difference. The results showed that
once the depth of the dowel is much greater than 15 mm, then almost all the conditions used improve the
weld strength. This means that the proportion of area welded in relation to the tensile strength of the dowel
itself is a determining factor. The greater this area the higher the strength, irrespective of the application
conditions used. Thus, over a certain welded area the dowel breaks when tested in tensile, i.e. the joint is
stronger than the dowel. Temperatures >180°C are obtained during the quick welding step with the
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temperature decreasing in less than a minute to 60-70°C (Fig. 6). The same chemical reactions as occurring in
vibrational welding have been shown by solid state *C NMR analysis to also occur in dowel rotation welding.
In dowel rotation welding the production of carbohydrate-derived furanic aldehydes is higher (a) from the
wood material of the substrate in which the hole is pre-drilled rather than from the material of the wood dowel
itself, (b) when the weld joint strength is good, and (c) when the rate of dowel insertion is higher.
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Fig. 6. Experimental and extrapolated curves of temperature increase as a function of time for the
case of 10 mm dowel diameter and 8 mm substrate hole diameter. T; experimental curve at 1 mm
from substate hole, and T, experimental curve at 2 mm from substrate hole. T, is the extrapolated
curve of the interface temperature. It increases as a function of time compared to the experimental
curves for temperatures T; and T,. t.is the time at which rotation was stopped.

The interactions between parameters found to be determinant in wood dowels welding by high speed rotation
have also been evaluated. Of these the interactions that proved to be the most significant, in descending order,
were rotation rate/dowel moisture content, followed by rotation rate/ethylene glycol, and finally at a lower level
of significance the interactions rotation rate/dowel temperature, wood grain direction/wood species, and dowel
temperature/wood species. Of the single factors, once the most detereminant factor already optimized in
previous studies, namely the dowel/hole diameter difference has been fixed, the most significant were: wood
grain direction, dowel’s moisture content (dryness) and wood species. The optimized process yielded exellent
strength results and equations able to predict the strength obtainable with certain variable values have been
developed. The torque for the insertion of the dowel in the substrate hole was measured. In no cases the value
of the torque needed for insertion was excessive and insertion is therefore easy. Wood joints composed of two
pieces of timber held together by a dowel welded to both of them were assembled. The results obtained (Table
1), advantages and points of importance to improve in the technology have already been presented and
discussed. X-ray densitometry of the samples prepared showed some interesting features (Fig. 7 a,b,c,d).

Table 1. Tensile strength results of two wood blocks joined by a welded dowel.

Test Number Tensile Strength (N)

3584
3941
3669
3626
3632
3611
3771
4320
4231
0 4199

H OONOUTAWN -

Average (Standard deviation: 291) 3858
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Two-block wood joints were obtained by insertion and welding without adhesives of dowels by high speed
rotation. Their strengths were better than that obtained by poly(vinyl acetate) (PVAc) gluing. X-ray-
microdensitometry analysis showed that a complete welding of the dowel to the substrate occurred and that a
perfectly tight joint was formed. Isolation of the flow material allowed CP-MAS 3C NMR analysis of its
composition with possibly low interference from the constituents from the substrate. The flow material
appeared to be composed of hemicelluloses, apparently xylans, and lignin. Scanning electron microscopy
coupled with the NMR analysis results showed that microfibrils of cellulose, in both amorphous and crystalline
states, torn from the wood surface during welding as well as very small proportions possibly of recrystallized
xylans and furanic compounds formed by heat transformation of the carbohydrates were present. Most
important, the geometry of the dowel joint allowed the joint to maintain up to 88% of its initial tensile
strength after 24-hour immersion in cold water and 15% after redrying (Table 2).

Table 2. Resistance of 10 mm dowels to 24 hours in cold water — dowels inserted for 20 mm only

Dry strength (N) Wet strength (N)
Welded dowels 1979+103 1746+153
PVAc-bonded dowels 1844+177 1286+224

kg/m3 S50-700 Too-850 S50-1000 m1000-1150 m1150-1300 m1300-1450 ?
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Fig. 7. (a) X-ray micrograph of a fluted groove beech dowel inserted and welded to two separate
blocks of beech wood. The white areas correspond to the areas of greater densification. For the
microcrack indicated by arrow (1) welding has not occurred or welding has been broken. Arrow
(2) indicates molten intercellular material which has seeped in the sfissure between the two
blocks. (b) X-ray microdensitometry map in kg/nT’ of the same rotation welded fluted groove
beech dowel inserted in a beech wood substrate (beech substrate tangential section). (c) X-ray
micrograph of a fluted groove beech dowel inserted and welded to two separate blocks of beech
wood when the two blocks are kept firm together during dowel insertion. Note that interface
between the two blocks is tight and inviusible: it be only deducted from the different directions of
the growth rings of the two wood pieces. (d) X-ray microdensitometry map in kg/m’ of dowel
section, sliced perpendicularly to the length of the dowel, of a welded fluted groove beech dowel.

Two-block wood joints were obtained by insertion and welding without adhesives of dowels by high speed
rotation. Their strengths were better than that obtained by poly(vinyl acetate) (PVAc) gluing. X-ray-
microdensitometry analysis showed that a complete welding of the dowel to the substrate occurred and that a
perfectly tight joint was formed. Isolation of the flow material allowed CP-MAS 3C NMR analysis of its
composition with possibly low interference from the constituents from the substrate. The flow material
appeared to be composed of hemicelluloses, apparently xylans, and lignin. Scanning electron microscopy
coupled with the NMR analysis results showed that microfibrils of cellulose, in both amorphous and crystalline
states, torn from the wood surface during welding as well as very small proportions possibly of recrystallized
xylans and furanic compounds formed by heat transformation of the carbohydrates were present. Most
important, the geometry of the dowel joint allowed the joint to maintain up to 88% of its initial tensile strength
after 24-hour immersion in cold water and 15% after redrying (Table 2).

Applications already developed

Dowel welding by high speed rotation was used to join two wood blocks. Strong joints were obtained. Dowel
angle to the surface of the wood blocks to be joined had a marked influence on the mechanical performance of
the joint. When the dowel was inserted at 90° to the substrate, the dowel worked only in shear. When
introduced at an angle such as 30° or 45°, the dowel worked in shear plus tension, resulting in better joint
strength. The joint almost always failed by dowel fracture. The interfacial welding dowel/substrate was almost
always stronger and did not break. Short two-layer beams joined exclusively by a series of welded dowels
were prepared, tested in shear according to structural standards, and their performance was compared to that
of solid wood and of glulam beams of the same dimensions (Fig. 8). The short two-layer beams prepared for
testing met the Eurocode 5 standard requirements when the best dowel insertion angle was used. Thus, while
this technology is ideal for the assembly of furniture without any adhesive or nail, by satisfying the Eurocode 5
requirements for structural application, the technology was found to be of interest also in structural and civil
engineering applications. Then 2-m-long two-layer wood beams were prepared, with the two layers connected
exclusively by a series of welded dowels, and tested in bending (Figs. 9, 10, 11) and compared to double-
nailes, with steel nails, beams of the same dimensions (Figs. 9, 10, 11). Their maximum failure strength and
stiffness in bending were determined. These beams outperformed both nailed beams and glued-dowel beams
(Figs. 12, 13). All the beams had the same length and conformation. The number of nails was double the
number of dowels used.
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Fig. 8. Section of 300 mm long 45° and 90° welded-dowel beams after testing according to EN 1380 and
EN 383. Note the frequent double cracking of the dowels in the 90° case due to the force exercised being
purely in shear. Note in the 45° case: (i) the absence of dowel cracks, (i) the small dowel deformation due
to the shear component of the force exercised on the joint, and the very short length welding breaks at
the dowel/substrate interface this causes. (iii) the slight separation of the laminae due to the tension
component of the force exercised. Note that in both cases the greatest majority of the welding is still
Iintact. Note that the unfilled lower parts of the holes in the 45° case are not due to any dowel slippage but
the joints was conceived for this length of dowel insertion.

Fig. 9. Two-meter long double-row nailed and single-row doweled two-layers
beams. Photograph of the spruce beams after preparation.
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Fig. 10. Sequence of events during the 4 points bending test of a 2 meters long beech wood
beam joined by welded dowels: test start.

Fig. 11. Sequence of events during the 4 points bending test of a 2 meters long beech wood
beam joined by welded dowels: maximum bending before break.

4 points bending: Beech

8,00

6.00 Welded dowels beam/—‘/’/lv//,:‘/"(h.l
/

5,00 // Glued dowels beam

4,00

3,00 /

2,00 /

1,00+ /

force (KN)

0,00 T T T T T T
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00

displacement (mm)

Fig. 12. Force as a function of displacement during the 4-point bending test of two layers
beech 2 meters long beams joined by welded dowels and PVAc-glued-in dowels, with the
fluted groove dowels in both cases inserted at 30°. Compare with Fig. 13.
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4 points bending: Spruce

4,0
3,5
3,0
2,5
2,0
15
1,0
0,5
0,0

Glued dowels

force (kN)

0,0 20,0 40,0 60,0 80,0

displacement (mm)

Fig. 13. Force as a function of displacement during the 4-point bending test of two layers 2
meters long spruce beams joined by nails and by PVAc-glued-in dowels, with both nails and
fluted groove dowels inserted at 90°. Compare with Fig. 12.

High-speed dowel rotation welding was used to manufacture a full-scale 4metres by 4 metres by 22 cm
suspended floor, hence an applicable civil engineering structure, to demonstrate that scaling up of such
welding technique was feasible (Figs. 14, 15, 16) . This was coupled with obtaining a more light weight floor
assembly with equal stiffness by maximizing the rigidity of the suspended floor while minimizing the number of
timber planks used to build it, and maintaining its vibration frequency high and its level of vibration low.
Several assembly and connection combinations of two and three slats linked through welded wood dowels
were tried to determine the mechanical resistance of the cross-over joints that had to be used in the building
of the floor. Deformation under 4-point static load of the floor was carried out to determine displacement under
load and the floor vibration behaviour was determined by the use of accelerometers. The fundamental first
natural frequency measured did satisfy well the requirements specified by Eurocode 5 (Fig. 17).

Fig. 14. Photographs of the suspended floor at the beginning of its construction.
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Fig. 15. Photographs of the suspended floor on its final placement ready for testing.

Fig. 16. Photographs of the suspended floor. Configuration of welded dowels during floor construction.

First Natural frequency = 13.73 Hz

Module (m/s?)

0 20 40 60 80 100
Frequency (Hz)
Fig. 17. Accelerometer Fast Fourier Transform trace showing modulus as a function of

frequency and showing the first natural frequency (13.73 Hz) of the suspended floor in the
centre of the floor. Eurocode 5 and European Norms require a first natural frequency > 8 Hz.
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Furthermore, panels based on a cross-insertion of welded dowels yielded but joints strength inferior to UF-
bonded butt joints but of considerably superior water resistance than the glued joints. Thus after 2 hours in
boiling water, both tested wet or tested after redrying they conserved approximately 60% of their original
strength indicating that in the case of dowel welding without any adhesive the geometry of the joint allows to
produce full exterior grade joints (Fig. 18 and 19. Table 3). These panels were conceived to be used as the
bottom panel of wooden coffins.

Figs. 18 & 19. Block panels in which the but joint is kept together by cross-welded
dowels accross the planck to planck interface. Before the dowels are cut (right) and after
the dowels are cut and the piece planed (left).

Table 3. Butt joints joined by crossed dowels, tested in tension

Welded (5dowels) UF-bonded (without dowels)

Dry strength (N/mm?) 0.58+0.04 1.42+0.16
2 hours in boiling water, tested wet (N/mm?) 0.34+0.02 0.0
2 hours in boiling water + redrying (N/mm?) 0.35+0.02 0.0

In the case of linear vibration welding, joints obtained in this manner have been used succesfully, and
commercialized, for the production of high class, high price, snow boards of which many have been sold
already (by BFH, Biel, Switzerland). One of the important applications of both welding systems is for the joining
without any adhesives of wood panels. Thus, linear vibration welding has been used succesfully for the edge to
edge joining of different wood panels and also for joining a particulate composite panels to solid wood pieces.
Equally, rotational dowel welding has been used to join different types of panels in rigs to be tested succesfully
for structural application according to european norms and specifications (Fig. 20).

Fig. 20. Dowel-welded test pieces of OSB panels and MDF panels tested according to
European Norms EN 26891 (ISO 6891) (P21-310) (1991), EN 1380 (P21-375) (1999) and
PrEN 1995-1-1:2003 Eurocode 5 for structural application.
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The potential for modified materials in the furniture
industry — Potential and availability

Dennis Jones!'

Abstract: The use of wood modiification techniques has gained acceptance as a means of improving some of
the properties of European timber species. Among the main improvements are increased dimensional stability
and natural durability. Commercial activities increase on an annual basis, meaning more modified material is
becoming available for a range of uses. This paper considers a range of commercial developments and how
they may be applied within the furniture industry. Among the methods considered are: acetylation,
furfurylation, heat treatment and hot oil treatment.

Introduction

There has been a considerable drive towards sustainability within the timber industry. However such demands
are often met with the need to use a species of lower qualities than, for example, a traditional tropical
hardwood species. For several decades, there has been an interest in using wood modification as a means of
altering the properties of a ‘common’ softwood species, so that some or its properties mimic those of a
tropical hardwood. Whilst early work in this field was carried out in the US and Japan, more recent
developments have taken place within Europe.

Within the UK, several research groups, including the Building Research Establishment (BRE) have been
actively promoting wood modification as a means of improving timber properties. BRE have recently
undertaken several projects involving the use of wood modification techniques to upgrade UK grown timber,
mainly for use within the construction industry. This represents a single market opportunity for modified
wood. Among other markets that have been considered have been panel products (as reported by Jones and
Enjily within COST E49). This paper considers opportunities within furniture manufacture.

There are a variety of treatments that may be considered and these are summarised below.

Acetylation

This is recognised as the most common form of chemical modification, having been demonstrated on
laboratory scale several decades ago. The process involves the reaction of wood with an acetylating agent
(such as acetic anhydride or ketene) resulting in the esterification of many of the hydroxyl groups within the
wood. These then become more hydrophobic, making the wood more dimensionally stable. Recent
developments have seen attempts at commercialisation in two European countries: The Netherlands (Figure
1) and Sweden (Figure 2).

More recently, considerable financial investment has been placed into acetylation within The Netherlands,
with the establishment of a new company, TitanWood. Indeed TitanWood have launched an acetylated
product called Accoya™, which is currently being marketed within the UK by BSW (a major sawmill within the
UK).

! Wood Knowledge Wales, c/o Biocomposites Centre, University of Wales
Bangor, Gwynedd LL57 2UW, Wales, UK, E-mail: jonesd@bre.co.uk
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Fig. 1: Acetylation plant in Fig. 2: Acetylation plant in Sweden
The Netheriands

Furfurylation

A process that has emerged on the market place is wood treated with furfuryl alcohol, a compound that may
be produced in biomass conversion. This reagent can react with the wood hydroxyl groups as well as
undergoing polymerization reactions, resulting in polymeric blocking of the hydroxyl groups. Development of
this process has been done in Norway. It has been shown that furfurylation can prevent decay, increase
dimensional stability and decrease hygroscopicity among other properties. Figure 3 shows the pilot scale
treatment vessel, and full commercialisation has now been established at Porsgrunn in Norway.

Fig. 3. Pilot scale furfurylation plant

A range of commercialised products have been produced from the furfurylisation process, including
VisorWood™ (a low level treatment for pine and spruce), and Kebony™ (a higher level treatment with
properties and appearance similar to that of tropical hardwood).

Heat treatment
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There are a variety of companies currently working on thermal modification of wood. Heat treatments are
based on the limited thermal cleavage of active groups within the wood structure, which may be released as
volatile agents, or trapped within the cell matrix and repolymerized into more stable forms. Treatments are
usually carried out in the absence of oxygen, due to the excessive thermal degradation processes that can
occur in the presence of oxygen. Thus, atmospheres of nitrogen, steam or treatment /n vacuo are used. Since
this, in theory, is a simpler process than chemical modification, plant construction costs are generally lower,
resulting in a slightly lower priced product. Among recent and current companies working on heat treatments
include New Option Wood and Retitech of France, Plato Wood and Lignius of The Netherlands, whilst the
largest company is a Finnish consortium, which produces ThermoWood®. There are a range of other
companies (large and small scale) operating, such that a CEN technical committee has been set up to help
evaluate product performance in an attempt to standardise processes and products.

Hot Oil treatment

Hot oil treatments can be considered as a “marriage” between thermal treatments and impregnation
processes. The hot oil can act both as an oligomer capable of polymerising within the wood cell wall (to
produce a non-leachable hydrophobic treatment), as well as providing an excellent medium for heat transfer
during the thermal process. A treatment that is increasing in popularity is the use of a reactive hot oil. BRE
are currently working with SHR, Bangor University and several industrial partners on a Fifth Framework CRAFT
project for the development of a commercial process using a modified linseed oil system. Other hot oil
treatments have been developed in the past, most notably the Menz Holz system in Germany.

Where modified wood may be marketed

Wood modification has shown itself to be suited to many uses in the wood industry, where an increase in the
durability and dimensional stability offer added value to a product. The First European Conference on Wood
Modification (ECWM1), held in Gent, Belgium in April 2003 showed that there was considerable interest in
wood modification, with several companies being present at a technical forum. This increasing interest was
shown at ECWM2, held in Gottingen, Germany in 2005, with further interest already declared for ECWMS3, to
be held in Cardiff, UK in October 2007.Within these conferences, it has been possible to demonstrate products
and processes as well as expand marketing and research links. Many of these links have led to increased
levels of commercialization, with further activities expected in the coming years.

The marketing of a new product will ultimately determine its success and profitability. Without the correct
interpretation of consumer requirements and desires, even the best products will be doomed to failure. Thus
it will be necessary to undertake a careful consideration of what products should be targeted for a given
modification process. In terms of furniture manufacture it is necessary to determine which properties will
benefit from the use of modified wood. The main properties of furniture are strength, looks and in-service
durability, with secondary properties including dimensional stability, water stability and fire resistance. Based
on predicted properties following wood modification, wood impregnation / polymerization processes, as well
as chemical modification processes may appear to offer best options on first examination. This does not
preclude other methods (such as thermal treatments), though their use may be more relevant within flooring
sectors. Indeed the use of thermally modified end-grain tiles has already been demonstrated within Wales,
with small scale production currently underway.

A survey in Sweden predicted an interest by local companies in modified wood in the following areas (Table
1), along with the anticipated treatment of interest. The last line (referring to furniture manufacture),
represents an assessment of current methods available.

Table 1. Overview of perceived modification techniques in various uses.

Product range Possible treatment process

Garden Wood Thermally modified wood

Window Companies Acetylated wood / Polymer impregnated

Exterior Door Companies Acetylated MDF

Flooring Companies Modified wood / MDF / Polymer impregnated
Wet Room & Facade Panels Acetylated fibres

Building products etc. Acetylated / Heat modified wood

Automotive / Nautical industry Furfurylated wood

Architects /Gov. organizations Acetylated /Heat modified wood

Furniture manufacture Acetylated / Furfurylated / Polymer impregnated
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In terms of furniture manufacture, modified veneers (for enhanced plywood products) and modified fibres (for
use in composites) also offer potential, given the use of these materials in many furniture products. MDF
manufacture is approximately 10 million m® per year annually, so even a small capture of this market would
represent a lucrative move for wood modification companies.

Current and anticipated availability of modified wood

Table 2 provides an evaluation of current and imminent availability of modified materials.

Table 2. Availability of modified wood

Modification Likelihood of availability
Solid wood Veneers Fibres
Acetylation Yes Yes Yes
Within 1-2 years <5yrs <10 yrs
Furfurylation Yes Yes Possible
Current <10 yrs
DMDHEU Yes Yes Possible
Within 1-2 years <5yrs
Heat treatment Yes Yes Possible
Current <5yrs <10 yrs

In addition to the modification methods listed in Table 2, other methods may become more available in the
next 5-10 years. All wood modification methods require a ‘leap of faith’, with considerable investment
required. Any development requires a strong market assessment before investment can take place.

Conclusions

Wood modification has moved from an interesting laboratory experiment to full scale commercial production
in several cases. Furfurylation and heat treatment are established, with acetylation reaching full commercial
production in spring 2007. Other methods may also become available once market entry points have been
selected.

The furniture industry can benefit from modified wood, not only through the use of solid wood, but also
veneers and fibres. Benefits can include improved stability, increased surface hardness and water repellency.
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The use of Origanum vulgare ssp. hirtum, as a substitute
for particleboard production

Ntalos, G.!, Cholmpa, V.

Abstract: Origanum vulgare ssp. hirtum, is the ‘true Greek' plant of oregano, a plant very high in essential
oils. It is found only in Greece, Turkey, and the islands of the Aegean Sea (it is sometimes incorrectly referred
to as Origanum heracleoticum) and it is the strongest and most pungent form of the species, and also much
more limited geographic spread and rarely available. Known as ‘origini' in Greece, it is only summer flowering
heads that are dried and used. The flowers are always white. The leaves are fuzzy, oval and somewhat coarse
in relation to the other species. With the present work was intended to study the suitability of Greek oregano
stalks as a raw material for the particleboard production. A combination of oregano particles and industrial
wood particles in different proportions were been used as a raw material for the production of one-layer
particleboards. As a binder were been used a commercial urea-formaldehyde (UF) E1 resin. The strength
properties was good up to 20 percent of wood replacement but not very good in 50% origano stalks and the
hygroscopical properties were lower than EN 312-1 norm requirements for general use. We have also to
mention the very good odor from the boards based on the essential oils that emit.

Introduction

In the last decades, the decline in forest areas is a common problem. This is a result of forest fires, and also
of the increased demand for wood and agricultural lands. This situation leads people to consider seriously
about deforestation and generally for forest degradation. It is a common conscience to provide the
environmental and aesthetic goods of the forests. Very often, many countries try to find a special plan
concerning the forest harvesting, which leads to wood storage. All the above in combination with the growing
demands for wood products and especially for wood based panels (Table 1) for furniture and construction
proposes (Papadopoulos 2006), leads people to find hew wood resources as an alternative sources to forest
wood.

The prospective of using different lignocellulosic materials, which comes from agricultural residues, as a raw
material replacement, of wood for the wood based panel production, is been thinking seriously from several
researchers from the past (Baum 1967,Wang and Sun 2002, Ntalos 2002, Papadopoulos et al. 2004) till now
(Zheng et al. 2006, 2007, Kalaycioglu and Nemli 2006, Guru et al. 2006). The stalks of Origanum vulgare ssp.
hirtum, is been testing as one of those lignocellulosics agricultural residues, which could replace wood as a
raw material for the production of particleboards. Origanum vulgare spp hirtum - Greek Oregano, is a
subspecies of the widespread wild oregano, and is found only in Greece, Turkey, and the islands of the
Aegean Sea (it is sometimes incorrectly referred to as Origanum heracleoticum). Known as 'origini' in Greece,
it is only summer flowering heads that are dried and used. The flowers are always white. The leaves are
fuzzy, oval and somewhat coarse in relation to the other species.

The flavor is strong, austerely and hotly aromatic, penetrating and slightly bitter. This is the strongest flavored
'oregano'. It is the species used for extraction of essential oils, the dried foliage having around 3% of oils,
depending on growing conditions and seedling variability. The concentration of oils is so high that lengthy
handling of large amounts of the dried product can cause irritation to sensitive skins. This species of
Origanum is a creeping rhizomatous perennial, and needs sandy or well drained soil, is hardy, and will stand a
little frost. As long as it gets good snow cover, it has survived as far north as Alberta, Canada. True Greek
oregano can easily be grown from seeds sown inside in late winter or spring (depending on climate), or from
cuttings in Autumn or Spring. It also easily propogates from rooted portions of the creeping stem. Transplant
the seedlings after danger from frost has passed.

This paper intends to test if the stalks of Greek Oregano can be used as a raw material for the production of
particleboards. This could give in wood industry an alternative material instead of forest wood, and also an
alternative use of this plant. Together with all above mentioned we can also provide boards wit special odors
from the essential oil that this stalks have in small concentration. This odor can keep away insect like mouth
and the boards made from this material can used for special uses like closets or food packaging.

! TEI Larissa, Branch of Karditsa, Dept. of Wood and Furniture Design and Technology
Terma Mavromichali Str., 43100, Karditsa, Greece. Email: gntalos@teilar.gr
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Table 1. Worldwide production of wood products from 1970 to 2005 (1000 m3) (database results
FAOSTAT, 2006)

1970 1980 1990 2000 2005
Veneers 3,202,900 4,440,004 5,216,404 8,038,474 9,372,420
Plywood 33,413,700 39,432,191 48,156,808 58,168,245 68,902,288

Particleboards 19,141,400 40,508,700 55,418,300 84,997,203 99,667,560

Fiberboards 14,021,865 16,961,401 20,215,627 34,098,598 56,870,971
Sawn Wood 389,189,129 420,867,511 466,457,815 386,014,342 428,459,032

Material and methods

As it is already mentioned the raw material for the present work is the stalks of Greek Oregano plant, which
were collected in September 2006, from Central Greece.

Concerning the evaluation of the basic properties and characteristics representative samples were chosen, for
the determination of those properties. The extractives, ash content and moisture content were determined in
stalk material. Concerning the determination of extractives content solubles in hot water, dichloromethane (Co
Ridel-de Haen) and wood free of extractives was have been done according to ASTM standards D1110-84,
D1107-84, D1108-84 and D1105-84 (ASTM-D, 1984). Ash content were determined according to ASTM
standard D1102-84, respectively (ASTM-D,84).

The moisture measurement has been done according to the European norms, EN 322 (EN,1993) before
board production and was in a acceptable level for this purpose (Skarvelis, 2001). A hammermill, with an 8
mm round role screen, has been used for the chipping and the particles were dried in a laboratory drier with
hot air, from moisture ranged between 40 and 50%, down to 3% m.c. A variety mixture of origanum particles
and wood chips (which have been supplied from a local particleboard plant) has been used as furnishes for
one-layer particleboards.

Two experimental particleboards dimension 50X50 cm of 16mm thickness were manufactured for each board
type (100% wood chips, 10%origanum particles and 90% wood chips, 20% origanum particles and 80%
wood chips ,50% origanum particles and 50% wood chips, 25% origanum leaves and 75% wood chips). The
temperature of the press (dynamic) was 180°C and the pressing time was 5 minutes. The target density in all
board types was 0.70g/cm®. A commercial UF-resin of E1 grade was applied to particles by spraying. The UF
resin is the most commonly used resin in Greek particleboard industry at the present. The resin (at 74% solids
but spayed with 50% solids) was supplied from the same local particleboard industry where the wood
particles were supplied. For the particleboards the glue solids were 8% of the wood. It is also worth
mentioning that there was no water-repelling agent during the particleboards construction.

Next step was the sample cutting from boards, in order to determine the following properties, always in
accordance with the appropriate EN and ASTM standards. The determination of density has been done
according the EN323; EN,1993, the static bending (modulus of rupture (MOR), modulus of elasticity
(MOE))according to EN310; EN,1993, the internal bond according to EN319; EN,1993, the thickness swelling
and water absorption according to EN 317; EN, 1993 and the screw holding strength according ASTM D-1037;
ASTM D-, 1996 standard by using screws with d=3.5mm, I-45mm and the hole diameter 2.5mm.

Results and discussion

Table 2 displays the results of the chemical analysis of the oregano stalks. The average of soluble in water is
less than in dichlomethane because of the essential oil that the stalks contains.

Table 2. Extractives of oregano stalks

Extractives soluble in %
Hot water 7,78
Dichlomethane 10,11
Table 3. Ash and moisture content of the oregano stalks
Property %
Ash content 8,08
Moisture content 3,25

In Table 4 we can see the mechanical properties of the boards .
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Table 4. Mechanical properties of UF-bonded single-layer experimental particleboards
made from origanum particles.

Wood : MOR MOE B Screw Screw
Origanum (N/mm?) (N/mn?) (N/mn?) Holding = Holding +
) W)
100:0 13,54 2132,65 0,45 1693,84 2619,26
90:10 13,80 2381,67 0,40 1452,76 3508,28
80:20 13,76 2336,43 0,41 1521,05 3209,355
50:50 11,51 2155,61 0,37 1328,22 2662,21
75:25 6,19
origanum
leaves 1355,78 0,23 741,39 2176,09
EN 310 & EN 11.5 -- 0.24 - --
319 P2
General use
EN 310 & EN 13.0 -- 0.35 -- -
319P3 Interior
Fitment
EN 310 ; 317; 15.0 -- 0.35 -- --
319 P4 Load
Bearing -Dry

Table 5. Hygroscopic properties of UF-bonded single-layer experimental
particleboards made from origanum particles (Standard deviations in parentheses)

Wood : Origanum 75 (%) 24h WA(%)24h
90:10 144,99 125,07
80:20 137,96 127,96
50:50 140,27 126,13
0:100 106,69 134,62
75:25 origanum leaves 144,99 125,07
EN 310 & EN 319 P2 N/A
General use
EN 310 & EN 319P3 N/A
Interior Fitment
EN 310 ; 317; 319 P4 14
Load Bearing -Dry

Conclusions

Partial substitution of wood by origanum stalk particles resulted in the slightly improvement of all board
mechanical properties. This my be the result of the longer and thinner appearance of the origanum particles
than industrial wood particles. However, the strength properties of boards containing up to 20% origanum
particles met the minimum EN requirements for interior boards and up to 50% for general use. It is
suggested that alternative resins, such as isocyanates, might give improvements in panel properties
(Papadopoulos et al. 2002). On the other hand Hygroscopical properties are detiorated. The usage of water-
repelling agent might help in the improvement of these properties.

Of course we are waiting better properties in three layer board where the origanum particles will replace
wood only in the core layer.
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ZUAIVeG kaTolkiec. KAaoikn kal ouyxpovn TEXvoAoyia —
EAANVIKA NpayHaTikoTnTa.

Kakapag, 1.!, KapaoTepyiou, Z.!

MepiAnwn: O! rpokataokeves karoikiwv e EUAIVO OKEAETO napouoidlouv evdiapepov yia Tnv EAMdda, yia
TOUG Napakdrw Aoyous:
e 70 &0 wg douko UAIKO eivar noAu napeénynuevo ornv EAAdda, Orou TO LNETO KUPIAPXEl O
emkivouvo Fabuo. H drown ot dev undpxer Ao sivar eopaluévn, yiati yia va oniti 100n7 anaireitar
LIOVO pia noodTnTa 8-10 nv’ douiKiic nploTiic EUAEIac kwvopopwy yia OKEAETO, EOWTEPIKI kal eEwTEPIKI
TolYorola Kar oTeyn, n ornola napdyerar ornv EAAdda. Anairouvrar eniong kai dIdpopes EUAONAGKeES or
0r1oieg Ox1 Lovo riapdyovrail otnv EAAdda alAad kar e&ayovra.
o O/ KaTaokeUes Le EUAIVO OKEAETO Elvar o1 TAEOV QVTIOEIOUIKES KAl WG EK TOUTOU KATAAANAES yia nEpIOYES
LE Evrovn oeiouikoTnTa onws n EAAdoa. lMepav autou 10 EUdo eivar va ungpoxo UAIKO rou
Karepydderar eUkoAa, eival LIOVTIKO kai Exel uywnAri aioénTikrj aéia.
o H avroxri ¢ EUAIVIIGC KaToIKIaE O PWTIA EVIOXUETAI LIE XPITOT UAIK@V EMKAAUWNG — ENEVOUOTIC TOXWV
Kal HOVWONG nou avrexouv Ot QwTid Onws: oopdc, XTIoo e TouBAo — rnETpa, yuwooavides,
TOWEVTOTAVIOEG I} KOVTPA NAGKE EUMOTIOUEVO LIE AVTIMTUPIKEG OUOIES.

[la Touc rgpandvew Aoyouq Ba nipensi va acknBsi katdAAnAn noAmikn ano pepous Tn¢ noAireiac kai va
BeormioTouv npodiaypapes OXETIKA LIE TIC KATAOKEUEC QUTEC.

1. XpnoigonoloUHEVA UAIKG

Ta npoiovTta EUAou kal aha Bacika UNIKG, Nou XpnoiponoloUVTal 0 NPOKATACKEUEG EUNIVWV OrITIQV, gival Ta
akohouba:

o [piotn Euleia kwvVoPOpwV (MEUKN, EAATN, EpUBPEAATN, Adpika, weudoTooUyKa).

e AenTn oTpoyyUAn EuAeia (oTUAOI) NeUkNnG, weudoTooUykag.

e Aldpopa €idn Eulonhakawv (poplooavidec, Ivooavideg, EUAOMAAKEC and  MPOCAVATOMOMEVA
EuhoTepayidia peyalwv dlaotacewv (OSB), avTikoAANTd, EuAodokoUC and OUYKOMNUEVEG Awpideg
Euho@UMwv (PSL), olvBetn Eukeia and ouykoMnuéva EUAOQUANa (LVL), EuAonAdkeg ano
OUYKOMNPEVEC AwpIdEG oupnayoug EUAou).

e TUWOOQVIOEG, TOILEVTOOAVIOEC, HOVWTIKA UAIKA, KAPQIA, KOXAEC, METAAIKEC NAAKETEG OUVOETEWV,
aoQAATIKA, NICCOXApTO, HEMPBPAVEC, OPYaVIKEG EMKANUWEIG TOIXWY, NATWHATWY K.d.

Ta npoidvta autd npéEnel va €ivalr MioTonoinuéva yia OOMIKEC EPAPHUOYEG OUM@®WVA ME TIG 10XUOUOCEC
cupwnaikec npodiaypa®ec (BA. Miv. 1.1). EdIkdTEpa yia Ta npoiovra EUAou ot OTI agopd TNV MoIOTNTaq,
ioxUouv Ta akohouba:

Suleia okeAETOU — ENEVAUCEIG TOIXWV

Ta kopuidia ¢ oToixeia okeheToU npénel va eival €uBuTevr), Xwpi PaAcika o@AAUATa OTPeEWOIvIAC,
KwVIKopop®iag, &vrovng poloppibeiag, évrovwv payadwoewv Kal NPooBoAwv and WUKNTEG Kal évropa. H
OlAPEeTpoC Kopudinv KupaiveTal ano 12 £mg 22cm. Av xpnoiponolsital npioTr EuAsia Ba npénel eniong va sivai
anah\aypévn ano opahuata doung kal npooBoAec. H Euleia okeleToU Ba npénel va sival Enpapévn oto 10-
12%. O1 €NIKPATEOTEPEG SIATOMEG Yia 0pBoOTATEG gival OTIG GUYXPOVEG KATOIKIEG: NAxog: 5¢cm, nAaTtog: 10cm
yla andoTaon Katakopupwv oTolxsiwv (opBootatwv) 50 — 60cm (kévrtpo and kEvTpo). Ma peyaAUTepeg
anooTAoEIC KATAKOPUPWV OTOIXEIWY OKEAETOU, Ol OIATOMEG €ival EVIOXUMEVEC Kal MoikiAouv avdhoya He To
€id0C TNG kaToIkiag kal Tov apibuo Twv opoewv (10x10cm, 10x12cm, 12x12cm, KTA.)

lMa TNV KaTaokeur Tou okeAeToU npoTiyaTal n Euleia nelkng n onoia dIaBETel PeyaAUTepn avBekTIKOTNTA.

3 OTI apopad TIG Eudondkes kal oavideg emkAUWNG TWV TOIXWV Kal TNG OTEYNG, IoxUouv eniong dIEBvag
auoTnpEG Npodiaypagec. ‘ETal yia eEWTEPIKN ENIKAAUWN EMITPENETAI 1 XPHON:

1 1Er Aapioag, MapapTtnua Kapditoag, Tunua =xediacyoU kai Texvohoyiac ZUAou kal EninAou
TEpua Maupopixdhn, 43100, Kapditoa. Email: kakaras@teilar.gr
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e Savidwv TUNOU PApMOTE NAXOUG TOUAAXIOTOV 22mm anod neukn, YeudoTooUyKa.

o AVTIKOANTA €EWTEPIKNAC XPNOEWE and avOekTIKA €idn 6nwg nelkn, 0pUG, EUKAAUNTOC, avBekTIKA TPOMIKA,
OUYKOAANPEVA HE KOMA EEWTEPIKNG XPMOEWG,.

o TolpevTooavideg eEWTEPIKNG XPNOEWS (iveg EUAOU 1| IVEC MOAUMEP®V AVAUEUIYMEVEC HE TOIPEVTO UWNANG
nieong Kal NiECPEVEG 0 oudnayn NAdka). XpnoigonoloUvTal £niong Kal doMIKEG NAAKEG TUMOU ‘0AvVTOUITS
KATAOKEUAOMEVEG ano nuprva OSIOYKWHEVNG MOAUCTEPIVNG HE ap@InAsupn €névduon TOIPEVTOOavidwV
TUNou HpakAitng. Ta NpoidvTa auTa Pnopei va goBaTioTouv.

Tig TeAeuTaieg dekacTie n €EAEIPN avTIKOAMNTWV 0dNyNoE OTNV avanTu&n Veéwv TUNWV EUAonAakwv yid
KATAOKEUEG, and UMoAsiypaTa kaTtepyaoiag kai EUA0 PIKpwv dlaoTacswv. TETold vEA npoiovTa eival ol
Ivooavideg uwnAng nukvotnTag (High Density Fiberboard — HDF), oI Jopiooavideg e kaTeuBuvopevn dIATagn
EuloTepayidiwv (Oriented Structural Board — OSB) kai n npioTr Euleia anod enikoAANTa EuAO@uAAa (Laminated
Veneer Lumber). Ta véa autd npoidvTa nou AABaAv va unokaTacThoouv Tnv npioTn EUAsia kal To KOvTpa
nNAGKE, av Kal xpnoigonoloUvTal os supeia kAipaka oTic HMA, Kavadda kar AuoTtpaAia, avTigeTwnidovral ano
OPICKEVOUG EMIOTRHOVEG HE KAnola ap@iBoAia.

MNa £o0wTePIKN €NEVOUON ToiXwv Xpnoidonolsital EuAeia papnoTe, HOpIOoavideg — Ivooavideg avTikoAANTa
KatnyopieG E1 (XaQunARl NEPIEKTIKOTNTA O QOPHAAdeldn: 6,5-8 mg/100g EuAonAdkacg), yuwooavidec,
TOIMEVTOOQVIOEG TUNOU OOUIKWV MAAKWV «HpakAsitng» (EuloTepayidla WE TOIYEVTO UWNANG avToxng), mnou
ooBarticovTai kai Bagpovra.

MaveAg Toixonoliag o€ Hop@r oAvTouiTg

Me okonod Tn BIOPNXAVIKR Napaywyn NUIETOIWY N Kal €TOILWV CTOIXEIWV TOIXoMNoliag kal oTéyng, €Xouv
napaxBei NOAAG NAVEAG OE HOPPr) GAVTOUITE SIAPOPWV OTPWOEWV YIA OUYKEKPIPEVEC EQAPHOYEG, ONWG:
o EEWTEPIKEG KAl EOWTEPIKEC EMEVOUOEIC TOIXWV MPOKATACOKEUAOUEVWY OMITIOV, E0WTEPIKA XWpioyaTa
ONMITIOV Kal AAWV XOPWV KATaoTNRATWY, yid unodopn I8Ikwv NaTWUATwWY, yia NOPTES.
o EIBIKG NXOMOVWTIKA — BEPUOHOVWTIKG — OIAKOOHNTIKA NAVEAC.

O1 oTpWOEIC Mou anoTeAoUV Ta NAveA¢ auTd €ival: avTIKoAMNTd — MDF — KoIVEG popIooavideg — HopIocavideg
TUnou OSB, JlaKOOUNTIKG EUAOPUAAG, JloykwlEVN MoAuoupeBdvn, oTpwaoelC (PeAol, QUAAG ahoupiviou,
OTPWOEIC NOAUPEP®V. Ol OTPWOEIC AUTEG GUYKoAOUVTal 0To €mBuPnNTO naxoc. H olvBeon Twv OTPOOEWV
€gaprarar and Tnv TeAIKN xpnon.

O1 nio auvnBiopévol TUMOI TETOIWV NAVEAG E TIC AVTIOTOIXEG EQAPHOYEC, €ival ol akdAoubBol:
Mavel 3 TpWoEwv
MDF - OSB - MDF.: XpnoIHONOIEITAl YIa E0WTEPIKA XWPIOHATA XWPWV.
Maveh 3 1 5 oTpwoewy
- avmikoAMNTO 3 1 5 oTpwoewv — OIOYKWHEVN MoAuoupedavn avTiKoMNTO 3 1| 5 OTPOOEWV:
XPNOolonolgiTal yia EWTEPIKN eNEvOUCN onITI®V anod EUAIVO OKEAETO 1) YIa E0WTEPIKA XWpPIioPaTa.
- avTikOMnTO 3 i} 5 OTPWOEWV — JOVWTIKN IVONAAGka — avTikoAMNTO 3 ) 5 oTpwoewv: xpnoiponoleital
VIO E0WTEPIKA XWPIOPATA XMPWV.
- OSB - dloykwpévn noAuoupedavn — OSB: XpNOILOMOIEITAl YIa EEWTEPIKN €NEVOUCN CNITIOV WE EUAIVO
OKEAETO Kal ENIKAAUYN OKEAETOU OTEYQV.
Mavel 5 oTpeoEWY
EUNOPUANO — OSB — EUNOQPUANO — OSB — EUAOPUANO: XpnoidonoleiTal yia enikaAuyn ToIXwV EEMTEPIKNG
XPNOEWG,
MaveA yia NopTeC
avTIKOMNTO 3 1 5 OTPWOEWV — AENTH OTPWON AAOUMIVIOU — OTPpWON NoAuoupedavng — AenTr oTpwon
AAOUHIVIHIOU — avTIKOANTO 3 1] 5 OTPWOEWV.
MaveA uwnAg NXOUOVWONG vid eNiKGAUWN ToiXwV
avTIKOANTO 5 OTPWOEWV — NOAUHEPES UWNANG NUKVOTNTAG — AVTIKOANTO 5 OTPWOEWV.
MaveA via QATOEG KTIPIwV Kal VTAapnAGdEC NOPTMV Kal XWPITUATOV
PVC — gEnAaopévn noAucTupoAn — PVC.

Ma Tnv KAaTaokeun TnG OTEYNG Xpnoludonoleital eniong EuAeia Kwvo@Opwv Xwpi¢ o@aiuata. a eIdIKEG
KATAOKEUEC OTEYNG ME EUPAVI OTOIXEIQ OKEAETOU OTEYNG KAl yid HEyYAAa avoiyuata xpnolhonoleiTal eniong n
eMKOANTN npioTr EuAgia (oUvOeTn EuAeia). ZUvBeTn EuAsia XpPnOIMONOIEITAl £MIONG KAl OTO OKEAETO Kal Td
MNaAkovia, AOyw Tou MNAEOVEKTAMATOG TNG EUBUTEVEIAC Kal TNG HEYAAUTEPNG UNXAVIKNG avToXNG.

lMa oAa Ta ouykoAnuéva npoiovta EUAoU nou XpnaolponoloUvTal Ot eEWTEPIKEG EQAPHOYEG gival eMIBEBANUEVN
N XPon OUYKOAANTIKNG ouciag EWTEPIKNG XPNOEWS (Paivoin f pehapivn @opuaAdelidn, kOMEG iIgokuaviou).

2€ MOMEG XWPEC EMITPEMNETAI KAl OUVIOTATAl O E€UNOTIONOC TNG EUAEiC Tou OKEAETOU Kal TNG €EWTEPIKNC
€MKAAUWnNG unod nigon pe udaTodIaAUTA cuvTNPENTIKA ahaTa xaAkoU, xpwiiou, Bopiou (Tunou CCB) fy Bopika
ahara.
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Ta uNikG nou xpnoidonoloUvTal OTIC B€0€IC OUVOEOEWV TwV EUAIVWV OTOIXEIWV Tou OKEAETOU (KOXAIEG,
EUNOBIDEG, METAANIKEC AAGMEG), KABWC kal Ta UNIKA aykUpwaonG Tou OKEAETOU oTn Bacn Bepelinong (koxAieg,
aykupoPIdeg) Ba npenel va ouvdudalouv TNV UWnAn UNXavikn avtoxn KeE TNV avToxn o€ o&gidwon. MNa auto To
AOyo napayovTail anod 10Ika avBeKTIKA KpApaTa oUPPwvVa e €IDIKEG NpodiaypapE.

AlaBabuioyEva NoIOTIKA Kal CUPPMVA HE Npodlaypadeg sival kal Ta UAIKG pOVWONG, OMouU €KTOG anod TIG
BEPHONXOMOVWTIKEG Kal avTINUPIKEG 1I81I0TNTEG, AauBaveTal cofapd unown kal o Napaywv uyeia. Emirpendpeva
UAIKG JOvVWONG €ival: o uahoBapBakac kal GAEG iveg opukTaV (0pukToBauBakac), n dIoyKwHEVN N eEnAacEvn
noAuaTepivn, N NoAuoupedavn, ol HOVWTIKEC IVONAGKEG EUAOU, TO NICCOXAPTO, TA ACPAATONAVA, Ol HEUBPAVEC
noAupepwv PVC — CPE, o1 BpHONOVWTIKEG NAAKEG PEAAOU.

la NXouOvWaon XpNnoIKonoIoUVTal, EKTOC TWV avAPEPBEVTWY UANIKQV:
o  OepUOUOVMTIKEG NAAKEG (PeANOU, Ol onoieg napackeualovral anod SIoYKwHEVA TPIMHATa QUOIKoU
@eMoU (o onoiog napdyeral and 1o ENpoPAoIo TNG PEANODPUODG), MOU HOPPONOIOUVTAl GE NMAAKEG
ME mion kal uwnAn Bspuokpacia. To NPoidv auTo €ival To POVadIKO (PUGIKO BEPHOHUOVMTIKO UAIKO
Teheiwg aBAaBEG yia Tov avepwro.
e HYOHOVWTIKG GAVTOUITG and nxoanoppopnTIKO UAIKO and appwdn PU + nxoavakAaoTikd QUANO +
a@pwdn PU yia anoppo®naon kpadaoumy, cuvoAikoU nayxoug 30MM.

>tov Mv. 1.1 avagépovtal ol I0XUOUCEC EUPWNAIKEC Npodiaypa®ec Kabwe Kal n nuUepoUnvia nou kalioTa
UNOXPEWTIKA TNV €pApHoyn TOUC, YIa OAEC TIC KATNYOPIEG TWV NPOoIOVTWY EUAOU Kal MPOKATACKEUAOUEVWV
OTOIXEIWV NOU XpnaoiponoloUvTal o EUAIVEG SOUIKEG KATAOKEUEG.

. 1.1. Eupwnaikes npodiaypa®eg npoioviwy EUAoU Kal npoKaTaokEUAoUEVWY OTOIXEIWY MTOU
Xpnoorolouvral o€ EUAIVEC OOUIKEC KATAOKEUES.

Mpoiov Mpodiaypapn Hpepopnvia
gQappoyng
ZUANONAQKEG EN 13986 01-04-06
MNpokaTaokeUaouEva DOUIKA OTOIXEId EN 14250 01-09-06
LVL yid KaTAOKEUEG EN 14374 01-09-06
Zulgia NATOPATWOV EN 14342 01-03-07
EnikoANTH EuAeia EN 14080 01-04-07
MeAeknTn EUAEi KATAOKEUGWV EN 14081 01-09-07
ZulonAdkeg kai enevdloeig and paciep EN 14915 Kahokaipi 08
[N
ZuAeia kataokeuwv e finger joint EN 15497
EpnoTioyévn EuAeia kaTAoKEUGV EN 15228
S1UAoI EN 14229 Avoién 09
STpoyyUAN EUAcia KATAOKEUWV EN 14544 Avoién 09
MeTaMIkEC OUVOETEIG EN 14545 / EN 14592 AvoiEn 09
MpoKATAOKEUAOUEVA OTOIXEID EN 14732 Avoién 09
AI1EOVAG NPAKTIKN

2.1. Koppoonita pe opi{OvVTia TONOOETNON KOPHAV

To Pacikd KATAOKEUAOTIKO UAIKO TwV KOPHOOTMIT®WV £ival KATAANAG KATepyaoupeva Koppidia neUkng —
weudoTooUykac — kKunapioaiol — KaoTavidg, diayérpou 12-25cm (Eik. 2.1). NalaidTepa XpnoihonolouvTo Kal
HEYAANG JIapETPOU KOPHOI eV N KATEPYAoia Toug yivoTav We napadooiaka epyaleia (okendapvia, Toekoupia,
ano@AoiwTnpec) (Eik. 2.2). TETola napadooiakd kopuoonita cwlovral yia dekadeg aiwveg anodeikviovTtag Ol
To EUAO 0av KATAOKEUAOTIKO UAIKO €xel Weydhn Oidpkeia, apkel va ugioTartal oToixelmdn ouvTnpnon Kai
(ppovTida.
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Eik. 2.2. [lapadooiakii Kartoikia aro Kopuoug LEYAANS JIguETPOU.

Ta TOIXWMATA TWV KOPHOOTITWV anoTehouvTal and Td Kopuidia, Ta onoia WETA TNV KaTepyaoia Toug
TonoBsToUvTal ot opifdvTia dIATagn To €va enavw and To aMlo. H kaTepyaoia Twv Kopuwv ival anhn. Ol
Koppoi digpyovtal and edikd pnxavidata (Eik. 2.3), onou KuhivdpopoppwvovTal Kal Tautdxpova
dnuioupyolvTal KATa WNKOG Mposfoxec kai €ooxéC (Eik. 2.4) mou amookomoUv oTnv NARpn €@apyoyn —
oUVOEON TWV KOPHWV KATda Tnv opilovTia TONoBETNON TOU EVOG NAVW OTOV AAAO.

Eik. 2.3. Mnyavrj
LODPOroiNons KopUIdiwV.
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Eix. 2.4. A1dpopes O1aTOUEG KOPLIOIWV.

O1 OUVOEDEIC TwV KOPHMV OTIC YWVIEG TWV TOIXwV YivovTal PE avaloyn Onyioupyia €00Xwv, £TOI WOTE vd
dlaoTaupwvovTal ol Koploi kal va devovTal YeTa&l Toug (Eik. 2.5)

Eik. 2.5. [WVIGKEG OUVOETEIC KOPLIOIWV.

MNa To O0IMO TWV KOPUISIwV Ot KABE TOiXO NEPIUETPIKA Kal OE AMOOTACEIC 2-3m, Ol KOPHOI (PEPOUV
KATaKOPUQEC ONEG KETA ano TIG onoieg dIEpXOvVTal avoEEIdWTEG HETAANIKEC pdBdol ol onoieg aTa U0 AKPa TOUG
(EPOUV oneipwia, onou BIdwvovTal NAagiuadia Kal ogiykovTal ol Koppoi. To OQIEIo Twv KOpH®Y PNopEi va
yiveTal kata Tn didpkela Tou kahokaipioU, OTav To EUAO XAvel uypacia PE AMOTENECUA va PIKVWVETAI Kal Ol
dlaoTAcEIG Tou va Mikpaivouv. To avTiBeTo yiveral kata Tn SIdpKeia Tou XElPwva, 0Tav Ta Koppidia naipvouv
uypacia and Tnv aTydo@aipa pe anoTEAEopa va dloykwvovTal kail va au&avel n dIapeTpog Toug. To eUpog TNG
METABOANC TNG OXETIKNAG Uypaciag kal TnG Bspuokpaciac Tng aTpoopaipac £EapTaTal and To TOMokAiJa Kai
kaBopilel TNV uypacia I0opponiag Tou GUYKEKPIYEVOU Xwpou, dnA. Tnv TENIK uypacia nou anokTd 1o EUAo av
TO AQrOOUE OTIG OUVBNKeS auTeG. To eUpog TNG uypaaiag ioopponiac yia Ta EAAnvika dedopéva kupaiveral
and nepioxr o€ neploxn HETAEL 8% kal 15-16%. O1 PeTABOAEC QUTEG PMOPEl va MPOKAAECOUV WIa PEYIOTN
pikvwon 1 dIOyKwon oTn JIAUETPO TOU KABE KOpHOU HEXPI Kal 2mm (BewpnTIKG N GUVOAIKR) METABOAN Tou
Uyoug evog Toixou 3m nou anoteAeital ano 20 koppoug, pnopei va @Bdacsl Ta 40mm). AuTd oTnv npagn
nepIopideTal oNPAvTIKA KE TN OUVTAPNON TWV KOPHOV HE eAaiddn ouvTnpnTikd Onwg To AIVEAQIO, Ta
ouvTNPENTIKG Bepvikia kal GAa udpoanwdnTikd enixpioyaTa, Ta onoia TonoBsTouvTal TOOO OTIG EYKAPTIEC
TOHEC TWV KOPH®Y 000 Kal OTNV NEPIPETPO TOUG,.

Ta €0WTEPIKA XWpPIoUATa yivovTal €iTe and koppidia PIKpOTEPNG SIAUETPOU ) anod EUAIVO eAaPpU OKEAETO Kal
enévduan aTig dUo OWelG. O PEPOV OKEAETOG TNG OTEYNG gival eniong Kopuoi N (euKTa Bap€wg TUMNOU. STa NMoAU
naiaid onimia n enka\uyn TnG oTéyng yivoTav pe Xopa. H Texvikn eival evrunwoiakn. Enavw anod To
oavidwpa TNG aTéyng anAWveTal GAoIOG onpUdag, o onoiog ival adlanépacTog and To VEPO Kal NAvw ano To
PA0I6 TONOBETEITAI TO XWHA. H OUYKpATNON TOU XWHATOG OTA AKPA TNG OTEYNG YIVOTAV JE NETPEG N KOpUidia.
H EuAeia ouvtnpeito We niooa n kedpéiaio. O NopBnyoi atn Xelpepiviy OAupmada Tou 1993 katackelaoav
0AOKANpa Xwpia and TETola oniTia, Onou £uevav ol aBANTEG, NPOPAvKG yia va dWOoUV £va NAayKOGUIO Wrvula
npooTaaciag Tou NePIBAAOVTOC €O ano Tn XPron avavewoIdwy NPmMTWY UADV.

Se pia GA\n napaAlhayn TNG TEXVIKAG AQUTAG YId TNV €NIKAAUWN ThG OTEYNG XpnoidonoloUVTo MpIoTd, nou
OIETpexav OAn Tn OTEyN, €iTe KATA Tn @OpAd TNnG KAONG, €iTe kABETA NPog auTr. Zav UNIKO €MIKAAUWNG
XpnoigonoloUVTo €niong HIKpa Tepdyia EUAou MeUKNG KEDPoOU N OpuOC O OXNMa OPRAvac. € Wia HIKPN
napaAAayr Tou TUNOU TWV KOPHOOTITWY, TA KOPUIdIa HOpPoNoIouvTal Kail OTIC TEGOEPIC MAEUPEG TOUC, ENAVW -
KATw Pe egoxn - Npoggoxn kai Oe&id - apioTepd Pe napUPwon yia dnpioupyia eninedwv nAsupwv (Eik. 2.6).
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Eik. 2.6. Kopluooriro aro opBoywVvicueva kopuioia.

>Tn Béon Twv Kopudinv pnopei va xpnoidonoinB8olv kal npioTd diacTacswv nayxoug 10-15cm kar Uyoug 15-
22cm pe TV avahoyn Hop@onoinon. O TUMoC autdoc napoudialel and KATAOKEUAOTIKR danown 1diaiTepo
evdlapEpov yia Ta eAAnvika dedopéva yiaTi undapyel dlabEoiun npioTrn EuAsia eAdTng nelkng, n onoia Oa
pnopouaoe va aflonoinBei pe kaAUTEPO TPOMO yIa TO OKOMO aQuTO.

2.2 KaToikieg pe EUAIVOUG KOTAKOPUPOUG OTUAOUG WG (PEPOVTA OTOIXEIT

O OKEAETOC TWV OMITIOV AQUT®V dnoTeAsiTal and katahnAa €PnoTIoPéVOUC uno nieon OTUAOUG NeUKNG,
KUNapiooiou, YEUCOTOOUYKAC, Ol Onoiol BEPEAIVOVTAl KATAKOPUPA HE €I0IKO TPOMOo PEda aTo £dagoc (2. 2.1
Kal 2.2). H SIGUeTpog Twv oTUAWV €EapTaTtal anod Tov apiBuo Twv opo@wy Tou animioU. Ma oniTia evog opodpou
xpnoiugonoioUvTal aTUAoI YE BIAUETPO kopuPng 11-13,5cm karl yia diwpo®a Ke dIAPETPO Kopudprg 20-21cm,
EV® Ol ArNooTACEIC TWV OTUAWV PETAEU TOUC O TUMIKEG KATAOKEUEG pnopei va eival 1,8-3,0m. ZUpgwva pe
UnoAoyIopoUC EIDIKMY PNXAVIK®OV, TO GUVOAIKO BAPOC TOU OIKNUATOC Wnopei va ival 3-6 Tovol ava atuho. Ol
oTUAoI Ba npénel va sival Ui XwpiG OPAAIATA OTPEWOIVIAG Kal KWVIKOHOP®PIAG, KUKAIKNG IATOUNG Kal UYIEIG.
O|30TU)\0| eunortifovTal uno nison pe udaTodiaAuTa alata Bopiou kal cuykpdtnon 12 kiIAwv Enpol dAaTtog ava
m° EuAeiac.

2x. 2.2. Tpornog KaTaokeuric Karoikiag Le EUAIVoUG
Karakopu@pous OTUAOUG W PEPOVTA OTOIXEN.

2x. 2.1. Tporiog Beuehiowons
KaToIKiac e EUAIVOUS KaTakopupous
OTUAOUG WG PEPOVTA OTOIXE.
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H BepeNiwon Twv oTUAwV (ZX. 2.3) eival NoAU coBapr| epyacia Kai yivetal Je Trpnaon opIcUEVWV Kavovwy. To
Babog Bepeliwong eEapTartal Kuping anod TNV KAion Kal TNV noloTnTa Tou £dapouc, To UWoG Twv OTUAWY ano
TNV €MQAveId Tou €dAPOUC WEXP! TO NATWHA TOU IOOYEIOU, TIC AMNOOTACEIC TWV OTUAWV HETAEU Twv, TIC
SIapETPOUC TV OTUAWV Kal TNV €KTACN TNG ENIPAVEIAG NOU KAAUNTEl n Bgpeliwaon. To BaBog auto Kupaiveral
and 1. péxpl 2.40u. n Oe JIAPETPOG Twv onwv eival nepinou 40 ek. Kata Tn Bepeliwon Tonobeteital
okupOdepa og dakTUAIO 30-40 ek. Uwog yUpo and To aTUAO kal SIGUETPO 40 k. oToV NUBPEVA TOu AGKKOU Kal
navra o Babog pPeyaAlTEPO Tou opiou NayeToU Tou €dAgouc. O unoAoInog XWPOS Tou Adkkou BepeNiwong
KaAUNTETal Y APPo N XaAiki kal cupniEdeTal.

2x. 2.3. Tporiog Beuehivonc orulou oTo £0agpoc.

MeTd Tn BgpeNioon Twv oTUAWV YiveTal n TONoBETNON TwV JOKWV TOU NATMHUATOC, TWV TOIXWHATWV Kal TG
okennG. H oTepéwon Twv JOKWV €NAVW OTOUG OTUAOUG viveral pe dlapnepeic - avoEeidwTeg EUAORISEC Kal
Onuioupyia KataANnAwv unodoxwv e anAa epyaieia. H oAokARpwon TwV pyaciov OTOUC TOIXOUC, OTN OKENH,
Kal 0Ta NaTwpaTa yiverar Ye Tig HeBAdoUC nou NeplypagovTal aTny enddevn napaypa®o. ta 2x. 2.4, 2.5 kai
2.6, napouacialovTal 3 avTINPooWNEUTIKOI TUMOI OMITIQOV AUTOU TOU €id0UC,.
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3x. 2.4. Karoikia pe EUAIVOUS KaTakopupous OTUAOUG w¢ PEPOVTA OTOIXEIQ O OO0,
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2x. 2.6. Karoikia e EUAIVOUC KaTakopupous OTUAOUG wE PEPOVTA OTOIXEId OE Ajuv.

O TUNOC auTtdg omimioU napouadialel coBapd NAEOVEKTAUATA, ONWG: XAUNAO KOOTOG Kal PEYAAn avtoxn o€
NEPINTWOEIG CEICHWY, NANUUUPWY, TUPWVWY, dIOTI o EUNIvEG koAOveG unoaTnpifouv kal Sévouv Tnv OAn
KATAOKEUN, anoppopavTac Kal JETAPEPOVTAC TIG TACEIC OTO £dagoc. MpooPeépel eniong MeydAeg duvaToOTNTEC
apxITekTovikoU axedlaopoU Kal EMITPENEI TNV KATAOKEUN OnITIoU 0 NAAYIEC, 08 AOPOUC HE NeETP®ON 1) dUoKoAa
€0apn, og napahieg Bakacowv N MPvev, Xwpic va Bixdei evTeAwg n SladopPwaon Tou edagouc. Ta oniTia auTa
gival kaTGMnAa yia napaBepIoTIKA KATOIKIQ OF AMNOMAKPUOHEVEG MEPIOXEG, YIA EYKATAGTACEIC GUVEPYEIWV,
anobnkwv, ykapal k.a.

2.3 Karoikieg ano eAa@pu EUAIVO OKEAETO

MpokeITal yia TNV KAQOOIKN TEXVIKN KATAOKEUNG EUAIVOU OKEAETOU OMITIOU, N onoia £xel €MNIKPATHOEl Kal
Xpnoluonolgital Tooo yia Tn PEBOSO NPOKATACKEUNG OTO €PYOCTACIO, OCO Kal yia Tn HEBodo TNng EMITONOU
Kataokeung onimiol (Zx. 2.7). O EUAIVOG OKEAETOG TwV EEWTEPIKWV TOIXWV AMOTEAEITAI ANG KATAKOPUPOUG
opBoaTdareg Pe diaTtoun nepinou 50 x 100mm, ol onoiol TonoBeTolvTal os dlacTnHaTa ava 50 €wg 60cm
(kévTpo anod kevrtpo). OI 0pBoOoTATEG anoTedoUV Ta KATAKOPU(PA OTOIXEId TwV NACICIWV TOU OKEAETOU Kal
OTEPEWVOVTAI OTA AKPA Toug e opilovTia oToixeia 18iag diaTopng, eve dévovtal opilovTia Je TpaPEPTEC 19iag
dlaToung ava 60cm. H kaBe nAsupd TwV €EWTEPIKWV KAl TWV E0WTEPIKWY TOIXWV MMNOpPEi va anoTteAeiTal and
dUo, Tpia 1) Kal NEPIOCOTEPA NAAIOIa OKEAETOU, avaloya HE TO PNKOG TNG KABe NAEuUpdAc.
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2x. 2.7. STo|XEla KATOIKIaE
ano eAappu EuAIvo OKkeAETO.

Ta nhaiola Tou GKeAETOU OTEPEWVOVTAI OTO KATW WEPOC TOUG KATA TN SIAPKEIQ TOU OTNCIUATOG TOU OKEAETOU,
enavw og EUAIVOUC OTPWTAPEG dIATOMNG 7x15cm, ol omnoiol NAKTOVOVTAl aTn BAcn and PNeTd NEPIPETPIKA ME
€IdIKa WETAMIKA, avoEeidwTa BUopaTta, uwnAng avtoxnc. EvaMakTika avTi Baong pnetoUu w¢ BepeAinon
HnopoUv va XpnaoidonoinBolv eUnoTIoPEVOl GTUAOI MEUKNG Ol OMoiol NAKTWVOVTAI NEPIPETPIKA ONWE avaAueTal
napakatw (Eik. 2.7).

Eik. 2.7. STEpEwOn nAQIoiwV OkeEAETOU o€ EUAIVOUG OTPWTIIPEG.

O1 oTPWTHPES auToi, ouVNBWG gival eunoTiopévol Pe udaTodlaAuTa aAaTa eunoTiopdoU. O1 oTPWTHPEG Ba Npenel
va TornoBeToUVTal |E NPOCOXN MEPILETPIKA OTN BACN Ano WNeTOd, KATA TPOMNO WOTE WETA TNV TOMOBETNON TNG
€EWTEPIKNC €NEVOUONG TOU OKEAETOU, 01 EEWTEPIKOU TOIXOI VA MPOEEEXOUV KATA 2 €K. TNG BAONG MNETOU, WOTE
n Bpoxn nou XTundel NAAyla Toug EWTEPIKOUG TOIXOUG va [N NPoaeyyilel Tov EUAIVO OKEAETO.

Ta nhadioia kGBe NAgupag oTeEpeVOVTAl OTNV NAVK NAEUPA TOUG KATA TO OTNOIHO WE EUAIVOUG SOKOUG SIATOMNG
7x10cm, woTe va eEac@alileTal avToxn Kal NePIKETPIKO OEoIo OAou Tou okeheToU. H oTepéwon yivetal pe
avo&eidwTa kap@id 1 EUAOBIdeG. Ta oToixeia kGBs nAaiciou oTepewvovTal PMETAEU TOUG MAEUPIKA HE EIDIKEG
METAMIKEC NAGKETEC OUVOEOEWG MOU (PEPOUV OTNV EMIPAVEIA TOUG KApPIa. H TonoBETNON Twv NAAKET®MV
OUVOETEWG YIVETAI NAEUPIKA E EIDIKEG KAPPWTIKEG HUNXAVEG.

TNV €EwTepIKn NAEUPd TWV €EWTEPIKMV TOIXWV KAPPWVOVTAl EUAOMAAKEG €EWTEPIKNG XPNOEWG N cavidia
neUKNG TUNOU paunoTe (Zx. 2.8 kai Eik. 2.8).
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Eix. 2.8. FrukdAuywn
g&wTEPIKOU TOIYOU LIE
oavidec erkaAuywnc.

2x. 2.8. EniKaAUWeIG EEWTEPIKWY TOXWVY LIE:
a. oavioeg TUMoU paunoTe, B kal y.: oavioeg EMKAAUWnG.

3TNV €0WTEPIKN NAupa TonoBeteiTal @payua udpatpwv (PVC) kal WeTa yuwooavida nayxoug 12mm 1
TolpevTooavida TUNou npakAeitn, n onoia coBartiletal, n diGgopol TUMOI EuAonAakav, R cavidia TUNou
PAMMOTE. ZTO NAXOC ToU OKeAETOU TOMoBeTeiTal OUVNBWC MOVWONn and ualoBauppaka, neTpoBauppaka n
nohuoupeBavn kai dianepvavTal 101Koi GWANVEG yia Napoxr PEUNATOG, VEPOU, TNAEPWVOU KTA.

lMa AOyoug eukoAiag oTnv NPOKATAOKEUN Kal To GTACIPO Tou OniTioU n OAn KaTaokeun XwpileTal og TURKaTa
uno pop@n nhaiciwv (BA. Eik. 2.7). Ta nhaioia npokatackeualovral OTO €pYO0TACIO OE dlAPopa HeYEBN Kal
€iTe €ival oOAOKANPwHEVA (OKEAETOC, HOVWOT, EEWTEPIK — ECWTEPIKN €NEVOUON), €ITE anoTeAoUvTal JOvo and
TOV OKEAETO Kal Ol undAoINeG epyaacieg oAokAnpwvovTai eni Tonou (Eik. 2.9).

Eix. 2.9. [lpokataokeur) niAqioiwVv ToXwudaTwy.

H KaTaoKeur) TwvV €0WTEPIKWV TOIXWV €ival avaloyn ME TNV KATAOKEUN Twv eEwTepikwv. H Xprion Tng
yuyooavidag oav UAIKO enévduong NApEXEl Kal avTinupikr) npoaTaaia.

>TIC Béosic Twv Napabupwv kal Bupwv npoPAénovTal avTtioTolxa avoiydata katd To oxediaopo Kal Tnv
KaTaokeun Twv nAaiciov. O1 NOPTEG kal Ta napabupa pnopei eniong va evowpatwBolv oTa nAaioia 1 va
TonoBetnBoUv €ni TOMou. MeTa&l 1ooyeiou Kal MPWTOU OPOPOU HECONABEI O OKEAETOC TOU MATWHATOG TOU
NPWTOU 0POPOU, O OMoioG Exel T HOpP NAATPOPHAG (BA. ZX. 2.7) Kal NAVw G AUTOV OTEPEWVETAI O OKEAETOC
TWV TOIXWV TOU MPWTOU opoQou. H anAr neplypagr) Onwe €yive napandavw, avtinpoownelsl TNV TUMIKH
napadooiakr) KAaTAaoKeur Tou okeAeToU OMITIOV MOU Kuplapxnoe oTn BpeTavia Tnv nepiodo 1960-1970. O
TUNOG QUTOG HE MIKPEG Napallayeg €xel UIOBETNOEI kal XpnoldonolsiTal o YeydAn kAidaka oTic HIMA kal Tov
Kavadd. Ta onitia Tou TUNou autoU XTidovTal EEWTEPIKA HE TOURBAA Kal yia To AOyo auTd dev diapépouv ano
Ta ouvnen yia Ta dika pag dedouéva oniTia. H TEXVIKN AUTr NPOOQEPEl YEVIKA EVIOXUUEVN BEpUONXOHOVWON
Kal MUpac@Aleid, €vw) n KATAOKEUr €ival ypnyopdTepn kal O avTaywvioTIKOTEPN TIMNA yia Ta Bpetavika
dedopéva.

Ogpelinon

H Bepehiooan onimwv pe EUAIVO OKeAETO yiveTal pe SIApopoug TPOMoug Onwg:
- Ano onAiopévo okupddepa (NAaka pnetol) NAvw OTNV onoia OTEPEWVETAI KATAAANAG O OKEAETOC Tou
oniTioU. Mnopei akoun va €xel Tn HopPn ToIXiou Nou JIaTPEXEl NEPIPEPEIAKA TNV KATOIKIA Kal NAve OTo
onoio aTnpifovTal ol €EWTEPIKOI TOIXOl TOU OMNITIOU. TNV TEAEUTAIA NEPINTWON Ol E0WTEPIKOI TOIXO!I Kal Ol
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KOAOVEC TOU MATWHATOG OTNPICoOvVTal OE E0WTEPIKEC KONOVEC and WMETO N gunoTiopévo EUAO nou
NaKTWVETal KATAANAa péoa aTo £5agog.

- Ano egunoTiopévouc EUNIVOUG GTUAOUG Ol OMnoiol NaKT®VovTal JEoa oTo £0APOoG O opIoUEva dIaoThHATA
(Bik. 2.10). H TeAeuTaia péBodOG £vOEIKVUTAI YIA KATAOKEUEG O£ NOAU UYPEC NEPIOXEC ) ANOUAKPUOHEVEG,
onou gival dUoKOAN N HETAMOPA PNXavNUATWV Kal UNIKGOV, KUPIWG yia napabepIoTIKr KaTolkia fy olkAuara
OUVEPYEIWV, EPYOTaiwv KAM.

Eix. 2.10. Osusdiovon omtiou UE NakTwUEVOUS EUAIVOUG OTUAOUG.

KaTtaokeun oTéyng

H oTéyn eivar duvatd va anoTeAeiTal and npokaTaokeuaopéva C(eukTd, Ta omnoia TonoBsToUvTal Kal
OTEPEWVOVTAl OTO OKEAETO TWV TOIXWHATWY, o€ andoraon 80-100cm WeTa&U Toug (kévTpo and kevtpo) (Eik.
2.11 kai 2.12). O OKeAETOG TNG OTEYNG MNOPEI va KATAoKeUAZeTal Kal €ni TOMOU G MIo anAr Hoper, KUpiwG o
dippIKTN 1) TETPAPPPIXTN OTEYN.

Eik. 2.11. TornoBcTnon npokara- Eik. 2.12. Karaokeurj OTEYNG ano
OKEUAOLEVWV (EUKTWV OTEVNC. MPOKATAOKEUAOLIEVA (EUKTG.

Eik. 2.13. TornoBrnon oavidwuarog orn oTeyr).
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MeTa Tnv TOnoBETNON Tou OKEAETOU TNG OTEYNG AKOAOUBEI TO KAPPWHA TOU CavidWUATOG TNG OTEYNG MHE
oavidia (Eik. 2.13) N avTikoAMNTa €EwTePIKNG XPNOEWG N NAAKeG Wopiooavidag Tunou OSB. Mavw anod To
oavidwya TonoBeTeiTal €0IKN YeUBpAvn N mMoodXapTo aTeyavonoinong, Ta kadpovia oTeyng kai n enikaAuwn
NG oTeyng (kepayidia, Aapapiva ) aAAa uAika) (Eik. 2.14 kai 2.15).

Ma kaAUTepn Beppopdvwon navw and To niocoxapto N Tnv eIk MepBpavn kap@wvovTal U0 OEIpEC
Kapdoviwv OTEyNG dIaTounG 5x7cm pe Tn dIAOTACN TWV 7CM KATAKOPUQPd. H npwTn o£ipd kadpovimv
Kap@®WVeTal g anoortaon 50cm PeTa&l Toug kal napdAnAa mpoc Tnv KAion TNG OTéynG. 3Ta Kevd Twv
Kadpovimv auTwv TonoBeTeital povwaon anod €EnAacpévn NOAUCTUPOAN, neTpoBduBaka n aio ulikd. H
delTepn oeIpa kadpoviwv dIATOUNG 5X7cm KapPWVETAl KABETA NPOG TV NPWTN CEIpd We Tnv didoTacn Twv
7Ccm KATAKOPUPA Kal O anooTAoelg METAEU Toug 30cm KEVTPO anod KEVTPO, €4V WG eNIKAAUWN MPOKEITAl va
oTepewBouv kepapidia (Eik. 2.14 kai 2.15).

Eix. 2.14. ToroB£Tnon moooyapTou
OTEYavorioinons Kai KadpoviKoU yid OTEPEWOT)
KEPALIOIDV.

Eix. 2.15. TorioBTnon KepauidiwVv o oTEY.

Eav n enikaiuyn sivar auhakwTn Aapapiva rj odvTtouitg ano dUo Aauapiveg kai JOvwan oTn JEdaia oTpwon, Td
kadpdvia aTepewvovTal ava 50cm. T Xwpa pag ouvnbwc anogelyeTal To oavidwpa Kal To Kadpovikd Tng
OTEYNG KAPPWVETAl KaTeuBeiav enavw oTa {EUKTA. H TEXVIKT) OPWG QUTH NEPIOPICEl TN HOVWOT.

2.4. KaTtoikieg pe okeAeTO TUNOU Truss Framed System (TFS)

MpokeiTal yia véo ouoTnua eAappol EUAIVou okeheToU and oAdowpa nAaiola, To kaBéva and Ta onoia
nepIAapBavel pia dIKTUWTH JOKO OKEAETOU TOU MATWHATOC, dUO KOIVOUG OpBOCTATEC EEWTEPIKWV TOIXWV Kal
€va aiwpoUpevo JIKTUWTO oTéyNG (Zx. 2.9). ‘'OAn n eykdpoia TOWr TOU (PEPOVTOC OKEAETOU TOU MATWHATOC,
TWV EEWTEPIKWV TOIXWV Kal TNG OTEYNG, €ival dEPEVN OE MIA KATAOKEUAOTIKN Hovada.

VAVAVAVAVAV AV AN

2x. 2.9. Tunog oAdowpiou nAaioiou.

O TUNOG auTdC TNG MPOKATACKEUNG dnuioupynenke and To EpyaocTrpio Adcikwv MpoidvTwv TNG AdCIKAG
Ynnpeoiag Twv HMNA pe okond Tnv nAnpgoTepn aflonoinon Twv 8acikwv NpoiovTwy. MapdAnAa oTOXEUE aTn
BeATiwoN Twv UNAPXOVTWV TUMNWV EUAIVWV OKEAETWV Kal TNV QVTIHET®NION MPOBANUATWV avenapkav
OUVOEOEWV METAEU TWV COTOIXEIWV OTEYNG — TOIXWHATWV KAl TWV OTOIXEIWV TOIXWHATWY — BAcng, mou
napouacialovrav YeTd anod BUeAAEC, OEIOPOUG, TUPWVEG, OTOUC OKEAETOUC auToUG.
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Eik. 2.17. Kataokeurj karoikiac e oAdowua nAaiora.

Me 10 oUotnua T.S.F. €€aopalileTal KATAOKEUAOTIK OUVEXEId and Ta OguéNia PEXPI TNV opo®r Kal
avTipeTwnifovTal koiva npofAnuata ouvdeoewv (Eik. 2.17).

Kabe oToixeio Tou OkeAeTOU avBioTatal os enidpacn duvaTou agpd, QopTiwv XiovioU Kal € AAEC QOpPTIOEIC
nou aokoUvTdl g€ onolodNMoTE ONMEI0 TNG KATAOKEUNG. Me To oUOTNUA AuTO CUP@®VA WE TNV dnoyn Twv
pnxavikwv EUAou nou To oxediacav, ENITUYXAVETal XaunAd KOOTOG KATAOKEUNG, AVETOG OXESIACKOG, YPryopn
NPOKATACKEUN, YPRYOPN AVEYEPON TNG KATOIKIAg kal UYnAr acpaleia.

Ma TIC NEPICOOTEPEG EPAPHOYEG, N KATACKEUN TwV NAAICIWV YIVETAI anokAEIoTIKG ano kadpovia nayoug 5cm
kal nAatouc 10cm, evw Oev eival anapaitnTol ol dokoi Kal oI KOAOVEC UMOOTNPIENG OTO 100yelo. ANa
NAEOVEKTHATA TOU GUGTAKATOC €ival:

e Meiwpévn noodTnTa EUAsiag, pExp! kal 30%, o GUYKPION HE KOIVEC NPOKATAOKEUEG,

e MelwWEvn €pyacia KAaTAoKEUNG aywywv yia B€ppavaon kal KAIHaTiopo, yiati unopei va xpnoiponoinoei
TO KEVO TWV 52cm ToU OKEAETOU NATONATOG.

e Eneidr) dev anairoUvTal evOIGUeoa unooTnPiydaTa HETAEU TwV €EWTEPIKWV TOIXWV TOU OMITIOU
(avolypa CeukTov), ano@elyovTal KOAOVEG, SOKOI kal (PEPOVTEG EOWTEPIKOI TOiXO! OlaipETNG.

O TUnog T.F.S. woTdoo uloBeTrONKE WOVO yia MIKPO apIBUO KATAOKEUWV HEXP!I Onuepa. 2To . 2.10
napaTnEoUNE Hia oAOKANpwUEVN KaToikia.

2x. 2.10. Karoikia ue OKEAETO TUMou Truss Framed System (TFS)
2.5. AIOPOPEG KATOIKIEG ANO £VICXUHEVO EUAIVO OKEAETO Kal EVIOXUHEVA NAVEAG TUNOU OAVTOUITG

>Tov TUMO AUTO MPOKATAOKEUAJETAl KAl OTAVETAI EVIOXUMEVOG EUAIVOC OKEAETOG ToiXwv Kkal oTéyng (Zx. 2.11
kai Eik. 2.18). ZTnv €EWTepIK NAEUPA TOU OKEAETOU Kal OTA NATWHATA OTEPEWVOVTAl EVIOXUUEVA
NPOKATACKEUAOHEVA NAVENG. € KABE EVIOXUUEVO NAQICIO OKEAETOU EVOWUATWVOVTAI OTOIXEIQ OKEAETOU TOIXWV
Iooyeiou kal opogou (koAdva), opilovTia dokdapla ToiXwv Kal NaTwPATwy, kabwg kal dokoi oteyng (Eik. 2.19).
H Texvikr autn eEao@alilel uwnAr Pnxavikn avroxn kai JIEuKoAUVEl OTO OTHOIHO TwV OAOCWH®V NACICIWV HE
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vepavo. Ta oAdowpa nAaioia ouvdcovtal PETAEU Toug He opIlOVTIEC DOKOUC. Ta evioXUpEVa MAVEAG TUMOU
oGvTouiTG  anoteholvtal and dUo enipaveieg EulonAakwv (avTikKOAMNTa, O.S.B.), MeETAEU Twv onoiwv
OUYKOAAATAI OTPWON HOVWONC anod dIoyKWHEVN NOAUGTUPOAN 1 noAuoupedavn. H pia and Tig EUNonNAAKeG ival
€EWTEPIKNC XPNOEWE Kal N AAAnN €owTepIknG. Ta naveAg auTtd, yvwoTd wg stress skin panels, £xouv uwnAn
MNXQVIKI) avToxr Kal CUMMEPIPEPOVTAl KATA Tn POPTIoN wG dokOG TUNou dinAoU Tag. (I). EEao@aAilouv uwnAr
MOVWON, XaunAG KOOTOG NApaywyng Kai JeyaAn TaxUTtnTa TonoBETnong. AoKiudodnkav yia npwTn @opd oTIC
HMA 1o 1937. ZTnVv ayopd gugaviodnkav 1o 1959 kai n véa Texvoloyia apxioe va yiveral anodekTr 1o 1980.
>NUepa avTinpoowneUouv NIiyOTEPO ano 1% Twv VEWV KaTolkiwv oTig HIMA,

2x. 2.11. Evioyuuevog EUAIVOC OKEAETOG.

T ——

Eik. 2.18. Karaokeurj karoikiag e
EVIOYULIEVO EUAIVO OKEAETO.

Eix. 2.19. FOWTEPIKO KATOIKIaE aro
EVIOYULIEVO EUAIVO OKEAETO.

2.6 MNMpokaTaoKeEUAoHEVA KTipia HE NTUCCOHEVa (avadinAoUpeva) nAaioia (TexvoAoyia FOLDEX)

Me Tnv Texvikn FOLDEX npokataokeudlovTal KTipia KEXP!I 2 0pOPOUG Kal dwua anod mnpoKaTaokeudopéva
avadindoupeva nAdioia (Eik. 2.20 kai 2.21). AigkpivovTtal nAaioia opo@rc, Toixwv Kal NatTwpdTwv. To Kabe
nAagiolo TUNOU GAvToUITG anoTeAeiTal and 3 oTpWOEIG, ONWG Ta NAdioia Nou NEPIYPAPNKAV NApandavw, YE TN
dlapopa OTI OTn WYeoaia oTpwon ePnePIEXETal kal 0 EUAIVOC OKEAETOC. To yeyovog autd npoadidel aTa nhdioia
noAU peyahn pnxavikr) avroxrn, nou €MITPENEl T XPron TOUG w¢ OTOIXEIa OTEYNG, TOIXWV Kal NaTwuaTtwyv. H
EEWTEPIKN OTPWON TwV NACICIWV TOIXWV Kal OTEYNG €ival TolpevTooavida. Ta nAaiola npokatackeualovral o€
€I0IKA €pY0OTACIa We Bepury MOAUMPOPN MPECA UYICUXVWY, YEYOVOC nou €Eac@alidel uwnAn napaywyn Kai
XaUnAG kOoToG. H Texvoloyia FOLDEX evdeikvuTal yid GUYKPOTAUATA KATOIKI®V, YPAMEIWY, ZXOAEiwV,
KaTaoTnuaTwv kal eEao@alilel padikn napaywyn, XadnAd KOoTog, nMoAU ypryopn eykatacrtaon Ke yepavo (5
OPEC yIa kaToikia 120m?) kar HeyaAn olkovopia UAIK@MV.
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Eix. 2.21. EykardoTaon KTiplou e avadinAovueva niaioia.

2.7. NoAuopoa kTipia B EUAIVO OKEAETO

Ta noAuopoga kTipia he EUAIVO OKEAETO anoTeAoUV Koivr| NpakTIkn oTn B. Apepikiy. =Tnv K. Eupwnn Ta kTipia
auTa BpiokovTal og apxiko aTadio spappoync. Ta TeAeuTtaia 10 xpovia otn Mepuavia, AuoTpia, ENBeTia, FaAAia
KaTaokeudoBnkav nepinou 500 noAuwpopa EUAiva kTipia pe 6.000 diapepioyata. Mapatnpsitar pia Taon
av&nong TnG ZATNong, n onoia OPEIAeTAl OTNV avepyOpevn  {TNON MPOIOVTWV and avavewoIPeG NNYEG
€VEPYEIAG.. TN B. Eup®nn n KaTtaokeun TETOIWV KTIPIWV gival nio diadedopévn.

O okeAeTOG 0€ Eupwnn kal AUepIKr) kaTaokeualeTal e TNV KAAoIkn PEBodo nAaT@oppag (5x10cm). Ta nAdioia
OKeEAETOU TOiXwv Ot KABe Opoo XwploTa  enevdlovTtal oTic dU0 OwelC Pe nAvelg, Ta onoia E€iTe
npokaraokeudlovral (Eupwnn), 1 katackeudlovral eni Tonou (Apepikn). Ta natowpata sivar TUnou
NAQTQOPHAC, Kal Ol KOAOVEC £xouv UWoG HOVO evog opdgou. Mia AAAn HEBOSOC NPoBAENsl KATAOKEUN TWV
nAaiciov and &UAo paocip. Mia Tpitn YEBOdOG NpoPAEnel koAOveg nou diangpvolv NOAAOUG 0pOPOUG, ENAVW
oTIG onoigg aTnpifovTal Ta opifovTia dokdpia Tou OKEAETOU.

To 2000 KATAOKEUAOBNKE HE ouvepyaoia MOA@V pnxavikav EUAou anod dlAQopeC XWPEG TnG Eupwnng
€EadpoPo EUAIVO KTipio 2.000m?, yia va PeAETNBOUV ol PEBODOI TEXVIKAC OTNV MPOKATACKEUN KAl TO GTHGIMO, N
XPon VEwv NpoiovTwy, n BEATIWON TNG NUPAVOEKTIKOTNTAG Kal ThG BEPHONXOHOVWONC, N HEIWON TOU KOGTOUG
Kal 0 EvapuovIoPOG Twv HeBOdWV Napaywyng kai Twv npotunwv oe diapopeg Xwpeg TnG Eupwnng (Eik. 2.22).
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Eik. 2.22. FEawpogpo KTipio
e EUAIVO OKEAETO.

A best practice bén nﬁrking guidéf

3. ZuvnOn o@Aaipara o SoHIKEG KATAOKEUEG EUAoU oTnv EAAGSa

3TN XWPa Pag €ival yeyovog OTI KUPIAPXE TO WMNETO O KATAOKEUEG ME TIC YVWOTEG DUOAPEDTEG OUVENEIEC. H
ENEIPN €IBIKOV UNXaVvIK®V, £pYONABwWV Kal TEXVNTWV EUAIVWV JOUIKMV KATAOKEUWV £XEl WG ANOTEAEOUA TV
€o@alyévn epappoyn TnG anairoUpevng Texvohoyiac. Ta ouvnen o@aiuyaTta nou napoucialovTal oTn Xwpa
Jag sival Ta akohouba:

e Mnepdeliouye Ta diagopa €idn dopIKNG EUAeiag Kupiwg T AsUkn EUAsia kwvo@Opwv (eAaTn,
€puBpeAdTn) pe Tnv Euleia neukng (ooundikn EuAeia). Katd kavova n Euheia nelkng €xel
MEYAAUTEPN WUNXAVIKR avToxn Kal avOekTIKOTNTA Kal XPNOILONOIEITAl O EEMTEPIKEG KAl ECWTEPIKEG
KATAOKEUEC, £V N AEUKN) EUAEIO OE E0WTEPIKEG,

e XpnoIUomnoloUKE Uypo EUANO WE TIC YVWOTEG OUVENEIEG. H uypacia Tou EUAOU yia EWTEPIKEC XPNOEIG
npénel va eival 12-15% kai yia eouTepIkEG 8-10%.

e  XpnoiyonoloUpe EUAIVA OTOIXEIQ OTEYNG ME MIKPEG DIATOMEG.

e  Eviote yiveralr A\avBaopévn em\oyr| unoTionEvou EUAOU Of €0WTEPIKEG KATAOKEUEG. H xprion CCA
anayopeUTNKE, €V O EUMOTIONOC Me BOPIKA GAATA EMITPENETAI Of DOMIKEG KATAOKEUEG OMOU O
avepwnocg dev £PXETAI € ENAPN HE TO EYNOTIOUEVO EUAO.
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Experimental studies on structural timber glass adhesive bonding

Cruz, Paulo 1.S.3, Pacheco, José A.L., Pequeno, José M.B.

Abstract: The utilization of timber in building structures has been increasing in the last years, partly due to
technological developments in this field. New tectonic concepts such as prefabricated and industrialised
systems arose, though very different from the ones presented by traditional solutions. Hence, the combination
of timber with other constructive materials is emerging. Steel, composites materials or glass can be combined
with timber, in order to obtain resistant products, highly typified, standardised and with low behavioural
variation. The structural utilization of timber glass composite solutions is a daring construtive system, which
although still in a very early stage, already presents an important potential of applicability in architecture. In
order to fully benefit from composite timber glass cross sections, an adequate bonding between these two
elements is essential. With the purpose of achieving the ideal balance between strength and flexibility, an
extensive set of experimental tests is being carried out at the University of Minho. This presentation focus on
the analysis of results regarding shear stress tests with timber glass bondings, using adhesive as structural
bonding system. In these tests, various adhesives were applied, including different trades and adhesive types
such as silicone, methacrylate, polyurethane, acrylics and superfiex polymers.

Introduction

The technical evolution has been responsible for a significant rise in the structural utilization of timber in
construction. Prefabricated industrialised systems currently present an area of strong architectural and
constructive development. The uniformity, traditionally inherent in this concept, is howadays superimposed by
the feasability of unitary series. As a complement, the increasing resort to composite solutions diversifies the
range of functional, expressive and structural solutions of products, leading to results that any material alone,
with its limitations, could not achieve. Therefore, any composite solution will aim at enhancing the intrinsic
increased value of its components and the simultaneous minimization of the disadvantages that each material,
separately, presents. This is the central idea behind composite systems and also the starting point for the
development of the present research.

Structural timber-glass composite solutions present all conditions for, in a near future, assume great
architectural significance. First of all, it will allow benefiting from natural lighting in a way not much explored
so far, with consequent advantages at other levels. On the other hand, the transparency of glass, associated
with its structural employment, could achieve the most transcendent features of this material, magic and
illusion. Also at a structural level, glass compression capacity and timber tension resistance must be
enhanced, the same way that accumutaded and tensile stresses must be avoided on glass surfaces.
Simultaneously, the specificities of natural behaviour of timber have to be assumed, understood and
contextualised.

However, no matter what the object of the strutural composite system is — beams, columns, plates or slabs —,
another aspect must be taken into consideration: the bonding system. While assuming a role which is as
important as, or even more important than the two original elements, the bonding system will be the main
responsible for the unity of the set and, at the same time, preserve the diversity of components. As far as the
present research is concerned, the structural adhesive bonding was chosen as the bonding system since it
presents a superior guarantee of effectiveness regarding the above mentioned intention. Uniform distribution
of forces, reduction of fragilization of materials by avoiding drilling, averting of high peak stresses and aim at
the ductility in the unity of the set were the criteria for this decision.

It is also of great importance that the adhesive brings together strength and flexibility. That is the path to its
structural employment, necessarily subject to transmission of heavy loading. The adhesive must also allow
bending, expansion and shrinkage of timber, according to loading and humidity variations. Given the basic
difference of characteristics between glass (brittle) and timber (ductile), it is believed that this could be the
best way of enhancing the performance of the different composing elements in a unitary set.

Nowadays, there are still few examples of buildings constructed, in which structural load transfering by means
of adhesives is applied. The research now presented fits in a wider project, whose main objectives are the
feasability and optimization of architectural potentialities of timber glass constructive solutions.

3 Civil Engineering Department, University of Minho, Azurém, 4800-058 Guimaraes, Portugal
Email: pcruz@civil.uminho.pt
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Materials and Methods

Given the unpredictability resulting from the many variables related to timber glass structural adhesive
bonding system, it would be impossible to firmly move towards a technical and pratical solution without
producing a wide set of experimental tests, which could reveal most of the possibilities.

Hence, shear stress tests were carried out, according to the implementation of some important variables.
Based on such tests, the results of a set of six different products are hereby presented.

Figs. 1 and 2: Adhesives and specimens used in the set of experimental tests

All six products, shown on figure 1, represent different types of adhesives: polyurethane, superflex polymers,
silicone, methacrylate and acrylic — in two-component format and bi-adhesive tape.

These adhesives, suggested for this purpose by the manufacturing companies themselves, within their range
of products, gave rise to 54 specimens — figure 2 —, tested according to variables presented on Table 1:
primers utilization and glass type. It is also important to state that, when composing and preparing the
specimens — sequence of figures 3, 4 and 5 —, and apart from the use of primers, glass plates were duly
degreased with dimethyl ketone and dried. Timber elements were cleaned of dust with compressed air.

P,

4

Figs. 3, 4 and 5: Preparation of specimens — treatments and adhesive application
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Table 1: Products and variables applied to the set of experimental tests

Adhesive Type Product o’ Primers Glass Type Specimen series
- Laminated A04; AO5; A06
H ®
Polyurethane Sikaflex265 1€ “gika®Activator Tempered A07; A08; A09
. ® .

Sika™Primer290DC Laminated AL0; Al1; A2

- Laminated B04; BO5; B06

Silicone Sikasil®SG-20 1C Tempered B07; BOS; B09
Sika®Primer290DC Laminated B10; B11; B12

Sista Solyplast - Laminated C04; C05; Co6

Superflex SP101 1c Tempered C07; C08; C09
Polymers Generic Primer Laminated C10; C11; C12
- Laminated D04; DO5; D06

Methacrylate Sikafast®5211 2C Tempered D07; DO8; D09
Sika®ADPrep laminated __ D10; D11; D12

3M™ - Laminated E04; EO5; E06

H ™

Acrylic Scotch-Weld 2C " 3M Glass Silane Tempered E07; EO8; EQ9
DP-810 Generic Primer Laminated E10; E11; E12

- Laminated F04; FO5; FO6

: ™
Acrylic Tape 3M " 3MGlass Silane Tempered FO7; F08; F09
VHB T 4910F Generic Primer Laminated F10; F11; F12

According to the scheme of tests used, as presented in figures 6 and 7, specimens were submitted to shear
loading, in series of three, at the speed of 15 microns/s. This leads to the collection of data regarding strength
resistance; timber glass relative displacement allowed by the adhesive and deformation of timber following
the longitudinal orientation of the grain, resulting from loading transmission through the adhesive. The
loading is applied by means of metalic grips, adjustable to the dimensional variation of specimens and
internally covered with neoprene, which prevents glass from cracking. Each specimen, made up of a glass
plate fixed between two timber boards, presents a total contact surface of 40 000 mm? (200mm X 100mm X
2). The area of this surface, though not limiting of the results obtained, proved exaggerated as far as
adhesives of greater resistance and stiffness are concerned. The end result was glass failure, very common
among adhesives of great resistance which, many times, proved stronger than the materials themselves.

Figs. 6, 7 and 8: Test scheme, glass behavioural characterisation test

The types of glass used in tests — 5.5.1 laminated glass and 5 mm tempered glass — were also tested, as
shown in figure 8, so as to check their level of resistance and behavioural variability. In the end, high
uniformity was revealed. The timber employed was Pseudotsuga Menziessi, or Coast Douglas Fir, a type of
softwood, properly dried, sawn and polished.

Results

The set of tests was prepared in order that the data obtained could directly be compared. Taking that into
account, figure 9 presents a comparison between several load/relative displacement curves, representative of
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different adhesive performances. The balance between load-bearing capacity and flexibility of each case is,
thus, highlighted.

80

Load [kN]

______ Silicone
Superflex Polymers

————— Methacrylate

.................. Acrylic Tape

Displacement [mm]

Fig. 9. Load/relative displacement graph comparing adhesives B, C, D and F

Table 2: Summary of results

Product Specimen Max. Load Displacement Failure
serfes kN (average) mm (average) mode’
A04; A05; AO6 68,37 511 G
Sikaflex®265 A07; A0S; AO9 39,45 5,80 G
A10; Al11; A12 15,35 4,26 C; Ag
B04; BO5; B0O6 15,86 3,90 Aw; Ag; C
Sikasil®SG-20 B07; B0S; BO9 19,60 4,84 Aw; Ag; C
B10; B11; B12 20,05 4,91 Aw; Ag; C
C04; C05; C06 60,15 4,96 G
Sista Solyplast SP101 C07; C08; C09 45,41 3,78 G
C10; C11; C12 54,62 5,20 Aw; C; G
D04; DO5; D06 71,51 0,08 G
Sikafast®5211 D07; DO8; D09 49,76 0,09 G
D10; D11; D12 62,31 0,15 G
EO4; EO5; E06 87,94 0,05 Ag; C; G
3M™Scotch-Weld™DP-810 E07; EO8; E09 57,12 0,01 G
E10; E11; E12 73,44 0,05 Aw; C; G
FO4; FO5; FO6 1,95 9,60 Aw; C
3M™ VHB™ 4910F FO7; FO8; FO9 1,30 10,06 Aw; C
F10; F11; F12 3,28 10,37 Aw; C

L Failure mode: Aw-Wood Adhesion; Ag-Glass Adhesion; C-Cohesion; G-Glass failure

Table 2 conveys a summary of some of the most important results obtained, that is, the maximum loading
average for each series of specimens, as well as the registered timber glass relative displacement average at
the maximum loading referred points.

Strength and relative timber glass displacement

Figure 9 illustrate the curves of all tests carried out with silicone, superflex polymers, methacrylate and acrylic
tape. These tests unveiled the existence of three different groups: adhesives highly resistant and insufficiently
flexible in this context — methacrylate (and also two-component acrylic adhesive); highly flexible adhesives,
yet insufficiently resistant to the loading they could be subject to in real situations — silicone and acrylic tape —
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and, finally, adhesives that balance both key factors in this research: strength and flexibility — this being the
case of superflex polymers. One can clearly observe this situation in figure 10.

A04, A05, A06
Polyurethane Average n
B04, BO5, B06
Silicone Average A
C04, CO05, C06
Superflex Polymers Average .
D04, D05, D06
Methacrylate Average o

=
N
o

=
o
o

Load [kN]
g 8
e
|

40

20 A E04, E05, E06
0 - | i ‘ ‘ @, ‘ 2C Acrylic Average A
0 2 4 6 8 10 12 F04, FO5, FO6

Displacement[mm] Acrylic Tape Average o]

Fig. 10: Maximum loading resistance and respecting displacement — all adhesives

Figures 9 and 10 also demonstrate that one could search for a suitable solution in the latter of the referred
groups, the superflex polymer group, to which polyurethane also belongs. Figure 11 compares these two
adhesives, and introduces another important aspect — behavioural variability. It is possible to observe that
superflex polymer, contrary to polyurethane, presents in all circumstances uniformity convergent with safety
criteria, essential in this kind of structure. However, it is pertinent to refer that variation in polyurethane
fundamentally results from already mentioned variables applied to the test. This also highlights the influence
of such variables, as will be observed further on.
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Fig. 11: Load/relative displacement graph comparing adhesives A and C

Nevertheless, one must underline that flexibility of adhesives is relative, subject to arising diverse
interpretations if observed in a wide range or according to its contextualization in their specific group. Taking,
as an example, the results obtained for methacrylate, which in figure 9 — and comparing with other curves in
the same graph —, seems to superimpose on the Y-axis, it is possible to conclude that, in the tested context,
this adhesive is extremely rigid and resistant, as demonstrated by the repeated glass failure. Apart from that,
and within its specific group, this adhesive can be considered relatively flexible when compared to others. As
shown in figure 12, timber glass relative displacement regarding two-component acrylic adhesive is merely of
centesimal fractions of mm. However, methacrylate registered twice the relative displacement when compared
to the latter. In any case, this relative flexibility seems insufficient to being considered applicable in this
context, due to the inherent characteristics of the materials and the intended scope of application.
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Fig. 12: Maximum loading resistance and respecting displacement — methacrylate (D) and 2C
acrylic (E) series

In fact, glass has low tension resistance, whereas timber is ductil, hygroscopic, of variable dimension and
influenced by atmospheric agents to which it is exposed. Therefore, if the adhesive is not able to minimally
absorb the various resulting stresses, it will not efficiently play the role of interface, as it will not prevent from
a direct confrontation of different behaviours of materials.

Strength and timber deformation — consequences

As a logical conclusion, the greater the loading endured by the adhesive, the greater the strength to which
both timber and glass will be submited. Conversely, a comparison between the graphs below — figures 13 and
14 —, regarding two-component acrylic adhesive, shows that longitudinal deformation of timber is higher than
timber glass displacement. As a consequence of the anisotropic character of timber, this longitudinal
shrinkage has repercussions in its tangential expansion. This is precisely the occurrence that must be
minimised, as it is responsible for the application of tension stress on the glass surface in contact with timber.
Figures 15 and 16 illustrate this failure mode. Even without applying external loading, the same occurrence
can take place during normal specimen saturation in water, as shown in figures 17 and 18.
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Figs. 13 and 14: Load/relative displacement and load/deformation (of timber) graphs regarding acrylic
adhesive — comparison of X-axis data

Figs. 15, 16, 17 and 18: Failure modes, due to loading or water saturation

A highly resistant adhesive — tolerating stressing up to 15/20 MPa — even if considered exceedingly flexible
within its group can, under certain circumstances, easily fail due to the particular characteristics of the
materials under study. Limiting the tangential dimension of timber in contact with glass would surely
represent a valid solution for this situation.
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Since behavioural uniformity of the used types of glass was initially verified, it is important to note that the
occurrence described in the previous paragraph originates discrepancies within data presented on table 2
concerning the specimens which collapsed through glass. This leads to the conclusion that the type of
adhesive directly influences the failure of glass itself.

Failure modes and primers utilisation

In the tests carried out, different failure modes were observed, as characterized in table 2, according to the
type of adhesive and variables implemented. In general, it is possible to perceive that, in adhesives of higher
resistance, glass always ended up collapsing. However, except for methacrylate, situations occur in which,
besides glass, collapse takes place simultaneously with adhesion break — either with glass or timber — and/or
cohesion break of the ahdesive itself.

According to figures 19 to 22, failure mode patterns can be observed in two of the most resistant adhesives —
superflex polymers and two-component acrylic. In the first case, only noticed in series C10, 11 and 12, which
shows that the best results regarding this adhesive are obtained without any primer use, collapse involved
glass break, glass adhesion break and cohesion break. Hence, it was possible to observe a sliding pattern in
the cohesion break of this adhesive — figure 20. Similarly, two-component acrylic adhesive also stood heavier
loading without surface treatment. However, this adhesive presents three significant differences: adhesive
break occurred in series E10, 11 12, but also in E04, 05, 06, regarless of the fact that in the latter it took
place under strength rates superior than those in series E10, 11, 12 and also series C04, 05, 06. Series E10,
11, 12, in which primers were applied, collapsed through timber adhesion — figure 21 — whereas series E04,
05, 06, where primers were not used, collapsed through glass adhesion — figure 22. Ultimately, the post-
collapse surface of this adhesive did not indicate any sliding. Instead, it was possible to observe an apparent
vitrification.

Figs. 19, 20, 21 & 22: Failure modes — superfiex polymers and 2C acrylic

Based on these examples, one may then conclude that surface treatment has a decisive influence in the
adhesive bonding failure. Still, depending on the adhesive observed, that influence may be positive or
negative, thus improving or worsening its performance. The use of primers is not always advisable. For each
situation there is an ideal solution which, should it imply total absence of primer treatment, can surely ba an
important advantage — of time and cost — in the employment of adhesive.

Glass type influence

Tempered glass, though more resistant to superficial stresses than laminated glass, presents two considerable
and decisive disadvantages in relation to the latter: brittle properties and an irregular surface, as shown in
figure 24. These characteristics prevent tempered glass from being considered an adequate solution for the
intended situation. The results obtained demonstrate that, from certain loads onwards, there are oscillations
in the loading/displacement curves of the loading unit — figure 23 —, which do not occur with laminated glass.
Moreover, the superior resistance it holds — despite the differences in thickness used in both types of glass —
becomes irrelevant when the occurrence illustrated in figures 15 to 18 takes place. Due to the characteristics
of tempered glass, the occurrence mentioned results in its immediate collapse, even before the applied
loading can affect the adhesive bonding. As shown in table 2, except for polyurethane, all series
corresponding to tempered glass with primer treatment — 07, 08, 09 — always resisted less than series with
laminated glass — 10, 11, 12.

In the case of bi-adhesive acrylic tape, the difference is of less than half the effectiveness, due to the
incapaciy for compensating superficial imprecisions, as observed in figure 25. This irregularity in the glass
surface tends to affect, more than any other, fluid adhesives, as one may apprehend from the difference
obtained in the case of two-component acrylic adhesive, the greatest registered (57,12 kN to 73,44 kN), as
shown in table 2.
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Figs. 23, 24 and 25: Load/Loading unit displacement graph — methacrylate, tempered glass; bonding
frregularities — bi-adhesive acrylic tape with tempered glass

Both analysed variables — primers utilization and glass type — directly influence the performance of adhesives
and lead to conclusions regarding the behavioural uniformity each presents, according to the mentioned
variables — figure 26. Behavioural uniformity is an important safety factor, which must be guaranteed.

901 A04, AO5, AO6
80 ~ . A07, A0S, A09
70 A - Al10, Al11, A12
60 | * A04, AO5, AO6 average
Z 504 - A07, A08, A09 average
= VAN o A10, A11, Al12 average
g7 o ol €04, C05, C06
30 1 €07, C08, C09
20 4 C10, C11, C12
10 A C04, CO05, C06 average
0 ! : : : : C07, C08, C09 average
0 2 4 6 8 10 C10, C11, C12 average
Displacement [mm]

Fig. 26: Maximum loading resistance and respecting displacement — polyurethane (A) and superflex polymers
(C) series

Safety precautions

Safety is a crucial and indispensable aspect. It implies deformability or ductility criteria, instead of brittle
characteristics, unable to absorb tensions, usually much resistant but easy to suddenly and unexpectedly
collapse. The behaviour of the structural element in periods ranging from the first cracking to the maximum
loading resistance, and from this to collapse, is of essential importance in this context, where the possible
maximum margin of time should be kept and any fragile tendency avoided. This applies to adhesives and the
materials themselves. In this case, the elementary choice of laminated glass - usually less resistant than
tempered glass - results from safety concerns.

Conclusions

The bonding solution pointed out in the present research can be a practical system regarding the structural
use of several timber glass composite elements. Depending on the geometry of the composite cross section,
the specific mechanical characteristics of its components and the loading involved, it may be necessary to
apply a more rigid or ductile adhesive.

This paper summarises the results of 54 laboratorial tests on shear stress, involving different types of
adhesives. The results obtained, concerning strength and flexibility, demonstrate a wide range of mechanical
behaviours - from extremely rigid to significantly ductile — and support the feasibility of this solution to the
applications envisaged.

This solution, however, must undergo other tests in order to be accepted as a structural constructive solution:
temperature and relative humidity variation, UV radiation, ageing, aesthetics and applicability are considering
aspects. The work hereby presented is a stage in a long path towards the technical and scientific validation
that is intended to be achieved. Its main purpose is the practical, safe and generalised implementation of an
innovative, daring and promissing constructive system.
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Evaluation of the integrity of glued laminated
timber structures in service

Cruz, H.4, Gaspar, F. M.5, Rodrigues, 1.6

Abstract: This paper stresses the importance of monitoring and following up glued laminated timber
structures. It reports the experience of the authors concerning the structure of Atlantic Pavifion (Lisbon),
describing the principal aspects that are taken into account. It also refers some non-destructive methods that
may be used for the assessment of glued laminated timber structures in service. Finally, it refers an ongoing
PhD research program, which is expected to provide some useful information on this subject and presents
some early results on chemical analysis with this purpose.

1. Introduction

Monitoring and follow up of glued laminated timber structures in service is essential to control their durability
and to prevent premature degradation and failure. This is particularly needed for structures subjected to
weathering, but also required for indoor elements. Nevertheless, a huge amount of glued laminated timber
structures are not regularly assessed. In many cases, the building owners are not aware of the need for this,
namely when there is little experience on building with timber and particularly with glued laminated timber.
They do not realise how simple periodical visual inspection may help detecting possible problems at early
stages of damage process, enabling corrective action to take place in time.

Despite the increasing interest on this subject from the scientific community, due to some recent disasters
reported in the literature, we still face the lack of practical and reliable methods to evaluate the actual
strength of bond lines on service. This is of special concern because bond lines ageing caused by weathering
or by indoor moisture cycles may not be detected with simple visual inspection. To provide this evaluation it is
necessary to understand the bond line degradation mechanisms, why it occurs, how to detect it and how to
quantify the associated loss of strength. These are not yet totally identified and need to be studied.

2. Ageing and degradation of glued laminated timber structures

Durability of glued laminated timber structures implies sufficient durability of timber and glued joints.
Deterioration of the wood itself may be due to biological attack (insects and fungy), water induced stresses
associated with drying cycles, and UV radiation (only surface degradation, in this case). Deterioration of glued
joints may result from excessive loading imposed to the structural member, from internal stresses due to
shrinking and swelling of the wood (associated with water uptake or drying), from environmental temperature
or from chemical reaction of the cured adhesive with water and/or other products. It can cause strength loss
and delamination (Figure 1).

A wood joint properly bonded with a phenolic adhesive is said to be stronger and more durable than wood
(Gillespie, 1980). However, during ageing, wood and adhesive will not maintain their original properties and
some degree of degradation will occur. When joints separate an appreciable amount at the surface, special
worries about the strength of the structure can rise and the quality of glue bond in the other parts of the
glued laminated timber is also questioned.

Delamination is the complete separation of the glue lines and it is the most visible symptom of problems.
Curved glued laminated timber structures are one example where delamination due to external loads can
occur. Bending moments in curved members cause radial stresses perpendicular to the grain (Ehlbeck and
Kirth, 1995). One example of this is the case study reported by Giustina (1985) where, due to deficient
detailing, serious delamination occurred on the structure (Figure 1a).

Dimensional changes of wood due to weathering can cause cross-sectional tension stress levels perpendicular
to the grain up to 0.3 MPa which can be in the range of about two thirds of the characteristic strength value

4 | aboratério Nacional de Engenharia Civil, Timber Structures Division. Avenida do Brasil, 101, 1700-066
Lisboa, Portugal. Email: helenacruz@Inec.pt

5 Polytechnic Institute of Leiria, School of Technology and Management. Morro do Lena, Alto do Vieiro, 2411-
901 Leiria, Portugal.

6 Tropical Research Institute of Portugal, Forest and Forest Products Centre, Tapada da Ajuda, 1349-017
Lisboa, Portugal.
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(Aicher and Dill-Langer, 1997). Maximal stresses are obtained when a long dry period is followed by a long
humid period (Ranta-Maunus, 1998).

According to Gramatikov (1996) the occurrence of tensile stresses perpendicular to the grain, due to
shrinkage of wood and/or external loads, caused a large number of reported collapses of timber structures.
Many cases of severe glue line delamination in structures have also been reported (Biger, 1995; Mclntosh,
1996; Gramatikov, 1996; Zaki¢, 1998).

Fig. 1. a) Delamination in a three-pin portal frame with curved haunches (Giustina, 1985); b)
Crack due defective gluing (Biger, 1995); c) Cracked frame corner (Biger, 1995).

Simply changing the growth-ring orientation in adjoining laminate can alter the possibility of fracture in the
vicinity of the joint caused by a change in moisture content of the laminated member (Laufenberg, 1982;
Nestic and Milner, 1991). Additionally, the closer the pith is to a bond line, the greater the stresses in the
bond line induced by a moisture content change in the wood (Nestic and Milner, 1991; Ranta-Maunus, 1998).

Water, temperature and UV radiation may induce degradation of adhesives. However, for wood adhesives, the
most important are changes in temperature and moisture (Frihart, 2005; Gillespie, 1980). Wood joints are
especially sensitive to moisture effects as a result of the permeability of wood, which allows access of
moisture to both the interior of the wood member and the adhesive layer.

Once moisture is present, it can attack the bond by (Davis, 2003):
= Altering the properties of the adhesive in a reversible manner, e.g., plasticisation;
=  Swelling the adhesive and introducing concomitant stresses;
=  Disrupting secondary bonds across the adherend/adhesive interface;

= Altering the properties of the adhesive in an irreversible manner, e.g., hydrolysis, cracking, or
crazing.

Plasticisation and swelling are both reversible processes. Water depresses the glass transition temperature of
adhesives and lowers modulus and strength (Comyn, 1983). On the other hand, Irle and Bolton (1988)
showed that the superior durability of wood-based panels bonded with an alkaline PF adhesive compared to
panels bonded with a UF adhesive was due to the ability of the phenolic adhesive to absorb and to be
plasticized by water. In the plasticized state, the phenolic adhesive is able to reduce stress concentrations that
otherwise fracture the wood or the adhesive in urea-bonded panels (River, 2003).

Urea-formaldehyde adhesives are known to be sensitive to high moisture levels. These depolymerise under
humid environments, as shown by increased release of formaldehyde (Dunky, 2003), especially if they are
exposed to humid and acid media where the consecutive processes of post-cure and hydrolytic degradation
take place (Dutkiewicz, 1983). On the other hand, wood adhesives, like phenol-formaldehyde and
resorcinol-formaldehyde, do not change drastically in their adhesion to wood at higher moisture levels.

3. Monitoring of structures — the example of the Atlantic Pavilion

Glued laminated timber structures are relatively new in Portugal. It can be said that they were first introduced
in this country with the Atlantic Pavilion built for the World Exhibition EXPO’98. The timber structure is

78



composed of 17 truss arches and glulam members are made of spruce bonded with type I adhesive and
received a surface preservative treatment suitable for hazard class 2.

This was the first large structure (150m x 120m in plan, 47m high above the arena) designed according to
Eurocode 5 (Figure 2). Because of that, LNEC was involved in the specification, fabrication of glued laminated
timber members and construction of the timber structure. After 2001 LNEC has also set a follow up routine,
which involves:

- Monitoring of temperature and relative humidity of inside environment;
- Monitoring of moisture content of timber;
- Measurement of vertical and horizontal displacements;

- Periodical inspections of the structure.

Fig. 2. Atlantic Pavilion built for the World Exhibition EXPO98

Measurement of relative humidity (RH) and temperature (T) is done because RH and T influence moisture
content of timber and also have implications to the risk of fastener corrosion. Besides, preservative treatment
was specified as a function of the expected humidity conditions. The adhesive was specified as a function of T
and HR. Continuous measurement of the air temperature and relative humidity is made with equipment
installed at various points of the structure, covering different highs, orientation and solar incidence (Figure 3.

a).

Measurement of moisture content of timber is also made in several locations of the structure and several
depths from the timber surface (Figures 3.a and 3.f). In this structure, moisture meter needles were inserted
and left in the timber. Periodic measurements are made by attaching a wood moisture meter to each pair of
needles. Moisture content is of utmost importance since it determines timber strength and durability. It also
determines dimensional variations of timber members and can help to explain the global movement of the
structure in the long run.

Vertical and horizontal displacements give important information, as increasing movements may indicate an
instable situation and the imminence of collapse. In the case of the Atlantic Pavilion, measurements are made
with the help of topographic equipment (Figure 3.e), twice a year (summer and winter).

Visual inspections are however the most useful tool one can use to follow a timber structure and can't be
replaced by any other method (Figure 3.b). They allow early detection of water infiltration, biological attack
and other problems, enabling prompt intervention to take place. In the case of Atlantic Pavilion a general
summer inspection is made every year to assess fissures, delamination (Figure 3.d), fasteners looseness
(Figure 3.c), joints opening and other possible problems. Resident responsible persons also carry out frequent
inspections along the rainy season in order to detect and promptly solve possible water intake situations.

So far, this structure does not present significant problems. In one of the arches one glue line opening was
detected and subsequently consolidated by bonding on site with epoxy adhesives. This is believed, however,
to be a fabrication defect associated with glue starvation and not an evolving situation.
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Fig. 3. a) Plant indicating points of measurement of ambient conditions (1 to 8) and
moisture content (A to I); b) Visual inspection of arches; c) joints inspection; d) delamination
measurement; €) measurement of vertical and horizontal displacements; f) moisture content
measurement

4. Non-destructive and semi-destructive evaluation methods

Non-destructive techniques are generally based on correlations between non-destructive measurements and
strength. However, for strength prediction in the case of timber structures, the major drawback of the
non-destructive techniques is the relatively poor correlation between the measured non-destructive quantity
and material strength (Kasal and Anthony, 2004). Visual inspection and ultrasonic techniques are examples of
non-destructive evaluation methods.

Complementing non-destructive techniques with semi-destructive methods can enhance the reliability of
material strength and stiffness evaluation. In semi-destructive techniques, a small specimen is removed form
a member and tested destructively. The size of the specimen relative to the size of the member must be
sufficiently small that reduction in cross-section is negligible. The so-called core-drilling technique is one
possible semi-destructive test.

4.1. Ultrasonic methods
Ultrasonic methods have been applied to non-destructive evaluation of glued laminated timber.

Both acoustic emission (AE) and acousto-ultrasonic (AU) techniques have been applied for testing defective or
weak glued lines. The ultrasound transmission technique was, for instance, used by Dill-Langer and Aicher
(2005) to show the feasibility of detection glue-line defects. Acousto-ultrasonic technique differs from
conventional ultrasonic techniques since more subtle flaws, such as poor quality adhesive bonding, can be
detected (Beall, 2002). However, additional basic research is needed to clarify the effects of wood
characteristics on attenuation of ultrasonic waves and on AU/AE parameters (Kawamoto and Williams, 2002).

The acousto-ultrasonic technique was also used to assess the performance of finger joints. Correlations can
be established between the acousto-ultrasonic parameters and the tensile strength or the reduced finger-joint
strength over the time (Bucur, 2006).
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4.2. Core-drilling technique

Standard EN 392 (1995) specifies two specimen types for evaluation of glue lines shear strength: the block-
shear test specimen and the cylindrical test specimen obtained by drilling along the glue line. Cylindrical
drilled specimen is then notched and test results are comparable to the ones obtained with the block-shear
test.

Core-drilling has been used to establish physical properties of wood and other materials for some time and
cylindrical specimens of various types have been reported (Selbo, 1962; Outinen and Koponen, 2001; Lear,
2005). Selbo (1962) used a cylindrical specimen of 25 mm in diameter and Outinen and Koponen (2001)
made some experiments with a so-called drilled shear specimen of 32 mm in diameter. The results
demonstrated that this method is sufficiently promising to test glued laminated timber members in service.

Some requirements have to be fulfilled to the success of this technique. Owing to the fibrous character of the
wood material, a good core cutter is needed to not leave marks or torn grain on the specimen, to allow
extraction of high quality cores, needed for subsequent mechanical testing. The shearing tool must have a
locking device with exactly the same diameter of the core and it will be desirable that shear toll allows
aligning the position of the glue line with the shear plane. When testing, additional care should be taken to
certify that shearing force is parallel with the grain direction of the adjoining laminations and the moisture
content of specimens shall be appropriate to assure the comparability of values obtained for the same
diameter of the shearing tool.

5. Chemical analysis methods — trial evaluation by NIR

The potential of NIR analysis to detect chemical anomalies or modification of glue lines due to ageing was
investigated in the scope of strength evaluation of structures in service. Should this give relevant information,
a reasonable amount of small samples of the glue lines could be collected from structures causing minor
disturbance.

5.1. On-going research — General frame

A PhD research program is undergoing at LNEC aimed to develop methods for evaluating the performance of
glued laminated timber in service. It focus on glued laminated beams made of Spruce (Picea abies) and type I
adhesive, as the kind of glulam mostly used in Portugal, and glulam made of deep impregnated preservative
treated maritime pine (Pinus pinaster, Ait.) and type I adhesive, as a suitable material to apply in hazard
classes 3 and 4 defined in EN 335-2.

Prior to bonding, maritime pine was deep treated with Tanalith E 3492 (one possible alternative to CCA
products) to the target retentions of 7.1 kg/m?® and 16.4 kg/m?, respectively appropriate to hazard classes 3
(weather exposure without ground contact) and 4 (ground contact), followed by kiln drying.

Glued laminated beams of untreated (Z), lightly treated (L) and highly treated (H) maritime pine were
manufactured at LNEC in laboratory environment. PRF adhesive by Dynea ASA was used. Four curing
temperatures were used (20°C, 30°C, 40°C and 45°C). After 24 hours, clamping was released and beams
returned to standard conditions (20+2°C; 65+5%).

The influence of preservative treatment and cure temperature on the performance of freshly glued laminated
beams was assessed by shear strength and delamination tests. Shear tests were also carried out on the
material that had been subjected to delamination test cycles.

A number of destructive, semi-destructive and non-destructive tests will be carried out after different levels of
natural and artificial ageing of these beams to monitor possible modification of shear strength of the glue
lines.

The possibility of using chemical analysis techniques to assess the state of glue lines in service is also
investigated as these only require a small amount of material to be sampled from the structures. Their use
was believed to provide also useful information to explain different behaviour of glue lines on different timber
species or different treatment levels.

5.2. Near Infrared Spectroscopy (NIR) analysis and results

The glue lines analysed covered all the combinations of treatment level (untreated maritime pine (Z), pine
with the lower level of preservative treatment (L), pine with the higher level of preservative treatment (H))
and cure temperature (20°C, 30°C, 45°C). NIR analysis was done on specimens that suffered delamination
test and were subsequently shear tested to failure.
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NIR spectra of the glued joints in the shear plan were collected in the wavenumber range from 12,000 to
5,100 cm! with a Bruker Vector 22 N/I spectrometer in diffuse reflectance mode using a fibre optic sampling
probe. Each spectrum was obtained with 100 scans at a spectral resolution of 8 em™.

The NIR results (Figure 4) show clear chemical differences in the cured adhesive with different levels of
treatment and also with different cure temperatures.

These differences may be correlated to delamination test results, which show a clear increase of delamination
with increasing preservative retention and with decreasing cure temperature.

These preliminary results, although limited, seem to indicate that NIR analysis may be a promising tool to
assess the quality of glue lines in service. Further tests are under way to fully understand the potential of this
method.
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preservative treatment

Wood with lowest retention
of preservative treatment

8900 8800 8700 8600 8500 8400
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Fig. 4. Spectral analysis of glue lines by NIR after ageing

6. Conclusions

Monitoring and follow up of glued laminated timber structures in service is essential to control their durability
and to prevent premature degradation and failure. This is particularly needed for structures subjected to
weathering, but also required for indoor elements. Nevertheless, a huge amount of glued laminated timber
structures are not regularly assessed. In many cases, the building owners are not aware of the need for this,
namely when there is little experience on building with timber and particularly with glued laminated timber.

Durability of glued laminated timber structures implies sufficient durability of timber and glued joints. Access
of water to the glue lines has been reported to be the main cause of degradation of the glued joints, as it is
also the major cause of degradation of wood.

Periodical visual inspection of structures is essential as it may help detecting possible problems at early stages
of damage process, enabling corrective action to take place in time. Monitoring and measurement of
displacements, environmental conditions and moisture content of timber may also give relevant information in
order to identify rising stability problems or hazard situations.

Despite the valuable information obtained with visual inspection methods and monitoring, there is a need for
complementary practical and reliable non-destructive and semi-destructive techniques to evaluate the actual
strength of bond lines on service. This is of special concern because bond lines ageing caused by weathering
or by indoor moisture cycles may not be detected with simple visual inspection only, especially in early stages
of deterioration.

Acousto-ultrasonic method shows to be promising to evaluate glue lines and it has already proven its efficacy
for the evaluation of finger joint strength. Its use for the assessment of structures in service may however
present practical difficulties. Although being a semi-destructive approach, the core-drilling technique can also
be used to evaluate glue lines strength with a major level of certainty.
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To provide new methods it is necessary to understand the bond line formation and degradation mechanisms
and to know the associated loss of strength. These are not yet totally identified and need to be studied.

Early results of Near Infrared Spectroscopy analysis of cured adhesives, carried out by the authors, suggest
that NIR analysis may be a promising tool to detect adhesive problems and modifications on the glue lines
due to ageing. Further tests are under way to fully understand the potential of this method.
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Detailing of timber structures in seismic areas

Ceccotti, A.7, Touliatos, P.8

Abstract: Structural detailing is a very important issue for earthquake resistant buildings. This is particularly
true in the case of timber structures where the conception of the structural behavior as whole and of single
Jjoints plays a fundamental role. In this lecture particular attention is therefore made to the structural form
and to ductility and dissipation properties of joints that can be reached only if details are properly conceived.
The intention is not to present an exhaustive list of possible cases but to give the key for a better
understanding of real needs. Examples are taken also from ancient constructions in order to try to educate
modern designers to learn from the past experience about earthquake - safe constructions — when calculation
codes where not yet available.

Introduction

In the design process of constructions in seismic zones great attention is always paid to the calculation of load
— bearing elements: Codes dedicate a large space to it. Nevertheless designers must be aware that the
diligent application of the calculus rules will not be enough for the success of the construction. The reality is
that constructional arrangements and details are also important. In other words calculus per se is not
sufficient without good detailing. Eventually the opposite may be true: i.e. for constructions of small
dimensions and regularly arranged in plane and in height, with some minimum dimensioning of element
sections, few details about the connections had been in great sufficient — the experience showed — to resist
earthquakes, and calcula had never been performed at all... Therefore in many seismic codes around the
world a list of minimum dimensions and requirements with structural examples are given for small structures
which do not need to be calculated.

In the present version of the European Seismic Design Code (EC 8) a similar possibility has been not
considered because of the diversity of construction techniques through different Countries of the European
Union. Anyway in EC 8 in addition to calculus criteria a lot of detailing rules are given in order to:
= to assure the compliance with some very important hypothesis at the base of calculation methods
and to give at the same time advices against the most dangerous mistakes.
= to assure the attainment of the foreseen ductility level and, consequently, of the relevant “behavior
factor” used for the evaluation of the inertia forces. For example in the part 1.3, ch. 5 — “Timber
Structures” — of Eurocode 8 some detailing rules is given in order to assure a good ductility behavior
of mechanical joints.

Actually, in order to not confine the progress of the building activity with wood, EC 8 is a performance-based
Code and in principle any joint may be acceptable if it fulfills some ductility performance test requirements
(see Lecture C 17), but in most current cases few detailing rules are sufficient to avoid tests.

Nevertheless the designer must also be aware that also if the part of the Code dedicated to detailing would be
full of structural detailing examples he could not be completely satisfied by the a critic application of these
rules. The most important thing is to understand the real meaning of such detailing rules and behave
consequently. And let us say that, hopefully, a Code could not ever contain and solve respectively all kinds of
details and problems. Consequently in this lecture the leading idea is to focus the main important points to be
controlled for the best performance of a generic timber structure in a seismic zone and leave to the designer
the joy to solve his particular case.

Structural continuity

Basically, the earthquake action may be considered like a horizontal action that, differently from the vertical
actions, involves the entire structure and not only the small part of it just underneath the load (Figure 1).
Obviously one can say the same thing for wind, but if we exclude hurricanes, that are fortunately no present
in Europe, the action of the earthquake, according to the modern point of view of the Eurocodes, can be more
important in respect to the wind especially for heavy structures (Ceccotti & Larsen, 1989).

7 University of Florence, Florence, Italy.
8 National Technical University of Athens, Athens, Greece. Email: ptoul@tee.gr
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Fig. 1: Different structural involvement by vertical and horizontal loading

This means that particularly important is the continuity of the liaison between different members at all
positions and the bilateralism of these connections. All the components of the shear walls and diaphragm
systems (see Lecture E 10) must be adequately fastened together so that the structure acts as an effective
unit.

In figure 2, for example, the main points where such features are mostly necessary are focused, and possible
solution for realize continuity is presented. At the floor level a presence of a continuous girder all around the
floor should be considered in order to collect the tension forces that will arise when the floor is loaded laterally
and it is considered rigid in plane acting as a diaphragm (Figure 2b) and the necessary continuity at the
corners will be assured through the diaphragm paneling putting edge nails at closer spacing (Figure 2a).

Also in the height the load bearing vertical elements should be continuously connected in order to guarantee
the transmission of the vertical efforts (Figure 2c).

Fig. 2: Details assure structural continuity under horizontal actions. a-corner reinforcement; b-tension girder
continuity; c-continuity of tension studs; d-prevention of uplifting from foundation and sliding out of
foundation.
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In some cases at floor level the liaison between two corresponding — upper and down — shear walls is merely
obtained by panel sheathing nailing through the header beam of the floor, that I not suitable when tension
efforts are important as in the case of an earthquake.

Particularly attention should be paid to connections between the timber structure and foundations both in
order to prevent uplift and sliding (Figure 2d). Openings weaken both diaphragms and shear walls, therefore
opening must be reinforced around them in order to try to maintain as much as possible the same in plain
rigidity. In figure 3 an example about a real application is given.

Great attention shall be paid to the tension perpendicular to grain. For that reason EC 8 prescribes, with
reference to Figure 4d, that be has to be more than 2/3h, where h is the depth of the member, so that
splitting due to tension perpendicular to the grain is less possible; and when using a strap this should
surround the timber piece (Figure 4e).

Connections shall be obviously able to work in both directions because the action of the earthquake is b-
directional: for that reason simply contact joints without any possibility to react against opposite actions and
prone to take off support are not suitable (In figure 5 some possible provisions are given).

Fig. 3: Detailing examples for a timber framed house, a-prevention of uplifting from foundations; b-continuity
of tension members; c-stiffening of openings in shear walls by framing with additional studs, lintels and corner
hangers; d-stiffening of openings in diaphragms by framing with doubling of trimmer and header joists; e-
stiffening of diaphragm floors (blocking), f-prevention of sliding out of foundations.
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Fig. 5: Possible provisions against the loosening of support in old and modern constructions.

Foundations shall be tied each other as much is possible in order to minimize the effects of differential ground
movements. In particular foundations of houses should be interconnected so much to act as a whole
especially if the nature of the ground is soft in order to realize a rigid foundation functioning as a “raft” when
soil is moving.

Fig. 6: Schematic examples of distribution of bracing and stiffening. a and e: poor; b
and f: fair; ¢ and d: best.
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Building regularity

Regularity in plan and height is very important in order to assure a good behavior under earthquakes. The
reason is that torsion effects induced by irregularity are not easily dominated by the calculus, especially the
static one. On the other hand, unfortunately, the tentative to control torsion effect by sophisticated dynamic
calculation is often a no more than an academic exercise: it should be much better that one would try to
realize the more possible regular building, also without real axes of symmetry but at least with seismic
resistant parts regularly distributed and better, also homogenously distributed (Figure 6). In that way torsion
effect are quite limited, strength properties are more uniformly distributed and calculus results more reliable.
In presence of large unbalanced openings in order to reduce the tendency of the building to twist under
lateral forces, the best solution is to try to approximate the rigidity afforded by the shear wall at the opposite
and by means of additional bracing, or by increasing panel thickness, with edge nailing at closer spacing, or
by affixing panels to both sides of the framing around the openings. Internal partitions have usually a positive
effect as they contribute to increase the dissipation of energy by hysteresis and friction.

Structural compatibility
The problem arise in the case of connection between parts with different rigidities, i.e. for the liaison between

the load bearing timber structure and a chimney of an external wall — often only decorative — of masonry (or
even glass).

Fig. 7: Timber framed sport - hall with special joint allowing independent movements between structural and
not structural parts. In the enlarged detail p are visible: a - frame stiffening beam, b — heavy duty springs; ¢ —
bracing system joint; d — main frame steel rod with end spring, e — building fagade steel column; f —
independent movements between main frame and facade frame; g — main frame glulam beam.

Designer has two possibilities: to realize a masonry structure rigid, self bearing and independent from the
flexible timber structure or to connect the masonry part to the timber part so strictly that the two structures
will act together. In the examples of figure 7 the glass fagade wall is independent from the main structure. In
most cases the connections between the external masonry walls and the inside timber structure are not
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properly conceived so that they just increase the horizontal action on the masonry wall because they add to
the inertia forces acting on the wall per se, the pushing — action due to the larger movement of the timber
structure.

If different material parts are connected, two simplified alternative design approaches are possible according
to two different limit situations. On one hand one can consider that the masonry weight should be carried by
the timber structure (i.e. light masonry with mass but no rigidity, that means masonry is considered fissured);
on the other hand one must consider that masonry, more rigid than timber, will collect the totality of larger
actions (i.e. heavy masonry). In other words the timber structure will still carry the vertical loads but will learn
on the masonry structure regarding to the horizontal forces (Figure 8).

In case of figure 9, when because of an earthquake the masonry would collapse, dissipating a lot of energy,
the timber structure has still the possibility to stand up after the shock and the masonry will be easily
repaired.

Fig. 8: Example of mixed stone — timber building (Greek islands, 1500 b.C.). Timber framing contribute to
support vertical loads but only heavy masonry resist lateral loads. Note that floors because of their
workmanship cannot be considered rigid in plane.

Ductility and dissipation of energy

In old buildings (i.e. timber framed buildings with brick infill, like in figure 9), dissipation of energy was
obtained by friction between timber and masonry, and by hysteresis due to compression perpendicular to
grain.

In modern structures, in order to reduce inertia forces, unless one decide to try to increase the natural period

of vibration like in figure 7d, the most usual way is to dissipate energy by hysteresis in mechanical joints (see
Lecture C17).

90



Fig. 9: Example of mixed masonry — timber structure building in Greek islands (1800 a.C.). a — diagonal
stiffening timber rod acting perpendicular to grain at the corner; b — anchoring detail of the wooden frame to
the masonry wall; ¢ — masonry wall bearing the wooden frame of the upper floors; d — secondary load
bearing system of wooden columns, just behind the main load bearing system of masonry walls, able to
support provisionally the entire structure after a severe earthquake (see the below detail, right hand side); e
— wooden curved one piece component stiffening the timber wall frame; f — special joint easy to replace when
damaged after an earthquake (see enlarged detail, below on the left hand side); g — wooden curved one
piece component stiffening the roof; h — tie beam to avoid thrust on walls; I — brick infill. Also in this case
floors cannot be considered rigid in plain due to their workmanship.

EC 8 prescribes that when designing with reduced inertia forces (q>1) ductility and energy dissipation
properties shall be demonstrated by tests. Anyway for some particular cases tests may be avoided if some
details are followed. These details are mainly based on the past experience.

Shear panel systems had given excellent ductile behavior, much better than any diagonal bracing system. For

that reason in the connection of sheathing to the timber framing, in EC 8 it is stated that for proper ductility it
is sufficient that the sheathing material is wood based and the thickness t1 of the sheathing material is at
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least 4d, where d, nail diameter, does not exceed 3.1 mm. This is valid provided that the wood — based
materials meet one of the following conditions: particleboard — panels with a density of at least 650 kg/m*
plywood — sheathing at least 9mm thick, or particleboard — and fireboard — sheathing at least at 13mm thick.
Smooth nails and staples are still suitable in diaphragms when connecting sheathing materials to the timber
frame. A t2 nail length of 4 — 6 times the sheathing thickness is appropriate. However in the general case
smooth nails are not recommended without additional provisions against withdrawal.

Fig. 10: References for basic detailing requirements in EC 8.

Besides EC 8 considers that doweled and nailed timber - to — timber and steel — to timber joints, when
minimum thickness of the connected members is at least 8d and the dowel diameter does not exceed 12 mm,
are sufficiently ductile. The reason why this sentence applies is that for the best performance under cyclic
load a mode III failure of the joints is desirable (that means thick timbers and slender dowels). Now, if one
looks at the diagrams in lecture C3 (see figures 11 and 12) it is easy to recognize that the fields
corresponding to the desirable behavior are characterized by values of t1/v(My/fhd) and t2/v/(My/fhd) rations
bigger than 3.5.

Therefore with reference to the usual values of timber embedding strength and fasteners steel yielding
strength it is possible to state that the minimum thickness of the connected timbers — 8d- is widely on the
safe side, in ductility terms speaking.

Anyway if one wants to propose different fasteners arrangements or different materials, he is allowed,
provided he will be able to demonstrate by tests that the EC 8 performance requirements under cyclic loading
of the joint are fulfilled (see Lecture C17). Obviously before to propose new arrangements it is important to
have clear in mind that the basic idea underneath is to try to obtain mode failure number III in order to
couple the dissipation due to the embedding of the timber with the dissipation due to the plasticization of the
fasteners steel.

Note: it is evident that some detailing rules given by EC 8 are thought for achieving the necessary ductility
level. But what about the case that the designer chooses the possibility to design his structure without making
reference to ductile and dissipative behavior, i.,e. q=1? In principle he is not obliged, for example, to use
slender dowels, but anyway the use of slender dowels will for sure give to his structure a reserve of ductility
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always very welcome, without any extra cost. So the suggestion of the Authors is to follow as much is
possible the detailing for ductile and dissipative behavior also for structures calculated as non dissipative.

Discussion and Conclusions

Structural detailing is very important in timber structures in seismic areas to guarantee the flow of the efforts
through the entire resistant structure from foundations and ground to roofing and vice versa (structural form
and continuity); and to ensure a sufficient resistance reserve (ductility and dissipation of energy). Codes and
experience can give guidelines for a proper detailing but designer has the challenge to find for each case the
most appropriate solution.
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OSB cement bonded structural panels
Papadopoulos, A., Ntalos, G.°

Abstract: The objective of this research work was to evaluate the mechanical and physical properties of
orfented strand board (OSB) using cement as binder. It was found that an increase of cement-wood ratio
resulted to an increase in all, but MOR values. The MOE, IBS and TS values obtained with 2.0 wood-cement
ratio conformed to the more stringent requirements of EN 300 for OSB/4. Further increase of cement-wood
ratio to 3.0, only marginally improved these three board properties. Finally, it was observed that a lower
cement-wood ratio required in order to manufacture acceptable OSB than particleboards and this maybe due
to the strands geometry.

Introduction

Cement-bonded wood composite panels are not a novel concept, having been on the market for over a
century. In the past, these panels have consisted of excelsior and magnesite and have been used primarily
as low-density insulating materials. By the early 1960's, a high-density cement-bonded structural flakeboard
was developed leading to expanded applications (Deppe, 1974). Today, wood-cement panels have found
acceptance in a number of countries as a result of certain desirable characteristics. The development and use
of wood-cement panels attest to their attraction as building materials. In addition to their resistance to fire,
these materials have a special attraction for use in warm, humid climates where decay and termites are a
major concern (Jorge et al. 2004). The cement binder provides a durable surface as well as one that can be
easily embossed and colored for an alternate, low maintenance finished product. The raw materials used are
compatible with a range of processing methods to provide a variety of products that are easily machined with
conventional wood-working tools. Although heavier than resin-bonded panels, they are lighter than concrete
and, therefore, wood-cement panels can replace it in construction, namely prefabricated construction, in
elements that are not subjected to loads, like walls. These attributes appeal to engineers, architects and
contractors for use in public and multifamily residential buildings.

The majority of research in this field has been carried out on particleboards and flakeboards. The focused
topics include the problem of the compatibility between cement and wood and ways of overcoming the
problem, methods of manufacture and the properties exhibited by common wood composites, special
techniques to accelerate the curing of cement and to improve the properties and finally manufacture of
nonwood raw materials — cement composites. An excellent review can be found elsewhere (Jorge et al. 2004).

The objective of this work was to look at ways of manufacturing oriented strand boards (OSB) using cement
as binder. Oriented strand board is a structural reconstituted panel that consists of wood strands glued with
an exterior-type, waterproof resin. In the last decade, OSB has gained significant growth in the structural
wood based panel market. This is the first study, as far as the authors are aware, where cement is applied to
manufacture OSB.

Materials and Methods

Aspen ring-cut strands (Populus alba) were used in this study, with average strand size of 75 mm x 20 mm x
0.75 mm (length x width x thickness). The strands were air-dried to approximately 10% moisture content
(MC). The bonding agent employed was commercial grade Portland cement, type I. Ammonium chloride (2%
based on weight of cement) was introduced into cement slurry to accelerate cement set during hydration. A
predetermined amount of air-dried strands and a NH4Cl, (anhydrous) distilled water solution were thoroughly
blended. Cement was subsequently added and the constituents were mixed until the cement paste
completely hydrated. The quantity of distilled water added, was calculated using a relationship developed by
Simatumpang (1979) and applied by other researchers as well (Jones et al. 1985; Moslemi and Pfister, 1987;
Fuwape, 1995; Sudin et al. 1995). In his formulation, the water requirement was determined as follows:
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water (litres) = 0.35 C + (0.30 -MC) W
where:
C = cement weight (kg)
MC = wood strands moisture content (oven-dry basis)
W = oven-dry wood strand weight (kg)

After 15 minutes of manual mixing, the cement-wood water mixture was screened onto to a caul. The mat
was evenly distributed to provide as uniform a density as possible and pre-pressed to a thickness of
approximately 50 mm. Cold pressing took place under an initial pressure of 2 — 5 MPa, depending on the
cement —wood ratio to a 16mm thickness, after which the board was retained in compression for 24 hours.
Target board density was 1000 Kg/m®. Two replication of each board were made at cement-wood ratios of
3.0, 2.0, and 1.5 (by weight), giving a total of 6 boards. To minimize cement capillary desiccation and
enhance hydrartion, boards were misted with distilled water, then wrapped in cellophane before storing for
curing at 20°C and 65% relative humidity for a month. Boards were tested for internal bond strength (IBS)
(EN 319), modulus of rupture (MOR), modulus of elasticity (MOE) (EN 310) and thickness swelling (TS) (EN
317).

Results and Discussion

The data from boards made from various cement-wood ratios are summarised in Table 1. Table 1, reveals
the inability of 1.0 wood-cement ratio to give boards with acceptable properties. It is interesting to notice the
very low value of IBS, which denotes the complete failure of the boards. At this wood-cement ratio, IBS
values of similar magnitude (0.27 N/mm?) have also been reported by Fuwape (1989). The lower value
obtained in this study may be consequence of the manual mixing of strands. Preliminary results showed, that
mechanical mixing resulted to the breakdown of wood strands and therefore to the alteration of their final
dimensions. Table 1, also shows that an increase of cement-wood ratio resulted to an increase in all, but MOR
values. This is in line with the observations made by Moslemi and Pfister (1987). They found that the
modulus of elasticity, internal bond strength and thickness swell increased linearly with greater cement-wood
ratio (R? values of 0.89, 0.91 and 0.93 were observed from the data shown in Table 1, for MOE, IBS and TS
respectively). The relationship between cement-wood ratio and MOR values is considerably different that of
MOE or IBS or TS. The MOR values are decreased with an increase of cement-wood ratio, if we exclude the
failure in boards made from 1.0 cement-wood ratio. The higher proportion of wood in the board may
enhance the flexural property of the board. When wood occupies more volume in the board, the areas of
stress concentration around the component particles are more diffused, resulting in increased to applied
stresses (Moslemi and Pfister, 1987). Our results are in conformity with those made by other workers
(Fuwape, 1985; Sudin et al. 1995) regarding the use of cement in particleboard and flakeboard manufacture.

Table 1. Mechanical and physical properties of cement-bonded OSB. (Standard deviations in parentheses).

Cement : Wood Density (g/cm?3) MOR MOE IBS TS
(N/mm?) (N/mm?) (N/mm?) (%)

1.0 0.972 (0.08) 3.10 (0.6) 466.7 (31.1) 0.13 (0.009) 34.14 (4.8)

2.0 1.111 (0.09) 12.25 (0.9) 4949.1 (176.3) 0.87 (0.030) 9.42 (1.1)

3.0 1. 087 (0.11) 8.27 (0.9) 5212. 5 (155) 0.94 (0.05) 4.28 (0.33)

From the data presented in Table 1, it can be assumed that an optimum cement-wood ratio in order to
manufacture OSB with acceptable bending properties (MOR in particular), is lower than 2.0; probably lower
than 1.5. This proposed cement-wood ratio for OSB manufacture, appears to be lower than the
corresponding ratio for particleboard and flakeboard manufacture. Commercial cement-bonded particleboards,
made with cement-wood ratio of 2.75 to 3.0 are reported to attain acceptable properties (Bahre and Greten,
1977). Research with southern pine showed that cement-wood ratio higher than 2.0 has enabled the
manufacture of cement excelsior boards with acceptable bending strength (Lee, 1985), whereas research with
oil palm chips reported an optimum cement-wood ratio of 2.5 (Sudin et al. 1995). A ratio of 2.0 has been
reported by Moslemi and Pfister (1987) and Fuwape (1995), both for particleboard manufacture. The lower
cement-wood ratio required to manufacture acceptable OSB than particleboards and flakeboards maybe due
to the strands geometry. A study carried out by Badego (1988) has shown that flake geometry (length and
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thickness) is highly correlated with board key properties, like MOR, MOE, IBS and TS. He found that the
longer and thinner the raw material is, the stronger, stiffer and more dimensionally stable the boards are.

Conclusions

The objective of this work was to look at ways of manufacturing oriented strand boards (OSB) using
commercial cement as binder. It was found that an increase of cement-wood ratio resulted to an increase in
all, but MOR values. The MOE, IBS and TS values obtained with 2.0 wood-cement ratio conformed to the
more stringent requirements of EN 300 for OSB/4. Further increase of cement-wood ratio to 3.0, only
marginally improved these three board properties. Finally, it was observed that a lower cement-wood ratio
required in order to manufacture acceptable OSB than particleboards and flakeboards and this maybe due to
the strands geometry.
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Pull-out strength of glued-in rods
Widmann, R., Steiger, R. 10

Abstract: Bonded-in steel rods are very efficient in withstanding high forces applied to timber members.
Investigations of bonded-in rods started in the late eighties of the last century and several design models
were published since. An extensive literature review showed a certain degree of discrepancy and partly even
contradiction on the influence of single parameters on the pull-out strength. Therefore a series of tests on
glued-in steel rods with metric threads M12, M16 and M20 were executed. The rods were bonded in glulam
made of Norway spruce lamellas perpendicular and parallel to the grain by means of an epoxy-type adhesive
using the GSA®-system. The slenderness ratios of the rods calculated from the anchoring lengths with
respect to the diameter of the drill hole varied between 7.5 and 12.5. Registered failure loads were compared
with design values derived from different existing approaches. The pull-out strength was found to be almost
directly proportional to the surface area of the bond line. Dependence between pull-out strength and
anchoring length, slenderness ratio and diameter of the rod were examined. The influence of the wood
density on the pull-out strength was verified. Compared to rods bonded in parallel to the grain, pull-out
strength of rods with same diameter and anchoring length set perpendicular to the grain are 20 to 50%
higher.

Introduction

Glued-in rods are used in practice since the 1980's for strengthening glulam beams for transferring loads into
timber members. A large number of investigations were executed on the structural performance of such
connections in the past. However, literature reviews in Steiger et al. (2007) and Widmann et al. showed that
certain discrepancies in particular on the influence of single parameters on the pull-out strength of rods
existed. Differences in the assessment of wood density, rod to grain orientation, glued length and rod
diameter in conjunction with the pull-out strength could be determined. One consequence of this fact was the
late introduction of the structural behaviour of glued-in rods into construction standards. While recent
standards like Eurocode 5 (2005) and the Swiss standard SIA 265 (2003) don't provide information about
designing respective joints, only DIN 1052 (2004) covers glued-in rods and offers a design model.

A modification of the system of glued-in rods by the Swiss company n'H (Neue Holzbau AG, Switzerland) was
introduced by Strahm (2000). This system, called GSA®, is characterized by rods with a reduced diameter on
a certain length. The reduced diameter can cause - depending on its design and dimension - that the failure
of the joint occurs in the steel and not in the wood and/or adhesive. This might be desired in practice, in
particular to guarantee a good load-bearing behaviour of joints which rely on more than one glued-in rod.
Fabris (2001) showed that removing the rod’s thread at the upper section leads also to a shift of the
anchorage zone to the interior of the specimens. Stress concentrations are reduced and splitting due to shear
forces and stresses perpendicular to the grain are less likely to happen. With this a higher load bearing
capacity of the joint can be achieved and/or a design with reduced edge distances can be realized.

In order to investigate the performance of the modified glued-in rod system with paying special attention to
the assessment of the influence of the above mentioned parameters a respective test program was executed.
Steiger et al. (2007) for rods glued-in parallel to grain and Widmann et al. (2007) for rods glued in
perpendicular to grain reported the results in detail. In the following a compilation of the most important
findings is presented.

Materials

Timber

The specimens were cut from glued-laminated timber made of Norway spruce lamellas of 40 mm thickness.
The lamellas were free from any finger-joints or significant anatomical defects such as big knots and
deviations of grain angle, in order to avoid negative influence on the results by these parameters. The glulam
members were assembled using a melamine urea formaldehyde (MUF) adhesive. Two series of glulam beams
were produced from lamellas with clearly distinct distributions of density as shown in table 1, in order to
quantify the influence of the timber density on the pull-out strength of the rods. All specimens were cut from
beams with a desired high or low density respectively.

10 EMPA, Materials Science and Technology, Wood Laboratory, Ueberlandstrasse 129, CH-8600 Diibendorf,
Switzerland. Email: robert.widmann@empa.ch
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Table 1. Densities of glulam lamella samples (Steiger et al., 2007)

Parameter Oven-dry density py
Low 1 High 1 Low 2 High 2

Sample size n 12 12 12 12
Mean value 371 493 378 498
Maximum 388 508 390 515
Minimum 353 481 365 492
Coeff. of variation 3.6% 2.2% 2.2% 1.5%

e D 349 475 364 485

1) 5™ percentile assuming normal distribution and 77 = o

Adhesive

For the GSA®-system a special epoxy-type adhesive, free from any solvent and curing at ambient
temperature has been developed by ASTORIt AG, Switzerland. This adhesive performs well, as company
internal tests showed. Shear strengths up to 35 N/mm? were reached between two threaded steel surfaces
bonded together. Tests on threaded steel rods bonded in ash established shear failure in timber at nominal
shear strength levels of 16 to 18 N/mm?.

Steel rods

The GSA®-system is characterized by a reduced cross-section of the steel rods within a certain length A,.
Removing the rod’s thread within the length Av leads to a shift of the anchorage zone to the interior of the
specimens. The drill-hole was filled with glue on its whole length A + A,. However, it was assumed that the
zone along the sinking length 2, does not contribute to the pull-out resistance due to the lack of mechanical
indentation of rod and adhesive. The sinking length A, was taken to be 5-d.

The zinc coated steel rods with metric threads M12, M16 and M20 corresponded to strength grades 8.8 and
10.9 with a characteristic tensile strength £, of 800 and 1000 N/mm2 and a characteristic yield limit £, of 640
and 900 N/mmz2 respectively. The rods were set in holes with diameters d, that exceeded the rods diameter
by 2 mm.

Specimens, equipment and procedure

The series of parallel to grain and perpendicular to grain had identical geometries regarding the joints (see
Table 2). This should enable a direct comparison of the results.

Specimens parallel to grain

The rods set parallel to the grain were tested in a double-ended (pull-pull) configuration. This leads on one
side to an efficient test set-up and on the other side increases the base for a statistical data analyse (Steiger
et al., 2005) even if the failure occurs only on one end of the specimen, which is the normal case. In order to
give the joints an optimal performance both the timber and the steel elements should have a similar stiffness
(£ - A). However, to prevent early splitting of timber due to stress concentrations, the cross-sections of the
specimens had to be designed in such way that bigger timber cross sections resulted. Geometry and
dimensions of the specimens are shown in figure 1 and in table 2. In general there were four specimens per
combination of rod diameter, timber density and anchorage length resulting in a total number of 72
specimens with 144 glued-in rods. In Steiger et al (2007) also the tests of other configurations are reported
with a total of 192 glued-in rods.

Specimens perpendicular to grain

The perpendicular to grain specimens consisted of glulam beams with several rods bonded-in as shown in
figure 2. Because for perpendicular to grain tests a pull-pull configuration is not possible a pull-pile foundation
configuration was used. As piles a set of four screws for the specimens with rods of the smallest diameter
(Figure 2) and a set of four glued-in rods for the specimens with 16mm and 20mm rods were used. The
transfer of the support reaction via the piles into the wood excluded high compression stresses perpendicular
to the grain in the loading zone which could have influenced the pull-out strength of the rods. Additionally it
was assumed, that with this configuration a more or less uniformed stress distribution between the glued-in
rods and the piles could develop. A total of 86 rods were tested perpendicular to grain.

Equipment and procedure

All of the tests were carried out in a universal tension testing machine. The rate of loading was taken in
accordance to EN 26891.

100



Figs. 1 & 2. Specimens with rods glued-in parallel and perpendicular to grain. Only one end of the
4 shown parallel specimens is visible. At the top ends of these specimens leaked-out glue is
present and in the lower part the closed filling holes for the glue can be seen. The sets of screws
next to each rod in the specimens parallel to grain served as pile foundations for the support
reaction.

Table 2. Specimen and rod dimensions for parallel and perpendicular to grain specimens

Symbol Description Geometry Rod

d nominal rod diameters 12mm, 16mm, 20mm o

dy drill-hole diameter d+ 2mm ~ d

k target slenderness ratios g/ for 25 _10-12.5 . Greg
each d L

Ay length of reduced diameter 5-d - ’

A glued length A dy

Ay length of drill-hole A+ Ay *

a width of timber specimen 55mm, 75mm, 95mm

e distance to pile foundations 50mm, 80mm, 80mm

(perpendicular specimens)

Results and discussion

Detailed results and an extended discussion are published in Steiger et al. (2007) for tests parallel to grain
and Widmann et al. (2007) for tests perpendicular to grain.

All specimens parallel to grain failed due to pull-out of the rods. Previous tests perpendicular to grain, with rod
diameter 12mm and the longest glued-in length showed steel failure and the tests were repeated with use of
a higher steel quality.

While about 65% of the specimens parallel to grain showed splitting of the wood cross-section (figure 3), no
external signs for wood failure could be found for the specimens perpendicular to grain. As no significant
difference existed between the failure loads of parallel specimens with and without splitting it is assumed that
splitting was not the main failure mode but a consequence of the pull-out of the rods.

Some specimens were opened after failure to analyse the failure modes. The parallel to grain specimens
showed shear failures parallel to grain in the wood close to the adhesive layer, shear failures in the wood-
adhesive interface and also shear failures in the adhesive layer along the threaded part of the rod. The
prevailing failure mode was found to be shear failure within the wood. For specimens that showed more than
one failure mode it was not possible to determine primary and secondary failure mode(s).
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Cutting single specimens out of the perpendicular to grain beams revealed cracks perpendicular to grain in the
wood that were running parallel to the rods axis (figure 4). Big deformations of the wood in the direction of
the pull-out together with respective wood compression and tension failures perpendicular to grain appeared
close to the rods. Remaining wood fibres on the surface of the adhesive indicated a shear failure of the wood

along the wood-adhesive interface.

Side A
Cross section

Longitudinal section

However, adhesive failure in the interface to the wood in some sections (no wood fibre on adhesive) as well
as shear failure in the adhesive layer along the thread of the rod in other sections could be verified. Like for
the specimens parallel to grain it was also not possible to keep primary and secondary mode(s) distinct for

Fig. 3. Specimens parallel to grain with and without end splits after testing

Fig. 4. Specimen perpendicular to grain
cutted out of the beam and opened by
sawing and splitting. Cracks as well as
adhesive layers of the glulam are
highlighted. In the cross section cracks
perpendicular to grain can be observed.
In the longitudinal section the inclination
of the adhesive layers indicate the
remaining deformation of the wood after
failure. The two upper layers don't show
an inclination which confirms that in the
zone of the sinking length no significant
loads were transferred to the timber
(Widmann et al., 2007)

specimens perpendicular to grain that showed a combination of failure modes.
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For analysing, it was assumed, that shear failure was the predominant mode and the respective ultimate
shear stresses along the wood-adhesive interface were evenly distributed over the glued area which is defined
by the glued length X and the drill-hole diameter d,..

An overview of the results is given in Figure 5. It can be seen, that the pull-out strength perpendicular to
grain was higher than parallel to grain. The differences between the strengths of single series
perpendicular/parallel with identical geometries were found to vary between 20% and 50%.

15
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Fig. 5. Range of mean pull-out strengths for each rod diameter, wood density
(L = low, H = high) and orientation in reference to the grain on base of Steiger
et al. (2007) and Widmann et al. (2007)

The influence of single parameters on the nominal shear strength was investigated for specimens parallel
(Steiger et al., 2007) and perpendicular (Widmann et al., 2007) to grain. The following table 3 contains an
overview.

Table 3. Dependency of nominal pull-out strength on single parameters.

Parameter paralle/ perpendicular
Wood density yes, p*® yes, but big scatter, p**
glued length yes, A'1/3 yes, 113
rod/hole diameter no no
slenderness ratio yes, A3 yes, A3

In Widmann et al. (2007) the results obtained perpendicular to grain were compared to several existing
design models. These models are based on different single or multiple parameters, like glued length
(Riberholt (1988) and DIN 1052 (2004)), rod diameter (Bernasconi 2001) and several geometrical, stiffness
and fracture-mechanical parameters which are combined in a o value (Gustafsson et al. 2001). It turned out
that the progression of the obtained strengths followed most of the models tolerably but always on a clearly
higher level. The strengths exceeded the different models between 20% and 100%. This proved that the shift
of the anchorage zone away from the surface of the wood specimen, as used used in GSA®, provides a high
performance system for the application of loads into timber via steel anchors.

Based on the results of the tests suggestions for describing the load bearing capacity of the investigated
GSA® system were published:

For rods set parallel to grain a shear strength formulation is given:
PR P 0.6
f =7.8N/mm?.| = L Steiger et al. (2007
v,0,mean (10j (480) 9 ( )

The pull-out strength of the rod £,,0,mesn Can be calculated by multiplying the obtained nominal shear strength
with the surface of the glued zone A, which is defined by the glued length | and the hole diameter d.

For rods perpendicular to grain the pull-out strength of the rod can be determined directly on base of the
surface of the glued zone A, (mm?) by:

Fax.90mean = 0-045-Ag°'8 (kN) Widmann et al. (2007)
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These design-proposals are valid within the boundaries of the tested system parameters, in particular rod
diameters, slenderness ratios of the holes and wood densities as defined above.

Conclusions

The investigated GSA® system shows in comparison to existing design models for glued-in rods pull-out
strengths on a higher level. This confirms the positive effect of shifting the anchorage zone of glued-in rods
from the surface to the interior of the timber on the performance of the joint. The pull-out strength depends
on wood density for both, rods glued-in parallel and perpendicular to grain with rods bonded in high density
wood having a higher pull-out resistance than those bonded in low density wood. On the assumption, that
shear failure is the primary failure mode and that the shear stresses are evenly distributed over the entire
glued zone the ultimate shear stresses decrease with an increase of the glued length and the slenderness of
the glued zone. The diameter of the rod/hole as a single parameter does not influence the ultimate shear
strength of the system.

The pull-out strength of rods set perpendicular to grain is about 20% to 50% higher than of those glued in
parallel to grain.
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Structural rehabilitation of wooden ceilings
using a high-tech composite system

Schober, K.U., Rautenstrauch, K.11

Abstract: The structural rehabilitation of wooden ceilings is widely-used with steel and timber members in
residential buildings. Apart from these traditional methods, recent investigation indicates that carbon
composites can be effectively used to improve strength and stiffness of timber beams in the tension zone. The
immediate potential seems, however, to be for FRP reinforcement by retrofit. Fiber reinforced polymers have
been evaluated for engineered timber products, but only a few investigations have been carried out on their
use for strengthening old timber beams. The limits are distinguishable in timber crushing under bending loads
and the quality of the bond line itself. A high strength material can be the optimal add-on to restore the load-
bearing capacity in the compression zone. This paper presents a fundamental approach of a new on-site
application technigue using high-tech composite materials for restoration and structural upgrading of a
historical wooden ceiling in Mansfeld Castle / Germany. The idea of this easy-to-use application was focused
on combining the favorable characteristics of an epoxy resin-bound polymer concrete layer, the existing
timber beams and FRP reinforcement in a composite structure. Hereby, the tension-stressed timber and FRP
and compression-stressed PC layer are offering a good load-carrying behavior. The material properties of the
composite beam and the application are described.

Introduction

Timber structures in residential houses from the past centuries are designed for lower live loads as specified
in current design standards. Most of them have a couple of damages insect and fungal attack and need
specific interventions to restore these damages for renovation. For renovation they need new technologies to
increase the load-carrying capacity of the members for state-of-the-art housing conditions, including
reinforcement or repair. Such techniques are very promising as they minimize disturbance of the building and
to its occupants during the intervention.

A study of reinforcement techniques for restoration and strengthening of existing timber floors under bending
loads has been carried out at the Bauhaus-University of Weimar. The experimental and numerical study
consists of two parts: The use of epoxy resin-based polymer concrete as strengthening material, whereby the
removal of the suspended ceiling on timber floors is not necessary and the use of structural adhesives on the
building site, whereby the removal of the overhanging part of the structure as well as the inserted ceiling is
not necessary. The main task of the test series performed was gathering and generating qualitative and
quantitative knowledge on high-tech composite materials suitable for on site repair and upgrading of timber
structures. This will enable the effective and safe application of reinforcement techniques especially in high
demanding situations where the present lack of knowledge and reliability of these products restrain their
application.

Reinforcement techniques for structural timber elements, based on the use of structural adhesives on site,
have been applied for some decades as an extension of procedures that became very common for the repair
or the upgrading of other structures. Reinforcement techniques using adhesives are very promising as they
minimize disturbance of the building and to its occupants during the intervention. However, some problems
have prevented the wider use of structural adhesives, particularly in historical timber structures, where
sufficient reliability cannot yet be guaranteed. One reason is that the service life has not yet been fully proven
for synthetic adhesives, since the oldest bonded joints are around sixty years. Greater ages cannot be
simulated by existing accelerated ageing tests. Besides, although the failure of a structural bonded joint may
be responsible for the collapse of the whole structure. Short and long-term performance of glued bonds highly
depends on the bonding process, which is especially difficult to control on the building site. Since properties of
reinforced elements very much depend on the carefully work on site, such difficulties have to overcome and
first procedures for applying and controlling were established (CEN TC 193/SC1/WG11 2003).

Apart from this, each piece of wood differs in the amount of stiffness-reducing defects such as knots, splits,
and checks and therefore, it is hard to say at what stress level the reinforced beams would have failed if they
had not been reinforced. Such is the nature of wood. But the wooden beams reinforced with CFRP reveal
more ductile behavior with respect to un-reinforced beams. The presence of CFRP reinforcement arrest crack
opening, confines local rupture and bridges local defects in the timber. Therefore, the specimen can support
higher loads before failure. Moreover, as can be observed from the experimental study, there is an increase of

11 Bauhaus-University of Weimar, Faculty of Civil Engineering, Department of Timber and
Masonry Engineering, Marienstrasse 13A, D-99423 Weimar, Germany
email: Kay-Uwe.Schober@bauing.uni-weimar.de
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the load-carrying capacity because of the quoted crack opening arrest but the limits are distinguishable in
timber crushing under bending loads and the quality of the bond line itself.

A high strength material can be the optimal add-on to restore the load-bearing capacity in the compression
zone. This add-on was found in an epoxy resin-bounded polymer concrete. The idea of this application was
focused on combining the favorable characteristics of the polymer concrete layer, the existing timber beam
and FRP reinforcement in a composite structure. There, the disadvantages of the single components are
compensated and the tension-stressed timber and FRP and the compression-stressed PC layer offering a
much better load-bearing behavior. Polymer Concrete is a composite material formed by combining mineral
aggregates such as sand or gravel with a monomer. Rapid-setting organic polymers are used in PC as binders.
Studies on epoxy polymers have shown that curing method, temperature and strain rate influences the
strength and stress-strain relationships. PC is increasingly being used as an alternative to cement concrete in
many applications. Today, polymer concrete is used for finishing work in cast-in-place applications, precast
products, highway pavements, bridge decks and waste water pipes. PC exhibits a brittle failure and therefore
improving its post-peak stress-strain behavior is important. Hence developing better PC systems and
characterizing the compressive strength in terms of constituents are essential for the efficient utilization of PC.
However, the data on epoxy PC are rather limited, and there is an increasing interest in the deformation
characteristics under working conditions in combination with other materials such as wood for composite
structures.

Materials

Adhesive and CFRP reinforcement
Two basic approaches are discussed here:

e The use of reinforcement materials embedded internal in the wood specimen.
e The use of external reinforcement resulting in a system of composite type.

The old solid wood beams were reinforced with a continuous carbon fiber lamella S&P 150/2000 with
intermediate modulus fibers from S&P Reinforcement Ltd. and 3.15 m length within the clear span for
external reinforcement, otherwise over the full length of 3.50 m embedded in the wooden beams. The CFRP
layer with a cross-section of 1.4 x 50 mm was glued / embedded by means of the commercially available
epoxy resin StoPox SK 41 from StoCretec Ltd, which has a technical approval for gluing together with the
carbon fiber lamellas. The mean mechanical properties are shown in table 1.

Table 1: Mean material properties of used epoxy resin and CFRP

Unit Epoxy Matrix CFRP

Tensile Strength MPa 75 2 200
Tensile Modulus of Elasticity MPa 2 800 164 000
Ultimate elongation % 3.5 1.4
Density g/cm3 -- --

Polymer concrete

The polymer concrete Compono® 100S consist of the epoxy resin Compono® 100H, the accelerator
Compono® 100 and special gravel with a grading of 0-4 mm. The components were mixed in a ratio of
100:19:595 by volume (14:2.67:83.33 by weight). Comparing the used PC with high-strength concrete
C100/115 on a curing temperature of 20°C after seven days, the mean compressive strength is about the
same, whereas epoxy PC has a triple value of the bending strength of C100/115. A comparison with the
usually on building site used concrete C25/30 shows table 2.

Table 2: Mean material properties of used epoxy resin-bounded PC

Property Unit Epoxy PC Concrete Comparison
Compond® 100S C25/30

Density g/cm3 ~ 2.0 2.0..2.6 1..0.77

Tensile MOE MPa 19.600 30,000 4.00

Bending strength MPa 30 5.5 5.45

Compressive strength MPa 110 30 3.37

The mechanical properties of the used epoxy PC were investigated depending on the ambient air temperature
when cast on site and the curing time. Because of the laboratory tests, only a small increase of the
compressive strength with cumulative curing time and storage temperature could be observed. Low
temperatures result in an interruption of the chemical reaction in cement bounded concrete. In epoxy resin
bounded PC the chemical reaction continues when the ambient air temperature is rising. Higher temperatures
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cause in higher early compressive strength under standard climate conditions. The post curing under standard
climate conditions result in strength increase up to 10% compared with the values after one day (Schober
and Rautenstrauch 2006).

Reinforcement systems for wooden ceilings

Structural upgrading with FRP reinforcement on bottom

Three different reinforcement schemes were evaluated in the testing program (table 3). The gluing of the
lamellas was done under practice-related conditions. The timber surface was primed using StoJet HIS, a two-
part epoxy to saturate the wood prior gluing to avoid desiccation of the resin and to ensure a full compound
between resin and wood surface.

Table 3: Dimensions of used timber beams and reinforcement schemes

Series Height [cm]  Width [cm] Type Description

1 x 1.4 x 50 mm bonded centrally to the tension

Vh 15.42...19.33 15.14...20.30 zone, horizontal on bottom

2 x 1.4 x 25 mm bonded laterally to tension zone

Vs 14.64...21.28 15.30...18.28 3 cm from bottom in slot

1 x 1.4 x 50 mm bonded centrally to the tension

Vv 15.74..21.09 15.00...19.33 zone, vertical on bottom

The main task of the test series performed was gathering and generating qualitative and quantitative
knowledge on CFRP suitable for on site repair of timber structures. We have studied three practical solutions
of bonding on the building site in order to investigate the different performance of the composite structure.
For investigating the strengthening effect of the carbon fiber reinforcement in different, practice-related
positions, the flexural behavior of all specimen were tested first within the elastic range with and without
reinforcement (Schober and Rautenstrauch 2005a, 2005b). The tests were executed as a four-point bending
test according to EN 408. The vertical and horizontal displacements of the beams were measured using
inductive transducers in the span and on the support brackets (figure 1), as well as 2D close range
photogrammetry in the midspan of the specimen (Rautenstrauch et al. 2004). Strain gauges were placed on
the external bonded CFRP lamella to obtain the elongation of the reinforcement itself (figure 2).

Figs. 1-2: Deflection measurement on face and bottom of the specimen
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Structural upgrading with polymer concrete facing on top

The solid wood beams were reinforced with a commercially available epoxy PC Compono® facing on top in a
thickness of 2.5 and 3.5 cm over the full beam length of 2.50 m (Figure 3, 4). The casting of the epoxy PC
was done under practice-related conditions. The timber surface was primed using the commercial primer
StoJet IHL, a two-part epoxy to saturate the wood prior casting to avoid desiccation of the PC and to ensure a
full compound between PC and wood surface.

The main advantages are:

e The section design can de done easily by a timber formwork on the level of the necessary
construction height.
All work can be done from top side; the suspended ceiling will remain unaffected.

e The floor below the reconstruction work can be used without any restrictions.
The full load-carrying capacity is achieved after one day.

Fig. 3: Timber beam with formwork and PC facing Fig. 4: Side views

For characterization of the load-carrying behavior of the hybrid composite structure the mechanical properties
of the bonding joint between polymer concrete and timber are important. Therefore, different tests for
investigating the structural performance in tension and shear were done. Since these types of building
systems have been realized as timber-concrete composite beams mainly taken for bridges or revitalization of
timber floors, dowel type connectors were usually studied and taken for transfer of shear forces. These steel
connectors realize the transmission of shear stress in the contact area of timber and surface layer in timber-
concrete composite structures. In the building system described here, only the natural adhesive bond
between timber and epoxy PC should be sufficient to transfer the shear- and tension forces in the compound
joint. To obtain practice related conditions of the wood surface, the surface roughness of the specimen was
modified as planed, sawn, milled and without any modification.

Under tension forces, the fracture of the specimen appeared in most of the tests as cohesion fracture in
timber. In some cases failure occurred as adhesion fracture in the primed bounding zone. The bonding
behavior of the test specimen can be assumed as a rigid joint where the tensile strength perpendicular to the
grain was measured. Due to damages from former insect attack, the axial tensile strength perpendicular to
the grain for the matured spruce has around 30% lower values than new timber. Under shear forces, all test
specimens failed also by timber fracture with sudden bursts. Measurable deflections in the composite joint
were not recorded. Therefore, a rigid bonding behavior between timber and epoxy resin bounded polymer
concrete can be assumed. Under bending loads, we have studied five practical solutions of timber-PC
configuration in order to investigate the different performance of the composite structure and to compare the
strengthening effect by shortening the beam height and substitute with PC as well as by adding additional
stiffness in form of epoxy PC on top to attain the highest possible strengthening effect with regard to of
construction time and costs (Table 4).

110



Table 4: Mean dimensions and upgrading schemes

Series Length Width Height Section
R e

B/10/3 2.50 m 12 cm 10.5 cm timber + 3.5 cm PC

B/11/2 2.50m 12 cm 11.5 cm timber + 2.5 cm PC

B/14/0 250 m 12 cm 14.0 cm timber

B/14/2 250 m 12 cm 14.0 cm timber + 2.5 cm PC
NS 3

B/14/3 250 m 12 cm 14.0 cm timber + 3.5 cm PC

Results

FRP reinforcement

The tests have shown that the most frequent failure mechanism is the one in which traction failure and shear
failure occurs with or without partial plasticization of the compressed zone. The different failure modes for
different strengthening methods are described in Schober and Rautenstrauch 2005a. The reinforcing scheme
increased the load-bearing capacity by mean 6% in comparison to the values measured for the un-reinforced
wooden beams. The strength increase was defined as the bending stress of the reinforced specimen at the
deflection in linear range before failure divided by the bending stress of the un-reinforced specimen at the
same deflection value and shown for each series in figure 5. Predicting the stiffness and strength increase
that occurs when a timber beam is reinforced with carbon fibers is a complex problem and difficult to
establish because of the natural defects that occur in wood and drastically reduce the stiffness. However,
design of wood structures has been accomplished for decades by applying stress modification factors to the
allowable design stress values according to national codes for a given size and grade of timber. Accordingly,
allowable stress modification factors have been conceptually developed based on the experimental results
from this study.

For investigation of the different reinforcement schemes and failure modes a non-linear finite element analysis
was obtained using a delamination analysis and interface damage law described mathematically by Barenblatt
(1962) and Needleman (1987). Delamination of composite laminates, such as CFRP, have the peculiarity that
the non-linear constitutive behavior can be limited to a small region around the lamella where the crack
propagates, while the remaining part of the structure can be assumed as linear elastic. The timber beam was
modeled using symmetry conditions and the anisotropic properties obtained from the beam specimen, for the
glue line cohesive interface elements were used. The numerical model, geometry and load conditions are
described in Schober et al. 2006. The comparison of the obtained flexural behavior and the numerical
simulation are shown in figure 6. Pre-existing cracks and fissures in the structure result in an overestimation
of the bending stiffness in the delamination model.
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PC reinforcement

As result of the axial bonding and shear tests, the structural behavior of the compound between timber and
epoxy resin-bounded polymer concrete can be assumed as rigid. This assumption could be confirmed by the
bending tests where failure occurred in the timber traction zone without complete plasticization of the
compression region in all specimen and test series. The structural performance is shown to be linear elastic up
to local failures induced by the presence of defects e.g. knots and cracks, followed by wood fracture in the
tension zone. The tests have shown that the most frequent failure mechanism is the one in which traction
failure and shear failure occurs. Therefore, additional FRP reinforcement of the traction zone will increase the
load-bearing capacity and confines local rupture.

The results of the bending test show an increase of the load carrying capacity by 2.5- to 3-times the value
without PC facing, where the difference of the bearable load between the series with 2.5 cm and 3.5 cm
epoxy PC is not so high (figure 7). Therefore, the structural system with 2.5 cm polymer concrete is the more
economical one and preferable.
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Fig. 7: Increasing of load-carrying capacity with
epoxy PC, comparison with unreinforced series
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Combined CFRP and PC reinforcement

On the one hand, the worldwide development of the timber-concrete composite structures has shown that
hybrid composite constructions are a very efficient solution to increase the load-carrying capacity of timber
structures. On the other hand, the advantages are limited by the wide scattered mechanical properties of the
timber. The answer seems to be the combination of the two described strengthening methods into a
composite system consisting of an epoxy resin-bound polymer concrete layer on top, the timber beam and
FRP reinforcement on bottom. Hereby, the close mechanical interaction of the tension-stressed timber and
FRP and compression-stressed PC layer are offering a good load-carrying behavior. For comparison, the
different levels of the ultimate bending moment carried by the structure are shown in Figure 8.
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Fig. 8: Ultimate bending moment compared to the unreinforced beam

The most economical combination of both systems seems to be configuration (e) with only a few centimeters
of PC on top (here 25 mm) and a light reinforcement of the tension zone (here 50x1.4 mm CFRP with
intermediate modulus) to confine the scattering of the mechanical properties and local defects. The increase
of my is propagated up to 200%. For any restrictions, e. g. of the construction height the configuration (c)
offers a good value with 1.5 time's load-bearing capacity.

Example: In-situ reinforcement of Mansfeld Castle

Accompanying to the theoretical investigations, both systems were tested for renovation and upgrading of
existing structures independently and together under practice-related conditions on site. First practical insights
have shown primarily doubts regarding cleanliness and feasibility could not confirmed and the work progress
was done accurate and efficient after short briefing of the construction worker. The new occupancy and floor
design of the Mansfeld Castle required an increase of the existing dead loads and the life loads for the
structural design of the waffle slab above the ,Blauer Saal (blue hall, figure 9, 12)". Due to high loading from
the secondary girders and the specific construction of the waffle slab and main girder the combination of both
reinforcement systems was chosen — upgrading of the tension zone with carbon fiber lamellas S&P 200/2000
(figure 10) and an additional PC layer topping with Compono® (figure 11)”. The structural design was done
using a finite-element model and a beam model independently.
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Fig. 10: Sticking of the FRP lamellas

Fig. 11: PC reinforcement from top floor Fig. 12: Finished reconstruction work

Conclusions

Epoxy resin-based polymer concrete can be combined with timber floors for upgrading without necessitating
the removal of the suspended ceiling. This technique is very promising in many cases of reinforcement of
timber floors and historical structural wood parts. The properties of the glue line can be described as a rigid
continuous joint. This includes the good adhesive penetration into the wood surface and the high cohesive
strength of the glue line in terms of further design and calculations. The use of CFRP as a strengthening
technique can be applied without necessitating the removal of the overhanging part of the structure. For
practice related investigations effective cross-sectional data including existing cracks, knots and damages
were used with a reduction of the initial bending stiffness and the moment of inertia respectively of about
17 % compared to the cross-sections without defects. The presence of CFRP reinforcement arrests crack
opening, confines local rupture and bridges local defects in the timber especially for reinforcement types other
than on the bottom face. The combination of both systems seems to be an optimal configuration with a load-
carrying capacity of up to 200% compared to the unreinforced beam.
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Use of reinforced epoxy plates for the rehabilitation of timber beams

Anténio C. R. Duarte!?, Jodo H. O. Negrdo!3, Helena M. P. Cruz!*

Abstract: This paper discusses a rehabilitation system for timber beams, consisting of the removal of the
damaged parts and its replacement by elements of similar sound wood. The connection between new and old
timber is achieved by mean of a reinforced epoxy plate, obtained through the insertion of reinforcement into a
groove and pouring of a low viscosity adhesive in it. Mild steel rough bars, stainless steel threaded bars and
pultruded glass-fiber bars were tested as reinforcement alternatives. Though similar systems are frequently
used in the replacement of beam ends, in which shear is the dominating stress, this study emphasizes the
bending behaviour. Therefore, its results and conclusions are particularly relevant for elements damaged by
that type of stress, as is the case with midspan bending collapse of overloaded beams. Although it was not
possible to restore the original strength and stiffness of the solid beam, the system revealed to be suitable for
actual works, because the estimated design value of the rehabilitated beam is larger than that provided by
Eurocode 5 for the solid timber beam. Besides, the results showed that the solution may still be improved by
increasing the amount or grade of the reinforcement.

Introduction

Timber beams in ancient structures often show damage due to biological, chemical or mechanical causes.
While in some cases such damage is likely to affect the whole element volume, as is the case with beetle
infestation, in others it may occur in more limited zones, as the decay caused by high moisture content in the
ends of beams supported by masonry walls, or the midspan fracture caused by bending collapse of
overloaded beams.

The rehabilitation works should thus be adapted to the specific pathology. The indiscriminate removal of the
whole structural element may be an inappropriate technique, if only a limited area is at risk. Besides, the
wood species/grade or the element size may not be available at suppliers, leading to the need of using an
alternative material, such as glulam, which may not be acceptable from the point of view of authenticity.

The obvious alternative is that of repairing the existing element by removing the damaged parts and replacing
them with sound wood, preferably of the same grade or species. The relevant issue here is how to connect
the old to the new timber. Either steel plates with fasteners or resin-based splices are the most usual
solutions.

This paper discusses a rehabilitation technique of the latter type. The connection of the wooden parts is
achieved through a reinforced epoxy mortar plate inserted in a slot. Different reinforcement materials are
tested, namely mild steel A400 NR (S275 to EN10025) ribbed rebars, stainless steel threaded rods and
pultruded glass fibre rods (GFRP).

The proposed technique is moderately intrusive and is especially suited for the rehabilitation of timber
structures locally affected by decay or subterranean termites. This problem is frequent in ancient buildings
and occurs mainly in the beam ends, the middle part of the element remaining in good condition.

The practical application of this rehabilitation technique can be done in a number of ways, all sharing some
common basic procedures (Freas, 1982).

Though the practical use of these techniques started in the 80’s, there is not yet a complete and generally
accepted knowledge about them, from both the theoretical and experimental points of view. The availability of
calculation methods is still limited and in some repair situations the design isn’t even done or consists of using
some rule of thumb (Gemert, 1987).

The research work described here was thus focused on issues concerning the experimental behaviour and the
analytical procedure for the design of bending splices made up with reinforced epoxy plates. A procedure for
the reinforcement design is proposed and the predicted ultimate load is compared to that determined by
tests.

Some other aspects are also relevant for the safety of the connection, such as the adhesion strength between
the timber and the epoxy mortar, required for the definition of the interface area, or the mortar-reinforcement
adhesion, essential for setting the bonding length of the reinforcement bars. The limited human and material
resources available, however, prevented those topics to be addressed within the scope of the described work.

12 pepartment of Civil Engineering, ESTG, Politechnical Institute of Leiria, Portugal
13 pepartment of Civil Engineering, FCTUC, University of Coimbra, Portugal
14 Timber Division, LNEC, Lisboa, Portugal
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Bonding Properties

As previously referred, the bonding between the rehabilitation system elements is achieved by adhesion
between timber and the epoxy mortar poured into a slot drilled in the timber, after having placed the
reinforcement bars.

Figure 1 shows the geometry of the splice, for the case using steel rebars. A 10mm wide gap between old and
new timber elements was considered. The cross-section is bxh=75x125 mm?. The groove width was set to 21
mm, in order to allow for minimum coverage of the 10mm diameter rebars, which were placed in three layers
(V1 to V5 beams). In order to improve the adhesion, rods were first sand-blasted and then abraded with a
steel wire brush, resulting in a rough and rust-free surface (Duarte, 2004).

Although the basic concept remains, the scheme of Figure 1 has gone through slight adaptations in the cases
of reinforced beams with stainless steel (V6 and V7) and with fibre glass composite rods - GFRP (V8 and V9
beams). In these cases, timber beams with cross-section bxh=75x110 mm? were used. The reason for this
was simply the economic need of using the timber sizes available for the research. The stainless steel
reinforcement consisted in two threaded M14 rods displayed in two layers, while the GFRP reinforcement was
made up with six 5mm diameter rods placed in three layers. In both cases, the rods were carefully cleaned
before placement and, in the GFRP case, the surfaces were roughened with sandpaper. The spacings between
rods and between bottom face and the first rod were set equal to the rod diameter, for both reinforcement
types.
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Fig. 1: Rehabilitation system with A400 NR rebars

Test Setup

In order to ensure the correct execution of the designed rehabilitation system, the following provisions and
procedures were adopted (Duarte, 2004):

e The parts to be bonded were put in place with the guidance of 25x25x1,5 aluminium corner studs,
regularly screwed along the length to be spliced, as shown in Figure 2 . The surface of the studs was
previously covered with plastic film, in order to prevent the bonding of the corners with the mortar.

e To prevent the mortar to drop away, 2mm-thick wood veneer stripes covered the joint sides and the
bottom of the slot. These containing elements were cut with the appropriate dimensions, covered
with PVC film and fixed to wood with adhesive tape.
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Fig. 2: Assembly of the timber parts Fig. 3: Reinforcement positioning

e The steel rods were kept in position with steel wire, inserted into transversally drilled holes. The wire
was bent at an angle in order to produce a slope for keeping the rods centered through the beam
width (Figure 3). This allowed the control of the mortar cover under the bottom rod and of the
spacing between rods.

e The epoxy mortar is made of three components, respectively resin, hardener and inert material. In
the filling operation, the mortar top level was left 3mm up above the beam surface, to compensate
the lowering mainly due to the mortar absorption by timber.

e After the mortar hardening, the aluminium corner studs and the sealing side and bottom elements
were removed, and the splice surfaces were smoothed (Figure 4). Should the rehabilitation system
be hidden, the mortar surfaces might be covered with wood sheeting.

e vy

Fig. 4: Rehabilitated beams

Bending Strength of the Rehabilitation System

Bending tests

First, solid wood (Pinus pinaster, Ait) beams V1 to V5, 75x125mm? cross section, were tested to flexural
failure. These beams were then rehabilitated, according to the system illustrated in Figure 1, and tested
again.

Another four beams, with cross-section bxh=75x110 mm?, were also tested incorporating alternative
reinforcement materials. Two of them were reinforced with threaded stainless steel rods (V6 and V7 beams),
while the other two were reinforced with fibre glass pultruded rods (V8 and V9 beams).

The tests followed the EN 408 provisions. Figure 5 shows the relevant dimensions for the loading scheme.
Besides the ultimate moment, both the global and local values of MOE were measured.
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The repair operation required the removal of the damaged parts. As the original beams were longer than
what was strictly required to fulfil the static scheme of Figure 5, it was possible to comply with it even for the
shorter rehabilitated beams.
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Fig. 5: Loading scheme according to EN 408

Test results

Figure 6 illustrates the load-midspan deflection curve for beam V1. In order to ease the visual comparison of
the behaviour before and after the rehabilitation work, the curves for both the original and rehabilitated beam

were superimposed.

The original solid wood beams response followed a nearly linear stress-strain behaviour up to failure, as
expected.

After the rehabilitation with the A400 NR rebars, the beams exhibited elastic-plastic behaviour, with a ductile
collapse caused by the yielding of the rebars in the bonding joint. This caused a plastic hinge to forme at the
joint section, with significant relative rotation and the opening of a wide gap in the bottom face of it, as
shown in Figure 7.
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Fig. 6: Load-deflection curves of beam V1, before and after rehabilitation.
Fig. 7: Failure mode with A400 NR rebars.

The plastic failure of the reinforcement rods is typical of under-reinforced beams. It is thus possible to
increase the effectiveness of the rehabilitation system through the increase of the number or size of
reinforcement bars. However, excessive reinforcement strength increase may lead to the modification of the
failure mode. Other possible causes of structural failure are the compression crush of the mortar or timber,
the timber failure in tension in sections beyond the splice region and the bond failure between mortar and
reinforcement or between mortar and timber.
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Fig. 8: Load-deflection curves of rehabilitated beams V6 and V7.
Fig. 9: Failure mode for beams with stainless steel threaded rods.

Figure 8 shows the load-deflection curves for the beams rehabilitated with stainless steel rods. This was the
case with the highest reinforcement mechanical percentage, mostly due to the superior tensile strength of this
material. Although the stainless steel rods show a ductile behaviour, the plasticization at the joint section,
near failure, is incipient in beam V6 and not at all distinguishable in beam V7. The high reinforcement
percentage increased the plasticization onset, allowing other failure modes to prevail.

In both beams, failure occurred in the tensile side, outside the splice length, and was caused by a sloping
crack which propagated towards the upper face, as shown in Figure 9. The main cause of failure was thus the
low timber tensile strength perpendicular to the grain.

One may see the fracture of the epoxy grout plate and the inner interface, with local bonding failure between
the grout and timber. The bonding between the reinforcement and the mortar behaved satisfactorily, with the
bars remaining perfectly involved by the mortar when the collapse took place.

Regarding the beams reinforced with GFRP bars, the load-deflection curve initially follows a linear path, but a
significant stiffness decrease may be noticed as the ultimate load approaches (Figure 10). The GFRP bars
behave elastically and linearly up to its failure, which does not favour the plasticization of the cross section of
the joint. The two beams of this type behaved very similarly, as can be seen in Figure 10, where the load-
deflection curves for both tests are displayed.

In both cases, failure was caused by bonding failure between the GFRP rods and the involving grout, which
can be clearly seen in Figure 11.

%0 Diagram F-w
Vs
V9
< e
o 7
L)V 4
i 0 Mid span deflection, w (mm) 30

Fig. 10: Load-deformation curves of rehabilitated V8 and V9 beams.
Fig. 11: Beams failure mode with GFRP reinforcement.

Proposed Analytical Model for the Bending Behaviour

The proposed analytical model for the bending behaviour of the repair system provides an estimate of the
ultimate bending moment, which can be compared to those obtained experimentally. The model is based on
the static equilibrium of stresses within the cross-section and the assumption of plane sections after
deformation. The constitutive relations adopted for the materials are as shown in Figure 12 and Table 1.
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The mechanical properties used in the design were set through tests or, whenever available and reliable, in
technical documentation of the materials. EN 408 was used as guidance for bending tests, as previously
mentioned. The experimental program also included compressive tests of epoxy mortar specimens and tensile
tests of GFRP and steel bars. The latter tests were made according to EN 10002.1 (Duarte, 2004).

Table 1: Mechanical properties of the materials (mean values).

Mortar A400NR | St. steel | GFRP Timber
Elastic Modulus (MPa) 19000 213000 174000 | 47000 14804
Ultimate tensile strength (MPa) 10 586 962 870 90
Ultimate compres. strength (MPa) 66 - - - 90
Elastic limit strain (°/q0) 3,47 2,75 5,53 18,51 6,10
Ultimate strain (%/qq) 6,10 10,00 10,00 18,51 6,10

Results and Discussion
Table 2 lists the experimental and expected (analytical) ultimate bending moments.

Comparing the resisting bending moments before and after rehabilitation, one may see that the average value
of the ultimate moment has decreased some 46% in beams rehabilitated with A400NR rebars, 36% for the
stainless steels case and close to 52% in those reinforced with GFRP bars. These relations essentially depend
on the reinforcement ammount, more than on the type of rods. Especially in the A400NR case, the epoxy
plate is clearly under-reinforced and it is possible to increase the ultimate moment by increasing the

reinforcement.

Table 2 : Failure moments.

Failure moments (kN.m)
Description Beam Rehabilitated beams Solid beams
Test Calculus Test £c5@
Vi 9,3 19,9
Timber beams with A400 NR x; g' i gg
steel reinforcement. Section: L 10,5 L 53
V4 8,9 13,6
75x125
V5 8,2 15,1
Average 9,0 16,8
Timber beams with stainless V6 9,9
steel reinforcement. Section: V7 7.5 10,6 13,7 @ 4,1
75x110 Average 8,7
. . V8 6,6
Timber beams with GFRP Vo 65 75 13,7 M 41
reinforcement. Section. 75x110 L ! ! !
Average 6,6
@ Value extrapolated for the results of the original 75x125 beams, assuming the same maximum stress and elastic
behaviour.
@ Design value for Grade EE (NP 4305) of Maritime pine (f,,=35N/mm?), according to the EC5 provisions.

Another reason for the relatively low efficiency of the repair is the very good quality of the specific solid
timber beams used. This issue brings no significant benefit to the strength of the critical cross-section of the
rehabilitation system, but dramatically enhances the behaviour of the original solid timber beams.

Despite the significant reduction in the resisting moment, the rehabilitation system is still feasible, because
the experimental ultimate moments of the rehabilitated beams are higher than the design values of the solid
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timber resisting moment, evaluated with the EC5 rules. Although the number of tests was not large enough to
allow for a reliable statistical analysis, it was decided to estimate the 5% value of the resisting bending
moment, for the case of beams rehabilitated with A400NR rebars. The value of 8.2kNm was found and,
considering a material safety factor yy =1,1, because the dominating failure mode is associated with
reinforcement yielding, one may set the experimental value for the design moment in about 7.4kNm.

This value is directly comparable with the design moment for the solid timber section, obtained after the EC5
rules, exceeding it in about 41%. This means again that, according to the current procedures for timber
structures design, the rehabilitation system is acceptable.

The failure moment of the rehabilitated beams is similar to that obtained from the proposed analytical model.
For the A400NR case, the average actual value of the ultimate moment was about 85% of the value provided
by the model. This difference may partially be due to the insufficient knowledge on the material’s behaviour.

In the stainless steel reinforced beams that percentage was 82% and in the GFRP reinforced beams it was
88%. Some divergence is probably due to the fact that flexural failure has not been the cause of failure,
which was anticipated by the combination of other causes, not considered in the model, such as the mortar
fracture, the loss of adhesion between the involved materials or the tensile strength perpendicular to the
grain. In beam V6, in which flexural collapse prevailed, the ultimate moment was only 7% lower than the
calculated moment, showing that the proposed analysis model is in good agreement with reality, for that
specific failure mode.

Conclusions

The experimental results show the effectiveness of the rehabilitation system and encourage the development
of new investigations. Based in the insight from the present work, some suggestions for the improvement of
the system and its strength may be drawn. One such proposal is the use of reinforcement perpendicularly to
the grain, in order to delay the brittle tensile failure mode observed in Figure 9. This can be done, for
instance, by using stirrups glued in transverse holes drilled in the element. Another possibility is the use of
GFRP fabrics, when such solution is aesthetically acceptable.

The use of stainless steel threaded rods is a good choice comparatively to the use of A400NR rebars. The
thread greatly improves the adhesion of the epoxy mortar and only a simple surface cleaning is required for
the preparation, because there is no rust development. Besides, the tensile strength is much higher than that
of the A400NR rebars.

Despite their high strength, the GFRP rods have a low elastic modulus and exhibit a large ultimate strain. As a
consequence, considerable mortar cracking arises in the reinforcement surrounding area, due to its
incapability to cope with those deformations. This fact and the low roughness of the GFRP rods surface
decrease the adhesion between the two materials.

The proposed design model is a helpful mean for the conception and design of rehabilitation systems similar
to the one discussed in here. The model can still be improved by a more comprehensive investigation on the
materials behaviour.

The solution may also benefit from the possibility of developing a simple and cheap execution methodology,
using pre-fabricated reinforcement and easy fixing elements.
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Selection of adhesives and quality control
of structural repairs by bonding on site

Rodrigues, D., Custédio, J., Cruz, H.1>

Abstract: Bonding on site has been used successfully for many years in the repair and strengthening of
timber structures. However, there is still a lack of knowledge about its service durability, especially under high
service temperature conditions. Not only the performance and durability of epoxy adhesives depend on their
thermal stability but also on the preparation and application procedures followed on site, as confirmed by
tests conducted by the authors to evaluate the effects of mixture ratios and curing conditions. This paper
discusses a number of test methods that can be used for quality control of structural repair jobs involving
bonding on site. Two studies conducted at LNEC where these methods were applied are presented: one
concerning a structural intervention on a decorative suspended ceiling, the other concerning the selection of
adhesives suitable for high service temperature conditions as expected in some roofs. DMA and FTIR analysis
results are presented and their high potential for quality control during and after adhesive application is
discussed.

1. Introduction

Epoxy adhesives have been used successfully for many years for the repair and strengthening of structures on
site. These adhesives have good adhesion to a large variety of materials (wood, concrete, steel, FRP, GRP,
etc.), cure at ambient temperature, don't require pressure during the cure process and exhibit low sensitivity
to thickness variations of the glue line. However, because epoxy adhesives exhibit excellent initial joint
strength when tested in standard climate conditions, there hasnt been a major concern about its service
durability.

The lack of knowledge about the way in which fire and high service temperature affects the performance of
epoxy adhesives lead recently to the development of research studies to address those concerns.
Experimental and modelling work developed by the authors in previous studies clearly showed that the service
temperature to which the timber structure is exposed dictates the temperature reached by the glue lines
placed inside the bonded elements, despite the insulation provided by the timber cover (Cruz 2004 & 2005,
Custodio 2006).

Although the heating effects on the long-term durability of glued joints require further investigation, the
(“hot” tensile) tests performed so far with a range of commercial epoxy adhesives clearly show that its
immediate effects may be critical for structural safety.

Selection of the adhesives for bonding on site should bear in mind the requirements of the job (viscosity,
open time and close time, sensitivity to incorrect mixing or other possible mistakes) and the required
performance (adhesion to the intended adherends, strength, stiffness, ductility, thermal stability).

Not only the performance and durability of adhesives depend on their intrinsic properties but also on the
preparation and application procedures followed on site. On-site quality control of the intervention and regular
monitoring of the joint should be made to ensure good service durability.

2. Test methods for adhesives selection and quality control

2.1 Selection of adhesives

Most commercial adhesives were developed for applications other than bonding timber. Generally they
present too high stiffness and modest ductile behaviour. Moreover, information of their adhesion to timber
products is not always available.

Adhesion tests are therefore required covering the specific adherends to be bonded and surface preparation
methods considered. Pull-off tests are relatively easy to carry out and may help selecting the suitable
adhesive and method of application.

Even when presenting working properties and strength and stiffness properties of the adhesive, rarely Product
Data Sheets include quantitative information on its sensitivity to cure temperature and to service temperature
— which may be highly relevant for certain applications and for certain regions.

15 | aboratério Nacional de Engenharia Civil (LNEC), Structures Department, Timber Structures Division. Av.
Brasil, 101, 1700-066 Lisboa, Portugal. E-mail: drodrigues@Inec.pt
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Important information can be gathered through direct measurement of mechanical properties at specific
temperatures, the so-called “hot” tensile tests. This can be complemented with the measurement of
mechanical properties at standard room temperature after cycles of relative humidity and temperature, “cold”
tensile tests after artificial ageing.

Another possible approach consists in the assessment of the Glass Transition temperature of the adhesive,
Tg. This property is believed to give a good indication regarding the sensitivity of the adhesive to high
environment temperature during service life. Nevertheless, it is also important to know the strength variation
of the adhesive throughout the expected service conditions. Thus, the correlation between Tg and mechanical
properties reduction with increasing service temperature requires further analysis.

2.2. Quality control methods of on-site bonding

A satisfactory on-site bonding structural intervention requires: a well established intervention action plan;
proper qualification of operatives; suitable quality control of the supply of all materials, tools and equipment
considered necessary; and suitable quality control of the execution as well as of the final work.

One likely source of defects is related to the incorrect mixing and application of adhesives. Despite a number
of procedures that should be implemented on site to prevent these mistakes, it was recognised useful to
check this in time for necessary corrective actions to take place.

A 3-part standard on "Adhesives for on-site assembling or restoration of timber structures. On-site acceptance
testing.” has been developed within the European Committee for Standardization CEN TC193/SC1/WG11. This
standard covers: (Part 1, document N20) Adhesive cure characterization tests; (Part 2, doc. N21) Shear
strength check of adhesive assembled parts; (Part 3, doc. N22) Pull-out resistance of glued rods.

Exothermic cure monitoring (specified in part 1 of the above standard) is probably the most interesting test
for on-site quality control since it gives on-time information about the adhesive that has been applied on site.
Should any problem be detected during cure, prompt corrective action can be adopted (removal, further
strengthening, etc.).

The principle followed by the standard relies on the measurement of the adhesive’s cure schedule, by the
exothermic rise in temperature and peak temperature reached by a specified adhesive volume kept under
insulated conditions. This method is used to evaluate adhesive mixtures and the results are closely related to
the local ambient conditions, especially the temperature. The adhesive manufacturer should therefore provide
reference exothermic curves for a range of ambient temperatures.

A possible alternative could be again the Dynamic Mechanical Analysis (DMA) technique, which is also
believed to be a helpful tool to detect mixture or cure temperature problems, since mix ratio and cure
temperature influences the adhesive glass transition temperature and its storage modulus.

2.3. Quality control of bonded structures in use

When an adhesive fails to meet the requirements or when its performance, in the short or the long run, is
questioned, it is possible to determine whether or not the chemical composition of the cured adhesive
corresponds to the designed one and then investigate the source of any detected alteration.

Chemical analysis of small samples of the adhesive can be a less disturbing alternative to collecting larger
samples from the bonded joints for shear testing, or to proof-loading the bonded structural member.

The molecular structure of polymeric materials can change over time, as they are mixed, cured or exposed to
heat, moisture or radiation. Fourier Transform Infrared Spectroscopy (FTIR) is thought to easily differentiate
the composition of the epoxy adhesives, analyse the hardening process after mixing the two components,
identify and measure the nature of the changes in the functional groups.

3. Case studies
3.1. Choosing the right adhesive for a ceiling repair

A decorative/acoustic suspended ceiling made of plywood panels nailed to a solid timber structure was found
to require extensive repair due to insect attack of many solid timber pieces. This was the ceiling of a small
concert hall, situated high above the amphitheatre.

The first considered repair plans involved propping of the whole structure and replacement of every damaged
solid timber piece with a new treated one; this approach was considered too time consuming and expensive.
An alternative approach was therefore considered, and this consisted in leaving the whole ceiling in place by
creating a new redundant suspension system consisting of metal plates bonded to the upper face of the
plywood panels and suspended by steel cables from the concrete ceiling above.
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Identifying an adhesive suitable for the job and an efficient but simple cleaning method for the dusty
plywood, as well as obtaining information on the bond strength was therefore necessary.

— pull-off tests

Pull-of tests (EN ISO 4624:2003) were carried out in laboratory environment (Figure 1a), involving a number
of adhesives (one epoxy, two polyurethane) and cleaning methods (dust removal + washing with a mild
detergent solution, with and sand paper abrasion in between). New plywood similar to the one applied in the
ceiling was used for these tests. Finally, a sample of plywood collected from the ceiling was also used for
confirmation of pull-off test results.

Tests on the new plywood indicated that the sand paper operation did not increase adhesion, and could be
dropped in this case. Furthermore, the epoxy adhesive gave the strongest bond and the highest wood failure
percentage inside the plywood (Figure 1b), whereas with the PU adhesives most failures were either cohesive-
type in the adhesive or adhesive-type at the interface between the decorative wood veneer and the core
plywood (Figure 1c). The epoxy adhesive was therefore adopted based on pull-off test results since it
conducted to a safer type of failure.

— - - P
(a) (©
Fig. 1: (a) Portable pull-off test equipment; (b) Plywood after pull-off test with epoxy adhesive; (©)

Plywood after pull-off test with polyurethane adhesive.

3.2. Evaluating thermal stability of adhesives for roof repairs

Many commercial epoxy adhesives show significant strength and stiffness decrease when exposed to relatively
low temperature. The reason for this behaviour is related to the fact that adhesives solidify without
crystallizing, presenting in normal conditions a disordered solid structure (glass state). The increase of the
temperature results in a transition from a non-crystalline solid phase to a liquid phase (glass transition
temperature). This phenomenon occurs also in the case of epoxy polymers at temperatures in the range of
service temperatures expected in summer). The transition reflects macroscopically through changes in the
adhesive mechanical, dielectric and viscoelastic properties (Yamaki, 2001).

— hot tensile tests

A comprehensive research program was set up at LNEC intended to study a number of commercial adhesives
and bonding products having in consideration the required properties for structural repair of floor and roof
structures. The adhesives must cure at room temperature without pressure, have low sensitivity to the
adhesive layer thickness, high mechanical resistance, ductility, durability and good adherence to various
materials (wood, steel, FRPs and concrete). Besides this, these adhesives should have little sensitivity to high
service temperature, since temperatures in excess of 40°C are anticipated in roof structures. The selection
was made thought literature review and direct enquiries to national and international structural adhesives
manufacturers, focusing mainly in epoxy and polyurethane polymers base products (Table 1).
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Table 1. Selected adhesives.

Manufacturer Adhesive Polymer No. Components Mix
3M 5200 Polvurethane 1 -
Degussa Mbrace HT65 Epoxy 2 Hand
Mapei Mapewood Gel 120 Epoxy 2
Mapewood Gel 140 Epoxy 2
Matesica Soldepox Epoxy 2
Rotafix CB10T Epoxy 2
Timberset Epoxy 2
TG6 Epoxy 2
Tecnocrete Stapox AS Epoxy 2
SIKA Sikadur 31 Epoxy 2
Sikadur 32N Epoxy 2
Sikadur 42 Epoxy 2
SP Systems SP 106 Epoxy 2

The use of the adhesives was done after thoroughly mixing the resin/hardener together. The ratio amount of
resin/hardener indicated on the Product data sheet was meticulously respected. The thermal stability of the
adhesives included in table 1 was evaluated through “hot” tensile tests following European standard EN ISO
527-2: 1996. Cured test specimens (dumb-bell-shaped type 1B) were subjected to tensile tests carried out in
a range of temperatures (23, 30, 40, 50 and 60 °C). The specimen is exposed to the test temperature for 10
minutes prior to being tested in tension inside the temperature chamber. Six tests specimens (replicates) are
considered for each adhesive and test temperature. The specimens were prepared at 20+2°C, 65+5% RH
and cured at 23+2°C, 50+5% RH.

Figure 2 and table 2 present some test results. The commercial identification of each adhesive has been
omitted.

Adhesive A Adhesive B
—220
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—_—22°C
64 ——30°C
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Fig. 2: Results of the "hot” tensile test obtained for 3 epoxy adhesives (adhesives A, B and D)
and for 1 polyurethane adhesive (adhesive C).
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Table 2. Young modulus and ultimate tensile strength (UTS) of various adhesives at different temperatures.

Adhesive Test Temperature (°C) Young Modulus (MPa) UTS (MPa)
A 22 295.5 9.3
30 10.1 -
40 26.6 2.6
B 22 753.3 6.9
30 305.6 3.3
40 194.2 1.4
C 22 3.3 -
40 0.7 -
D 22 10442.1 38.1
40 6460.0 24.9
50 6311.4 / 4688.4 26.2/ 20.6
60 1295.6 5.7
80 1318.1 6.1

Figure 2 and Table 2 show that some adhesives that are commonly used for structural repair show a
perceptible decrease of mechanical properties at relatively low temperatures (between 20°C and 40°C). This
behavior may be related to the adhesive Tg being close to the test temperatures.

3.3. Checking adhesive sensitivity to mixing mistakes and cure conditions

— Adhesive’s cure schedule monitoring

The exotherm depends on the environment temperature and the mix ratio. Two adhesives were prepared
with different component mix ratios at various cure conditions (Table 3) and the corresponding cure schedule
was accessed according to TC193/SC1/WG11 - Part 1.

Table 3. Adhesive mix ratios and cure conditions.
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Mixture Ratio Cure Conditions

17°C —-70% RH 239C — 50%RH 31°C - 32%RH
-20% hardener °
-10% hardener X e X
Prescribed ° X e X o
+10% hardener X o X
+20% hardener °

X — Adhesive D e — Adhesive E

Immediately after mixture, three 20 cm?® plastic capsules located in an adequate thermal isolating container
were filled with adhesive. The cure was monitored through a portable K-thermocouple-type measuring device
using an adjustable data logger and evaluated on site with reference to the Product Data Sheet. The room
temperature was also recorded and the cure exothermic curves obtained are presented in Figure 3.
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Fig. 3: Exothermic profiles during cure process for Adhesive D and Adhesive E.

The adhesives with higher cure temperatures and/or upper hardener quantity not only present a faster cure
process but also a higher exothermic maximum temperature. From the two, adhesive D presents a larger
variation of the exothermic maximum temperature due to mix ratio variation. On the other hand, the adhesive
E presents higher variation of exothermic curves due to the cure temperature.

From the results presented the exothermic curves appear to be a good indicator of the adhesive mix ratio and
the effectiveness of the mix process. However, it is also important, to assess the consequences of mix ratio
problems and cure temperature on the adhesive mechanical performance.

— DMA analysis

The properties of adhesives are believed to depend on the hardener to resin ratio. Variation in this ratio
introduces off-stoichiometric mixtures and this may lead to variation on its mechanical behaviour. In order to
investigate this effect, adhesive D was prepared with various mix ratios (-10%, +10%, -30% and +30% of
hardener) at two cure temperatures (20°C and 30°C).

The Tg for the various adhesives was obtained by DMA analysis, using a TA Instruments Dynamic Mechanical
Analyser DMA Q800 V7.0 Build 113. The storage modulus, G, and tand against the scanning temperature
were obtained at a heating rate of 2°C/min from ambient temperature to 120°C, at a frequency of 1 Hz and
amplitude of 1500m. Three samples (replicates) of cured adhesives 6x10x4mm?> were used for each mix ratio
and cure conditions. The test was performed in the 3-point bending mode (3PB), with a preload force of 0,2N
and a force track of 150%. DMA results are presented in table 4.

Table 4. Glass transition temperature for adhesive D, with different mix ratios and cure temperatures.
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Cure Temperature (°C) Mixture Ratio Glass Transition Temperature (°C)

Average Standard Deviation
20 -10% hardener 50.1 0.12
Prescribed 49.4 0.21
+10% hardener 50.8 0.43
30 -10% hardener 50.7 0.39
Prescribed 52.7 0.13
+10% hardener 53.0 0.27

From table 4, as expected, it is observed that the Tg tends to increase with the hardener quantity and cure
temperatures.

The adhesive storage modulus for different mix ratios and cure conditions were also obtained at 20°C, 30°C
and 40°C (Table 5). These are closely related to the MoE in bending.
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Table 5. Storage modulus for adhesive D at various temperatures, with different mix

ratios and cure temperatures.

0 : . Storage Modulus (MPa)

Cure Temperature (°C) Mixture Ratio 20°C 30°C 20°C
20 -10% hardener 7546.83 6437.52 3369.47

Prescribed 7380.01 6085.46 2721.41

+10% hardener 7546.32 6618.69 4112.22

30 -10% hardener 8230.61 6875.58 3494.07

Prescribed 7498.75 6514.43 4002.60

+10% hardener 8182.53 7599.30 5623.05

Again, as expected, the adhesive storage modulus decreases with increasing temperature. In addition, the
adhesives cured at 30°C present higher storage modulus than the ones cured at 20°C. The ones that present
a smaller and higher decrease of the storage modulus are, respectively, the adhesives with +10% hardener
and with -10% hardener. Being these last results in line with the behaviour observed in table 4.

Therefore, it is possible to use this method to control an incorrect mix ratio, to determine improper mixing,
and to assure batch-to-batch uniformity.

Moreover, there is a good correlation between faster cure and higher exothermic maximum temperature (both
assessed by exothermic monitoring) and higher Tg and storage modulus assessed by DMA analysis.

— FTIR analysis

To access the usefulness of FTIR as a quality control technique, adhesive D was prepared with various mix
ratios at two cure temperatures (Table 5) and then analysed by FTIR.

The spectras were acquired with a Nicolet model Magna-IR 550 Series II Fourier-transform IR
spectrophotometer equipped with IR source, KBr beamsplitter, and deuterated triglycine sulfate (DTGS)
detector. Each spectra was obtained in the transmission mode and represents 32 co-added scans at a spectral
resolution of 4 cm™, with Happ-Genzel apodization and Mertz phase correction. The samples were prepared in
KBr pellets with a mix ratio of approximately 1:100 (w/w), of cured adhesive and potassium bromide. The
mixture (100mg) was pressed to 10 tons into a pellet with a thickness of about 1mm. The obtained spectras
were normalized with the infrared absorption band at 1084 cm™ (Figure 4).

1.2:1 - Adhesive D -30% hardener 20°C
2 - Adhesve D -10% hardener 20°C

3 - Adhesve D prescribed 20°C
1014 _ Adhesive D +10% hardener 20°C
5 - Adhesive D +30% hardener 20°C

1.2:Adhesive D -30% hardener 30°C

Adhesive D -10% hardener 30°C
Adhesive D prescribed 30°C

| Adhesive D +10% hardener 30°C

Adhesive D +30% hardener 30°C
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Fig. 4: FTIR Spectras for cured adhesive at 20°C and 30°C with different component mix ratios.
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Typical characteristic infrared bands of epoxy polymers can easily be identified. The variation of the bands
intensity for the several adhesive mix ratios indicates differences in the components concentrations, which
allows using this method for differentiating different adhesive mix ratios.

4. Conclusions

The performance and durability of epoxy adhesives depend on their intrinsic thermal stability (formulation)
but also on the preparation and application procedures followed on site, as confirmed by tests conducted by
the authors to evaluate the effects of mixture ratios and cure temperature.

Quality control is essential in all phases of the work and people involved should be aware of the test methods
available and their possibilities.
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Chemical analysis like DMA and FTIR show a high potential for selecting adhesives on the base of their higher
or lower Tg, for checking if proper mixture and cure took place and later for assessing possible ageing effects
on the bonded joint.

When considering joint strengthening with structural adhesives, careful selection of the adhesive, adequate
design considerations, on-site quality control of the intervention, and regular monitoring of the joint should be
made to ensure good service durability. These procedures will increase the confidence in on-site bonding
techniques for the repair and reinforcement of timber structures.
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Timber-concrete-composite with adhesive interface

Brunner, M.}, Schniiriger, M.?

Abstract: An adhesive connection is proposed for timber-concrete-composite structures. The first project
phase was concerned with the optimization of manufacturing parameters in order to ensure a good and stable
bond. Many different timber-concrete-composite elements of large size were investigated. The bending tests
fully met the expectations. Adhesive creep was not a problem.

Introduction

Timber-concrete-composite structures are traditionally connected mechanically with screws, bolts or concrete
indentations into the wood. An adhesive connection is also possible: it would be slip-free with an even
distribution of the shear forces over the interface and no force concentrations.

Between 1998 and 2000, a feasibility study was made at Berner Fachhochschule. In 2004, a follow-up COST
C12-project was initiated with the cooperation of industrial partners who supplied the test specimens and
helped to ensure that practical parameters were studied. The project comprised 3 phases:

1. Optimization of the manufacturing process to reduce dangers of a displacement of the wet adhesive
during the pouring of the concrete.

2. The optimised manufacturing process from the 1st project phase was used to prepare large-scale
timber-concrete-composite slabs of different dimensions. The reliability of the adhesive bond in cases
of reduced contact area was also tested.

3. Study of the long-term behaviour of timber-concrete-composite slabs: possible influence of the
adhesive on the deflections due to creep or shrinkage.

Process optimization for a reliable adhesive bond

Parameters und Materials

The possible displacement of the wet adhesive during the pouring of the concrete was investigated with many
parameters. The materials used to manufacture the test specimens were:

e Timber: 3-ply wooden slab, quality C24

e  Concrete types:
» Normal concrete (grade C25/30)
» SCC (self compacting concrete, C30/37)

e Adhesive: 2-component, epoxy-based, SIKA AG

The test specimens were produced with the following constant parameters:
e dropping height of the wet concrete (50 cm)
e amount of adhesive: 925 g/m?

e  3-ply timber slab, 30 mm

The following parameters were variables:
e  Concrete quality ("normal" and SCC with no vibrators)
e Time interval between mixing adhesive and pouring the concrete: 15 and 90 minutes

e  Concrete thickness: 8 cm, 16 cm or 24 cm

! Berner Fachhochschule, Biel, Switzerland. Email: maurice.brunner@bfh.ch
2 Creabeton Matériaux, Mintschemier, Switzerland.
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Timber-concrete-composite slabs 30 cm wide and 90 cm long were manufactured. Figs. 1 and 2 show the
manufacturing process. The timber was fixed in the steel formwork. The adhesive - coloured red for a better
visualization - was mixed and then applied on the surface of the timber. After a suitable time interval the
fresh concrete was poured onto the adhesive. Normal concrete was compacted with a vibrator which was
carefully prevented from touching the adhesive. Fig. 3 shows the cutting of the hardened timber-concrete-
composite slabs into the different test specimens shown in Fig. 4.

Fig. 1: Application of adhesive on timber at ~ Fig. 2: Pouring of concrete (SCC in this case)
the base of the steel formwork on the wet adhesive.

Seedimenfor
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adesivelayer
tiroer
Fig. 3: Cutting specimens: inspection, tests Fig. 4: Scheme for cutting the specimens.

Visual analysis of prism sections

Sections from different longitudinal segments of the specimen were inspected for signs of some disturbance
of the adhesive. The results of the visual analysis are:

The adhesive was markedly displaced only at the points where the concrete was poured in.

e The fine mixing of the adhesive with the concrete was more pronounced when SCC was used. In the
case of conventional concrete, apart from some local protruding into the concrete, the adhesive
stayed in place (Fig. 5).

e The time interval between the mixing of the adhesive and the pouring of the concrete seemed to be

a key factor: the mixing of the adhesive with the concrete was markedly reduced when the time
interval was increased from 15 to 90 minutes.

Fig. 5: Cross section of t/beconcrete—compos/te slabs. Top: conventional
concrete; bottom.: SCC. Time interval between mixing of adhesive and pouring
of concrete: 15 minutes (left) and 90 minutes (right).
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Loading tests with small specimens

Four-point-bending tests were carried out in accordance with EN 12390-5. Four specimens each with concrete
thickness of 8 cm and 16 cm were tested. The load and the corresponding deflection at midspan were
measured. The tests results varied greatly: most of the specimens failed in shear. Some local displacement of
the adhesive at the point where the fresh concrete had been poured in was observed in some of the SCC test
specimens.

Shear tests were performed in accordance with the European standard EN 392 [11]. 5 specimens each with
conventional concrete and SCC were cut and prepared. The contact area between concrete and timber was
100mm wide and 40mm high. The following parameters were fixed: 16cm concrete layer, 90 minutes time
interval between mixing the adhesives and pouring the concrete. A comparison of the test results shows that
the shear resistance was higher and the variation was also much less when conventional concrete as opposed
to SCC was used (Table 1). The inspection also showed that SCC specimens suffered more from adhesion
failure: when conventional concrete was used, most of the shearing lines ran through the concrete.

Table 1 - Results of the shear tests

Concrete type Shear stress Timber fails | Adhesive fails Co'ncrete
[N/mn?] /%] /%] fails [%]
Values (min. -max.) 2,67 -3,42

C25/30 Average 2,97 5 45 50
Standard Deviation 0,30
Values (min. — max.) 1,30 -3,42

scc Average 2,10 0 80 20
Standard Deviation 0,88

Bending tests with large-scale specimens

Materials used

Based on the parameter study of the manufacturing process, the following materials and parameters were
chosen to produce large-scale specimens for bending tests:

Concrete: C25/30 according to SIA 262 [9]

90 minutes interval between mixing of adhesive and pouring of concrete

Careful pouring of concrete, gentle use of vibrators

Timber: C24 rectangular wood, glued side by side to form a slab, according to SIA 265 [8]
Adhesive: 2-component epoxy adhesive produced by SIKA AG

Bending tests on slabs with full bonding area

Four-point-bending tests were carried out in accordance with the standard EN 408 [12]. Three specimens
were tested for each of the four series with the different parameters with regard to the thickness of the
timber and the concrete (Fig. 6).

Serie Serie Serie 1 Serie 2

concrete 40% concrete 69% concrete 40% concrete 69%

timbe 60% timbe 31% timbe 60% timbe 31%

lengt 5.0 lengt 5.0 lengt 8.0 lengt 5.0
_-: N — r. g 3
= 2 o

— |&
&

~|—|» Linge: 50m

360

Fig. 6 — Dimensions of large scale timber-concrete-composite slabs for the bending tests.
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For the calculation, the 5% fractile values listed in the Swiss standards SIA 262 (concrete) and 265 (timber)
were multiplied by 1,33 to obtain the average failure values expected in the tests. The test results met all
expectations and are summarized in Table 2:

Table 2 - Results of the bending tests: specimen with complete bonding area

Series Failure loads - maximum moment _
calculated measured mes./calc | failure modes
[kNm] [kNm] /%]
Values 99,3-102,0 Concrete in
111 Average 108,0 101,03 -6,4 compression
Standard dev./COV [%] 1,50 [1,5%]
Values 30,2-33,6 Timber in
112 Average 30,0 31,90 +6,3 tension
Standard dev./COV [%] 1,70 [5,3%]
Values 378,1-497,9
121 Average 525,5 444,84 - 15,3 Shear
Standard dev./COV [%] 61,07 [13,7%]
Values 191,1-213,2
122 Average 183,0 201,07 + 9,8 Shear
Standard dev./COV [%] 11,21 [5,6%]

e No horizontal displacement of the concrete relative to the timber could be measured, confirming the
assumption that the adhesive connection was rigid.

e An evaluation of the load-deflection lines confirmed that the measured stiffness EI of the slab
corresponded quite well to the calculated value assuming a rigid connection.

e In all test series the specimens failed quite as predicted by the calculation models, whether it was a
case of shear failure, failure of timber in tension or concrete in compression.

e In test series 111, 112 and 122 the measured failure loads of the different specimens exhibited little
variation and corresponded to the calculated values.

e In the 3rd test series 121, no specimens attained the predicted failure load. An inspection indicated
that the local displacement of the adhesive was rather extensive in places.

Shrinkage of concrete was clearly recognizable in the test series 121 und 122, where the concrete layer was
240 mm thick. The corresponding specimens exhibited cracks at the beam ends ranging approximately
100 mm into the timber-concrete interface. The maximum crack opening was 2,5 mm. At the sides of the
beams the cracks were visible for approximately 50 mm towards the midsection of the beam. Curiously, the
cracks did not seem to adversely affect the load-bearing capacity: in the test series 122 in particular, the
measured loading capacity corresponded quite well to the calculated values. The lower values for the test
series 121 may have been due more to the greater adhesive displacement mentioned above.

Bending tests on slabs with reduced bonding area

Two series of bending tests were carried out on 2 slabs each with a reduced bonding area. The full contact
area between the concrete and the timber was avoided with the help of PVC half-pipes running parallel and
perpendicular to the beam length (Fig. 7). The voids thus obtained could be used to place pipes and conduits
in the floors of practical buildings. The bending tests (Fig. 8 and 9) were carried out in accordance with the
European standard EN 408 (four-point-loading) [12].

70 80 80 70 40
65 60 65 40
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Fig. 8: Bending test set-up with a timber- Fig. 9: The test specimens of the test series PT

concrete-composite slab. failed on combined shear and compression in the
concrete induced by the load transmission over the
vords.

The test results met the expectations and are summarized in Table 3:

e In all test series, the failure mode of the test specimens corresponded to the predictions of the
calculation models.

e Test series PL: The test specimens all failed in compression of the concrete layer. The calculations
suggested that a further reduction of the glued area could have been carried out before the shear
stresses in the reduced contact area would have led to a premature failure of the concrete in shear.

e Test series PT: Failure occurred in the concrete, partly due to shear, and partly due to compressive
stresses caused by the load transmission to bypass the voids in the concrete. The position and the
size of the voids have an influence on the load-bearing capacity, since they influence the load-
transmission possibilities.

e For comparison purposes, a theoretical cross section with the same dimensions and materials but
without voids was calculated as a fictitious test series 111,,q. The implication is clear that the
longitudinal pipes do not result in a high strength reduction as compared to the solid concrete slab.
However, the load transmission problems over transversely placed pipes may lead to a greater
reduction in the load-bearing capacity.

Table 3 - Results of the bending tests. specimen with reduced bonding area

Series Failure loads - maximum moment
calculated measured calc./mes. | failure modes
[N/mn7] [N/mnT] (%]
calculated values concrete in
Uled | fom 111 and PT Bl ) ) compression
Values 79,4-81,5
PL Average 81,0 80,36 -0,7 concrete in
Standard dev./COV [%] 1,06 [1,3%] compression
compared to 1114 96,8%
Values 72,6-76,1 concrete in
PT Average 64,0 74,82 + 16,9 compression
Standard dev./COV [%] 70,4 [2,6%] and shear
compared to 1114 90,1%

Long-term tests

Two elements with longitudinal and transverse pipes in the concrete and of the same dimensions as described
in fig. 7 were selected for the long-term tests. They were loaded with 30kN - which corresponds to 30% of
the failure load - applied at two points at a third of the span.
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Fig. 10: Good agreement between the measured and calculated defilections for the specimen PL (fig.
left) and PT (fig. right) during a period of 7 months.

The test specimens have been under observation since 2000. The measured deflections during the first few
months have been compared to the calculated values in fig. 10 above: for both elements there is quite good
agreement. Thus the adhesive bond remains quite stable over time and does not exhibit significant creep.

Conclusions

In the 1% project phase, the manufacturing process could be optimised. The risk of displacements of the
adhesive could be minimized when the following parameters were used:

e Adhesive: 2-component epoxy-based adhesive (SIKA Product, 925 g/m2), carefully applied over the
horizontal surface of the timber slab.

e Time interval between mixing adhesive and pouring concrete: 90 minutes (£ 20 minutes). This
recommendation is valid for "normal" conditions (20°C, 50-60% relative air humidity) because the
optimization tests took place under these conditions. There are as yet no test results for other
temperature and humidity conditions.

e In order to avoid the risk of adhesive displacement, normal concrete should be carefully poured at
different places and gently vibrated.

In the 2" project phase, large specimens were tested in bending to check the usefulness of the
manufacturing parameters chosen in the 1st phase. The results for composite slabs with a complete and a
reduced bonding area agreed very well with the values predicted with calculation models. They can be
summarised as follows:

e Signs of local displacement of the adhesive always occurred at the points where the concrete was
poured in, but this seemed to have no significant influence on the load-bearing capacity.

e Shrinkage of the concrete led to horizontal cracks at the beam ends only in the specimens with a
very thick concrete layer (240mm). However, these cracks did not seem to have a negative influence
on the load-bearing behaviour. It is recommended that the concrete layer should be limited in
thickness to 200mm.

e The test results have confirmed the theoretical assumption of a rigid connection between the
concrete and timber. The calculation and design of the elements can be done with the usual
calculation models for a composite section with a rigid connection.

e QOur investigations have revealed that even under controlled, almost laboratory-like conditions, the
production of wet-in-wet timber-concrete-composite elements is still quite delicate because of the
danger of adhesive displacement during the pouring of the concrete. It is therefore too early to
permit the use on site, where quality control may be more difficult.

The 3™ project phase was concerned with the long-term behaviour of timber-concrete-composites with the
adhesive connection. Of particular interest was the possible influence which the rheological properties of the
adhesive might have on the long-term deflections. The measured deflections agreed well with theoretical
values based on known calculation models such as [13-16]: the adhesive does not suffer significant creep.
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European timber trade analysis: An economical
overview and regional market potential

Papadopoulos, 1.16, Karagouni, G.

Abstract: The analysis of internal and external European timber trade is the purpose of this survey, in order
to provide a precious tool in the decision-making process for the European enterprises of the timber sector;
particularly those that import raw material of sawnwood (furniture sector, building activities etc), but also
those that process round wood and export their products or think about exports.  The analysis can also
contribute to the determination of suitable policies of the member - countries of EU for the above - mentioned
sector. The analysis of a 39 year time serfes (1964-2002), the creation of indicators, and the determination of
forecasting models for the imports, exports, production, apparent consumption and sawnwood self-
sufficiency indicators for the EU25, result that the above variables show augmentative tendencies in volume, a
reduction of product price at 35.6%, for the last decade and a self-sufficiency indicator of 93%, while
countries such as Finland, Sweden, Latvia, Lithuania, Estonia, Czech Republic, Slovakia and Denmark have an
overabundance of sawnwood and can develop their comparative advantage for the conquest of new global
markets.

Introduction

The study and the analysis of the existing situation of timber product trade in the European Union constitutes
an important decision-making tool for the timber sector enterprises. The shrinkage of the timber sector in all
Europe, as well as Greece and the intensely competitive market, at a global level, impose the knowledge and
spread of research results about the perspectives (opportunities, dangers, threats) that curve the future of
enterprises and the possibility of their adaptation to the exterior environment (Bolkesjo and Buongiorno 2006,
Shogren 2007). Indicatively, we report the example of China’s entry in WTO with an increase of 25.6% in
timber products imports, at a value of US$ 446.2 million, after 2003 (Gan 2004). China is considered to be a
target — market for countries with timber overabundance, such as the Scandinavian countries, Estonia, Latvia,
Czech Republic etc. The information about the demand and offer of various products of timber, as well as the
forecast for their future are often capable, alone, to limit the risk of enterprises to some important degree.

Furthermore, the knowledge and the possession of criteria for the choice of various timber products and new
markets in various geographic exports regions, the international experience, the market orientation and the
planning of particular marketing strategies in industrial markets curve new directions for wood enterprises.

Within the E.U. policy framework, both the trade and the environment constitute the central subject of
multifaceted commercial negotiations, after the completion of Uruguay Round/ and the organisation of World
Organism of Trade (Blake et all, 1999).

In general, if we analyze the existing situation of timber production in the developed countries worldwide, we
will realise that their economic derotation that is forecasted for next years, will cause the increase of their
needs in timber and its products. Besides, as long as the entry of Canada and the countries of former USSR
is shifted to the most inaccessible regions of their forests, the cost of coniferous exported timber production
will arise and consequently its prices. The already intense demand for tropical timber imports, from the
tropical forests of underdeveloped countries, will intensify still more (Stamou 2005).

The tendencies and the prospects of European timber for the 21st century are described in a particularly
important and recent research (UNECE and FAO, 2004), in which the mainer ascertainments are focused in
the following: a) The demand for the forest products in Europe will be continuously, regularly increasing for
the next 15 years at least, with a given rate of GNP increase, roughly at 1-2% annually, b) European
production of forestal products will increase up to 2020, in constant real prices and expenses, by a 25-35%
for the sawnwood. c) The degree of self-sufficiency in products of timber in Europe will approach 100,
provided that: 1st) the timber from the European forests is competitive, regarding price and quality,
compared to the main competitors in the world markets and 2nd) the industries that will process this raw
material must also be competitive at a world scale, that is to say, big units, with sufficient invested capital
and strict production cost controls; and d) markets of sawnwood production and sales are very likely to be
rather different in 2020 from the today ones, mainly because of the application of technological innovations,
which will aim at the reduction of production cost, as well as the improvement of products’ quality and the
development of new uses and markets. There will appear new production processes, new composite
materials, new glues and surface finishings, etc.

16 Laboratory of Applied Marketing, Management and Economics, Department of Wood and Furniture Design
and Technology, TEI Larissa, Terma Mavromichali, 43100 Karditsa, Greece.
Email: papad@teilar.gr
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The removal of restrictions for the release of trade in the European Union has contributed considerably to the
economic growth of certain countries, among which is also Greece, and this action strengthened their position
in the global free economy.

The EU produces the 25% of world production of relative products. Nevertheless, for a consumption of 300
million of m3 of round wood as raw material, the EU imports 20 to 25 million of m3, mainly from Russia
(coniferous and non coniferous), the CEECs (coniferous and non coniferous), Northern America (non
coniferous) and the southern hemisphere (coniferous and non coniferous) (FBI 2006).

The value of imports and exports of sawnwood at a world level for 2004 amounts to 30 billions $ roughly for a
quantity of 90 millions m3 (UNECE and FAO 2006). Generally, the EU has a negative commercial balance for
timber products and imports sawnwood of non coniferous from Northern America and panel wood — based
types from South-eastern Asia. Recent increases inside the EU have begun to decrease these flows, e.g. the
important export of plywood from the EU to the USA.

The production and the trade of European forestal products accelerated in 2000 as a result of the powerful
requirement within the regions of EU / EFTA, that increases the consumption in the CEECs and the increasing
demand from exterior Europe. Nevertheless, the forecasts for 2001 were for a deceleration in a lot of markets,
which were followed by the general improvement in 2002 ((UNECE and FAO, 2004).

The EU is the biggest trader and the second biggest consumer of forest products in the world, with a positive
trade balance overall. However, within this context, the EU is a net importer of raw materials, mainly round
wood which comes mostly from the CEECs and CIS.

The effects of globalisation on trade in the EU F-BI can be seen in the increased worldwide procurement of
raw materials, such as wood and pulp, as well as in growing worldwide trade in forest-based products and
technology products needed by the forest industry.

New low-cost competitors from Asia, Latin America and the CEECs constantly challenge the industry in the EU.
Asia showed the highest growth in new investment outside the EU during the 1990's, which has resulted in a
loss of market share of the EU F-BI in certain sectors, such as in the wood-based panels industry (F-BI 2007).

Regarding Greece, the general course of Greek exports of timber sector was not particularly good the last
decade, as the export extroversion indicator of the Greek economy (the value of Greek exports as percentage
of nominal GNP), follows a declining course from 1995 and afterwards (from 10.5% to 7.6%) (SEVE et all
2004).

The mainer countries —recipients of Greek exports in timber industry, in value, are 12. The 5 most important
ones at a declining order are: Albania, Cyprus, Holland, Lebanon and Italy. It is particularly important to
notice the percentage increase of the sector’s export activity in 2002 to countries such as Holland (10fold
increase), Italy (255.1%) and Germany (200.4%). The mean increase of exports of Greek timber industry
amounted in 2002 to 26.7% (IERS and SEVE 2006).

The analysis of the representative indicators of export extraversion of Greece indicates a progressive, light
reduction of exports, concerning the total crude value of timber industry production (4.4% in 2002 and 6.8%
in 1995). The very same tendency is also observed by the analysis of the total value changes of sector
exports for the 1995-2002 period, as well as by the percentage (%) of exports change on the total of Greek
exports, which started at a 0.5% in 1995 and have reached a 0.3% in 2002. Furthermore, the share of
imports on the total of Greek imports is maintained constant at 1.3% (1995 -2002) with certain small losses
during the specific time interval.

The aim of this study is the presentation and supply of condensed information to timber enterprises not only

about the existing situation, but also about the prospects of the internal and exterior trade of sawnwood in
the EU25 generally, and more specifically, the analysis of data for each country in the Union.
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Methodology

For the achievement of the aims of research, we used the important UNECE and FAO data base (2004),
which constitutes a time series of 39 years, for the 1964-2002 period. This data base was retabulated and
processed and new data were derived regarding the production, imports, exports and the apparent
consumption in quantity, as well as in value, of sawnwood of the 25 countries in the European Union for the
above mentioned period. We applied the time series analysis (Koutsogianni 1977, Ostrom 1990, Anderson et
all 1996, Mutanen 2006). Then we compared and analysed the changes of all parameters for the last decade
(1992-2002), and we also created a system of indicators, such as: self-sufficiency indicator, the percentage of
net exports on the production, the domestic consumed production and the imports —exports ratio (Stamou
2005) for every country in 2002. The time series analysis of the self-sufficiency indicator for each country
constitutes a basic criterion for evaluating the strengths and weaknesses and determining the growth
opportunities of international trade - at least between the EU countries.

Finally, the suitable regression models were determined. They reflect the relations between the dependent
variables: imports, exports, production and apparent consumption and the independent variable of time. The
analysis was done using the statistic SPSS ver11 (Dennis and Duncan 2003).

Results

The diachronic development of the quantity (in volumes) of production, imports, exports and apparent
consumption of sawnwood (coniferous and non coniferous) in the countries of EU is presented in Figure 1.
Initially, we can notice a progressive light increase of all the above parameters, at least up to 1992, while
afterwards the increase becomes bigger. Particularly after 2000, the apparent consumption exceeds the dam
of the 100 million m®. This fact reveals the increased consumption of the particular product from the EU
consumers, and furthermore, the great tendency of the EU enterprises to increase the exports, naturally in
profit - making prices.

Fig. 1. Production, imports, exports and apparent consumption of sawnwood in 1000
n? in Europe at the period 1964-2002.
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Figure 2 denotes the bigger value of imports related to the exports one, which confirms the above observation
on the increase of consumer faith and preference of European customers to European products. It also
underlines the leading role of EU25 in the export activity of sawnwood in the world trade, so that the
achievement of economies of scale is feasible. Besides, the EU policy is alone a strong point for the timber
sector, both because of the enlargement, and also because of the increased amounts, supplied for innovation
and particularly for R&D.
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The value of sawnwood imports (coniferous) is bigger — almost double - than that of non coniferous. The
difference between imports and exports of coniferous and non coniferous is very big, since, the last years, the
exports of coniferous appear to exceed the imports, while the exports of non coniferous from EU countries
appear to be minimal, in value and quantities.

Fig. 2. Value of imports and exports of sawnwood in 1000% in Europe at the period 1964-2002.
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In Table 1 we note that the mainer countries regarding coniferous sawnwood imports in the EU are UK
(Tomson 2004), Italy, Germany, Denmark and France, while Greece possesses the 11nd place, among the 25
countries of EU. The mean price of coniferous sawnwood import has decreased by 35.6% and more
specifically from 240.5 to 155.0 $/m3, during the period 1992-2002. All the above countries (except Germany)
have increased their quantities of imports of coniferous sawnwood during that period.

Table 2 presents the mainer countries of coniferous sawnwood exports in EU, which are Sweden, Finland and
Austria, with a significant increase in change of quantities and value during the period 1992 - 2002. The mean
price of coniferous sawnwood export has decreased by 25.9% and more specifically from 231.6 to 171.6
$/m3, for the above period.

Table 1. Change of quantities (in 1000 n7’) and value (in 1000 $) of imports of coniferous
sawnwood,; period 1992-2002 in the 5 first countries of Europe and Greece

i/n Countries Quantities (in 1000 m3) Value (in 1.000 $)
1992 2002 Change % 1992 2002 Change %

1 UK 6899.3 7584.9 9.9% 1340000 1353220 1.0%
2 Italy 4402.0 6092.0 38.4% 1170000 905859 -22.6%
3 Germany 4458.3 4173.0 -6.4% 1340000 703264 -47.5%
4 Denmark 1660.0 4005.0 141.3% 420000 383166 -8.8%
5 France 1404.0 2749.2 96.2% 386092 483338 25.2%
11 Greece 473.0 915.0 93.4% 122000 159224 30.5%

Total EU25 26464.5 37453.6 41.5% 6365005 5805251 -8.8%

Source: Elaboration of UNECE TIMBER database 2003

Table 2. Change of quantities (in 1000 nP) and value (in 1000 $) of exports of coniferous
sawnwood,; period 1992-2002 in the 5 first countries of Europe and Greece

i/n Countries Quantities (in 1000 m3) Value (in 1.000 $)
1992 2002 Change % 1992 2002 Change %

1 Sweden 8240.0 11454.0 39.0% 1925113 2160975 12.3%
2 Finland 4268.0 8167.2 91.4% 1027496 1355148 31.9%
3 Austria 3871.0 6462.5 66.9% 866673 1011316 16.7%
4 Germany 945.1 3850.0 307.4% 288673 652207 125.8%
5 Latvia 42.3 2289.6 5312.8% 288860 310281 6247.8%
23 Greece 3.1 4.0 29.0% 557 634 13.7%

Total EU25 22447.3 40474.5 80.3% 5199629 6944515 33.6%

Source: Elaboration of UNECE TIMBER database 2003
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Four indicators are reported in Table 3 for each country separately, in 2002: self-sufficiency, the percentage
of net exports on the production, the domestic consumed production and the imports — exports ratio. Thus,
the indicator of self-sufficiency shows that the EU25 is almost self-sufficient in sawnwood (93%). On the
contrary, Hungary, Italy, Greece, Cyprus, Holland, Denmark and Malta are found at a level of under 20%,
which proves their weakness and the dependence - to a large extent- on importing sawnwood from the rest
EU countries, as well as from other countries of the world market. This fact can be attributed to the following
reasons: (a) these countries do not have the suitable natural resources (forests) for the production of timber,
(b) the forests’” management was not the proper one during the last 100-200 years, (c) the forests carry out
only protective and recreation aims and are managed in a relative way, (d) there have not been made any
appropriate investments on the creation of wood processing units, and (e) there exists a delay in productivity.
On the other hand, countries like the Scandinavian ones (Finland, Sweden), the former USSR (Latvia,
Lithuania, Estonia), as well as Czech Republic, Slovakia and Denmark enjoy an overabundance of sawnwood,
mainly because of the rich natural vegetation, but also because of the proper and sustainable management of
their forests. This fact strengthens these countries’ position in the international timber market (e.g. China,
India etc.).

Table 3. Relations of domestic production, international trade, consumption and relative
indicators of sawnwood (in 1000 n?’) in 2002 for the 25 EU countries

i/n COUNTRIES IMPORTS EXPORTS Production Ca Sg% PE% pEI% pP%
(1) (E) (P)
1 Austria 1674.1 6645.6 10415.0 5443.5 191% 48% 25% 36%
2 Belgium&Lux 2057.3 1016.7 1308.4 2349.0 56% -80%  202% 22%
3 France 3287.4 1406.4 10540.0 12421.0 85% -18%  234% 87%
4 Germany 4862.0 4439.0 16879.2 17302.2  98% 3% 110% 74%
5 Denmark 10206.7 105.0 281.0 10382.7 3% - 9721% 63%
3595%
6 Greece 1117.0 14.0 122.6 12256 10% -900% 7979% 89%
7 Estonia 236.0 1248.0 1900.0 888.0 214% 53% 19% 34%
8 Un. Kingdom 8263.0 294.0 2539.0 10508.0 24% -314% 2811% 88%
9 Ireland 842.4 315.9 969.0 1495.5 65% -54%  267% 67%
10 Spain 2916.2 256.8 3524.0 6183.4 57% -75% 1136% 93%
11 Ttaly 7857.0 187.0 1605.0 9275.0 17%  -478% 4202% 88%
12 Cyprus 77.3 0.2 7.5 84.6 9% 97%
13 Latvia 157.9 2857.2 3947.2 1247.9 316% 68% 6% 28%
14 Lithuania 306.6 918.4 1250.0 638.2 196% 49% 33% 27%
15 Malta 18.5 0.0 0.0 18.5 0%
16  Norway 941.0 625.7 2225.0 2540.3  88% -14%  150% 72%
17 Holland 3294.0 304.0 253.0 3243.0 8% 1084% -
20%
18 Hungary 1227.0 286.0 221.0 1162.0 19% -426%  429% -
29%
19 Poland 495.8 788.6 2910.0 2617.2 111% 10% 63% 73%
20 Portugal 274.0 250.0 1298.0 1322.0 98% 2% 110% 81%
21 Slovakia 50.0 864.0 1265.0 451.0 280% 64% 6% 32%
22 Slovenia 186.7 368.5 446.0 264.2 169% 51%
23 Sweden 439.0 11475.6 16560.0 5523.4 300% 67% 4% 31%
24 Czech Rep. 381.0 1448.0 3800.0 2733.0 139% 28% 26% 62%
25 Finland 257.4 8187.0 13390.0 5460.4 245% 59% 3% 39%
TOTAL EU 51425.3 44301.6 97655.9 104779.6 93% -7% 116% 55%

Ca=Apparent Consumption = Production (P) + Imports (I) - Exports (E)
Sg% = Indicator of self-sufficiency = P * 100 /(P-E+I)

pE% = Percentage of net exports on the production = (E-I)*100/P
pP% = Domestic consumed production = (P-E)*100/P

pEI% = Imports - exports ratio (percentage) = (I-E) * 100

The indicator pE% stands for the percentage of net exports (exports —imports) on the production. Denmark
presents a very high percentage (3595%), while the indicator is negative for Greece, Italy, Hungary, Ireland
and Belgium.

The indicator of net consumed production appears to be particularly low in Latvia, Slovakia, Estonia, Sweden

and Finland, and shows the overproduction of sawnwood in relation to the quantity, consumed in this
countries.
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Finally, the indicator of imports - exports ratio presents a mean percentage of 55%, in the EU25. A
percentage bigger than 80% appears for Cyprus (97%), Spain (93%), Greece (89%), Un. Kingdom (88%),
Italy (88%), France (87%), Portugal (81%) and reveals their particular dependence on sawnwood exports.

Figures 3,4 and 5 present the diachronic development of self-sufficiency indicator among the 25 EU
countries, sorted in 3 groups (the first group with an indicator > 100%, the second one presents an indicator
between 50% and 100% and the third one with an indicator smaller than 50%).

Figure 3 shows that all countries follow a relatively constant course, with the exception of Latvia and Slovakia,
which present an intense fluctuation of self-sufficiency indicator. Upward trends figure for Sweden and a light
bending for Austria.

Figure 4 records an intense fluctuation of Portugal’s self-sufficiency indicator, which has notably decreased the
last decade. We record a continuous rising course for Ireland and Germany and naturally for the mean of all
EU25 countries.

Figure 5 presents Hungary and Cyprus with an intense reduction of self-sufficiency indicator of sawnwood,
particularly during the last decade. The same reduction is noted for Greece and Italy, but to a smaller
degree. United Kingdom is the only one to present a slight upward course.
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Fig. 3. Diachronic development of sawnwood self-sufficiency indicator (SFI); First group
EUZ25 countries with SFI> 100, at the period 1964-2002.
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The following forecast models for the European sawnwood resulted from the regression analysis:

(1) For imports: Y(I) = 32110.853 + 1171.886t - 62.404t> + 1.184t> (R = 0.698, F=26,9, Sig = 0.000 and

S.E. = 3086.49).

(2) For exports : Y(E) = 13464.727 + 1053.03t - 65.402t> + 1.561t3 (R? = 0.943, F=193.9, Sig = 0.000 and

S.E. = 2158.11).

(3) For the production: Y(P) = 54669.883 + 2495.417t - 150.115t% + 3.029t (R? = 0.930 ka1 F=154.6, Sig

= 0.000 and S.E. = 3021.32)

(4) For the apparent consumption: Y(Ca) = 73316.008 + 2614.272t - 147.118t% + 2.652t> (R? = 0.723,

F=30.5, Sig = 0.000 and S.E. = 4349.04)

(5) For EU25 self - efficiency: Y(Sg) = 0.752 + 0.004t + 8.15E-0.006t> (R?> = 0.813, F=50,8, Sig = 0.000

and S.E. = 0.027)
ti964 = 1, for all models.

The above relations can forecast the development of all parameters at a very satisfactory degree, with a
significant reliability and precision. The forecast is more precise for the parameters that refer to exports,

production and sawnwood self-sufficiency of EU25.
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Indicatively, the analysis of model (5) results to the conclusion that the 100% sufficiency of EU25 in
sawnwood will be achieved in year 2030, provided that all parameters that so far influence it, develop at the
same rate.

Conclusions & Proposals

The tendencies in volume quantity of production, imports, exports and apparent consumption of sawnwood
(coniferous and non coniferous) in the 25 countries of EU present to be regularly augmentative, with the
apparent consumption to have already exceeded the amount of the 100 million m?, since 2000.

The EU25 has a leading role in the export activity of sawnwood in the world trade and thus the achievement
of economies of scale is feasible. During the period 1992-2002, the mean price of roundwood import has
decreased by 35.6%, and more specifically from 240,5 to 155.0 $/m®. The mainer countries of coniferous
sawnwood imports in the EU are UK, Italy, Germany, Denmark and France, while for exports are Sweden,
Finland and Austria.

The self-sufficiency indicator in sawnwood of EU25 amounts to 93% and is expected to reach the 100%
percentage, up to 2030. Countries with the lower indicator of self-sufficiency (< 20%) today, are: Hungary,
Italy, Greece, Cyprus, Holland, Denmark and Malta. On the other hand, Finland, Sweden, Latvia, Lithuania,
Estonia, Czech Republic, Slovakia and Denmark have an overabundance in sawnwood and can exploit this
comparative advantage to conquest new global markets.

The forecast models of production, imports, exports, apparent consumption and sufficiency indicator of
sawnwood of EU25, which resulted from the present research, can be applied with a significant reliability and
precision.

In the today’s international competitive environment, the identification and translation of the external factors
(e.g. the competitive position, the market uncertainty etc), as well as the internal ones (e.g. the product
development process, the technological competitiveness, the administrative capabilities, the internal
information in market knowledge acquisition, the communication and the marketing) constitute a critical point
for the successful prospects of a product (Brent et all, 2000).

Strategic plans are imposed to be drawn up, for the timber sector enterprises to penetrate in new markets at
international level. The plans should include: a) the evaluation of enterprise’s strengths and weaknesses, b)
the mission statement and the definition of the comparative advantage, c) the analysis of the enterprise
environment, including the changes that take place in it, d) the definition of long-range aims of the enterprise,
e) the recognition and the choice of specific markets / products that offer the more attractive opportunities
for the enterprise, its possibilities given, f) the determination of specific and measurable objectives that are
required for the achievement of the longterm aims of the enterprise and e) the growth of strategic programs.

The promotion of exports of certain countries should constitute a permanent goal and state policy, through
the mobilisation of their diplomatic services and the imitation of best practices of countries with exemplary
extraversion, successful internationalisation and export performance (Finland, Ireland, N. Zealand and Chile),
the close collaboration of the public and private sector, based on objectives and strategy and the linkage
between technological research and exports. At the same time, the European timber enterprises should invest
in entrepreneurship abroad, branding, research and technology, the creation of distribution networks abroad
and in the quality, certification and labelling of both enterprises and their products.
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