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Summary 
This document provides an overview of wood biodeterioration and refers to textbooks for more detail. First, it 
gives some essential background on wood structure and composition, as they relate to the use of wood as a 
material by man and as a food source by various organisms. This includes an explanation for the perishability 
of ŝ wood and the natural durability of heartwood. The potential for cany-over of fimgal infection from the tree 
to the wood product is also considered. The range of wood-inhabiting organisms and their effects on wood are 
then described. The functional sulxlivisions of fungi, moulds, stainers, soft-rot fungi and wood-rotting 
basklicmiyc^ are covered in soms detail. The effects of bacteria, termites, wood-boring beetles, carpenter ants 
and marine borers are also mentioned. 

The major agents of damage to wood structures in temperate regions, outside the marine environment, are the 
wood-rotting basidiomycetes, particularly the brown-rot fiingi. The emphasis in the rest of the document is 
therefore on the problems caused in structural softwoods by brown-rot frmgi, though termite damage is also 
briefly considered. The processes which eventually lead to decay, including the colonisation sequence of 
microorganisms, and the conditions required for decay are discussed in detail. For decay to progress, susceptible 
wood, e?qx)sed to fimgal colonisaticm, must remain above 25% moisture content vsith an adequate oxygen supply, 
for a length of time which is dependant upon the temperature. Unfortunately, fungi have similar temperature 
optima to man. 

Some considerations for prevention and remediation of decay and termite damage are also reviewed. A 
discussion of inspection methods for decay and insect damage leads into remedial treatment and repair. 
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1 Introduction 
One statement from the literature is worth reproducing here in full to provide some perspective on our recent 
problems in BC. "Annual losses from decay in lumber used for construction purposes in Vancouver, and British 
Columbia goierally, assume large propcxtions; much of this loss is preventable. The damp climate of the coastal 
regioi is especially conducive to decay, and it is not sufficiently realized that timber construction methods which 
m^ be suitable in other parts of Canada (for example the Prairie Provinces, where the weather is hot and dry in 
the summer and quite cold in the winter) are not suited to this region" (Eades 1945). 

This document is based on an annual lecture to the Masters in Pest Management course at Simon Fraser 
University in British Columbia. It focuses on providing a fundamental understanding of the processes involved 
in the fungal colonisation and decay of wood which can occur when it becomes wet and stays in that condition 
for some time. It provides a brief overview of the subject matter and refers to texts which cover the area in 
greata- detail. In the bibliography, emphasis is given to both classic and recent textbooks. Specialised and less 
accessible publications will be referenced where the information is critical and has not yet been summarised in 
textbooks. In the interests of readability, references will not he provided to back up all the statements made here. 
Support for these statements will, however, be found in one or more of the textbooks and papers in the 
bibliography. 

In mter to understand the processes involved in biodeterioration of wood, it is necessary to know something of 
its structure and composition. Wood is a structural material and also a food source for certain bacteria, fimgi and 
animals. The sequence of colonisation by microorganisms will lead in to the conditions required for decay and 
the impact, in terms of growth and decay rates of the most imix)rtant wood-rotting fungi. A brief review of 
prevention and remediation will include some considerations for repair of biodeterioration problem. 

2 The Structure and Composition of Wood 

2.1 Wood as a Structural Material 

If an engiî er were to (tesign the ideal construction material he would almost certainly start with strong polymer 
chains (cellulose) aligned to form fibres (micro fibrils). To maximise the strength to weight ratio, he might 
construct small tubes (cells) by embedding cross-banded mats of these fibres in a resin matrix (lignin), glueing 
these cells together in a three dimensional structure to the required size. He would also want to maximise 
aestl̂ cs, cost efifectiveness, strength-to-weight-ratio, workability and thermal properties. He would make the 
material fixxn a reiKwable resource using minimal energy and water and produce minimal pollution. Of course, 
nature has done the design for us in the shape of wood. 

Throu^ a variety of processes, the basic properties of wood can also be modified to make it resistant to mould, 
rot, insects, fire, ultravblet li^t and dimensional, listed in increasing level of difficulty. Such processes will not 
he covered in detail m this document. 

Wood is an extremely usefid and versatile construction material. It is the only construction material which is a 
net consumer and store of carbon dioxide rather than producing CO; during manufacture. The use of wood 
instead of other materials therefore has a doubly beneficial effect in reducing global warming. Wood systems. 
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such as platform frame construction, can be very efficient in their use of materials. At the end of their initial 
service life, wood products are becoming increasingly re-used or recycled. Re-use requires very careful 
deconstrucdon, whereas recycling can reduce wood to the flake or fibre level and rebuild it into new structural 
materials. Wood systans dius fulfil the principles of die three Rs: reduce, reuse and recycle. Furthermore, they 
arc also voy amenable to the much older, and frequenUy forgotten, fourth R: namely repair. It is very common 
in Vancouver today to see wood frame houses built in the early part of the 20th centuiy being lifted up, restored, 
extended and put back onto new foundations. 

Fa- the tree, the trunk performs three major fiinctions, one structural and two metabolic. It attempts to hold the 
canopy of foliage above other vegetation which would otherwise compete for light, it fransports water and 
nutrients to and from the foliage and it stores food reserves for the tree. In the natural forest, the frees with the 
best genetic ability and environmental advantage become dominant and the most desirable for harvesting. In a 
similar way, we use tl^ best tree trunks, in their simplest worked form, as utiUty poles to support overhead power 
and communication Unes. At the odier extreme, we also take the wood structure apart and put it back together 
again as engineered wood products for building construction. In between are a wide variety of wood products 
used to consUuct our communication pafliw ŝ, transportation systems, places of work, recreational facihties and 
our homes. Although we use wood for its structural properties, we can not avoid the consequences of the 
metabolic function of the free tnmk. Wood products still absorb water and provide a source of food. 

2.2 Wood as a Food Source 

We see wood as an almost ideal cwistruction material but a lot of microorganisms see it as a conveniently oriented 
series of holes made of food. These organisms make wood biodegradable and are crucial to the breakdown of 
woody matenial <xi the fcniest flocnr. Without fbem, forest ecosystems could not function. They live by consuming 
complex organic materials vAdch form the structural and non-structiu-al components of wood. These organisms 
can not use wood as food unless th '̂ also have several otho* prerequisites including, oxygen, sufficient water and 
die rigjit tonperature range. The wood itself also has to be susceptible to attack (not naturally durable). These 
requirements are covered in more detail in Section 4.2. 

22A The Chemical Composition of Wood 

Chemically, the major structural component of wood cells is lignocellulose, that is: cellulose and similar long 
chain polymers o f sugar units encased in Ugnin. Fortimately, only a limited range o f organisms are capable of 
breaking down cellulose which provides most of die sfrengdi to wood. Lignin is a three dimensional matiix of 
interlinked phytic units which even fewer micro-organisms can degrade. Hardwoods generally have less lignin 
than softwoods and the lignin they contain is also more readily degraded making them particularly susceptible 
to attack hy some types of fimgi (Section 3.1). The breakdown of lignocellulose by fungi is the process we call 
wood decay. 

On the macro scale, free trunks are made up of a series of concentric cylindrical layers with bark on the outside 
and heartwood m the inside. Bark and heartwood are physiologically dead but they perform important protective 
and structural fiinctions. Between die coating of baik and the cenfral column of heartwood is a cylinder of Uving 
tissue with three layers. Just under the bark, the phloem (imderbark) conducts carbohydrates and amino acids 
(town fiiom the leaves to fiiel Uie extoisicMi of roots, the outward expansion of the free during the growing season 
and for storage during dormant periods. The next layer is the cambium, the growth layer wherein expansion of 



the tree occurs. The cambium laya divides to produce phloon cells on the outside and the xylem (sapwood) layer 
on the inside. 

222 Sapwood 

During the eariy part of the growing season, the cambium produces large, relatively thin walled, needle shaped, 
sapwood cells, called early-wood. Later in the growing season, it lays down smaller, thicker walled cells called 
late-wood. The change in ratio of solid cell wall to water-filled or empty cell space (lumen) gives the annular 
density variation visible as annual rings. These cells, tracheids in softwood plus vessels in hardwood, are the 
longitudinal water-conducting pathv̂ rŝ . These pathways are the reason wood is more permeable along the grain 
than across the grain. 

Sqiwood axiducts water from the roots to the leaves. Passage of water from ceU to cell occurs through narrow 
apertures (pits), many of which are fitted with a membrane-supported plug (torus) which automatically closes 
if the water is removed from one side. In addition to longitudinal pathways, there are radially aligned bundles 
of cells called rays >̂ ch conduct water and nutrients between the sapwood and the phloem. The tree also stores 
starches, lipids and proteins in the r ^ . These non-stnictural, relatively easily digestible materials are one reason 
•why the sapwood of all tree species is much more susceptible to biodeterioration than the heartwood. There is 
veiy litde nitrogm in wood but wood-rotting fimgi are very efficient in the use and recycling of nitrogen. Some 
m i c F o n u t r i e n t s (minoals) m^ also be scarce but may be obtained from soil or moist building materials in contact 
with the wood ¥<x exan̂ le, iron plays a key part in the decay process but there is not much iron in wood. It is 
however found in soils, bricks, rockwool insulation and fasteners and fungi are able to solubilize this iron for 
their own use. 

In the living tree, the siqjwood is protected by the bark. A second defence is active wound responses which can 
deliver natural phytotoxins to the site of a wound. The tree is able to "wall off' the damaged area by blocking 
cell lumens and pits. Once the tree is weakened or killed, the sapwood is perishable, in other words, susceptible 
to attack by bacteria, fungi and insects. 

2.2.3 Heartwood 

As more sapwood is layed down on the outside of the tree, the inner rings of sapwood are gradually converted 
to heartwood. In most tree species, the ccxiversion of sq)wood to heartwood involves blocking pathways between 
cells which dramatically reduces the permeability of the heartwood to moisture. 

hi many tree species heartwood formaticxi also involves the manufacture of natural toxic materials which provide 
some (tegiee of prelection against fiingi and insects. Tree species vaiy in the natural durability of their heartwood 
(Table 1) and the level of durability also varies with the age of the tree. The older the tree, the more natural toxins 
laid down when each successive annual ring is converted to heartwood. This means that the least durable 
heartwood is in the centre of the tree and the most durable is the outer heart. This pattern is exacerbated by slow 
detoxificaticxi by non-deĉ  fungi of the extractives in the oldest heartwood in the centre of the tree. These non-
decay fimgi can he followed by wood-rotting fiingi which may also have some tolerance to extractives. These 
factors account fcM- the presence of columns of decayed wood iii the centre of older Westem red cedar trees with 
an intact outer shell of heartwood. Many of these natural toxins are also water soluble, consequently, even our 
most durable Canadian species, Westem red cedar, yellow cypress (Alaska yellow cedar) and Eastern white cedar, 
will suffer from loss of durabiUty and decay over time. Second-growth trees which may be harvested after 80 
years nuty have laid down less extractive originally but they may also have retained more of the extractives in the 



central heartwood if there has been no time for detoxification to occur. The effect of these factors has not been 
investigated. 

2 .̂4 Wood Moisture Content 

Wood moisture ccntoit is expressed in terms of die weight of water as a percentage of the oven dry weight of the 
wood In die standing tree living, water-conducting sapwood is typically at a moisture content (mc) of 150% to 
200% vMie the dead heartwood is around 30-40% nK. Soine species, such as western hemlock and the true firs, 
have a wet heartwood, 50% - 80% mc and some have additional wet pockets associated widi bacteria. Wood 
moisture content is expressed as the weight of water as a percentage of the oven dry weight of the wood. In the 
living tree die cellulose in the cell walls remains fidly swollen with water with the water content of the cell walls 
around 27% of die oven diy weight The point where the walls are fully swollen but the cells are otherwise empty 
of liquid water is known as the fibre saturation point. Once wood begins to dry below this point, it begins to 
shrink. Rapid drying can result in stresses within the wood which may be relieved by the wood splitting 
(checking). Kihi diying of stiiictural lumber reduces the moisture content to a target average of 16% widi a 
maximum of 19%. Wood at equilibrium moisture content with exterior air typically ranges from 12% to 18% 
moisture content The Canadian building code requires that wood be below 20% moisture content at the time the 
building is closed ia Wood in heated buildings typically ranges from 4% to 10% moisture content While green 
(not kihi dried) lumber is still used in construction, kiln-dried lumber is increasingly the material of choice. 

2 .̂5 Fungal Infection Carried over from the Living Tree 

Green lumber m^ coitain decay fungi which infected the standing tree (Eades 1932). These may remain viable 
and spread during storage if the wood is not protected with a prophylactic treatment (Clark and Smith 1987). 
Green lumber which has not been treated with an antisapstain chemical is also susceptible to colonisation by 
fungi. Fungi which colonised in die standing tree or the lumbeiyard can remain active if green lumber does not 
dry out once it is built into a structure. The effects of this can be seen in the fact that almost all of the fungi 
causing soious pn l̂ems in buildings in California were also found in green Douglas fir in lumberyards (Deitz 
and WUcox 1997). 

In most cases, however, organisms that attack standing frees do not siuÂ ive the process of manufacturing into 
wood products. The initial wet heat involved in conventional and higher temperature kiln drying are effective at 
killing all fimgi and insects. Mycelium of even the most resistant fiingi can be killed by 75 minutes at 65° C, 20 
minutes at 80° C, or 5 muiutes at 100 °C in the centre of the product, provided ihe atmosphere is close to 
saturated with moisture (Cartwright and Findlay 1950). Increasingly complex Ufe forms die at lower 
time/temperature combinations. Pinewood nematodes are killed at a temperature of 54° C for 30 minutes or if 
heated to 70° C. Wood-boring beetles can be killed if die wood is heated to 50° C. Being a good insulator the 
wood will remain at these target temperatures for some time. The temperatures typically generated in the 
manufacturing of structural panels and engineered wood products are normally adequate for sterilisation. Air 
drying and lower temperature kihi diying methods, such as dehumidification, may not kill these organisms. 

2 .̂6 Summing up Wood as a Food Source 

In the tree, the heartwood has some level of durability and the sapwood is protected. Once the free is felled the 
ŝ wood becones perishable while die heartwood remains durable. The level of heartwood durability depends 
cm the wood species, the age of die free and the position within the free. 



3 Wood-Inhabiting Organisms 
A wide range of organisms can live in and degrade wood In temperate climates, the most economically important 
agents ofdamage to wood are fungi. In the tropics, termites are the more serious problem. Carpenter ants can 
be a minor problem in southwestem BC and the Pacific Northwest of the USA. Wood-boring beetles are 
regarded as a serious ccmcera in some regiois of the world but have not proved to l)e a major problem in Canada. 
Marine bor^ can cause problems for wood stored or used in the oceans. 

3.1 Fungi 

The filamentous fungi (as opposed to yeasts) are a group of organisms which feed on organic matter and grow 
by extension and branching of tubular cells (hyphae), in a manner somewhat analogous to the roots of plants. 
This form of growth is called mycelium. Fungal reproduction involves the production of microscopic spores 
which are smaller than the pollen grains of plants. These spores are spread by air currents, insects or by water 
splash. The amount and types present in the atmosphere vary with the season and the weather. For example, 
spore production of many fUngi increases dramatically in the fall. A light rainfall can increase the spore load in 
the air but a heavy rainfall can wash most of the spores to the ground. The fiingi which live in wood can be 
divided into moulds, stainers, soft-rot fungi, and wood-rotting basidiomycetes. These are listed in the order of 
increasing levels of damage of wood. 

3.1.1 Moulds and Staining Fungi 

These fiingi typically produce spores on structures which can only be identified under the microscope. They 
noraialty require a hi^ relative humidity to produce spores. They are particularly prevalent in late summer and 
fall when diurnal temperature variations favour the formation of fog ami dew. Mould and staining fiingi live on 
non-structural components and are thus more prevalent in sapwood. Moulds have colourless or pale coloured 
mycelium and coloured spraes. Mould spore production and the associated discolouration, is oftcai confmed to 
the surface and can he washed or planed off. However, some moulds are known to cause respiratory problems 
in sensitive individuals. 

Staining fiingi have brovm- or black-coloured mycelium, giving the wood a characteristic black or blue 
appearance. These fiingi, while unsightly, generally cause very little damage. If the wood dries out, they go 
dormant Ifit does not they are normally r̂ laced by wood rotting fiingi. Themajor economic impact of staining 
fiingi is in the disfigurement of the appearance of wood products. This can reduce the value of raw lumber and 
require costly refinishing on wood in exterior exposure. In the unusual event that staining fimgi remain active 
longer than normal, they can cause reduction in impact strength. 

Staining fiingi can be subdivided into two groups: those causing sapstain and those causing bluestain in service. 
Sapstain fungi are early colonisers of fi-eshly felled logs and they rapidly penetrate deep into the sapwood. 
Bluestain fiingi tend to grow mainly near the surface of the wood. They have the capability to penetrate through 
paint films and their pigment protects them from ultraviolet (UV) light. Some can also live on the products 
produced by the breakdown of wood by UV. Consequently, they are a particular challenge to transparent film-
forming fmishes which do not block UV light and/or can not accommodate the movement of wood in response 
to humidity. Staining fimgi grow particularly well on surfaces which are kept moist by a partially intact surface 
film but remain e>qx>5ed to UV li^L If wood is left unfmished, UV light, in combination with water, causes the 



breakdown of die lignin vMdn is ihsa washed aw^ by raia The exposed cellulose reflects Ught giving a silvered 
appearance but staining fungi daricen diis to a grey "weathered" look. 

3.U SofHlot Fungi 

Closely related to the mould and stain fimgi, the soft-rot fungi are capable of breaking down lignocellulose and 
therefore of causing severe strragth loss. Some types erode the cell wall, others tunnel within it. Confirmation 
of soft-rot must be made using the light microscope. These fimgi typically attack wood in permanently moist 
conditions such as soil or cooling towers. They attack relatively slowly from the surface inwards and some are 
tolerant of heartwood extractives and wood preservatives. They can cause severe damage to preservative-freated 
wood in groumi ccmtact if insufficient preservative is used. However, in unfreated wood above ground they are 
normally succeeded very quickly by wood-rotting basidiomycetes. Hardwoods such as oak and maple are 
particularly susceptible to soft rot. Since we use softwood in consbiiction, soft rot is economically important 
only insofar as it places limits on the service life of preservative-freated wood in ground contact. 

3.U Wood-Rotting BasidiomycetM 

These are the fimgi of most economic importance. Basidiomycetes typically produce large fiiiiting structures, 
toadstools, brackets or omks, which are obvious to the naked eye. Although many basidion̂ cetes in temperate 
regions produce annual fruiting bodies in late summer and fall, spore production may continue through a mild 
winter. When moisture and temperature conditions are favourable, some wood-rotting basidiomycetes will 
produce fruiting bodies in winter, spring or eariy summer. Yet odiers, particularly diose which grow on Uve frees, 
have perennial fruit bodies which grow larger each year. The mycelium of most of the economically-important 
wood-rotting basidiomycetes is white, pale yellow or buff. Several of them produce n ĉelial cords consisting 
of bundles of hyphae which extend by growing at the tip. These cords are capable of growing considerable 
distances over inert materials and, in some cases, fransporting moisture with diem. They are more resistant to 
desiccation and competition than a loose web of mycelium. Th^ also concenfrate the energies of the fungus 
facilitating the invasion of new subsfrates. The power to invade new subsfrates is termed inoculum potential. 
Mycelial cords have more inoculum potential than mycelium, vdiich, in turn, has much more inoculum potential 
than a spore, hifection of wood structures above ground probably occurs maiidy through spore germination, 
thougjb subsequent spread from component to component can be by mycehum or myceUal cords, hi or near the 
ground, infection by mycelium or mycelial cords is much more likely. 

The term wood-rotting basidicxityc^ (WRB for short), aldiough cumbersome, is at least precise. Many wood-
rotting fungi are not basidionycetes (the soft-rot fimgi) and many basidiomycetes do not decay wood. The WRB 
decay wood at a much faster rate than the soft-rcA ftmgi. Their destiiictive effects can be readily distinguished 
with the naked eye and they can be divided into white-rot fungi and brown-rot fungi on die basis of their effect 
on wood. 

White-rot fimgi: These fimgi tend to attack hardwoods such as aspen and maple. They degrade both lignin and 
cellulose leaving the wood bleached to a paler colour. Decay may start in small pockets and may result in a 
stringy texture to the wood. Sti-ength loss is comparatively slow to occur. 

Brown-rot ftmgi: These fimgi tend to attack softwoods such as pines, spruces, hemlocks and firs. They degrade 
primarily the cellulose but they do modify the lignin leaving a brown, oxidised appearance. As the fu-st step in 
the decay process, the cellulose is chopped into short lengths by a non-enzymic process resulting in rapid early 
strengdi loss. This also allows die wood to crack across the grain as it shrinks in response to the breakdown and 
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removal of the cellulose. The cross-grain cracks and longitudinal cracks combine to give the characteristic cubical 
cracking pattern, hi some cases the wood may appear charred. Brown-rot fungi are the most economically 
important agent of destruction in wood buildings in temperate climates. 

No extensive studies have been done to determine wliich wood-rotting basidiomycetes are most important in 
Canada but the list is likely to have much in common with the list developed for the United States (Duncan and 
Lombard 1965). The WRB most often identified with decay in buildings in the USA were Meruliporia 
incrassata, Gloeophyllum trabeum, Tapinella panuoides, Antrodia vaillantii, Coniophora puteana, Serpula 
lacrymcms, Postia placenta and Antrodia serialis. All of these are brown-rot fungi, two of them, M incrassata 
and S. lacrymans, have the capability to transport wato" fitm wrt wood to relatively dry wood over inert surfaces. 
This allows them to spread more rapidly under conditions which are marginally favorable for decay. 

Wood-rotting-basidiomycetes are generally more sensitive to wood preservatives than soft-rot fungi or bacteria. 
There are, however, a number of brown-rot fungi \^ch are tolerant of moderate amoimts of copper, and some 
whidi are tolerant of arsenic. Many of the white-rot fiingi and a few of the brown-rot fiingi are tolerant of organic 
preservatives, possibty through the action of the enzyme or non-enzymic systems they use to break down lignin. 

Although these agents of biodeterioraticm are a nuisance to us in our attempts to use wood for our own purposes, 
they also have the potential to recycle wood at the molecular level when wood products reach the end of their 
usefiil service lives. Mcve specific d̂ ails m the wood breakdown mechanisms of fiingi are provided by Eriksson 
era/. (1990). 

3.2 Bacteria 

Bacteria tend to colonise wood with a high moisture content, either fi-esh firom the tree, water sprinkled, 
submerged in lakes or wet soil. Some bacteria simply live on the non-structural components in sapwood and may 
increase the permeability of wood by destroying pit membranes. Other bacteria are capable of degrading 
lignooellulose tHit their rate of decay is very slow. They can, however, cause considerable strength loss over the 
course of many decades. They can also attack preservative-treated wood, but again, this is a very slow process. 
Many ardieological artifacts recovered firom lake sediments have been attacked by bacteria. Bacterial attack can 
be seen vaada the light microscĉ  but electrc» microscopy is required iat detailed diagnosis of the various types 
of bacterial decay. Bacterial decay is not regarded as of great economic importance. 

3.3 Termites 

Termites are primitive social insects related to cockroaches. Though often called "white ants", they are not 
closdy related to ants. They do, however, superficially resemble ants and Uve in large colonies widi a variety of 
specialised castes including a Queen (and King). Based on their effect on wood in construction, termites can l)e 
divkted into three groups: dampwood termites, subterranean termites and drywood termites. Dampwood termites 
live in damp and decaying wood, and the damage they cause is of relatively Uttle economic significance. 
PrevOTtion of decay is the main problem here. Subterranean termites cause the majority of the economically 
inqxxtant damage to wood products diroughout the world. They typically require some connection to moist soil 
throu^ their system of galleries. In order to cross inert substrates to access wood, they will build shelter tubes 
fi-om earth, wood firagments, faecal excretions and salivary excretions. Formosan subterranean termites have, 
however, been known to start colonies out of ground contact, for example, around water tanks in high-rises in 
Hawaii. This particularly voracious species has also been introduced into the continental United States via 
several Gulf Coast ports. It is also the species which is prevalent in southern Japan. Drywood termites attack 
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diy sound wood and do not colonise via the soil. A mated pair of winged reproductives can fly in and start a new 
colony directly in wood in buildings. In North America, drywood termites are confined to the extreme southern 
United States and Mexico. 

In Canada, subtoranean termites are only considered a serious pest in some southern Ontario cities (particularly 
downtown Toronto) and in some of the drier areas of British Columbia (Eastern Vancouver Island, the Gulf 
Islands, the Sunshine Coast and the Okanagan). 

3.4 Wood-boring Beetles 

There are a large number of types of wood-boring beedes, weevils, wasps and bees (Bravery et al. 1987, Levy, 
undated). Fa- die species which cause most structural damage in buildings, it is only the grubs which feed on the 
wood. Aita- piqiadrai, the adults emerge by biting their way out of the wood. Since they do not consume wood 
at this stage, thqr are not killed by surface applicadcHi of preservadves, many of which are stomach poisons. Such 
presCTvatives will however prevent reinfestation by die next generation. Some beeties and wood wasps lay their 
eggs only through bark and are only problematic in their unexpected emergence fi-om wood products. Wood 
wasps are particularly large and alarming in appearance. Typically such species do not re-infest wood in service. 

Odier wood-inhabiting bê es can cause considerable damage particularly where, over many decades, generation 
after generation can reinfest the same piece of wood unnoticed. A typical example would be trusses and enclosed 
wooden staircases in older European houses. The rate of growth of many species is conti-oUed by the nitrogen 
and starch content of the wood. The sapwood of hardwoods is particularly susceptible to beetle damage. A 
number of beedes and weevils preferential̂  attack rotted wood Sometimes their emergence holes, bitten through 
an otherwise sound surface, are the fu-st signs of decay. Wood boring beetles have not been known to cause 
econcHnically important damage in wood structures in Canada. 

3.5 Carpenter Ants 

Carpoiter ants are easy to identify because they are large and completely black. They are very common in B.C. 
They do not eat wood, they merefy excavate it to live in. They emerge from the wood to forage for vegetation 
and any sugary housdK)Id foods. They prefer softer woods or diose that have been softened by decay and other 
soft building materials, siKh as insulation. Unchecked, carpenter ants can cause serious structural damage. The 
noise of their excavation can be highly irritating particularly in buildings with expanded polystyrene insulation. 
Removal of woody ddbm, adequate soil/wood separation (or use of freated wood in ground contact) and general 
sanitation of buildings is normally adequate to discourage these pests. A mixture of sugar and borax has been 
used as a home made poison bait to reduce infestation. 

3.6 Marine Borers 

Two types of marine borers are important in die coastal waters of Canada, shipworms {Bankia setacea and 
Teredo navalis) and gribbie (Limnoria quadripunctata and Limnoria tripunctata). The damage from these 
o-ganisms is unlikely to be found in buildings unless die lumber has been cut from logs which have been stored 
too long in sea water. Shipwcmn damaged wood has occasionally been used as decorative panelling. Shipworms 
are molluscs which setde on die wood as larvae and tunnel deep into it by rasping with their serrated shells. They 
leave tunnels up to 12 mm in diameter and a major infestation can desfroy untreated piling in less than a year. 
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Gribbles are crustaceans which leave very small tunnels (1mm) seldom extending more than 12 mm from the 
surface of the wood. Severe damage can occur over several years as the weakened surfaces are continually 
abraded by the action of waves and flotsam. Both types of borer are confroUed by good quaUty preservative 
freatment. Bramhall (1966) provided an excellent review of the situation on the West coast of Canada. 

Further reading: 

More detail on the organisms involved in biodeterioration of wood can be found in the textbooks written by 
Cartwright and Findlay (1950), Eaton and Hale (1993), and Zabel and Morrell (1992). Two odier texts. Bravery 
et al (1987), and Levy (undated) are very useful for identifying which organism is causing a particular problem. 

Of all die organisms which use wood as a food source, the most important, in the temperate regions, are the wood-
rotting basidiomycetes. hi structural softwoods, die brown-rot fungi are particularly important. Wood diat is 
recognisably rotten is the product of a sequence of events with the participation of a succession of 
microorganisms. 

4.1 The Colonisation Sequence Leading to Decay 

Although they can decay firesh, previously sterile wood, WRB are commoidy prevented from colonising by 
competition from a sequence of organisms, including: bacteria, mould fungi, staining fimgi and soft-rot fungi. 
This sequence can take weeks or months to complete, depending on the conditions prevailing in the wood. As 
discussed above, the bacteria, mould fimgi and staining fungi live on non-structural components of the wood and 
can not break down lignocellulose. They are, however, adapted to rapidly colonising and exploiting readily 
digestible cartxihydrates, lipids and proteins in sapwood. To prevent other fimgi from competing with them, 
many fimgi produce antibiotics. Onfy when the moulds and staining fimgi have used up all the non-structural 
ccxnponents and stop growing, can the soft-rot fimgi and WRB take over. The wood-rotting fimgi can compete 
at this stage because the oily remaining cartxm source is lignocellulose and only they can use it. Unless the WRB 
are excluded by unfavourable conditions, such as high moisture contrat or wood preservative, they will out 
ccxnpete the soft-rot fimgi. (Note: most of the research on the colonisation sequence has been done on sapwood. 
Heartwood vAMi has relatively litUe readify digestible component and some natural toxins m^ have a different 
sequence) 

If wood becomes stained and stays at the right moisture content, it will almost certainly be colonised by wood-
rotting fimgi some time lat̂ . It is difGcult to predict how long this stage will take. It depends on the chances 
of a WRB arriving on the wood when the wood is in the right conditions for colonisation and also on the abiUty 
of the WRB to compete with die fimgi aheady present. The cellar fimgus, Coniophora puteana is one of the 
most aggressive in overcoming the resistance of the mould and staining fimgi. Gloeophyllum sepiarium, the 
most common decayer of millwork, is relatively weak. 

In the absence of expoimoital data, we must assume that colonisation and decay processes start where they left 
off when lumber is dried and re-wetted. It is also safest to assume that the colonisation sequence does not start 
from scratch when lumber that has suffered blue-stain prior to kihi drying is re-wetted. 

4 Microbial Biodeterioration Processes 



4.2 Conditions Required for Decay 

Wood-rotting fimgi have the same basic needs as odier organisms: a fixxl source, an equable temperature, oxygen 
and water. As discussed above, the wood provides almost everything a fungus or insect needs for food. However, 
the heartwood of some species is less susceptible than others. Furthermore, wood can be made non susceptible 
to decay through chemical treatment. 

The temperatures that we regard as ideal for comfort are also perfect for the growth of wood-rotting fimgi. such 
fimgi do vary in their temperature optima, but Uiese commonly lie between 20''C and 3(yC. A few WRB grow 
&stest at 34 - 36°C and diese are typically the species (Gloeophyllum species) that are dominant on exterior wood 
products exposed to sunli^ All WRB are stqjped by tenqxratures higher than 46°C but they may not be killed 
imtil the temjjerature reaches 60°C. As with many biological systems, a ten degree drop in temperature results 
in a halving of the growth rate. Growth and decay does not cease until the temperature is very close to 0°C. 

Oxygen is ubiquitous and is not normally a limiting factor. Painting or otherwise sealing the wood surface will 
not exclude oxy^ fiom the wood. Although decay is an oxidative process, WRB are relatively tolerant of low 
o?̂ gen levels. A normal atmosphere omtains 21% oxygen and reduction in growth of WRB does not occur until 
the concentration drops bdovf 1 - 2%. When buried in anaerobic lake sediments, wood is not attacked by WRB 
or soft-rot fimgi, but it can still be degraded very slowly by some bacteria. 

Water is llie key Umiting facto* in itecay of wood in structures and, in temperate climates, moisture control is key 
to the durability of wood systems. While some moulds can grow on wood as moisture contents around 20%, 
infection by spores of WRB probably does not occur at wood moisture contents below about 28%. This 
ccHTesponds to a relative humidity (RH) around %%. In order to germinate, spores need to absorb moisture from 
the wood and bdaw the fibre saturation point, the wood exerts too much suction on the water. The myceUum of 
WRB can colonise wood l>ebw the fibre saturation point, possibly down to 22% mc, provided they are growing 
from a substrate at a higher moisture content. Certain WRB, such as the true dry rot fimgus, are capable of 
transporting water through mycelial cords over inert surfaces and depositing it into dry wood. The true dry rot 
fimgus (Serpula lacrymans) is very rare in Westem North America but common in the East and in Europe. It 
shows a distinct preference {(x wood in contact with bricks and mortar. In Westem North America there is 
another water- c(mducting fimgus (Meruliporia incrassata) with more limited capabilities. 

Once WRB are established, the optimum moisture contents for decay of wood lie between 40 and 80% mc. The 
xspper limits vary between 100 and 250% mc depending on the wood density. Once water fills more than 80% 
of the space in the wood, gaseous diffiision is slowed to the point that C O 2 builds up to inhibitory levels and 
oxygen is limiting. WRB may stop growing under these conditions but they are not necessarily killed. 

Once WRB are established, the minimum moisture content for decay to proceed is around 22 - 24%, so 20% is 
fi-equently quoted as a maximum safe moisture ccmtent for wood. The Canadian Building code requires the 
mc»stiBie content of wood to be below 19% when the building is closed in. Diying the wood to l)elow 15% will 
stop the decay process but will not necessarily kill the decay fimgus unless a sufficiently high temperature has 
beoi used in the drying process. WRB can survive for up to nine years in wood at moisture contents around 12%. 
If the wood wets up again, the decay process can restart. 

The figures quoted in this section were all taken from Cartwright and Findlay (1950), or Zabel and Morrell 
(1992). These textbooks provide references to the original publication fi-om which these data are taken. 
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4.3 Growth and Decay Rates of Brown-Rot Fungi 

While their growth rates in the laboratory are well known, the growth rates of brown-rot fiingi under field 
conditions have not been extensively studied. Our best estimate is that, under ideal temperature, moisture and 
nutrient conditions, tĥ ^ will grow betweoi 1 and 10mm per day over the surface of wood (Thornton and Johnson 
1986) and at a somewhat slower rate within solid wood (Dobry and Rypacek 1991) in the longitudinal direction 
(parallel with die majority of cells). The rate of growth within soUd wood across the grain will be slower still. 

The rate of strength loss and weight loss caused by brown-rot fimgi has been much more extensively studied. 
As discussed above, the Ugnocellulose breakdown mechanism used by the brown rot fimgi causes rapid strength 
loss before dec^ is obvious to the naked eye. Some strength properties are more sensitive than others. 
Compression perpendicular to the grain, important for the bearing strength of plates and beams may be reduced 
by up to 60% in one wedc under ideal conditions in sapwood Under the same conditions, Douglas fu* heartwood, 
which is moderately durable, might only lose 25% of compression perpendicular to grain in a week. For 
compression parallel, inqx»tant for studs, sapwood might lose up to 40% and Douglas fu- heartwood up to 15% 
in one week. Zabel and Morrell (1992) provide a detailed discussion of the effect of white-rot and brown-rot 
fimgi on all the strength properties of softwoods and hardwoods. 

Wood-rc^g fimgi break down the carbĉ ydrates in wood to carbon dioxide and water, thus the moisture content 
of wood increases as decay progresses. This makes it somewhat more difficult to stop the decay process by 
drying out the wood. Some form of accelerated drying is normally needed. Interestmgly, the WRB 
(Gloeophyllum species) ccrnimcmly found attacking wood in exterior applications (deckmg, windows, etc.) cause 
a greater increase in moisture content than predicted from the breakdown of carbohydrate alone (Viitanen and 
Ritshkoff 1991). This suggests that diey are capable ofextracting additional moisture from the air. These fimgi 
are also particularly tolerant of desiccation and high temperatures (Cartwright and Findlay 1950, Zabel and 
Morrell 1992). 

5 Some Considerations for Prevention and Remediation of 
Decay and Termite Damage 

5.1 Protection by Design 

In the \aaperdie zones, where insects vMch attack diy wood are of Uttle significance, wood products and systems 
can last indefinitely, provided they are kept dry. There are numerous examples of historic wooden stiiictures 
which are thousands of years old. Most often quoted are the temples of Japan and the stave churches of 
Scandinavia These would have been built with only the best of materials using the true wood (heartwood) of the 
most durable local frees. When those structures were built, the sapwood was normally cut off and discarded. 
Such temples and diurdies were well <ksigned widi pitched roo& to shed the rain and they were probably lovingly 
constructed with great attention to detail. Being places of worship, they have almost certainly been well 
maintained over the years. They will also have undergone periodic repairs. With all these factors taken into 
consicteration, it seems we can build wooden stiiictures to last as long as we like. The primary consideration is 
to keep the wood dry and, where moisture can not he avoided, use durable wood products: naturally durable or 



pressure-treated Where termites are a problem, specific design elements must be included to exclude them from 
the structure. 

More detail on oxistruction of wood buildings for durability can be found in pubUcations by the Canadian Wood 
Council (1995), Dost and Botsai (1990), Lstiburek and Carmody (1991), the National Forest Products 
Association (1988), Scott (1968), Trechsel (1994), Wilcox et al. (1991) and the Wood Protection CouncU 
(1993). 

More detail on protecting wood from termite damage can be found in publications by the UK Building Research 
Establishment (1976), die National Forest Products Association (1988), and die Wood Protection Council 
(1993). 

Most wood products used in full exterior exposure should be constructed from naturally durable or pressure-
treated wood if fli^ are to provide a service life, safety and maintenance requirement acceptable to the end user. 
Useful handbooks on this subject have been written by Cassens et al. (1995), McDonald et al. (1996) and the 
Wood Protection Council (1993 

5.2 Considerations for Repair and Remediation 

Since decay and termite damage are usually far advanced when they are discovered the primary consideration 
is normally the restoration of the required strength to the structure. The second consideration is the restoration 
of the sppearaooe. The third, and often overiodced, consideration is the prevention of recurrence of the problem. 
This requires an understanding of the causes of the problem in the first place. This should include the search for 
primary and seccxidaiy sources of moisture. Since fimgi need moisture contents at or above the fibre saturation 
point, the initiation of decay may have been associated wiUi a water leak which has since been eUminated. 
However, once established, decay can progress at moisture contents as low as 25% so it can be maintained by 
a moist atmosphere. All sources of moisture must be eliminated: It is also critical to remove all infected wood, 
not only that ^^ch is obviously decayed but 60cm beyond the end of die visible dec^ along the length of the 
damaged member. As discussed above, visibly rotten wood is the last stage in the decay process, thus WRB may 
be present in wood ^^ch is not apparently affected. Normally decay in part of the cross- section of a wood 
member means that the entire cross-section has to be replaced. 

Eradicaticm of infection by WRB is made more difficult in buildings with brick, block or masoniy construction 
where the true diy-rot fimgus can survive in wood concealed within soUd walls. In a study by Bracknell (1984) 
of inci<fences of die true diy-rot fimgus in UK buiklings, 52% had a history of dry rot and had undergone previous 
attempts to eradicate it. 

If it is not 100% certain diat all the fimgal infection has been removed and all moisture sources eliminated, 
ccmskte using pressure-treated wood, to CSA O80 standards, to replace rotted members. It may also be prudent 
to treat, in situ, the remainder of the original wood. A difihisible preservative is recommended for this either in 
the form of soluble rods placed in drilled holes or as a spray application to exposed surfaces. Soluble rods are 
best used where it is expected that the wood will stay wet for some time. Where the moisture source is known, 
the rods sboukl be placed as dose as possible to the point where the water will enter the wood. Soluble rods can 
provide enough [Heservative to halt existing infections but a surface application can only hope to prevent WRB 
and insects from transferring out of infected wood onto new wood. 



In the case of subterranean termites, their means of entry to the building should be eliminated by redesign and/or 
repair. Restoration of odier elements of the original termite management system may also be necessary. Where 
reinfestation seems likely, pressure-treated wood to CSA O80 standards should be used for any repairs. 

Where the structure being restcxed has sc»ne historic importance, die histcxic qualities should not be compromised 
by the restoration process. It is oftoi desired to retain as mudi as possible of die original material, thus new wood 
or odier materials may be attached to existing decayed structures. Attempts may be made to restore the strength 
of rotted wood and fill rot pockets. As a result, existing infections may not be completely eradicated and intensive 
remedial treatmoit m^ be needed. Ideally, nothing should be done to such a structure that can not, in fiiture be 
reversed if more appropriate conservation technology is developed. 

Fa- further reading on remediation and repair of decay in buildings refer to Freas (1982) and the publications of 
die US National Pest Contaiol Association, Dunn Loring VA.. Some additional information is provided by Eaton 
and Hale (1993), Braveiy et al. (1987), and Levy (undated, 1979?). The recommendations provided by Scott 
(1968) are designed for British housing and are somewhat out of date. Design and construction principles for 
primary constiiiction which are also valid for repair can be found in booklets by die Wood Protection Council 
(1993) and tiie National Forest Products Association (1988). 

The final word: 

"In the coastal region of British Columbia, much preventable loss results fi-om decay in wooden structures, 
particular̂  in and aroimd residences. Common causes are faulty ventilation, exposure of wood parts to moisture 
and contact of these with the ground. The best method of prevention lies in proper design and construction, with 
factors which induce decay borne in mind." (Eades 1945) 

H.W. Eades was a forest product pathologist at the Westem Forest Products Laboratory, now Forintek Canada 
Corp. 
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Table 1: Permeability and durability of Major North American Softwoods 

Premeabiiity Predominant 
Type 

Heartwood 
Durability Sapwood heartwood 

Predominant 
Type 

Heartwood 
Durability 

Douglas Fir 2 4 heart moderate 
Western Hemlock 2 3 heart non-durable 
White Spruce 2 3-4 heart non-durable 
Engehnann Spruce 2 3-4 heart non-durable 
Black Spruce 2 4 heart non-durable 
Red Spruce 2 4 heart non-durable 
Sitka Spruce 2 3 heart non-durable 
Lodgepole pine 1 3-4 heart non-durable 
Jack Pine 1 3 heart non-durable 
Red Pine 1 3 sap non-durable 
Southern Pine 1 3 sap moderate 
Ponderosa Pme 1 3 sap non-durable 

AmabiUs Fir 2 2-3 heart non-durable 

Alpine Fir 2 3 heart non-durable 
Balsam Fir 2 4 heart non-durable 

Western Red Cedar 2 3-4 heart durable 

Yellow Cypress 1 3 heart durable 

Western S-P-F 2 3-4 heart non-durable 

Eastern S-P-F 2 4 heart non-durable 
Hem-Fir 2 3 heart non-durable 

Incising is an effective means of increasing the treatability of lumber but species with 
heartwood permeability rating higher dian 3 require high density incising (over 7,500 
incisions per square meter). 

The teatabiiity ratings are as follows: 

1 Permeable 
2 Moderately impermeable 
3 Impermeable 
4 Extremely Impermeable 
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Summary 
Over the last four years or so, moisture problems in apartineat buildings in coastal BC have assumed catastrophic 
pn̂ )orti(X)s. Estimates for die cost of repairs range from $ 100 million to as high as $ 1 billion and the effects are 
eveiywhaie to be seen. Fingers have been pointed in all directions to assign blame and OSB has been one ofthe 
targ^. All die oxicemed parties have responded and diere is now a coordinated effort, led by Canada Mortgage 
and Housing Corporation (CMHC), called the Building Envelope Research Consortium (BERC). This 
consortium has a six-point plan including a field survey of die problem, local best-practices guide, quality 
assurance pn̂ ocols, an oivelope drying rates study, education programs and a plan to monitor model buildings. 
The completed field survey failed to confum that problems with OSB were any worse than with plywood, the 
basic fault lying with poor (ksign and ccmstructioa Ilie local best practices guide and quaUty assurance protocols 
are currently under development and some education initiatives have aheady begun. 

Forintek has also taken action to address the situation. In the short term, we joined the BERC and kept the 
industry informed of its fmdings. In the medium term, we have identified a combination of safe, low level 
chemical treatments whidi will provide OSB widi the same fungal resistance as E>ouglas-fir-faced plywood. This 
would be important for air-ti^t wall systems in humid climates where construction moisture might be slow to 
diy out Specifiers had indicated diat such an enhancement of the fungal resistance of OSB would aUeviate the 
concerns that made them stop using the product In the long term, even before the Vancouver problem had fully 
manifested itself, we had set up a project called Decision Aids for Durable Wood Construction. This project is 
designed to make the existing knowledge on wood-based material properties, design, construction and 
maintoiance for durabiUty available in a useable form to the people that need it. These would include, architects, 
developers, builders, homeowners and maintenance supervisors. It will also faciUtate transfer of information 
between people involved at each stage of a building life cycle. Although this is a complex project, with a long-
term goal, diere are expected to be a number of short-term, spin-off products. The first of these vyill be an 
Internet web site on durable wood construction some time next year. 

Histoty shows diat widi die ri^t combinaticxi of materials, design, construction quality and maintenance, we can 
construct wood buildings to last for hundreds of years. The trick is to do so on a reUable basis given modem 
constraints. 
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1 Introduction 
The objective of this p̂ jer is to provide an overview of the Vancouver condominium problem and the work being 
done by the construction industiy and by Forintek to solve the problem. 

Anycaie who has visited the Vancouvo" area in the last four years cannot fail to have noticed the blue and orange 
tarpaulins drying many apartment buildings (Figure 1). These are not new construction but repairs to buildings 
between three and ten years old. Some of these buildings have aheady been repaired once and are now 
undergoing a second round of rqjairs. This situation has been heavily covered in the local media with particular 
emphasis in 1993, 1995 and again in 1997. It has even merited a few column inches in Canada's national 
newsp̂ )̂ -. The extent ofthe problem is veiy difficult to estimate because there is no mechanism to quantify the 
number of buildings under repair and few strata councils wish to annoimce that they have a problem building. 
Estimates of the magnitude of die problem range from $ 100 tniUion to as high as $ 1 billion. Vancouverites pass 
these buildings eveiy d^ on their w^ to woric, to the shops or their preferred recreation. Everyone in Vancouver 
knows somebody who lives in one of these problem buildings, if they are not Uving in one themselves. 

While some cases have be^ taken care of by the New Home Warranty Program of BC, in many cases individual 
owners have had to come up widi tais of thousands of dollars each to cover the repairs. In one three-townhouse 
building, each owner had to put up $ 150,000. In addition to the cost there is also the disruption to consider, since 
in many cases people have to move out while the repairs are effected. Not surprisingly, there is a great deal of 
bad feeling being generated amongst condominium owners. 

This issue has genoated a great deal of discussion amongst all the parties concerned and there are a broad range 
of opinions as to the cause. It seems to be human nature to look for a single cause, perhaps in the hope of a 
simple solution. "Its the building boom since 1986. There are always a few bad apples under these 
circumstances." "Its OSB. If we stop using OSB we won't have a problem." "The problem is stucco. We should 
just stop using stucco." "We should never have started using 6 mil polythene in the Walls." "We should never 
have come down from the h-ees." The truth, as in most man-made catasti-ophes, is that there is no single root 
cause but a \vhole series of factors which came logger at one time. Other changes which came about at the same 
time may have Uttle or no bearing on the problem, even though, on the surface they appear to be linked. 

It is not just a Greater Vancouver problem. Similar leaky condominiums have been reported from Victoria, 
Campbell River, Abbotsford and points in between. It is not just an OSB problem. There have been several 
examples of decay problems in plywood but OSB was the most commonly used sheathing material during diis 
period. It is ncrt: just a sheadiing problem In most cases, the framing lumber is also affected (Figure 2). It is not 
just a wood-frame problem. There have been many reported cases of leaky concrete buildings, however wood-
frame buildings have heeti the ones suffering structural problems. 

All the concerned parties have reacted according to their degree of involvement and their mandate. These 
reactions range frcxn the Task Group on Condominium Conshiiction set up by the BC Govemment to problem-
awareness seminars and skill enhancement courses by the professional and industiy associations. These last 
included die Architectural Institute of BC (AIBC), the Urban Development Institute UDI), the Canadian Home 
Builders Association of BC (CHBA.BC), die Masonry Institute of BC and the New Home Warranty Program 
of BC. SpeciaUst waterproofmg companies have done a roaring trade with stucco sealants and caulking guns. 
Consulting ragineoing firms involved in die repair and restoration of diese buildings have begun to develop in-
house design details to prevent recurrence ofthe problem. Vancouver City Council issued Bulletin 96-02 which 
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required die involvement of a professimial designer or die provision of a transferable five-year warranty with the 
possibility for a five-year extension. In addition there were requirements for emphasis on flashing details, the 
use of two layos of 30- minute building paper under stucco, a drained cavity behind the stucco and fully detailed 
drawings. Concerns were raised by the industry, in particular on the lack of testing to show that such a cavity 
woidd be effective and not cause unforseen problems. Also there were no proven techniques for constructing 
cavities behind stucco while providing die necessary rigidity of support. Some consulting engineers began to 
specify the use of drainage matting instead of a cavity. 

It became d>vious that if the problem were to be solved, it would be necessary to consolidate all these efforts and 
base the proposed solutions on facts rather than opinions and anecdotes. Thankfully, the Pacific and Yukon 
Region of CMHC took the lead in developing a coordinated plan to investigate and solve the problem. 

2 Activities of the Buiiding Envelope Research Consortium 
CMHC set iq) the Building Envelope Research Consortium including representation fi-om Governments, insurers, 
architects, engineers, developers, builders, product manufacturers and researchers. The initial three point-plan 
developed into the following six-point plan 

• Field Survey of the Problem 
• LocaUzed Best Practices Guide 
• Quality Assurance Program 
• Envelope Drying Rates Analysis 
• Building Envelq)e Education Program 
• Monitoringof Model Projects 

2.1 Field Survey of the Problem 

Funded by CMHC and carried out by Morrison Hershfield, die field survey looked at 37 problem buildings and 
9 control buildings, where no significant moisture problems had been reported. All were built between 1985 and 
1991, and most had aluminum windows without a thermal break. A variety of sheathing, air barrier and cladding 
materials were inclucbd diou^ most had building paper, OSB and stucco because these were the most conunon 
building materials during the period in question. 

Tbs details of die mediods used and die results obtained are in tte rqjort by Morrison Hershfield (1996) available 
from CMHC. Our interpretation of the conclusions can be summarized as follows: 

1. By far the major source of moisture was rain penefration, not construction moisture or condensation. 

2. Pendration of the cladduig occurred at edges not through the face of the cladding. Stucco was being used 
as a face-sealed system but it was not necessarily edge sealed. The low permeability of the stucco may have 
prevented drying out through the face. 

3. Penefration of the building paper occurred at gaps, reverse laps or where it was completely absent. 



4. The majority of problems were around windows and horizontal surfaces, particularly where th^ met vertical 
surfaces, for example balconies, walkways, guardrails and parapets. 

5. The major causes ofthe problems were a combination of: 
A. Absent or poor architectural details 
B. Poor construction methods 

6. The differences, expected by some, between OSB and plywood were not proven 

7. Stucco-clad walls had more symptoms per problem wall than those clad in wood or vinyl siding. 

8. Stucco clad walls cost more to repair than those clad in wood or vinyl siding 

9. Buildings with a simpler design performed better. They had fewer penetrations where mistakes could be 
made and fewer water trapping features. 

10. East- and South-facing walls had more problems than North- or West-facing walls, probably because wind-
blown rain comes from the East and South-East in Vancouver. 

11. The presence and width of overfiang reduced the incidence of problems (Figure 3). 

In general, these conclusions, based on data, supported those based on observation and experience. They have 
formed the basis for the Localized Best Practices Guide 

2.2 Localized Best Practices Guide 

Also fimded by CMHC and under development by Morrison Hershfield, the localized guide will be based on the 
existing draft guide for wood frame construction, with specific information for design and construction in die 
cUmate of coastal BC. It will deal with the issues identified in die field survey and incorporate design solutions 
developed by die local consulting engineering community. The one knowledge gap that has been identified is in 
the area of drying rates from wall systems; those without cavities behind the cladding and diose widi drainage 
mats or sfrapped cavities (see section 2.4). In die absence of diis information, the prescriptions for rainscreen 
systems will necessarily be conservative. 

2.3 Quality Assurance Program 

The Quality Assurance Protocols are also currendy under development by the Pro Pacific Group, again fimded 
by CMHC. They are intended to be integrated throughout the consboiction process. The BERC is hopuig for 
industry-wide buy-in and there is the potential for nameplate recognition of buildings constructed using these 
protocols. 

2.4 Envelope Drying Rates Analysis 

Some WCMIC on this elanent has alreacfy started, fimded by an industty consortium, but this has been brought under 
the umbrella of a more comprehensive research program. CMHC has put forward some fimding and is seeking 
additional fimding fiom other stakeholders. The preliminary testing, already underway, will evaluate the rate of 



drying by diffusion from wall panels widi a range of cavities or drainage systems on a small scale under static 
conditions. A test unit has been built widi exterior conditions on one side and interior conditions on the other. 
The test panels will be sealed between die two, a measured amount of water will be introduced into the stud space 
and the time taken to dry will he measured. In addition, the distribution of moisture within the system will be 
monitored electrically. Small panels of various types of stucco will also be tested for permeability in the 
laboratoiy. The results from this work will be fed into computer models which have been developed by CMHC 
and the National Research Council, Institute for Research in Construction (NRC, IRC)to predict changing 
moisture conditions within walls. This work will be used to design experiments to validate the predictions of the 
models far d̂ nanuc omditicxis <m a largo* scale. The results of this work will determine what cavity or drainage 
system designs will cost effectively provide the required drying rates to prevent deterioration ofthe structure. 
This work will also link in to a three-year multi-client project on moisture control strategies for wall systems 
being undertaken by NRC, IRC. 

2.5 Building Envelope Education Program 

The education program is being delivered by the professional and industrial associations. Four modules are 
planned. 

• Module I: The basics of building science 
• Module n: The best practices guide 
• Module n i : Inspection and testing 
• Module IV: Roles and responsibilities 

Module I has already be»i presented diree times and each time it has been oversubscribed. Module II awaits the 
development ofthe localized Best Practices Guide and Modules in and IV are in die planning stages. 

2.6 IMonltoring of IModel Buildings 

Once die Best Practices Guide and the Quality Assurance Protocols have been fmalized, the BERC will monitor 
the performance of several buildings, constructed following the guide and protocol. Model buildings may be 
instrumented for moisture to detect any problems as early as possible. Additionally, annual inspections of walls 
will provide fruther verification of system performance. This will determine whedier there are any flaws m the 
guide or the protocols. 

3 Forintek's Response to tiie Problem 
F(xintd( closely monitored die development of this situation and formulated short-term, medium-term and long-
term responses. 

3.1 Short Term 

The dnrt-term response was to gather as much knowledge as possible and position Forintek to react on behalf 
of the wood products industry. This entailed joining the BERC and providing advice and guidance to key 
elonents ofthe sbc-point plan. We sat on die stea*ing committee for die survey of building envelope failures and 



whai the results were available, we held an information forum for our member companies. Forintek continues 
to be involved in the steering committee for the best practices guide and in assisting the confractor developing 
the quality assurance protocols. We will also be contributing to the building envelope drying studies and 
determining the time wood can safely stay wet without growing excessive mould or losing strength. 

3.2 Medium term 

Fcsintdc's medium̂ term respcMise was to look at situations where the durabihty of wood products could usefiUly 
be enhanced to resist moderate periods of exposure to moisture, as might be encountered when construcdon 
moisture takes too long to dry out. Brief exposure to rain during construction rarely causes problems if the 
building dries ait before it is closed in, or if the wall systems are not too air tight after closure. At the other end 
of die scale, protracted exposure to moisture fiom rain penetration must be prevented by design and construction 
quaUty for the sake ofthe building contents as well as the structural components. Much of the work of the BERC 
is directed at preventing rain penetration. It was the situations between these two extremes which needed to be 
resolved. 

In the spring of 1996, there were early indications fiom observation and investigations that rain peneb-ation was 
the major cause of the problem. However, the pattern of some decay suggested construction moisture had not 
dried out r îdly oiough fiom wall systems sealed ai bodi sides ui Vancouver's rainforest climate. Furthermore, 
there were indications that OSB could suffer more under these circumstances than plywood. This was not 
surprising, iwt because of diffoences in the manufecturing process, but because of differences in the raw material. 
Aspen has less lignin than softwoods and the type of lignin is less resistant to biodegradation. Furthermore, 
aspen has more nitrogOT than pine and niti-ogen is a limiting nutiient for wood-inhabiting fimgi (Abraham et al. 
1997). Lea and Bravoy (1986) showed diat aspai OSB is less durable dian softwood plywood. It is also highly 
susceptible to mould and staining fimgi (Alexopoulos and Szabo 1982) which can led to respiratory problems 
in sensitive individuals (Figure 4). The perception that OSB was less forgiving than plywood in the coastal 
climate of BC had lead a number of Vancouver architects and developers to stop using OSB. 

Discussions widi these specifiers revealed that they would resume using OSB if it were made as durable as 
Douglas-fir-faced plywood. This was a matraial which had been proven resistant to moderate periods of exposure 
to moisture and hsKl a loig history of good performance in the Vancouver area. Douglas-fu--faced plywood was 
therefore considered a useful benchmaric. Forintek, in collaboration with the Alberta Research Council (ARC), 
initiated a project with fimding fixMn Alberta Forest Industry Development and Weyerhaeuser. The objective was 
to identify a combination of treatinents wiiich would provide OSB widi die same fimgal resistance as Douglas-fu--
faced plywood. 

Moris (1995) had reviewed processes to improve die durability of OSB and concluded diat die most promising 
qjtkm fa- mocterate decay hazards was tte use of leach-resistant borates, such as zinc borate (ZB), added during 
manufactiire (Knudson and Ehrenfelhier 1988, Manning and Laks 1996, Sean 1995). He also concluded diat 
prevention of moidd and stain would best be accompUshed by surface appUcation of a biocide, possibly in the 
qjray used to cool boards when they emerge from the press. A combuiation of a low level of ZB in the blender 
mid a surface spray with oxine cq)per was selected as tlra most promising combination. Zinc oxide and boric acid 
have extronely low mammalian toxicity and bodi are used in skm-care products. Oxine copper is a preservative 
approved for use on wood in contact with food (Canadian Standards Association 1997). 

OSB without freatinent, and with two subtoxic levels of ZB, expected to have the desired effect, were 
manufactured at ARC. Samples cut from these boards were sprayed with two sub-toxic levels of oxine copper 



in Fointdi's spray application laboratory. Sub-samples were then tested for resistance to mould growdi or for 
resistance to wood-rotting fungi. They were compared to Canadian softwood plywood (CSP) and Douglas-fu--
faced plywood. One combination of 0.2% ZB and 10 /ug/m̂  oxine copper provided OSB with equivalent 
performance to Douglas-fir-faced plywood and superior performance to CSP in terms of resistance to moulds, 
wMte-rot and brown-rot fungi (Morris et al 1997). This treatment does not make OSB completely resistant to 
moukl, stain and decay. Considerably higher levels of chemical would be required for that level of performance 
(Morris 1995). It is suggested that the treatment combination recommendnl by Morris et al (1997) should be 
used for markets where OSB might be exposed to moderate periods of wetting. Under these conditions, 
resistance to reversible thickness swell will also be important and steam press stabilization should also be 
considered (Hsu 1986, 1989) 

3.3 Long term 

Forintek's long-term response began before the Vancouver problem fiiUy manifested itself Recognizing a 
broader industry need to improve the performance of wood-based products and systems to meet customers 
(kmands for durability, Forintdc set out to develop moisture management guidelines for wood frame construction. 
Through a process of evolution this resulted in a project called Decision Aids for Durable Wood Construction 
whidi was formally set up in April 1994. The objective of this project is to develop a computer-based decision 
aid which will assist architects, developers, builders, homeowners and maintenance supervisors to meet the high 
expectations for the durability of wood in constiiiction. 

The decision aid will provide a number of benefits. It will help to ensure that all critical factors are taken into 
accoimt at each stage of the Ufe cycle, from conceptual design through final design, construction, 
maintenance/repairs and demolition. For example, during construction the quality ofthe fmished product wiU 
be affected by factors such as local climate, material availabiUty and substitution, the completeness, clarity and 
buildabiUty of the architectural details, and the skill level ofthe workers. The decision aid will also facilitate 
ti-ansfer of information b̂ ween diose involved at different stages of die life cycle. One objective is to encourage 
designers to consider maintenance, repair and ultimate demolition in the design of the building. For example it 
is not a good idea to attach a cladding product with a 50-year design life using fasteners with a 20-year design 
life. Another objective is to ensure that the implications of decisions made at early stages can be taken into 
consideration by those involved at subsequent stages. For example, if materials and systems with less inherent 
durability are selected for consboiction, maintoiance intervals may have to be shortened and repair costs planned. 

Ideally, new homeowners should be provided with an owners manual containing as-built drawings, material 
specificati(»)s, and recommended maintenance schedules. One always receives an owners manual with a car and 
in that case one can always take it back to the dealer. A home generally costs a lot more than a car and the 
numbered company that built it has normally been dissolved a year after construction. 

The decision aid is intended to evaluate die likely poformance of specific design solutions under given conditions 
using a risk assessment model and scxne basic principles. The model will take into account demand on the system 
resulting from climate, local conditions which modify climate, the degree of exposure of a product or assembly 
to the climate, local biodeterioration agents and the desired service Ufe. It will also consider the degree of loss 
due to failiu-e, ranging from inconvenience to death, and the effort required for maintenance and repair. It vriU 
then consider options for providing the necessary durability capacity in terms of material properties, design 
elements, construction quality and maintenance and repair schedules. 



The ultimate product should be knowledge and experience-based, user-friendly software, compatible with other 
design aids, delivered and supported over the Internet. The delivery will be done as a collaboration between 
Forintek and the Canadian Wood Council (CWC). The development ofthe fmal product will be a long and 
involved process but a number of interim products are anticipated These will include an improved understanding 
of all the factors impacting on the durability of wood in constmction, identification of gaps in the knowledge base, 
refined principles of design and construction, formalized approaches to the evaluation of architectural details and 
possibly a generic electronic owners manual for a building. To assist in the process of educating the users of 
wood, a web site will be set up focussing on the knowledge required for durable wood constraction. 

To acquire the necessary knowledge, Forintek is building on its network of contacts in the field of wood 
biodeterioration and preservation and initiating linkages with other research groups working on similar projects. 
Such groups have been identified in Australia, Japan and the UK. Contacts have also been expanded in the area 
of building science. Forintek and CWC will be participating in a three-year multi-client study by the NRC, IRC 
on Moisture Control Strategies for Wall Systems. Forintek and CWC are also playing key roles in proposing a 
network of centres of excellence in wood building design and constraction which will link university research 
groups across Canada. Govemment (NRC, IRC) and industry research groups will also be associated with this 
network. 

4 Some Things Don't Change 
The need for water-resistant building materials in exterior exposure, rain-shedding designs, carefiil constraction 
and a regular maintenance program have been known for centuries. The first nations on the west coast of this 
continent built their longhouses of westem red cedar with pitched roofs and wide overhangs. There are many 
examples of wood-frame buildings in Europe which have stood for hundreds of years. 

At least one Scandinavian stave church is over 800 years old. Being a place of worship, it would have been built 
with the best available materials. At that time, only the trae wood (heartwood) was used in constraction. The 
sapwood was adzed off and discarded; Scots pine heartwood was moderately durable. Those churches were 
certainly designed to shed water; they had multiple layers of steep-pitched shingled roofs and large overhangs. 
As symbols of eternity, they would have been painstakingly constracted by die fmest craftsmen and lovingly 
maintained. 

On the other side ofthe world, wooden temples in Japan have stood for up to 1200 years, though they do have 
a regular schedule of maintenance and repairs. They undergo major repairs every 100 years and are disassembled 
and rebuilt every 300 years. In Vancouver, people would like their buildings to last rather more than three years 
before requiring rebuilding. 

A couple of statements from the literature are worth reproducing here in full to provide some perspective on our 
recent problems in BC: 

"Annual losses from decay in lumber used for constraction purposes in Vancouver, and British Columbia 
generally, assume large proportions; The damp climate ofthe coastal region is especially conducive to decay, 
and it is not sufificientiy realized that timber constraction methods which may be suitable in other parts of Canada 
(for example the Prairie Provinces, where the weather is hot and dry in the summer and quite cold in the winter) 
are not suited to this region". 
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"In the coastal region of British Columbia, much preventable loss results from decay in wooden sfructures, 
particularly in and around residoices. Commcm causes are faulty ventilation, exposure ofwood parts to moisture 
and contact of these with the groutid. The best method of prevention lies in proper design and construction, with 
factors which induce decay borne in mind." (Eades' 1945) 

5 Conclusion 
History has shown that with the right materials, carefid design and construction and appropriate maintenance 
sdiedules, it is possible to make wood-based building systems last as long as we wish. The trick is to do this on 
a reUable basis given modem consfraints. 

Using a combinadoi of subtoxic chonical treatments, aspai OSB can be made as fungus resistant as Douglas-fir-
faced plywood. 
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Figure 2: Decayed OSB and studs where moisture has run from the ends of the cap flashing on 
the walkway parapet in behind the stucco of the column supporting the upper 
walkway. 
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Figure 3: The relaiionskip between percentage of walb with problems and width of overhang 

in the buihSng stuiSed, 37 problem buiMngs and 9 control buildings. Taken from the 
report by Morrison Hershfield (1996). 
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