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Moisture-Related Properties of Wood and
the Effects of Moisture on Wood and Wood

Products

Charles Carll! and Alex C. Wiedenhoeft'

MOISTURE IS ARGUABLY THE MOST IMPORTANT
factor affecting the performance and service life of wood and
wood products. Moisture affects the dimensional movement
of wood and wood products; under certain conditions, mois-
ture change can result in major dimensional change. The in-
tegrity and strength of adhered (bonded) wood products can
be compromised by swelling-induced stresses that accom-
pany wetting. Progressive deflection over time of wood
members under load is influenced by moisture conditions,
particularly by large repetitive fluctuations in moisture con-
tent. Mechanical connections between wood members can
be compromised by exposure to elevated moisture condi-
tions or by significant moisture cycling. It is widely recog-
nized that the structural integrity of wood can be irreversibly
degraded by biological attack. In some cases biological infes-
tation does not influence structural integrity but neverthe-
less influences serviceability. For many insect pests and all
fungi, moisture conditions higher than the preferred in-
service conditions are either required for infestation, or in-
crease the likelihood of infestation.

Although wood, wood products, and wood construction
can be degraded by elevated moisture levels or by greatly
fluctuating moisture conditions, the vast majority of resi-
dential structures built in North America over the past three
centuries were constructed primarily of wood, and most of
these have performed reliably. Wood and wood products
dried to an appropriate level, and maintained within a rea-
sonable range of fluctuating moisture conditions will per-
form nearly indefinitely. In contrast, wooden buildings con-
structed without consideration of moisture control may
rapidly suffer moisture-induced damage, leading to exces-
sive repair and maintenance costs; in extreme cases the dam-
age may even justify premature demolition.

The central topic of this chapter is how moisture affects
the properties and behaviors of wood and wood-based prod-
ucts used in building construction. Physical properties and
behaviors are discussed, as are structural behaviors, and
what may be considered biological behaviors (specifically,
the likelihood of biological infestation by microbes and in-
sects). The order of discussion is that outlined in the previ-
ous sentence, namely physical first, then structural, then
biological. Before the chapter delves into its central topic, it
provides background information on wood and on adhered

(bonded) wood products. The information presented on
wood includes discussion of wood structure, composition
and basic characteristics, with an emphasis on structure.
The information presented on bonded wood products fol-
lows a similar discussion path, but inasmuch as these are
manufactured products, the emphasis is on product classifi-
cation, composition, fabrication, and characteristics. Infor-
mation concerning contemporary wood products is pre-
sented, as is information on wood products produced in past
decades. The intent is to provide information applicable to
buildings of various ages, not just to recently-constructed
buildings.

The chapter also presents recommendations and guide-
lines for in-service moisture content. The recommendations
are reiterated values from the literature, and take the form of
not-to-exceed values. The recommendations are applicable
to prevention of biological infestation; there is evidence that
these recommended values also roughly correspond with
values that have structural performance implications, irre-
spective of biological infestation. The guidelines, in contrast
to the recommendations, relate to limitation of fluctuation
in moisture content. The guidelines provide a basis that al-
lows the reader to develop their own project-specific limita-
tions on moisture fluctuation.

Structure of Wood

Axial and Radial Systems

Wood, whether a hardwood (from a broad-leafed tree such
as a maple or an oak) or a softwood (from a needle-leaved
tree such as a pine or a spruce) is a complex composite. It is
composed of a staggering number of cells arranged in a regu-
lar, organized fashion into two cell systems, the axial (or lon-
gitudinal) system, and the radial system [Fig. 1(a)]. The axial
system runs parallel to the long axis (i.e., up and down the
trunk) and is the collection of cells that people often refer to
as “the grain” of the wood. The axial system is responsible for
the bulk of the mechanical function of wood, holding aloft
the branches and leaves, and the long-distance transport of
water (sap) from the roots up to the leaves. It is made of cells
that are generally 100 to 200 times longer than they are wide.
The radial system runs in a horizontal direction in a standing
tree, that is, at a right angle to the axial system. The radial
system, formed of individual collections of cells called rays,
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Fig. 1—(a) Illustration of a cut-away tree at various magnifications; it is intended to correspond roughly with the images to its right. At the
top, at an approximate magnification of 100X, a softwood cell and several hardwood cells are illustrated, to give a sense of scale between
the two. One tier lower is a single growth ring of a softwood (left) and a hardwood (right), as well as an indication of the radial and
tangential planes. The magnification is approximately 50X. The next tier, at approximately 5x magnification, illustrates many growth rings
together, and how one might produce a straight-grained rather than a diagonal-grained board. The lowest tier includes an illustration of
the relative position of juvenile and mature wood in the tree, at a 1X magnification. (b,c) Light microscopic views of the lumina (L) and cell
walls (arrowheads) of a softwood (B) and a hardwood (C). (d,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) The gross anatomy of a tree trunk, showing bark, sapwood, and heartwood.
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runs in a pith-to-bark direction, although most rays do not
extend continuously from the pith to the bark. The radial
system is responsible largely for moving sugar and chemi-
cals laterally within the trunk of the tree; its component cells
are much shorter than those of the axial system.

To give some context to this discussion of cell systems
and cell shapes, a one foot long 2 by 4 of Douglas-fir has on
the order of 400 million cells; about 200 million of them are
cells of the axial system, and the other 200 million are cells of
the radial system. Despite the fact that the number of cells is
nearly equal in the two systems, in Douglas-fir over 92 % of
the total volume of the wood is made up of cells in the axial
system [1]. This demonstrates numerically that cells of the
radial system are much smaller than those of the axial sys-
tem, particularly in softwoods.

Cell Wall, Lumen, and Moisture

Much as wood is made of cells occurring in two systems, any
individual cell itself has two major domains; the cell wall and
the lumen [Fig. 1(b) and 1(c)]. The cell wall comprises the
physical matter of wood, and is formed primarily of layers of
cellulose, hemicellulose, and lignin. Cellulose and hemicel-
lulose are strongly hygroscopic (water-adsorbing), and water
adsorption results in increases in the distances between the
polymer chains and causes the swelling of the wall. Lignin is
both an encrusting and matrix compound in the cell wall,
providing rigidity to the wall, and constraining the cellulose
and hemicellulose as they react to changes in moisture con-
ditions. Lignin is also hygroscopic, but to a substantially
lesser degree than cellulose or hemicellulose. It is the mois-
ture relations within the cell walls that affect the movement
(shrinkage and swelling) of wood and wood products.
Shrinkage and swelling occur mostly in the thickness of the
cell wall, resulting in a change in cell diameter. There are
only tiny changes in the length of cells of normal wood with
changes in moisture.

The moisture that is adsorbed to the hygroscopic por-
tions of the cell wall is referred to as bound water. A given
piece of wood has a finite number of sites in cell walls where
water can bind; when all cell wall sites are occupied, the
wood is said to have reached fiber saturation, beyond which
further addition of water imparts no further change in the
dimension of the cells. Thus, the range of moisture condi-
tions across which wood responds with dimensional change
is from completely dry up to the fiber saturation point (FSP).
Although the concept of FSP is useful for explanatory pur-
poses, transitory and spatial variations in moisture condi-
tions make determination of a distinct FSP elusive. Tsoumis
[2] uses the term “region of fiber saturation” to reflect such
uncertainty.

The second domain of a cell in wood, the lumen (plural
lumina), is the air space inside the cell where once the living
contents of the cell resided [Fig. 1(b) and 1(c)]. In the living
tree, the lumen was the domain of the cell through which the
water flowed to travel from the roots to the leaves. In the case
of wood and wood products, the lumen imparts void space in
the bulk volume of wood. If it were not for the lumina, all
woods would have a density of about 1.5 times that of water.
In the context of moisture relations, the lumen is the space
where liquid water accumulates when moisture is added af-
ter the FSP is reached. This liquid water, called free water,

does not affect the dimensional movement of wood, but its
presence greatly increases the susceptibility of wood to bio-
logical attack.

The relationship between bound water, free water, and
wood is analogous to the various hydration states of a dish
sponge. A perfectly dry dish sponge is relatively hard and in-
flexible. As the amount of water in the sponge increases, the
sponge softens and swells. Swelling and softening occurs as
water enters, occupies, and enlarges spaces within the
sponge tissue. After a certain transition point (what is by
analogy, FSP), all spaces within the sponge tissue are occu-
pied. This is the familiar feeling a well-wrung sponge; it is
quite moist, but no water can be squeezed from it. Adding
water to the sponge after this point results in filling of inter-
nal spaces with water (by analogy, free water), displacing air.
The sponge becomes heavier and wetter, but its size and flex-
ibility undergo no further change.

Cell-to-Cell Connections

The cells of the axial system are connected to each other, and
are also connected to the cells of the radial system via tiny
thin areas in the walls, called pits. These pits come in a vari-
ety of shapes and sizes, and their relative resistances to the
flow of water can play an important part in wood-moisture
relations. Inasmuch as the axial system comprises most of
wood’s volume and the cells of the axial system are much
longer than they are wide, it is not surprising that moisture
moves into, out of, and within wood most readily in this di-
rection. For this reason most manuals and instructors insist
on protecting the end grain of wood from direct access to wa-
ter. Axial cells are nonetheless tiny compared to the scale of
structural lumber; an axial cell of a softwood will generally
range from 2-6 mm in length. If water taken up at the end
grain could get no farther than one cell-length into a board, it
would make little difference whether end grain were ex-
posed. Water taken up by the end grain, however, can pass
from cell to cell through the pits. Conduction through pits
allows water to propagate for centimetres into a board end,
and thus greatly increases the amount of water taken up by
the board.

Growth Rings and Grain Angle

In our progressive understanding of the organization of
wood, the next important scale is that of the growth ring. Vir-
tually everyone is familiar with the idea of growth rings in
trees; in the temperate world, each year another layer of
wood is added to the circumference of the tree, increasing its
girth and providing a simple means to determine the age and
relative growth rate of the tree. In tropical areas of the world,
growth rings may be correlated with wet or dry seasons;
however, many tropical species do not exhibit clearly demar-
cated growth rings. In the case of trees from temperate re-
gions, a given growth ring is the amount of wood produced
in one year, and thus is sometimes called an annual ring.

For most species with growth rings, each ring is divided
into two distinct regions, known as earlywood and latewood
[Fig. 1(a), 1(d), and 1(e)]. In such cases where the two por-
tions of the ring are distinct, the earlywood is the first-
formed wood of the ring, and typically bears thin-walled
cells with wide lumina that are suited for the rapid conduc-
tion of sap under conditions of plentiful soil moisture. Be-
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cause wood is formed just under the bark, the earlywood is
found on the interior side of the growth ring. The latewood is
then added later in the growing season to the outside of the
ring, and is typically formed of stronger, thicker-walled cells
with narrow lumina. Virtually all woods commonly used in
construction in North America have some differentiation be-
tween earlywood and latewood.

Most of the cells that form the curving arc of a growth
ring are cells of the axial system; the cells forming the lines
perpendicular to the growth rings are the rays of the radial
system. The orientation of growth rings and rays within a
board define the grain angle of the board, and can be seen
thanks to the differences in wood structure between early-
wood and latewood within and between growth rings. In a
flat-sawn board, the arc of the growth rings are parallel to the
wide face (the tangential face) of the board, and thus the rays
are perpendicular to it. In a quarter-sawn board the rings are
perpendicular to the wide face of the board and thus the rays
are parallel to the wide face (in this case, the radial face) of
the board. The rays are responsible for the pronounced fig-
ure called ray-fleck that is characteristic on the wide faces of
quarter-sawn hard maple, oak, or sycamore boards (or the
narrow faces of flat-sawn boards of these species). The dis-
tinction between tangential and radial directions is impor-
tant, as will be discussed later, in determining the ways in
which wood changes dimension with changes in moisture.

Slope of Grain, Spiral Grain, and Interlocked

Grain

Ideally, the axial cells of a growth ring in a piece of lumber
would be oriented perfectly parallel to the long axis of the
board. There are two main ways in which the cells of the
axial system deviate from this idealized condition.

The first deviation from perfect straightness is due to the
nature of the shape of the tree. Though we often think of the
trunk of a tree as a cylinder, it is in fact a collection of conical
layers of wood, with each cone widest at the base of the trunk
tapering to a point at the top of the tree. Each growth ringisa
continuous sheath of wood superimposed on the previous
year’s cone. As the diameter of a tree increases, each layer
comes closer and closer to the idealized, vertical condition.
The orientation of cells in the tree can make it difficult to cut
a straight-grained piece of wood from a tapered log; if one
saws parallel to the pith, growth rings will be at an angle to
the face of the board that is cut, resulting in a condition
called diagonal grain [Fig. 1(a), 1(f), and 1(g)]. Diagonal grain
can be minimized or eliminated by cutting parallel to the
bark of the tree, particularly in cases where the diameter of
the tree is fairly small, and thus taper tends to be high.
Boards with diagonal grain often behave differently from
boards with straight grain with changes in moisture.

The second common deviation from a perfectly vertical
orientation of axial cells in the growth ring is called spiral
grain. Spiral grain occurs when the wood cells within a
growth ring are formed at a slight angle from vertical, result-
ing in a helical orientation about the trunk of the tree. If the
angle from vertical is small (for example, less than one de-
gree), spiral grain is not likely to be noticed in lumber. As the
angle from vertical increases, however, the deviation be-
comes more pronounced, and spiral grain may be noticeable
in a board cut from such a log. A log containing spiral grain
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will not yield straight-grained lumber, regardless of how the
lumber is sawn from the log. In some cases, spiral grain can
occur in alternation within the same tree; for the first few
years the wood may be laid down in a right-handed helix,
then the next few years in a left-handed helix, and so on,
switching every few years. In such a case, the wood is re-
ferred to as having interlocked grain. This condition can pro-
duce boards with an aesthetically striking figure, particu-
larly in quarter-sawn material. Species such as African
mahogany (Khaya spp.) often have interlocked grain, and
produce interesting axial ribbonlike patterned boards. Wood
with spiral or interlocked grain may show abnormal dimen-
sional change with change in moisture.

Sapwood, Heartwood, and Natural Durability

Two regions of the trunk of the tree are germane to our dis-
cussion of wood; the heartwood and the sapwood [Fig. 1(h)].
Each of these regions is a collection of one to many growth
rings. The heartwood, if present, always occurs in the center
of the tree, and the sapwood is always the layer adjacent to
the bark. Although there are many differences between
heartwood and sapwood in the context of tree physiology, in
the context of water relations of wood there are only two ma-
jor differences; the closing of pits between cells and the accu-
mulation of heartwood chemicals called extractives.

At the cell structural level, there is no appreciable differ-
ence between the anatomy or cell wall chemistry of cells in
the heartwood compared to those in the sapwood. In a
simple sense, the formation of heartwood is an ongoing pro-
cess by which growth rings are decommissioned from trans-
porting water to the leaves and are instead loaded to various
degrees with extractives. As a given growth ring loses its
transport function, it dries somewhat and in this process
many of the pits in the cells close, thus making the wood less
conductive of fluids. At the same time this drying is taking
place, extractives are also being deposited, sometimes effec-
tively sealing the pits closed. Such pit closure reduces the
ability of the wood to allow fluid movement. If one is at-
tempting to force preservatives into wood to increase the
insect- and decay-resistance, a high proportion of sapwood
is desirable, as the closed and often sealed pits of the heart-
wood greatly limit the penetration of the preservative into
the board. In contrast, sapwood is much more prone to rapid
wetting, and thus to more extreme fluctuation in moisture
content in service.

Extractives are what impart the desirable colors to the
heartwood of such species as cherry or walnut. Extractives
give the cedars their pleasant odors, and extractives impart
the great natural durability to the timber of black locust.
Woods such as teak or lignum vitae, famous for their good
performance in association with water, derive their utility
from the quality, quantity, and type of extractives accumu-
lated in their heartwood. In pines, spruces, larches, and
Douglas-fir, accumulation of resinous extractives can affect
appearance and performance of the wood.

Within a species that has colored decay-resistant heart-
wood, coloration may provide a rough indication of the de-
gree of decay resistance. Across species, however, heartwood

2 Resinous extractives are found in both the sapwood and heartwood of these
woods, but their compositions and amounts [3], and their distribution
within the wood structure differ between sapwood and heartwood.
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Fig. 2—Hand-lens views of two species of oak. (a) A species in the
red oak group, with characteristic open vessels (arrowheads),
making the wood highly permeable. (b) A species in the white oak
group, showing vessels occluded with cellular ingrowths (arrow-
heads), rendering the wood highly impermeable. Note that the
growth rate of the wood in A is much greater than that of B.

coloration should not be considered an indicator of resis-
tance to biological attack. Some darkly colored heartwood
has low resistance to biological attack, whereas nearly color-
less heartwood (such as that of northern white cedar), or
lightly colored heartwood (such as that of Alaska yellow-
cedar) can be appreciably resistant to attack.

In some species, there are additional changes during
heartwood formation that greatly affect the ultimate appli-
cations to which a wood might be suited. In species of oak,
there is an important distinction between the heartwood for-
mation process in the red oak group and that of the white oak
group. In the former case, heartwood formation is much as
described above; pits may close or become plugged or sealed
during the deposition of extractives, and the wood dries out
somewhat in the standing tree, but the overall permeability
in these species is not greatly reduced [Fig. 2(a)]. In the white
oak group, however, special cell wall ingrowths proliferate in
the lumina of the largest conducting cells [Fig. 2(b)]. These
ingrowths tightly plug the conducting cells and effectively
seal the wood, and block the free flow of fluid. It is for this
reason that the white oaks are used in shipbuilding and coo-
perage, and the red oaks are shunned. The red oaks do not
form these plugs, and thus the permeability of red oak heart-
wood remains high. For this reason, the red oaks are com-
monly treated with creosote to produce railroad ties, and
white oaks are not. By choosing the correct wood for the ap-
plication, people have long been able to maximize the mate-
rial benefits inherent in the diversity of wood structure.

Additional ways in which the relatively lower perme-
ability of heartwood affects wood-moisture relations is in
lumber drying and moisture cycling. Lower wood perme-
ability often results in slower and more difficult drying of
heartwood lumber by production mills. Conversely, the low
permeability of heartwood can result in reduced fluctuation
in moisture content under intermittent wetting or under
fluctuating humidity conditions, and thus be a desirable
trait.

Juvenile, Mature, and Reaction Wood

The bulk of our discussion of wood structure and chemistry
to this point has implicitly assumed that we are speaking of
mature wood cut from trees which had not been exposed to
conditions that might have resulted in substantial trunk

Fig. 3—(a) Wide band, spanning many rings, of compression wood
(between the bars) as seen on the end-grain of a board. The wood
outside the bars is mature, normal wood. (b) Fuzzy grain (be-
tween the bars) caused by incomplete cutting of tension wood
fibers during planing. A partial band of fuzzy grain can be seen at
the top edge of the image. (c) Dramatic longitudinal shrinkage of
compression wood resulting in cross-grain checking (arrowheads).
The normal wood at the top of the board does not exhibit this
behavior.

lean. Such an assumption is not always valid; juvenile wood
(formed early in the life of the trunk) and reaction wood
(formed as a reaction to lean) are found to varying degrees in
contemporary lumber.

Depending upon species, the first 5-25 years of growth
can be considered juvenile wood. Juvenile wood was formed
when the stem was of small diameter [Fig. 1(a)], and height-
growth was rapid. The shape of juvenile wood cells often dif-
fers somewhat from that of mature wood cells, and the rela-
tive proportions and distribution of major chemical
constituents in the cell wall (cellulose, hemicellulose, and
lignin) can be significantly different [4]. It is thought that
structural and chemical differences are responsible for the
most significant undesirable property of juvenile wood; rela-
tively large longitudinal shrinkage [5,6]. This aspect will be
discussed in detail in the section on wood dimensional sta-
bility.

Reaction wood occurs in both hardwoods and soft-
woods, although the nature of the chemical and structural
cell changes are different in each. Reaction wood in soft-
woods is known as compression wood due its position of for-
mation, on the underside of the lean. Compression wood
cells are generally shorter and misshapen compared to nor-
mal cells, have thick walls with a high percentage of lignin,
and appear as dark bands on the end-grain of a board [Fig.
3(a)]. Though the density of compression wood is high, its
relative strength is low. Compression wood tends to have
high longitudinal shrinkage compared to normal wood, of-
ten resulting in cracks across the grain if only part of the
board is compression wood [Fig. 3(c)].

In hardwoods, reaction wood is formed on the upper
side of the lean, and is called tension wood. Tension wood is
characterized by the formation of special cells with drasti-
cally altered cell wall characteristics. A common symptom of
tension wood is fuzzy grain as seen on the longitudinal sur-
face of a planed board [Fig. 3(b)]; the fuzzing effect is caused
by the failure of the soft, specialized wall layers to be cut
cleanly by planer knives.
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Adhered (Bonded) Wood Products

Bonded Wood Products in Building Construction
Construction plywood panels have been widely used since
the mid 1950s as sheathing and structural subflooring. Ori-
ented strand board (OSB) panels have been used in these ap-
plications for about two decades. OSB currently commands
a larger share of this market than plywood. Plywood and
OSB panels used as sheathing or subflooring transfer loads
to and between the building’s framing members, and provide
racking resistance to wall, roof, or floor systems. Plywood
and OSB are also used in fabrication of structural frame
components of buildings, for example, as web members of
box beams or I-joists or as the facings of structural insulated
panels. Glued laminated (glulam) timbers have been used for
decades as structural frame elements in buildings. “Struc-
tural composite lumber” is a collective term that includes
laminated veneer lumber (LVL), parallel strand lumber
(PSL), laminated strand lumber (LSL), and, oriented strand
lumber (OSL), fabricated to serve as framing material [7].
Structural composite lumber evolved from plywood and
OSB manufacturing technologies. Plywood, OSB, glued
laminated timbers and structural composite lumber are fab-
ricated from pieces of wood, (collectively termed wood con-
stituents), bonded into integral panels or members with ad-
hesives. For the past two decades, waterproof (or nearly
waterproof) synthetic polymeric adhesives have been used.?
Plywood, OSB, and structural composite lumber are fabri-
cated with waterproof adhesives and are hot-pressed. Glu-
lam timbers are fabricated with either waterproof or nearly
waterproof adhesives. They may be pressed with application
of radio-frequency energy to heat the gluelines, but the wood
laminations are not heated to as high temperatures as are at-
tained by the wood constituents in structural panels or in
structural composite lumber during hot pressing. The wood
constituents in structural bonded wood products (plywood,
OSB, glulam, and structural composite lumber) are, for the
most part, indistinguishable chemically from the wood raw
material from which they were derived Composition of
structural bonded wood products is, by mass, roughly 90 %
or more chemically-unmodified wood. Glued laminated tim-
bers and plywood and OSB are usually sold as commodity
products. Structural composite lumber is usually marketed
on a proprietary basis.

Wood-based panels are also used in largely nonstruc-
tural roles in building construction. Wood fiberboard panels
at densities of between 200 and 450 kg/m? are sometimes
used as wall sheathing. Wood fiberboard sheathing panels
usually incorporate resinous or asphaltic materials to in-
hibit water absorption. Wood fiberboards at densities of be-
tween 500 and 800 kg/m? (hardboards) are sometimes used
as wall cladding material (siding) or as exterior trim; these
typically incorporate thermosetting waterproof adhesive,
the amount depending on the manufacturing method. In
North America, particleboard and medium density fiber-
board (MDF) (at densities of roughly 640 to 850 kg/m?) are

3 Glulam timbers in buildings constructed before the mid 1960s may be ad-
hered with casein glue. Plywood in buildings constructed before the early
1970s may be adhered with soy- or blood-protein glues. These older adhered
wood products are more susceptible to water-induced delamination than
are contemporary bonded wood products.

B MOISTURE-RELATED PROPERTIES OF WOOD 59

usually bonded with urea-formaldehyde (UF) adhesives.
Urea-formaledhyde bonds are not waterproof, and UF-
bonded particleboard and MDF are therefore used in inte-
rior locations. These products are commonly used in kitchen
and bathroom countertops, where exposed faces and edges
are overlaid with laminate to isolate the board from wetting.
UF-bonded particleboard is sometimes used as mobile home
floor decking; with this exception, UF-bonded particleboard
is not used structurally in buildings in North America. The
core material in laminated interior flooring, which may be
subject to wetting in limited amounts, is usually specially-
made particleboard or, more commonly, specially-made
MDF fabricated with a comparatively water-resistant bond-
ing system (often incorporating melamine resin). Laminated
interior flooring is sold as a proprietary product, the
specially-made MDF or particleboard core being an integral
part of the finished product. Hardboard exterior trim is also
sold on a proprietary basis. All other nonstructural wood-
based panels are usually marketed as commodity products.
Composition of nonstructural wood-based panels is, like
structural bonded wood products, roughly 90 % or more
wood material.

Fiber-cement board is finding widespread use as a exte-
rior cladding (siding) material. Fiber-cement board is in
some ways similar to the manufactured bonded wood prod-
ucts mentioned previously, but also differs in a number of
important ways. In fiber-cement board, wood-derived fiber
is, in mass proportion, a minor (although critically impor-
tant) component. Silica and portland cement are, by mass,
the major components of fiber-cement board. The fiber in
fiber-cement board is unbleached pulp fiber; it is composed
of individual wood cells. The separation of individual wood
cells in pulp is facilitated by chemical removal of a portion of
the wood’s lignin; the fiber thus is not chemically identical to
the wood from which it was produced. Portland cement,
rather than an organic polymeric resin, is used as the bind-
ing agent. Fiber-cement sidings are sold as proprietary prod-
ucts. The moisture-related behaviors of fiber-cement siding
are not addressed in this manuscript, in part because the au-
thors could not locate such information in the research lit-
erature, and in part because the mass proportion of wood in
the productisless than 50 %.

Composite materials composed of comminuted wood
(commonly wood flour or fibers) and thermoplastic syn-
thetic polymers (commonly polyolefins or polyvinyl chlo-
ride) have become widely used as exterior decking, and are
also used to fabricate extruded parts for fenestration units.
Wood/plastic composite materials are typically manufac-
tured using extrusion technology developed in the plastics
processing industry. The materials are sold as proprietary
products. The moisture-related behaviors of wood/plastic
composite materials are not addressed in this chapter; the
reasons are similar to those outlined previously relating to
fiber-cement siding.

Characteristics of Plywood and LVL

Plywood and LVL are fabricated from sheets of veneer, pro-
duced by lathe peeling of veneer bolts of roughly 2.5 m
length. Lathe peeling yields veneer sheets with tangential-
grain faces. In LVL, grain orientation in most, if not all, ve-
neer sheets is parallel with the longest axis of the member. In
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contrast, plywood is of cross-laminated construction; grain
orientation in face veneers is parallel with panel long dimen-
sion, but orientation of grain in some or all interior plies is
perpendicular to the panel length. In 3-ply and 4-ply ply-
wood, grain direction of all interior plies is perpendicular
panel length; in 5-ply plywood, grain direction in the center
ply is parallel with panel length, and grain direction in the
cross band plies between the core and face plies is perpen-
dicular to panel length. The cross-laminated construction of
plywood results in roughly equivalent along-panel and
across-panel moisture-induced dimensional change.

Plywood panels may have edge veneer joints within
plies, but the plies do not contain end joints. LVL members in
contrast, will generally be longer than the veneer bolts from
which their veneer sheets were peeled; the members will
thus contain butt or overlap veneer end joints in all ply layers
through the member thickness. For structural reasons, ve-
neer end joints in LVL lumber are staggered. LVL members
are most commonly installed with structural loads applied
edgewise (joist configuration). Therefore, provided that the
veneer end joints are staggered and adhesive bonds between
plies are functional, the presence of veneer end joints in LVL
members is not considered of structural consequence. In
summary, the wood constituents (veneers) in plywood or
LVL have an along-grain dimension of somewhere between
the width of a plywood sheet (commonly 1.2 m) and the
length of the veneer bolt from which the veneer was peeled
(commonly about 2.5 m). Veneer sheets in plywood and LVL
are, in general, neatly stacked. When manufacturing com-
mercial softwood plywood, a compaction pressure of
roughly 1.2 MPa (175 psi) will bring the veneer surfaces to
be bonded into sufficiently close contact for adequate bond-
ing [8].* These consolidation pressures do not exceed the
compressive strength of wood perpendicular to the grain;
compaction of the wood is largely restricted to projecting
high spots on veneer surfaces. Plywood tends to be 5to 10 %
denser than the wood from which it was fabricated;’ some of
the densification comes from filling voids (including cell lu-
mina on veneer surfaces) with adhesive. With LVL, consoli-
dation pressures and glue spreads may be higher than in
plywood,® and the veneers may be selected for their strength
and stiffness (and thus have higher than average density).
LVL may be in excess of 30 % denser than randomly-selected
wood of the same species.

Construction plywood” has waterproof and boil-proof®

bonds. This was not, however, always the case. Until its most
4 Pressure required depends on adhesive consistency and is inversely related
to smoothness and conformability of veneer surfaces [9]. Geimer et al. [10]
successfully pressed smoothly cut (sliced) pine veneers into plywood using
1.03 MPa compaction pressure. Jokerst and Lutz [11] and Jokerst and Gei-
mer [12] pressed plywood fabricated from lathe-cut veneers at 175 psi com-
paction pressure, (the same pressure cited by Baldwin [8] as adequate).

wn

A targeted compaction of from 3 to 5 % was promulgated by Rinne [13] as
necessary for assuring adequate consolidation of plywood in industrial op-
erations, where some variation in veneer thickness is expected.

Fabrication parameters for LVL are not available [14].

o

7 Construction plywood is termed “structural plywood” in the most recent
version of the Department of Commerce Product Standard.

o

Boil-proof adhesive bond lines will withstand immersion in boiling water
for two hours without perceptible delamination. To withstand such expo-
sure, the bond line must have sufficient elasticity to withstand strain in-
duced by wood substrate movement, and must be chemically stable (neither
dissolve nor undergo hydrolysis).

recent revision [15], the U.S. Product Standard for construc-
tion plywood recognized plywood classes with Interior and
Intermediate (or Exposure 2) bonds. Plywood panels classed
Interior were commonplace prior to the 1970s.” Today, con-
struction plywood panels are classed as either Exterior or
Exposure 1. Exterior panels are intended for uses such as ex-
terior wall cladding (siding). Exterior panels contain high
grade veneers, and (with the protection afforded by exterior
finishes) are expected to withstand indefinite weather expo-
sure. Exposure 1 panels, in contrast, contain lower veneer
grades. Although bonded with the same adhesives as Exte-
rior panels, Exposure 1 panels are not intended for indefinite
exterior exposure. Fabrication with waterproof and boil-
proof adhesive allows Exposure 1 panels to withstand mul-
tiple cycles of wet-dry exposure as may occur during con-
struction, allowing for jobsite delays. Exposure 1 panels may
contain significant defects (e.g., knots) in their face plies.
Face ply delamination at the defects can be expected if the
panels are exposed indefinitely to the weather, particularly if
a significant defect in a face ply happened to line up with a
defectina core or cross-band ply.

The bonds in LVL are also fully waterproof and boil-
proof but, like Exposure 1 panel product,s are not intended
for in-service exposure to the weather. The structural frame
elements of wood frame buildings are expected to be pro-
tected from weather exposure, '? insofar as they are relatively
difficult to replace, and because their integrity is generally
crucial to structural safety.

Characteristics of Wood Composition Materials

Maloney [16] suggested the term “wood composition mate-
rial” as a collective category for a variety of materials (e.g.:
fiber insulation board, hardboard, particleboard, MDF and
OSB), which are fabricated of comminuted'' wood, and
bonded into panels or members, usually with adhesives. Fi-
ber insulation board is the sole wood composition material
in which bonding between constituents is not provided pri-
marily by synthetic polymeric adhesive,'? and with this ex-
ception, wood composition materials are usually denser
(commonly about 30 %) than the wood from which they
were fabricated [16]. Functional wood composition building
materials can be economically fabricated from wood raw
materials that would be unmerchantable as sawlogs or ve-
neer logs, (for example, small-diameter trees from woodland

° This sentence comes, virtually verbatim, from Baker[17].

10 Tsolation of critical structural elements from the weather is a time-proven
strategy in structures of many different types. The main steel suspension
cables of the George Washington, Golden Gate, Mackinac, and Verrazano
Narrows Bridges are enclosed in cable covers that isolate them from the
weather.

In the parlance of wood composition materials, “comminuted” means that
the individual wood pieces have a dimension along the grain that is usually
less than 0.2 m, with width and thickness dimensions not exceeding
roughly 90 mm and roughly 1.5 mm, respectively; in other words the
pieces are relatively small as compared to veneer sheets. The wood piece
dimensions are frequently less than half these dimensions, but the pieces
generally have length dimensions that are many times their thickness di-
mensions and could not be accurately characterized as minutely fine or
pulverized (as some dictionary definitions of “comminuted” suggest).

As indicated previously, asphalt or rosin “sizing” is commonly incorpo-
rated in fiberboard produced for use as sheathing. These materials appar-
ently provide some bonding between fibers, but are added primarily to pre-
vent water-induced disruption of the inter-fiber hydrogen bonds, which are
responsible for the primary bonding [18].
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TABLE 1—Moisture content of wood in equilibrium with stated temperature and relative humidity

(source: Wood Handbook).

Temperature Moisture Content (%) at Various Relative Humidity Values

°C °F 5% 10% 15% 20% 25 % 30% 35% 40 % 45 % 50 % 55 % 60 % 65 % 70% 75 % 80 % 85 % 90 % 95 %
-1.1 30) 1.4 26 3.7 46 5.5 6.3 7.1 79 87 95 104 113 124 135 149 165 185 21.0 243

4.4 (40) 1.4 26 3.7 4.6 5.5 6.3 7.1 7.9 8.7 9.5 104 113 123 135 149 165 185 21.0 243
10.0 (50) 1.4 26 36 46 5.5 6.3 7.1 79 87 95 103 112 123 134 148 164 184 209 243
15.6 (60) 1.3 25 3.6 4.6 54 6.2 70 78 86 94 102 11.1 121 133 146 16.2 182 20.7 24.1
21.1 (700 1.3 25 3.5 4.5 5.4 6.2 6.9 7.7 8.5 9.2 10.1 11.0 120 13.1 144 16.0 179 205 239
26.7 (80) 1.3 24 35 44 53 6.1 6.8 7.6 83 9.1 9.9 108 11.7 129 142 157 17.7 20.2 236
32.2 90) 1.2 23 3.4 4.3 5.1 5.9 6.7 7.4 8.1 8.9 9.7 105 115 126 139 154 173 19.8 233
37.8 (100) 1.2 23 33 4.2 5.0 58 65 72 79 87 9.5 103 11.2 123 13.6 151 17.0 19.5 229
43.3 (110) 1.1 2.2 3.2 4.0 4.9 5.6 6.3 7.0 7.7 8.4 9.2 10.0 11.0 12.0 13.2 147 16.6 19.1 224
48.9 (1200 1.1 2.1 3.0 39 47 54 6.1 6.8 7.5 8.2 89 9.7 106 11.7 129 144 16.2 186 22.0
544 (130) 1.0 20 29 37 45 5.2 59 66 72 7.9 8.7 9.4 103 113 125 140 158 182 215
60.0 (140) 09 19 28 36 43 5.0 5.7 6.3 70 7.7 84 9.1 100 11.0 121 13.6 153 17.7 21.0
65.6 (1500 09 18 26 34 41 4.8 55 6.1 6.7 7.4 8.1 88 9.7 106 118 13.1 149 17.2 204

thinning operations). Some wood composition materials are
fabricated primarily from residues produced by other wood
processing industries. Construction and urban wood waste
is sometimes commercially utilized in the raw material mix
used for fabrication of particleboard and MDF.

Comminuted wood constituents are, individually, sub-
stantially shorter, thinner, and narrower than any dimen-
sions of the panel or member that they form. Integrity of a
wood composition panel or member thus depends on a se-
ries of lap and bridge joints between the wood constituents.
Inter-leaving of constituents in a wood composition material
allows for formation of lap and bridge joints during press-
ing, but bond formation depends on constituent surfaces be-
ing brought into close contact during adhesive cure. The
pressures required to bring constituents into close contact
during hot-pressing result in noticeable densification of
wood composition materials. Total surface area of the (com-
minuted) constituents in a wood composition panel is usu-
ally about an order of magnitude greater than the surface
area of the constituents in a similar-sized panel or member
fabricated with veneer sheets. Specific adhesive coverage
(mass of adhesive per unit surface area of the wood constitu-
ents to be bonded) is not calculated for wood composition
materials [9], but is recognized as being appreciably lower
than in panels or members fabricated from veneer sheets.
Adhesive application to the constituents in wood composi-
tion material is discontinuous, although adhesive flow dur-
ing hot pressing can result in areas of more or less continu-
ous bonding between constituents [19]. Where more or less
continuous bonding has been observed, it was evident that
particles had been brought into very close contact by appli-
cation of substantial pressure in the direction of panel thick-
ness. In pressing of wood composition materials, the pres-
sure exerted changes during the pressing cycle, with peak
pressure occurring as the mattress of particles or fibers first
reaches its fully compacted thickness [20]. The literature
suggests 2—8 MPa (300-1000 psi) as a reasonable estimated
range of peak compaction pressure during production of
commercial wood composition materials [21-23]. Some
crushing of the cellular structure in individual wood con-
stituents occurs during pressing of wood composition mate-
rials [24], attributable in large part to the compaction pres-

sures involved.'? Wang and Winistorfer [25] measured an
average compaction of roughly 24 % in pine flakes pressed in
mattresses using a press cycle believed to be representative
of commercial flakeboard production.

Insofar as the individual constituents of wood composi-
tion materials are relatively short; they collectively have ap-
preciable end-grain area through which liquid water might
be rapidly absorbed. All commercial wood composition ma-
terials therefore contain a sizing agent (most commonly pe-
troleum wax) to inhibit liquid water absorption. The adhe-
sive system may also influence water absorptivity of a wood
composition material, and may thus be a factor in the manu-
facturer’s choice of adhesive system. Wood composition ma-
terials can be manufactured to have low levels of liquid wa-
ter absorption, for use in applications where this is
important [26]. PSL, LSL, and OSL, which are wood compo-
sition materials, are (as indicated previously), bonded with
waterproof and boil-proof binder systems. Adhesive con-
tents in PSL, LSL, and OSL (and thus production costs) are
commensurate with the products’ relatively critical end use
(and higher unit market price). Nonetheless, and as also in-
dicated previously, PSL, LSL, and OSL are not intended for
exterior use.

Moisture Content

The moisture content of wood and wood products is defined
as the mass (weight) of water in the member expressed as a
fraction, usually a percentage, of the oven-dry mass of the
member.

Wood placed in an environment of constant atmo-
spheric conditions and isolated from liquid water, will even-
tually reach a moisture content in equilibrium with that en-
vironment, termed “equilibrium moisture content” (EMC).
EMC is a function of the ambient relative humidity, and, toa
lesser extent, the temperature. The EMC at any set of atmo-
spheric conditions below 100 % RH, will be below the fiber
saturation point. The relationship between EMC, tempera-
ture and relative humidity is shown in Table 1. At low and

13 Tn a mattress of comminuted wood constituents undergoing compaction,
the compaction pressure has an uneven spatial distribution within the
panel plane; this is recognized as accentuating the crushing of cellular
structure within some of the constituents.
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TABLE 2—Moisture contents of wood panel products in equilibrium room temperature and stated

relative humidity.

Constr. Constr. Particle- Particle- Fiber- Fiber-
ply- ply- board board board board Hardboard

wood wood 0SB 0SB (interior) (interior) sheathing sheathing Hardboard siding
RH APA® NIST APA NIST MSU* NIST FPLY NIST FPL® FpLf
10 1.2 2.3 0.8 1.7 3 1.9 2.1-2.3
20 2.8 3.7 1.0 3.0 5-6 3.1 2.5-3.6
30 4.6 4.8 2.0 4.1 6.2-7.5 4.1 3.4-6.1 2.9-4.7 2.4-5.3
40 5.8 5.9 3.6 5.3 7-9.5 5.2 3.4-5.9 5-7
50 7.0 7.2 5.2 6.6 8-10 6.3 4.4-7.7 4.0-7.4 3.2-6.8
60 8.4 8.7 6.3 8.1 8.5-11 7.7 4.9-9.3 7-10
70 11.1 10.8 8.9 10.1 9.5-12.2 9.8 6.2-12.0
80 15.3 13.7 13.1 12.9 10.5-14 12.2 8.4-16.6 8.5-11.5 9-13.5
90 19.4 18.5 17.2 17.3 14-16 16.5 9.2-16.5 9.0-14.9

#Zylkowski [37] (values correspond with Zylkowski [38] in which the data are for sorption direction, dry weight measured by oven drying).
PRichards et al. [34]: (average of adsorption and desorption for individual commercial products, dry weight measured by dessicant drying).
‘Suchsland [33] (one commercial board, range indicates hysteretic effect, dry weight measured by oven drying).

YNordenson [39]: (range in values indicates differences between different commercial products, adsorption direction only, dry weight by
oven drying).

®Myers and McNatt [40].

fcarll and TenWolde [35] (range indicates hysteretic effect, dry weight by oven drying).

moderate levels of relative humidity, the values in Table 1
may be applied to wood of virtually any species. At high RH
levels, values in the table should not be considered precise.
Spalt [27], Hedlin [28], Choong and Manwiller [29], and Ah-
met et al. [30] found essentially no between-species differ-
ences in EMC value at low and moderate levels of RH. In con-
trast, at RH levels of 71 % or higher Choong and Manwiller
[29] and Ahmet et al. [30] observed between-species differ-
ences in EMC as high as 3-4 percentage points; Hedlin [28]
observed larger between-species differences at very high RH
(above 95 %). Spalt[27] proposed an explanation for the rela-
tively larger between-species differences in EMC that occur
at high relative humidity levels. This explanation, in which
wood extractives play a mechanistic role, was evidently sup-
ported by the subsequent works of Wangaard and Granados
[31]and by Choong[32].

Wood in service is exposed to both long-term (seasonal)
and shorter-term (for example, daily) atmospheric changes
in relative humidity and temperature. Wood is therefore al-
ways undergoing at least slight changes in moisture content.
These changes are usually gradual, and short-term fluctua-
tions tend to influence only the wood surface. Moisture con-
tent changes can be retarded, but not prevented, by surface
coatings such as paint, exterior stain, or varnish.

The EMC that wood will attain when it adsorbs atmo-
spheric moisture from an initially drier condition is always
less than the EMC that the wood would reach if it were
placed in the same environment, but instead reached mois-
ture equilibrium from an initially wetter condition. This
phenomenon is known as sorption hysteresis. The ratio of
adsorption EMC to desorption EMC is commonly about

0.85. The EMC that wood will reach, however, in its first de-
sorption from the green condition (that of freshly sawn
wood) is greater than in any subsequent desorption. Data in
Table 1 were derived primarily under conditions described
as “oscillating desorption,” which is thought to represent a
condition midway between adsorption and desorption, and
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Fig. 4—Moisture content-relative humidity relationship at 20°C
for wood under adsorption and various desorption conditions
(source: Wood Handbook).

TABLE 3—Typical moisture contents of bonded wood products as shipped from production plants

(courtesy APA—The Engineered Wood Association).

0SB, Particleboard and
Hardboard

Plywood and Structural Composite
Lumber

Glu-lam Timbers

3-5%

6-8 % 11-12 %
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TABLE 4—Equilibrium moisture content of wood, exposed to outdoor atmosphere, in several U.S.

locations (source: Wood Handbook).

Equilibrium Moisture Content?

May June July Aug. Sept. Oct. Nov. Dec.

State City Jan. Feb. Mar. Apr.
AK Juneau 16.5 16.0 15.1 13.9
AL Mobile 13.8 13.1 133 13.3
AZ Flagstaff 11.8 1.4 10.8 9.3
AZ Phoenix 9.4 8.4 7.9 6.1
AR Little Rock 13.8 13.2 12.8 13.1
CA Fresno 16.4 14.1 12.6 10.6
CA Los Angeles 12.2 13.0 13.8 13.8
Cco Denver 10.7 10.5 10.2 9.6
DC Washington 11.8 11.5 11.3 1.1
FL Miami 13.5 13.1 12.8 12.3
GA Atlanta 13.3 12.3 12.0 11.8
HI Honolulu 13.3 12.8 11.9 11.3
ID Boise 15.2 13.5 1.1 10.0
IL Chicago 14.2 13.7 13.4 12.5
IN Indianapolis 15.1 14.6 13.8 12.8
1A Des Moines 14.0 13.9 13.3 12.6
KS Wichita 13.8 13.4 12.4 12.4
KY Louisville 13.7 13.3 12.6 12.0
LA New Orleans 14.9 14.3 14.0 14.2
ME Portland 13.1 12.7 12.7 12.1
MA Boston 11.8 11.6 11.9 11.7
Ml Detroit 14.7 14.1 13.5 12.6
MN Minneapolis-St. Paul 13.7 13.6 13.3 12.0
MS Jackson 15.1 14.4 13.7 13.8
MO St. Louis 14.5 14.1 13.2 12.4
MT Missoula 16.7 15.1 12.8 11.4
NE Omaha 14.0 13.8 13.0 12.1
NV Las Vegas 8.5 7.7 7.0 5.5
NV Reno 12.3 10.7 9.7 8.8
NM Albuquerque 10.4 9.3 8.0 6.9
NY New York 12.2 11.9 11.5 11.0
NC Raleigh 12.8 12.1 12.2 11.7
ND Fargo 14.2 14.6 15.2 12.9
OH Cleveland 14.6 14.2 13.7 12.6
OK Oklahoma City 13.2 12.9 12.2 121
OR Pendleton 15.8 14.0 11.6 10.6
OR Portland 16.5 15.3 14.2 13.5
PA Philadelphia 12.6 11.9 11.7 11.2
SC Charleston 13.3 12.6 12.5 124
SD Sioux Falls 14.2 14.6 14.2 12.9
TN Memphis 13.8 13.1 12.4 12.2
X Dallas-Ft. Worth 13.6 13.1 12.9 13.2
TX El Paso 9.6 8.2 7.0 5.8
uT Salt Lake City 14.6 13.2 1.1 10.0
VA Richmond 13.2 12.5 12.0 11.3
WA Seattle-Tacoma 15.6 14.6 15.4 13.7
Wi Madison 14.5 14.3 14.1 12.8
WV Charleston 13.7 13.0 12.1 1.4
wy Cheyenne 10.2 10.4 10.7 10.4

13.6 13.9 15.1 16.5 18.1 18.0 17.7 18.1
13.4 13.3 14.2 14.4 13.9 13.0 13.7 14.0
8.8 7.5 9.7 11.1 10.3 10.1 10.8 11.8

5.1 4.6 6.2 6.9 6.9 7.0 8.2 9.5
13.7 13.1 13.3 13.5 13.9 13.1 13.5 13.9
9.1 8.2 7.8 8.4 9.2 10.3 13.4 16.6
14.4 14.8 15.0 15.1 14.5 13.8 12.4 12.1
10.2 9.6 9.4 9.6 9.5 9.5 11.0 11.0

11.6 1.7 11.7 12.3 12.6 12.5 12.2 12.2
12.7 14.0 13.7 14.1 14.5 13.5 13.9 134
12.5 13.0 13.8 14.2 13.9 13.0 12.9 13.2
10.8 10.6 10.6 10.7 10.8 1.3 12.1 12.9
9.7 9.0 7.3 7.3 8.4 10.0 13.3 15.2
12.2 12.4 12.8 13.3 13.3 12.9 14.0 14.9
13.0 12.8 13.9 14.5 14.2 13.7 14.8 15.7
12.4 12.6 13.1 13.4 13.7 12.7 13.9 14.9
13.2 12.5 11.5 11.8 12.6 12.4 13.2 13.9
12.8 13.0 13.3 13.7 14.1 13.3 13.5 13.9
14.1 14.6 15.2 15.3 14.8 14.0 14.2 15.0
12.6 13.0 13.0 13.4 13.9 13.8 14.0 13.5
12.2 12.1 11.9 12.5 13.1 12.8 12.6 12.2
12.3 12.3 12.6 13.3 13.7 13.5 14.4 15.1
11.9 12.3 12.5 13.2 13.8 13.3 14.3 14.6
14.1 13.9 14.6 14.6 14.6 14.1 14.3 14.9
12.8 12.6 12.9 13.3 13.7 13.1 14.0 14.9

11.6 11.7 10.1 9.8 1.3 12.9 16.2 17.6
12.6 12.9 13.3 13.8 14.0 13.0 13.9 14.8
5.0 4.0 45 5.2 5.3 5.9 7.2 8.4
8.8 8.2 7.7 7.9 8.4 9.4 10.9 12.3
6.8 6.4 8.0 8.9 8.7 8.6 9.6 10.7

11.5 11.8 11.8 12.4 12.6 12.3 12.5 12.3
13.1 13.4 13.8 14.5 14.5 13.7 12.9 12.8
1.9 12.9 13.2 13.2 13.7 13.5 15.2 15.2
12.7 12.7 12.8 13.7 13.8 13.3 13.8 14.6
134 13.1 11.7 11.8 12.9 12.3 12.8 13.2
9.9 9.1 7.4 7.7 8.8 11.0 14.6 16.5
13.1 12.4 1.7 11.9 12.6 15.0 16.8 17.4
11.8 11.9 12.1 12.4 13.0 13.0 12.7 12.7
12.8 13.5 14.1 14.6 14.5 13.7 13.2 13.2
12.6 12.8 12.6 13.3 13.6 13.0 14.6 15.3
12.7 12.8 13.0 13.1 13.2 12.5 12.9 13.6
13.9 13.0 11.6 11.7 12.9 12.8 13.1 13.5
6.1 6.3 8.3 9.1 9.3 8.8 9.0 9.8
9.4 8.2 7.1 7.4 8.5 10.3 12.8 14.9
12.1 12.4 13.0 13.7 13.8 13.5 12.8 13.0
13.0 12.7 12.2 12.5 13.5 15.3 16.3 16.5
12.5 12.8 13.4 14.4 14.9 14.1 15.2 15.7
12.5 13.3 14.1 14.3 14.0 13.6 13.0 13.5
10.8 10.5 9.9 9.9 9.7 9.7 10.6 10.6

2Equilibrium moisture content values were determined from the average of 30 or more years of relative humidity and temperature data
available from the National Climatic Data Center of the National Oceanic and Atmospheric Administration [44].

is thus considered a practical compromise, suitable for situ-
ations where the direction of sorption/desorption may not be
known. Hysteresis is shown in Fig. 4, as is the influence of
relative humidity on EMC at constant temperature. This
“sorption isotherm” also indicates that the change in EMC
with changing relative humidity is comparatively modest
within the range of 30 to 70 % RH, whereas change in EMC
with change in relative humidity is relatively great at humid-
ity levels in excess of 80 % RH.

Bonded wood products are by mass mostly wood and
thus show EMC response to atmospheric conditions similar
to that of wood. Sorption isotherms of bonded wood prod-
ucts have a similar shape as the sorption isotherm for wood.
Like wood, bonded wood products show sorption hysteresis
[33-35]. Because of the adhesives (and other additives, for
example, wax) incorporated in bonded wood products, and
because of the high temperatures they typically experience
during pressing, these products characteristically show
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TABLE 5—Recommended moisture content values for various wood items at time of installation

(source: Wood Handbook).

Recommended Moisture Content (%) in Various Climatological Regions

Most Areas of the

United States

Dry Southwestern Area®  Damp, Warm Coastal Area®

Individual Individual Individual
Use of Wood Average® Pieces Average® Pieces Average® Pieces
Interior: woodwork, flooring, furniture, wood trim 8 6-10 6 4-9 1 8-13
Exterior: siding, wood trim, 12 9-14 9 7-12 12 9-14

sheathing, laminated timbers

®Major areas are indicated in Fig. 5.

PTo obtain a realistic average, test at least 10 % of each item. If the quantity of a given item is small, make several tests [44].

lower EMC values than solid wood.!'* EMC values for con-
struction plywood, OSB, wood fiberboard sheathing, hard-
board, and particleboard with interior binder are presented
in Table 2. This table suggests that, as with wood, variation in
EMC is more pronounced at higher levels of humidity.

Initial Moisture Content of Commercial Building
Materials

In freshly sawn (“green”) wood, the cell walls are completely
saturated with water, and some free water is also present in
cell lumina. Green construction lumber is usually dried at
the producing mill before dressing (surfacing or planing) to
size and subsequent grading, packaging, and shipment. Con-
struction lumber may be air-dried at the production mill.
More commonly, commercial drying operations utilize dry
kilns, which accelerate the drying process. The American
Softwood Lumber Standard [41] specifies that lumber
grade-stamped as “S-dry” must have a moisture content at
dressing of no more than 19 % (or some lower moisture con-
tent as may be specified in a grading agency rule or purchase
agreement). Grading agency rules generally allow for 5 % of
lumber pieces to exceed 19 % (or a specified lower) moisture
content at time of dressing. The expectation is thus that most
pieces of construction lumber grade-stamped as dry will be
at 19 % moisture content or less as shipped from the produc-
ing mill. In some locales, most notably California, buildings

Dry

southwestern
Damp warm

coastal

Fig. 5—Regional areas referred to in Table 5.

14 This sentence is paraphrased from Koch [36].

are commonly framed with lumber that was not commer-
cially dried before dressing, and are grade-stamped with the
designation “Green” or “S-Green.”

The processes inherent in manufacture of bonded wood
products result in low material moisture contents. Control
of constituent moisture content is essential during manufac-
ture for adequate bond formation by adhesives.'®> Further-
more, hot-pressed materials undergo drying during pressing
and as hot material emerges from the press. Finally, heat ex-
posure during manufacture, (and interaction of wood with
adhesive), may also result in subtle chemical changes in the
wood constituents that reduces hygroscopicity and liquid
water absorptivity. Moisture contents of bonded wood prod-
ucts as shipped from production plants are given in Table 3.

Moisture content at time of construction is influenced
by the conditions to which the materials were exposed dur-
ing shipment and storage. Lumber moisture content on con-
struction jobsites varies; in lumber grade-stamped as dry it
may appreciably exceed 19 % [42]. Jobsite check of moisture
content by use of a commercial moisture meter is therefore
prudent. Commercial handheld moisture meters provide re-
liable readings provided that manufacturer’s use instruc-
tions are followed, (these generally concur with ASTM
D4444 [43]), and compensation made where necessary for
wood species or wood-based material, and temperature.

Anticipated Moisture Content in Service

Wood and wood products should be installed at moisture
content levels as close as possible to the average moisture
content they will experience in service in order to minimize
dimensional change after installation. Dimensional change
is usually most critical in finish carpentry (e.g., interior
floors, exterior siding and soffits, and interior and exterior
millwork and trim), although significant dimensional
changes in framing lumber or sheathing can result in prob-
lems such as cracking of exterior cement plaster (stucco), or
interior plasterboard. The in-service moisture content of ex-
terior wood (siding and exterior trim) depends on outdoor
relative humidity and exposure to rain and sun, or both. The
in-service moisture content of interior wood primarily de-
pends on indoor relative humidity. Anticipated outdoor
EMC values for various locations in the United States are
given in Table 4. It should be noted that the values in this

15 Control of moisture level into hot presses is also necessary to prevent exces-
sive within-press steam generation that would cause explosive delamina-
tion upon press opening.
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table are based on ambient atmospheric conditions and thus
assume neither absorption of rainwater nor exposure to so-
lar radiation.

Recommended moisture content values for wood items
at time of installation are given in Table 5. The recom-
mended values for exterior wood are in general accord with
those in Table 4 and thus account for neither solar exposure
nor appreciable absorption of rainwater. The values were de-
veloped for exterior siding, soffits, and trim. In these applica-
tions, rainwater exposure may not occur (e.g., soffits), and
where it occurs (siding and trim) will primarily be from
windblown rain (or roof splash), and will largely be from one
(the exterior) side. In addition, exterior siding or trim is gen-
erally painted or stained; the applied finish will retard ab-
sorption of rainwater. The authors recommend that siding
and trim installed on walls exposed to direct solar radiation
be a couple percentage points drier than the values listed in
Table 5 at installation.'® The values in Table 5 for interior
wood assume that the building is well-ventilated, has no un-
usual moisture sources, and is not air-conditioned. Average
EMC values for interior wood in air-conditioned buildings
will likely be toward the low end of the range listed for indi-
vidual pieces in Table 5, provided that the air-conditioning
equipment has been selected and sized to provide humidity
control. Wood installed in basements or crawl spaces may
experience higher moisture contents than the maximum
value (14 %) listed in Table 5. Seasonal peak framing lumber
moisture contents approaching 20 % have been recorded in
crawl spaces [47].!” With appropriate moisture control prac-
tices, wood in insulated walls and in attics should not reach
moisture contents much outside the range of values listed in
Table 5.

Tables 4 and 5 are not intended for application to
bonded wood products. As discussed previously, these prod-
ucts usually have lower EMC values than the wood from
which they were fabricated, and EMC values can vary from
product to product. A reasonable approximation is to accli-
mate bonded wood products to equilibrium with 30 to 40 %
RH for interior applications, and to 55 to 65 % RH for exte-
rior applications. In applications where dimensional move-
ment can be accommodated, wider acclimation bounds than
specified above may be acceptable.

The APA Engineered Wood Handbook assumes that
structural wood-based panels or structural composite lum-
ber (which as discussed above have lower EMC values than
wood) will not exceed 16 % MC in service. This value roughly
corresponds with a 19 % MC value for wood (compare EMC
values in Tables 1 and 2). As will be discussed later, a wood
moisture content of 20 % (roughly the EMC at room tem-
perature and 90 % RH) is commonly considered the “not to

16 This recommendation is based on: (a) measured in-service siding moisture
contents on southeast- and southwest-facing walls on buildings in Florida
than were roughly 1.5 percentage points lower than on northeast-facing
walls on the same buildings [45], (b) measured in-service wood-siding
moisture contents on south-facing walls in southern California below 5 %
[46], and (c) the lead author’s unpublished measurement of 6-9 % EMC at
22°C and 50 % RH in wood siding removed from sun-exposed exterior
walls of buildings in Wisconsin and New York (these EMC values ranged
from 0-3 % lower than the value at this set of conditions shown in Table 1).
Crawl spaces monitored by Stiles and Custer [47] included ones that would
likely have been judged “musty,” but did not include any craw spaces which
showed evidence of standing water nor any in which decay was observed.
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Fig. 6—Typical moisture content-shrinkage curves (source: Wood
Handbook).

exceed” value for confidence in preventing propagation of
wood-destroying fungi.

Dimensional Changes

Dimensional Stability of Wood

Below the fiber saturation point, wood changes dimension
with changes in moisture content. It shrinks when losing
moisture from the cell walls and swells when gaining mois-
ture in the cell walls. Wood is orthotropic: it shrinks or swells
most in the tangential direction, about half as much in the
radial direction, and only slightly in the longitudinal direc-
tion. Dimensional movement of lumber has traditionally
been measured as shrinkage from green (the condition at
which lumber is sawn) to oven-dry. Dimensional movement
is usually correlated with density, and is roughly propor-
tional to change in moisture content. Figure 6 shows typical
relationships between shrinkage and moisture content in
tangential and radial directions. It indicates that the rela-
tionship between dimensional movement and moisture con-
tent is not linear over the entire moisture content range from
fiber saturation to oven dry, but that it is linear from roughly
20 % moisture content to oven dry. Dimensional change of a
given piece of wood depends on its density and growth char-
acteristics. Figure 7 indicates that dimensional change can
vary appreciably between pieces of wood thought to be simi-
lar. Changes in dimension in tangential or radial directions
can be estimated using the following formula.

AD = D|Cr(M; - M,)] (1)

where AD is change in dimension, D, length at initial MC, Cg
dimensional change coefficient in radial anatomic direction,
(alternatively, Cr, dimensional change coefficient in tangen-
tial anatomic direction), My moisture content (%) at end of
change, and M; moisture content (%) at start of change. Val-
ues for Cp and Crare given in Table 6.

The coefficient values are based on dimension at 10 %
MC and the assumption of a linear relationship between di-
mension and moisture content change over the entire hygro-
scopic range. The coefficients may therefore slightly under
estimate dimensional movement across the range of 0-20 %
moisture content, and over estimate it across the range of 20
% moisture content to fiber saturation. Variation in dimen-
sional change between pieces of wood, (Fig. 7), suggest that
Eq (1) should not be counted on to precisely predict dimen-
sional movement of individual pieces of wood.
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Fig. 7—Variation in individual tangential shrinkage values of sev-
eral Douglas-fir boards from one locality, dried from green condi-
tion (source: Wood Handbook).

Movement of wood in either transverse direction (radial
or tangential) can be of substantial consequence when wet
framing lumber is used for floor joists in platform construc-
tion. The balloon framing technique, which was widely used
in the 1920s and earlier (and which has been largely replaced
by the platform framing technique), was designed to accom-
modate relatively large amounts of across-grain shrinkage of
floor and rim joists. In construction of log buildings, atten-
tion must be paid to dimensional change in wall heights
(which are across the grain direction). In log buildings with

TABLE 6—Dimensional change coefficients. Cg
and Cy, in radial and tangential directions re-

spectively, for various species of wood (per
percent change in moisture content) (source:
Wood Handbook).

Species Cr Cr

Aspen, quaking 1.2x1073 2.3%x1073
Birch, yellow 2.6x1073 3.4x1073
Cottonwood, black 1.2x1073 3.0x1073
Locust, black 1.6x1073 2.5%x1073
Maple sugar 1.6x1073 3.5x1073
Red oak, commercial 1.6%x1073 3.7x1073
White oak, commercial 1.8x 1073 3.7x1073
Walnut, black 1.9%x1073 2.7x1073
Yellow-poplar 1.6x1073 2.9%x1073
Cedar, northern white 1.0x 1073 2.3x1073
Cedar, western red 1.1%x1073 2.3x1073
Douglas-fir, interior 1.5%x1073 2.5x1073
Fir, grand 1.1x1073 2.4%x1073
Hemlock, western 1.4%x1073 2.7%x1073
Larch, western 1.6x 1073 3.2x1073
Pine, eastern white 7.1x10™ 2.1x1073
Pine, jack 1.3x1073 2.3x1073
Pine, loblolly 1.7x1073 2.6x1073
Pine, ponderosa 1.3%x1073 2.2x1073
Pine, slash 1.9%x 1073 2.7x1073
Redwood, second growth 1.0x1073 2.3x1073
Spruce, black 1.4%x1073 2.4x1073
Spruce, white 1.3x1073 2.7%x1073
Spruce, Sitka 1.5%x 1073 2.6x1073

Source: Forest-Products Laboratory [44].

gable roofs there is the potential for significant differential
movement between roof eave lines and roof peaks. In log
buildings there is also potential for significant differential
change between the height of openings and of fenestration
units installed in them; competent design of log buildings
will anticipate and allow for such differential movement.

Dimensional movement in the longitudinal direction
has traditionally been considered as negligible. The Wood
Handbook [44] states that the average values of longitudinal
shrinkage from green to oven-dry normally ranges between
roughly 0.1 and 0.2 %. This range of values assumes that the
wood contains neither juvenile nor reaction wood. Juvenile
and reaction wood are, however, present to some degree in
commercial lumber; softwood lumber grading rules require
exclusion of neither juvenile nor compression wood. Soft-
wood lumber grading rules also commonly allow slope of
grain (observed as diagonal grain) of from 1-in-8 to 1-in-14,
depending on grade. It therefore is not particularly surpris-
ing that green to OD lengthwise shrinkage values exceeding
0.3 % occur with some regularity in commercial lumber.
Longitudinal shrinkage of 0.6 % has been observed in
second-growth redwood [48,49], and longitudinal shrinkage
as high as 2 % has been observed in rapidly-grown, second
growth, southern pine [48]. The degree of longitudinal
shrinkage that Ying et al. [6] observed in fast-growth loblolly
pine usually exceeded 0.5 % in the first ten growth rings.
Hann [5] observed longitudinal shrinkage values in baldcy-
press that were similar to those observed by Ying et al. [6] in
loblolly pine or by Chern [49] in redwood. All researchers
found that within-species longitudinal movement in second-
growth material commonly varied by a factor of four or
more. Predictions of longitudinal movement of any given
piece of lumber are therefore likely to be imprecise. Mois-
ture control appears to be the most reliable way to avert
problems related to longitudinal movement of lumber. Hann
[5] found that longitudinal movement between EMC at 80 %
RH and EMC at 30 % RH was always less than half of that
between the green and ovendry conditions. Gorman [50]
found that longitudinal movement of juvenile wood was a
factorin seasonal arching of roof trusses, but that truss arch-
ing could often be controlled by management of moisture
conditions. Percival [51] indicated that problems associated
with truss arching could largely be controlled by a combina-
tion of construction practice and moisture control.

Dimensional Stability of Bonded Wood Products
Dimensional movement of glulam timbers and that of LVL
members are essentially indistinguishable from that of
wood under similar environmental conditions. As indicated
previously, these products are manufactured under well-
controlled moisture conditions, and thus usually undergo
less dimensional change than construction lumber during
the period from construction through the first year of build-
ing occupancy.

The dimensional movement characteristics of wood-
based panels generally differ from those of wood. The three
principal dimensional axes for wood-based panels are: along
the panel, across the panel, and through the thickness of the
panel. Proportional changes are consistently greatest
through the thickness of panels. Because nominal panel
thicknesses are generally 20 mm or less, high proportional
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TABLE 7—Published values for within-plane dimensional movements of wood-based panel

products.

RH Range (unless

otherwise Linear Expansion Linear Expansion
Material Source specified) Along Panel (%) Across Panel (%)
Construction Zylkowski [38] Ovendry-soak 0.15-0.29 0.20-0.40
plywood
Construction Talbott et al. [52] 30 %-92 % 0.04-0.06 0.08
plywood
OSB Zylkowski [38] Ovendry-soak 0.19-0.28 0.36-0.63
OsB Wu and Suchsland [53] 35 %-85 % 0.13-0.17 0.19-0.32
Waferboard Alexopolous and Ovendry-soak 0.25-0.27 0.31-0.38

Szabo [54]

Waferboard Talbott et al. [52] 30 %-92 % 0.15 0.19
Sheathing Lehmann [55] 30 %-90 % 0.37-0.53
fiberboard (average of along and across)
Sheathing Luxford [56] 50 %-97 % 0.20-0.47
fiberboard (direction not specified-likely the average of along and across)
Sheathing ASTM 50 %-90 % 0.5-0.6 maximum allowable
fiberboard C 208-95 [57] (average of along and across),

Particleboard Lehmann [55] 30 %-90 %

(interior)

Particleboard ANSI 50 %-80 %
(medium-density A208.1-1999 [58]

interior)

Hardboard siding Biblis [59] 30 %-90 %
Hardboard siding Biblis [60] 35 %-90 %

Hardboard siding ~ ANSI/AHA A135.6-1998 [61] 30 %-80 %

Hardboard siding ~ ANSI/AHA A135.6-1998 [61] 30 %-90 %

(dependent on structural grade)
0.45-0.46
(average of along and across)
0.35 maximum allowable
(average of along and across)

0.19-0.29
(panel siding)
0.19-0.26
(lap siding)
0.31-0.35 max 0.31-0.35 max
(lap siding) (panel siding)

(dependent on
panel thickness)
0.36-0.40 max
(lap siding)
(dependent on
panel thickness)

(dependent on
panel thickness)
0.36-0.40 max
(panel siding)
(dependent on
panel thickness)

change usually does not result in large measured dimen-
sional change. Proportional dimensional changes along and
across wood-based panels generally exceed that of normal
wood in the longitudinal direction, and are significantly less
than that of wood in radial or tangential directions. Dimen-
sional movement characteristics of commodity panel prod-
ucts can generally be found in the research literature. Di-
mensional movement characteristics of proprietary
products, if available, must generally be obtained from the
respective manufacturers.

Values in the research literature for dimensional change
along the length or across the width of wood-based panels
are most commonly reported as percentage increase in di-
mension (linear expansion) between a low humidity and a
high humidity condition (in accord with ASTM D1037 [52])
or between a dry and a soaked condition. Published values
are given in the Table 7.

Dimensional movement in the plane of wood-based
panels, reported as a function of moisture content, is not
commonly found in the research literature, but is available.
Suchsland [33] and Lang and Loferski [62] have presented
dimensional change coefficients per percent change in mois-
ture content. Their measurements were taken between two
moisture conditions. Using such coefficients, an equation of

the same form as Eq (1) can be used to predict dimensional
change.

D= Di Calong(Mf_ Mz) (2)

where D, D;, Mg, and M; are as in Eq (1) and Cypy,, is dimen-
sional change coefficient for the panel long dimension (alter-
natively, C,,.,s for dimensional change coefficient across the
panel width). Values of C,j,,, and Cycyos are given in Table 8.
A comparison with the dimensional change coefficient val-
ues for wood in radial and tangential directions (Table 6) in-
dicates that proportional change across the widths of wood-
based panel products is significantly less than that of wood
in eitherradial or tangential directions.

Talbott et al. [52], Zylkowski [38], and Wu and Such-
sland [63] made dimensional change measurements over
multiple (more than two) different moisture conditions.
Zylkowski [38] and Wu and Suchsland [63] found the rela-
tionship between dimensional movement in the plane of the
panel and moisture content to be nonlinear. Within limited
moisture ranges, however, linear approximations can be
useful for estimating panel dimensional change. Values of
Calong and Cyeross, derived from values reported by Zylkowski
[38] are shown in Table 9.
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TABLE 8—Within-plane dimensional change coefficients for panel products obtained from two-

point measurement protocols.

Material Source Moisture Range Calong Cacross

Construction Lang, Loferski [62] 45 % RH- 1.8x10™ 2.3x10™*

plywood 95 % RH

(oM} Lang, Loferski [62] 45 % RH- 2.2X10% 2.3%x10™*
95 % RH

Particleboard Suchsland [33] 40 % RH- 1X104-5.6x 10™*

(interior) 90 % RH (avg. of both directions)

The major concern with within-plane dimensional
movement of wood-based panels is the potential for out-of-
plane distortion (buckling), particularly between framing
members. Because construction panels are relatively thin
(and thus of limited stiffness) as compared with framing
members, panel dimensional change along the framing
members can be restrained to a significant degree by stiff-
ness of the framing members, provided that panels are ad-
equately fastened to them. Buckling between framing mem-
bers may occur if panels are installed at appreciably lower
moisture content than the framing members. Buckling at
panel edges can occur (in either direction) if insufficient gaps
are provided between panels at installation. Shingle ridging
is associated with within-plane dimensional movement of
wood-based panels in roof sheathing applications. It occurs
when edge gaps between panels decrease in width and roof
shingles (most commonly low-cost thin shingles) that bridge
the gaps noticeably buckle as the distance between shingle
nailing points decreases with panel linear expansion. Struc-
tural panels used in Exposure 1 environments have histori-
cally shown little tendency to buckle unless installed without
adequate edge gaps, if inadequately fastened to framing, and
if subjected to significant wetting between installation and
building “dry-in,” or unless installed over wet framing lum-
ber on walls that were enclosed while the lumber remained
wet. Buckling of wall sheathing may be wholly undetectable
if the wall cladding material is brick veneer or vinyl siding,
whereas slight buckling or change in between-panel gaps
may result in noticeable cracking of cement-plaster stucco.
Visually objectionable out-of-plane distortion of wood-
based panel materials used as siding or as combination
sheathing/siding has occurred with some frequency. Atten-
tion to moisture content at time of installation and to build-

TABLE 9—Within-plane dimensional change
coefficients for panel products over different

moisture ranges (obtained from a multi-point
measurement protocol).

Material

Moisture Range Calong Cacross

Construction 1.3X10™% 1.6x10™*

plywood

4.5 %-9 % mc (EMC
over 30 % to 65 % RH
range)

9 %-19 % mc

Construction 2.0x10™> 3.6x10™°

plywood
0SB 2 %-7 % mc 2.1x10™% 4.2x10™*
(EMC over 30 % to 65 %
RH range)
0SB 7 %-17 % mc 5.7X107>  6.1%x107°

ing moisture control can significantly reduce the incidence
of problems associated with dimensional changes in length
or width of wood-based panels.

As mentioned previously, proportional dimensional
changes through the thickness of wood-based panels are sig-
nificantly higher than those across panel length or panel
width directions. For panels fabricated of lathe-cut veneer,
dimensional change through the panel thickness is roughly
40 to 50 % greater than dimensional change in the radial di-
rection of the wood from which it was fabricated (or roughly
equivalent to the dimensional change in the tangential direc-
tion). For panels fabricated of comminuted wood, but not
significantly densified by pressing, (fiberboard sheathing) di-
mensional change in the thickness direction is not recog-
nized as being of consequence. The ASTM/ANSI standard
for fiberboard sheathing (ASTM C208 [57]) does not promul-
gate dimensional stability requirements in the thickness di-
rection, and thickness swelling potential of fiberboard
sheathing is apparently modest [64]. For densified wood
composition materials, however, proportional dimensional
movement in the thickness direction can be of appreciable
magnitude, substantially exceeding that of wood in either of
its transverse directions. Up to EMCs corresponding with 70
% relative humidity, thickness swelling of densified wood
composition materials is roughly similar to swelling of the
denser wood species in the tangential direction, and the
swelling is mostly recoverable. Beyond EMCs corresponding
with 80 % RH, however, swelling increases significantly and
asignificant portion of the swelling becomes nonrecoverable
[63,65]. The proportion of swelling that is nonrecoverable
continues to increase as conditions get progressively wetter.
Upon exposure to soaking, thickness swelling of 35-40 %
may occur in densified wood composition materials (relative
to the dimension at an EMC corresponding with 50 % RH)
[38]. The literature [63,65] suggests that when thickness
swelling exceeds 20 %, more than half of it (around 70 %) is
nonrecoverable.

Nonrecoverable (or irreversible) thickness swelling al-
most always occurs unevenly, being greatest at panel edges.
The uneven swelling can be visually objectionable, for ex-
ample, when irreversibly swollen edges of subflooring pan-
els telegraph through floor coverings. Uneven irreversible
swelling, along with surface roughening near swollen edges,
results in edge welting of laminate flooring and edge welting
of hardboard siding. Irreversible thickness swelling is gener-
ally recognized as occurring to the greatest extent when ma-
terial is immersed in water for the first time, with marginal
increases in irreversible swelling becoming progressively
less in subsequent soaking cycles. Internal swelling stresses
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Fig. 8—(a) Types of warp. (b) Permanent cup in a piece of thin, 140-mm wide bevel wood siding that had been stained a dark color and

installed on a wall with direct solar exposure.

associated with irreversible thickness swelling have, how-
ever, been shown to result in internal mechanical damage to
panels [66]. Internal changes influence panel properties,
with progressive property degradation occurring with re-
peated wetting. Progressive increase in liquid water absorp-
tivity has been observed in OSB with repetitive wetting
cycles [67]. Progressive degradation of mechanical proper-
ties with repetitive wet cycling is generally recognized as oc-
curring at a decreasing marginal rate. Not all properties nec-
essarily degrade at a decreasing marginal rate. In exterior
exposure, edge welting in hardboard siding has been ob-
served to accelerate with repetitive wetting cycles, even
while in-service edge thickness remained relatively steady
[35]. The degree to which densified wood composition pan-
els undergo irreversible thickness swelling can vary appre-
ciably, even between panels bonded with similar adhesive
systems [68]. Densified wood composition panels fabricated
from wood fibers tend to show less irreversible thickness
swelling than those fabricated from particles or flakes [68].
Appreciable differences in irreversible swelling between
commercial products in the same product class have been
observed[26,35,59,60].

OSB panels are Exposure 1 panels, intended to with-
stand weather exposure during construction, but not in-
tended for use in exterior exposure. The amount of property
degradation OSB will undergo during construction as a re-
sult of thickness swelling is not generally recognized as be-
ing of practical consequence. Owing to its incorporated siz-
ing, the initial water-absorptivity of OSB is fairly low [69]. As
indicated in Table 3, OSB is very dry as shipped from the
manufacturing plant. OSB sheets are furthermore edge-
sealed by manufacturers, sometimes with sealer formulated
specifically for the application. For these reasons OSB edge
swelling that occurs over a few months exterior exposure
during building construction, is generally recognized as be-
ing less than the swelling that would be observed on an un-
sealed edge of the same panel if it were immersed in water

for 24 hours. Edge swelling of wood composition materials
exposed to chronic water exposure (for example, indefinite
weather exposure or ongoing water intrusion) is, however,
likely to result in objectionable irreversible damage. Wood
composition materials intended for use in exterior applica-
tions (hardboard siding or exterior trim, or resin-paper-
overlaid OSB siding'®) are universally recognized as being
subject to objectionable water-induced damage associated
with irreversible thickness swelling, unless the materials are
adequately coated with a high quality exterior paint system.
Edge swelling of web members in OSB-webbed I-joists has
the potential to significantly compromise joist structural in-
tegrity. OSB used for I-joist web material evidently has less
than half the swelling potential of sheathing-grade OSB
[63]." The importance of maintaining structural integrity,
however, suggests that OSB-webbed I-joists should be pro-
tected from wetting, (during construction as well as in ser-
vice).

Warp
Warp occurs when there is spatial variation in dimensional
change within a wooden member. Differential dimensional
change can occur across the member width, resulting in cup.
It can occur along the member length on opposite wide
faces, resulting in bow, or along the member length on oppo-
site narrow faces, resulting in crook. It can also occur in a
compound manner, resulting in member twist [Fig. 8(a)].
Warp that occurs during lumber manufacture and pro-
cessing can be traced to two causes: (a) differences between

8 0SB siding with resin paper overlay is a proprietary product explicitly mar-
keted as siding. It has a higher adhesive content than sheathing-grade OSB,
an incorporated preservative to inhibit decay and insect infestation, and
sealed back surfaces and edges

19 Tjoist manufacturers have property requirements for web material and
can demand that OSB manufacturers provide material that meets their re-
quirements. These requirements are not in the realm of public informa-
tion.
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radial, tangential, and longitudinal shrinkage as the lumber
dries, or (b) growth stresses within the tree. Warp is aggra-
vated by irregular or distorted grain and by the presence of
juvenile and reaction wood. Juvenile and reaction wood are
often unevenly distributed within wood members. As men-
tioned in the discussion of wood anatomy, the helical angle
of wood cells of the tree’s axial system may change as the tree
grows. This can result in differing degrees of spiral grain at
different locations within a wood member, and this can be a
factor in warp. Warp that has its genesis in growth stresses or
in differential shrinkage upon drying from the green condi-
tion can be mitigated by drying under restraint. Commercial
lumber drying operations can stack lumber and weight the
stacks so that the pieces dry under restraint; the elevated
temperatures involved in kiln drying aid in mitigation of
warp during drying under restraint. To some degree, wet
framing lumber nailed into frames and sheathed with rigid
sheathing will also be held under restraint while drying in
place. This approach to mitigating warp of framing lumber
was used successfully before the widespread use of kiln-
dried lumber, most notably in 2 by 4 construction (hip roofs
of modest span and walls) sheathed with 19 mm lumber
boards installed at a moisture content similar to that of the
framing material. The current viability of this approach can
be questioned, considering that contemporary framing lum-
ber is more likely to contain larger proportions of juvenile
wood and thus be more prone to warp, and that panel
sheathing materials have largely replaced the thicker and
relatively stiffer lumber board sheathing. As mentioned pre-
viously, a mismatch of relatively dry sheathing panels and
relatively wet framing lumber can result in problems associ-
ated with linear expansion of the sheathing. Furthermore,
drying of wet framing lumber in walls is likely to be relatively
slow in contemporary construction, where enclosure often
occurs rapidly, and where air leakage rates through enclosed
walls are lower than commonly occurred through walls
sheathed with lumber boards.

Warp sometimes occurs in service in members that were
flat and straight as installed, even in members installed at
moisture contents reasonably close to average long-term
end-use conditions. If transient in-service moisture condi-
tions on opposite sides of a member differ appreciably, warp
may occur. Where appreciable warp occurs as a result of
transient differential wetting, some of the warp is likely to be
irreversible; the member may retain significant warp when
the differential moisture conditions across the member are
dissipated. Wood flooring installed over a wet concrete slab
will warp, and much of the warp may be permanent. Wood
siding that is wetted by rain and then exposed to sun is likely
to undergo some degree of permanent warp [Fig. 8(b)]. The
likelihood that the permanent warp will be objectionable is
increased if the siding is thin, and if it is unfinished or if it is
finished with a dark finish, (which will result in higher peak
siding temperatures during solar exposure). Significant
warp is usually more common in thinner members; the
cross-sectional rigidity of thicker members is greater, and
the rigidity will restrain warp. Thicker and larger members
are, however, not necessarily immune to problems associ-
ated with rapid changes in surface moisture content.

Fig. 9—(a) Top-surface checking (arrowheads) and end-checking in
glued laminated beam, the end of which has been exposed to the
weather. (b) Glulam beam ends exposed to the weather (the beam
end shown in A is one of the five shown in this picture). (c) Surface
checking in the face veneer of sheathing-grade plywood resulting
from moderate weather exposure. Face veneer checking is notice-
able (arrowheads) although surface defect (knot) remains tightly
adhered, and virtually no surface erosion has occurred.

Surface Checking

Noticeable surface checking can occur in wood and in
bonded wood products fabricated from lumber or veneers if
they are exposed to rapid wetting and drying. Surface check-
ing is related to restrained shrinkage of surface layers by in-
ner layers during drying, and is exacerbated by intense dry-
ing conditions. The more extreme examples of in-service
surface checking occur in insufficiently protected members
in exterior exposure (Fig. 9), where the progressive influ-
ences of rain wetting and direct solar exposure result in
rapid changes in surface moisture content. Surface checking
tends to be more severe in members with relatively large
cross sections [Fig. 9(a) and 9(b)]; pronounced surface
checking can also occur in plywood [Fig. 9(c)]. Surface
checking in members of appreciable cross section is related
to significant differences in core and surface layer moisture
contents under transient conditions. In plywood, checking is
related to the relatively great unrestrained dimensional
change potential of wood in the tangential direction (across
the width of lathe-cut veneer sheets) and to restraint of that
movement by core or cross-band plies.

Compression Set Shrinkage

If wood is subjected to restrained swelling it is subjected to
mechanical compression. As indicated previously, moisture-
induced dimensional change is proportionally least in the
longitudinal direction and greatest in the tangential direc-
tion. Exertion of compressive force by restrained swelling is
thus usually greatest in the tangential direction, and next
greatest in the radial direction. If the compressive force re-
sults in strain beyond that at the proportional elastic limit
(PEL), permanent deformation will result, and upon drying
the wood will return to a smaller dimension than its dimen-
sion at the same moisture content before subjection to re-
strained swelling. The reduction in dimension from subjec-
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tion to restrained swelling is termed compression set
shrinkage, or sometimes simply as compression set. The ef-
fect of compression set is most commonly observed in loos-
ened handles of hammers or axes, or in progressive widening
of gaps between pieces of tongue and groove porch flooring
(particularif flat-grained) that has been subjected to wetting.
It can also occur in interior wood strip flooring?® or in mor-
tise and tenon joints of windows, doors, and furniture [70].

In wood subjected to compression perpendicular to the
grain, the PEL is most commonly recognized as occurring at
roughly 1 % strain [71,72].2! This value for strain at PEL was
evidently the basis for the 1 % allowable compressive strain
rule, used by woodcrafters for evaluating the design of mor-
tise and tenon joints [70]. This woodcrafters’ rule is that cal-
culated restrained moisture-induced swelling should not ex-
ceed 1 %.?? The limit to change in moisture content that
results in no more than 1 % strain can be calculated by divid-
ing 1 % (0.01) by the appropriate coefficient (for species and
grain direction) in Table 6. For example, the allowable MC
changes that limit dimensional change of loblolly pine to 1 %
are 5.9 MC percentage points, and 3.8 MC percentage points
in the radial and tangential directions, respectively.

Strength

The strength of wood increases as its moisture content de-
creases from the green condition until it reaches roughly 6 to
4 % moisture content. Wood mechanical property values are
typically greatest at about 4 to 6 % moisture content; they are
slightly less at the oven-dry condition. The National Design
Specification (NDS) for Wood Construction [73] contains a
default assumption that structural members are in a dry en-
vironment, where member moisture content does not ex-
ceed 19 % (for sawn lumber) or 16 % (for interior glulam,
structural composite lumber, prefabricated wood I-joists, or
wood structural panels). Within the range of moisture con-
tents in the dry region, the influence of moisture content on
design values for wood members is not considered by the
NDS as being of practical concern; it acknowledges no in-
crease in design values for in-service moisture contents be-
low 19 % MC. The NDS does acknowledge, and provide for,
de-rating of design mechanical property values in wet use
environments. The wet use adjustment factors are appli-
cable to the treated lumber used in wood foundations, and to
wood used in intermittently wet environments, such as exte-
rior decks. Designers may also apply wet use factors to un-
treated members used in humid interior environments, such
as in buildings with indoor swimming pools, (where in-
service wood moisture contents may exceed 15 % and may
not be precisely known), and to damp crawl spaces, (where
in-service moisture contents may seasonally exceed 19 %).
As will be discussed later, if in-service moisture condi-
tions exceed 20 % MC in wood (the EMC for wood products
corresponding to roughly 90 % RH), there may be problems

20 Compression set in strip flooring is exacerbated if dirt is allowed to collect
in the spaces between strips (which are open widest during the dry periods
of seasonal moisture cycles).

Compression testing of wood perpendicular to the grain has traditionally
been in the tangential direction (load applied to a radial face).

The widest range of allowable moisture content change is obtained by se-
lecting mating pieces with regard to grain direction (the largest dimension
of both the mortise and the tenon should be in the radial direction) and
with regard to species and density.
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with biological infestation, and concerns relating to dimen-
sional movement, to serviceability issues associated with
progressive deflection of members under load, or of integrity
of mechanically fastened connections. These other concerns
generally overshadow concerns over the influence of mois-
ture condition on immediate load-carrying capability.

Provided that attack by biological agents is avoided, and
that significant warp or checking does not occur, wood is
generally recognized as being capable of undergoing signifi-
cant moisture cycling without perceptible damage. In con-
trast, significant moisture cycling of bonded wood products
will stress the adhesive bonds, and this may result in some
degradation of mechanical properties. Adhesive type and
quantity, as well as fabrication variables influence the degree
of degradation. It is generally recognized that products fab-
ricated with boil-proof adhesives and either sawn lumber or
wood veneers will, if carefully manufactured, withstand
moisture cycling from ovendry to moisture contents in ex-
cess of fiber saturation without perceptible loss in mechani-
cal properties, provided that the changes in moisture con-
tent are gradual and thus do not induce large internal
stresses via spatial differences in moisture content. Delami-
nation of bonded wood products will (obviously) result in a
degradation of their mechanical properties. Internal stresses
associated with irreversible thickness swelling of densified
wood composition materials are, as indicated previously, a
causal factor in degradation of mechanical properties [66].
Over a limited number of wet-dry cycles, the flatwise load
carrying capacity in bending of irreversibly swollen wood
composition panels may be unaffected due to increase in
cross-sectional moment of inertia in bending, but the load
carrying capacity will eventually be degraded with repetitive
cycling[54,68,74,75].

Creep

Wood members placed under constant structural load un-
dergo progressive deformation (creep). The rate of creep in-
creases with increasing imposed load, that is, as imposed
load becomes a greater portion of the member’s load carry-
ing capacity. Moisture conditions influence creep deforma-
tion; creep in constant damp conditions exceeds that in con-
stant dry conditions, and creep under fluctuating moisture
conditions exceeds that under constant damp conditions.
The term “mechano-sorption” reflects the recognized influ-
ence that moisture content changes have on mechanical be-
havior of members under load.”® The direction of change
(wet to dry or dry to wet) has been observed to be inconse-
quential [76,77]; it is the magnitude, rather than the direc-
tion of change, that matters. When creep deformation is sig-
nificant, and the imposed load that caused the creep
deformation remains applied, failure will eventually occur
[78]. This time-dependent failure, occurring after significant
deflection, is termed duration of load or creep-rupture. El-
evated temperatures can interact with high moisture levels
or with mechano-sorption to exacerbate creep deformation
and creep-rupture.

2 Mechano-sorption is recognized as occurring in members that are either
subjected to deformation or are restrained while undergoing sorption or
desorption. It plays a role in mitigation of warp of lumber by drying under
restraint, in compression set shrinkage, and in loosening of fasteners in
members subjected to moisture cycling.
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Fig. 10—(a) Sag in the wood roof framing of a stone-wall house
built in the 1850s (photo taken in 2005). Line above roof accentu-
ates ridgeline sag. Roof framing was under-sized by modern stan-
dards. (b) Sag along the span of rafters in a house built in 1940
(photo taken in 2005). Reference stick touches the roof near peak
and at eave. Arrowheads point to deflection of approximately
65 mm at mid span.

Despite the potential for creep and creep-rupture in
wood structures, wood design codes in North America do
not show much concern over these phenomena. Although
noticeable sag is common in older structures (Fig. 10; [78]),
in-service failure by creep-rupture is uncommeon. The Na-
tional Design Specification [73] does not address creep-
rupture. The (unstated) assumption is that if the guidance of
the NDS is followed (relating to adequate structural perfor-
mance without consideration of of creep-rupture) that im-
posed stresses will be sufficiently low that creep-rupture will
not occur. The NDS does, in certain circumstances, however,
recognize creep deflection as an issue, with the issue relating
to serviceability (as opposed to structural integrity). Consid-
eration of creep by the NDS is confined to a deflection allow-
ance for members in bending; it specifies that a higher
amount of anticipated creep deflection be calculated for
wood beam members installed in the green condition and
maintained in a dry environment. Failure to adequately ac-
count for the larger deflection of window or door headers in-
stalled green sometimes results in excessive header deflec-
tion and accompanying problems with fenestration units
installed in such openings. The NDS does not address the ef-
fect of seasonal fluctuation in moisture conditions on creep.
It substantial seasonal moisture cycling occurs, creep defor-
mation as great as would occur in green material drying un-
derload (the situation addressed by the NDS) may occur.

The creep and creep-rupture behaviors of wood compo-
sition materials are conceptually similar to those of wood or
of glued wood products fabricated from veneer [79,80].
Wood composition materials are however somewhat more
prone to creep and creep rupture [79,81] than wood or than
bonded wood products fabricated from lumber or veneers.
The creep behavior of OSB has been reasonably well re-
searched [82-84]; the APA Engineered Wood Handbook [17]
specifies a substantially larger creep adjustment factor for
0SB exposed to elevated moisture conditions in service than
for OSB that remains in a continually dry environment.

Fastener Performance

The structural integrity of wood buildings depends on the in-
tegritv of connections between members. Where cata-
strophic structural failures of wood buildings occur (most
commonly as the result of extreme wind or earthquake), fail-
ure of mechanical connections usually plays a critical role.
Fasteners used in building structures are usuallv made of
carbon steel. Carbon steel fasteners may be treated to resist
corrosion (galvanized, or coated with phosphate, organic or
ceramic coatings), or may be untreated (commonly sold as
“bright”). In exposures where wet conditions can be antici-
pated (e.g.: treated wood foundations, exterior exposure),
corrosion resistance is particularly important. In wet expo-
sures where maintenance of connection integrity is crucial,
use of fasteners with dual treatment (galvanized with or-
ganic coating) or of fasteners made from nonmagnetic stain-
less steel may be specified by trade association construction
guides. Wood used in wet environments is usually pressure-
treated with preservative chemicals, some of which acceler-
ate fastener corrosion. A literature review [85] indicates that
the issue of corrosion of fasteners in pressure-treated wood
has been widely investigated, but is not fully understood. In
situ corrosion resistance is important in selection of fasten-
ers for treated wood, [86, 86a], especially where in-service MC
may exceed 20 %.

In-service moisture content level and moisture cycling
are recognized as influencing the strength of mechanical
connections in untreated wood. The NDS [73] specifies load
adjustment factors for mechanical connections based on
wood moisture content at time of joint fabrication and on in-
service moisture content. Where fasteners are installed in
dry wood (defined as moisture content of 19 % or lower) and
the wood remains dry, no adjustment in connection load car-
rying capacity is deemed necessary (adjustment factors are
1.0). This applies to any type of connector, in either lateral
load transfer’® or in withdrawal resistance.”” Adjustment
factors ranging from 0.9 to 0.25 are specified for load-
carrving capacity of mechanical connections when in-
service conditions either exceed 19 % moisture content, or
where there is change from wet to dry conditions or dry to
wet conditions. The greatest adjustment (factor of 0.25) ap-
plies to withdrawal resistance of nails where there is a wet to
dry or dry to wet change between moisture content at time of
driving and moisture content in service. All other adjust-
ment factors are relatively modest, ranging from 0.9 to 0.7,
depending on fastener type, loading mode, and moisture his-
torv. The adjustment factors for load-carrying capacity of
mechanical connections in the NDS do not appear to ad-
dress significant repetitive moisture cvcling, nor do they ac-
count for significant corrosion of fasteners.

Complete failure of wood joints, associated with corro-
sion of steel fasteners, has been observed within six vears in
damp wood under moderately acidic conditions at elevated
temperature [87]. Baker [88] reported that nearly complete
weakening of nailed connections, resulting from steel fas-
tener corrosion, frequently occurs in weathered house or
barn siding. In weakened joints with significantly corroded
fasteners, joint weakening results from degradation of the

2% Load transfer perpendicular to the fastener axis.
*3 Forceneeded to remove (pull) the fastener axially from the wood member.
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fastener itself, and also from chemically-induced deteriora-

tion of the wood in contact with the corroding fastener

[85,88-91]. Quantification of fastener corrosion rate of nails

in wood at moisture contents below fiber saturation has

been investigated fairly recently by Cole et al. [92] and by

Imamura and Kiguchi[93].

Cole et al. [92] found corrosion rate to depend on wood
moisture content, in a rather complex manner, and that the
relationship between corrosion rate and wood moisture con-
tent varied with wood type and to generally be different for
bright than for galvanized steel nails. They proposed the fol-
lowing generalized description for the relationship between
corrosion rate and wood moisture content.

e Minimal orno corrosion occurs at moisture contents be-
low a threshold MC value, with threshold values ranging
from roughly 10 to 14 % MC depending on wood and fas-
tener type.

e A plateau in corrosion rate (usually) occurs at some
wood moisture content below fiber saturation, with no
marginal increase in corrosion as wood MC increases
beyond the maximum rate value. Untreated woods show
a plateau in corrosion rate of embedded fasteners, with
“maximum rate” MC value varying from roughly 16 to 24
% MC. The behavior of wood pressure-treated with
waterborne preservatives can differ from that of un-
treated wood; in such wood, a plateau in corrosion rate
may not occur.

e Between the threshold value and maximum rate value,
fastener corrosion rate correlates with wood moisture
content.

Cole et al. [92] apparently did not observe iron-induced
wood degradation around fasteners; the duration of their
tests was 120 days, a time period that evidently was insuffi-
cient to result in noticeable degradation.

Imamura and Kiguchi [93] performed longer-term tests
than Cole et al. [92]. They found that corrosion of bright steel
nails embedded in hemlock at room temperature for four
years was significantly influenced by relative humidity (and
in turn equilibrium moisture content). In a parallel investi-
gation, they observed that lateral resistance of nailed joints
was significantly influenced by the degree of nail deteriora-
tion. Joints with nails that had lost around 11 % of their mass
(5 % of shank diameter) to corrosion had roughly 40 % of the
strength of joints with nails that were scarcely rusted. Fi-
nally, in a forensic investigation, they observed nail condi-
tion and surrounding wood condition in sheathing boards
behind cement plaster stucco-cladding on houses that were
roughly three decades old. In the vicinity of cracks in the
stucco cladding, they observed very significant nail corro-
sion (25 % or greater loss in shank diameter), and noticeable
iron-induced deterioration of wood surrounding deterio-
rated nails. Time/temperature/moisture histories at these lo-
cations were unknown, but moisture contents in these loca-
tions at time of cladding removal ranged from 18 to 24 %.
They concluded that moisture conditions in excess of 20 %
would cause 5 % loss in nail shank diameter in four years,
and could plausibly lead to 25 % or greater loss in shank di-
ameter over three decades, and finally that joint deteriora-
tion associated with such a loss of shank diameter (and ac-
companying wood deterioration) might significantly
compromise the shear resistance of exterior building walls.

Moisture and Biological Attack

Although moisture conditions (including fluctuations) affect
the physical and mechanical properties of wood, wood prod-
ucts, and constructions, it is the role of moisture in the bio-
logical attack of wood and wood products that is regularly
viewed as being most significant. There are two main groups
of organisms that attack or alter wood in buildings: mi-
crobes and insects. In the case of microbes, moisture rela-
tions within the wood are critical to the prevention of attack,
the type of microbes that may grow, and the damage that
may be done. For insects, the question of moisture is of vary-
ing importance depending on the type of insect infesting the
wood.

Moisture and Microbes

The susceptibility of wood to microbial attack is a function
of the moisture content and duration of the wetting. For bac-
teria, stains, and wood decay, the FSP of the wood must be
exceeded for a significant duration (generally weeks or
months), and to reach this point, liquid water must be regu-
larly available to the wood. For molds, the FSP need not be
reached, and moisture contents sufficiently high to permit
the growth of mold can be reached by high relative humidity,
over shorter time periods.

Molds

Molds are fungi that grow on moist surfaces, scavenging
their nutrition from either their substrate (the wood) or the
dust and other particles that accumulate on the substrate.
They typically produce dark brown, purplish, or black
growths that spread over a surface. Because mold growth is
essentially a surface phenomenon, it is influenced by surface
moisture conditions, which may differ from substrate bulk
moisture content. Mold propagation does not require sur-
face moisture conditions in excesss of fiber saturation. Mold
growth can occur when humidity level in the air immedi-
ately adjacent to the wood surface (termed “surface equilib-
rium RH”) exceeds roughly 80 %, and growth occurs rapidly
when surface RH values exceed roughly 90 % [94,95]. A sur-
face equilibrium RH value of 80 % corresponds with a wood
surface moisture content of approximately 16 % at room
temperature (Table 1). To prevent mold growth, a 75 % sur-
face RH value at room temperature appears to be a reason-
able daily-average not-to-exceed value. It appears however
that this target surface RH value should not be considered a
never-to-exceed value. Viitanen and Salonvaara [95]indicate
that unfinished softwood surfaces that are otherwise main-
tained at 75 % surface RH can withstand as much as two
hours per day of exposure to a 95 % surface RH without de-
veloping mold growth. If the dry-period RH value is in-
creased above 75 % or the duration of the wet period is
lengthened beyond two hours per day, noticeable mold
growth can occur over a roughly half-year period.

Molds are primarily an aesthetic problem, and often can
be wiped away or removed with gentle abrasion. They gener-
ally do not penetrate deeply into the wood, and do not cause
appreciable damage to the cell walls, instead living on free
sugars, starches, and other metabolites (generally found in
cell lumina, particularly in sapwood). Although molds do
not cause structural failure of wood, they can give off un-
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pleasant odors or produce large numbers of spores which
may become an indoor air quality concern.

Bacteria

Bacterial contamination of wood can occur where the mois-
ture content of the wood remains substantially in excess of
the FSP for extended periods. Wood-dwelling bacteria gener-
ally have the ability to live anaerobically. The oxygen-
deficient environment of very wet wood is most conducive
for bacterial growth as it inhibits growth of other microbes
with which the bacteria would otherwise have to compete.
Very wet conditions rarely occur in wood or wood products
in buildings; therefore risk of bacterial infestation in service
is hardly, if ever, recognized. Concern over bacterial coloni-
zation of wood is instead related to wood harvested from in-
fested trees and to colonization that may occur during pond
storage of logs, or both. Wood-dwelling bacteria generally do
not cause a reduction in the mechanical properties of wood.
Utilization concerns are related to strongly malodorous
compounds produced during anaerobic respiration, or to
challenges faced by commercial drying operations in drying
wood of exceptionally high moisture content.

Stains

Microbial staining of wood is caused by fungi that penetrate
the wood, often colonizing the sapwood of trees within a
short time after felling as the sapwood begins to dry out, but
the wood is still above FSP. They live on the free sugars,
starches, and other cellular contents of the sapwood, but do
not harm the structural integrity of the cell walls. For this
reason, stain fungi are not considered wood decay fungi.
Their growth can, however, be problematic to the wood in-
dustry, because they produce aesthetically objectionable
blue, green, black, or purple stains inside the wood that can-
not be removed by sanding or surfacing. Stained wood is
also considered unsuitable for use as siding or exterior mill-
work as stain infestation often results in greatly increased
permeability, which in turn results in increased water ab-
sorbtivity.

Wood Decay
Wood decay, or rot, is caused by a group of fungi that derive
nutrition primarily from the components of wood cell walls.
Consumption of cell wall material results in structural deg-
radation. It is estimated that 10 % of the wood harvested
each year goes to replace decayed wood in existing struc-
tures [96]. Cell wall material, in particular the lignin compo-
nent, is fairly resistant to biochemical breakdown. Wood de-
cay fungi have thus developed relatively specialized
biochemical processes to digest cell wall material. These
processes require free water, in other words, a moisture con-
tent in excess of fiber saturation. In addition, the MC must
remain in excess of fiber saturation for a substantial period
of time; rapid cycling of MC is not conducive to fungal decay
propagation. Increasing the drying rate of wetted wood can
be helpful in preventing decay establishment [97]. There
can, however, be limitations on the utility of this strategy; as
indicated in previous discussions, rapid and significant fluc-
tuation, or both, in moisture content may engender nonbio-
logical problems with wood products.

There are three main types of wood decay; soft rot, white
rot, and brown rot. Soft rot fungi grow in wood that remains

substantially wetter than fiber saturation for long periods of
time, such as inside pilings just above the water line, in posts
set in damp earth, and in other more or less constantly wet
locations. Soft rot fungi are most closely related to the mold
fungi, though their effect on the structural properties of
wood, unlike the molds, can be severe. Soft rot is rarely seen
inside buildings in North America; further discussion of
wood decay in this chapter is thus limited to that caused by
white rot and brown rot fungi.

For decay to propagate, five major factors must be
present: there must be a wood decay fungus, there must be
wood, there must be a regular source of water, the tempera-
ture must be appropriate, and there must be oxygen. If any of
these are missing, wood will not decay. For the most part,
only the moisture content of the wood can be regulated by
people; oxygen is always present in buildings, decay fungi
are ubiquitous as spores in the air, and, of course, wood is
present. In the exterior envelopes of buildings, the tempera-
ture during winter may be too low for decay propagation,
and in parts of unshaded roof structures during summer, the
temperature may even reach a level that is lethal to decay
fungi. For significant periods of the time, however, in most
locations within buildings, the temperature is within a range
that decay fungi will not only tolerate, but also find reason-
ably conducive for propagation.

White rot and brown rot fungi degrade the cell walls of
wood in ways that differ significantly from a biochemical
standpoint, and the appearance of wood decayed by the two
types of fungi also differs. Both, however, can cause signifi-
cant structural damage to wood. In nature, white rot fungi
grow on hardwood logs on the forest floor, and brown rot
fungi tend to grow on softwoods. In the laboratory and in
buildings, either type of decay can progress in either type of
wood, but as buildings in North America are made predomi-
nantly from softwood species, brown rot decay is the most
common type of decay found in buildings.

The current guideline for confidence in prevention of
decay establishment in wood and wood products (specifi-
cally those that have no marked decay resistance) is to keep
them at a moisture content equivalent to that of wood at 20
% MC. The value has been prescribed in textbooks for de-
cades [98]. Experimental work to support the guideline has
been presented by Zabel and Morrell [96]. There is some
mechanistic evidence [99] that wood decay may propagate,
albeit relatively slowly, under conditions where capillary
condensation occurs in the smallest of cell-wall pores (at
conditions slightly drier than fiber saturation). More re-
cently, Viitanen [100] reported that decay propagation can
occur at 90-92 % RH at a constant ideal temperature; this is
the apparent lower RH limit for decay propagation, and
propagation at this limit progresses very slow (60 months
for detectable weight loss to occur). The 20 % MC guideline,
which has been used for decades, obviously could not at its
promulgation, reflect the findings of Viitanen [100], but it did
reflect acknowledged imprecision in estimate of where fiber
saturation occurs, it allowed for spatial variation in mois-
ture content within members, and it provided some margin
of safety. Carll and Highley [101] concluded that no pub-
lished experimental data exist that would contradict the long
standing 20 % MC guideline. Where in-service moisture con-
tent can be anticipated to exceed 20 % MC, material with
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marked decay resistance (either adequately treated with pre-
servative chemical, or heartwood from a durable species)
should be selected. Exceptions can be made where moisture
conditions in excess of 20 % MC are known to occur only un-
der temperature conditions unfavorable for decay propaga-
tion.

Moisture and Insects

Insect pests of wood are generally able to infest wood at
much lower moisture contents than can most microbes. This
means that wood destroying insects can be a problem even in
structures that are maintained at the correct moisture condi-
tions. Despite the ability of wood destroying insects to colo-
nize dry wood, insect infestation is nevertheless more com-
mon and generally more severe in wood maintained at
moisture levels that correspond with high RH levels (for ex-
ample, above 18 % MC). In some cases, insects also prefer to
infest wood in which decay is taking place, presumably be-
cause the wood is easier to chew. There are three main types
of insects that infest wood structures in the United States;
carpenter ants, boring beetles, and termites.

Carpenter Ants

Carpenter ants are typically large black or brown ants that
delve tunnels and galleries in wood in order to produce se-
cure dwellings. They do not ingest wood and they remove
any wood debris from their tunnels, resulting in piles of
wood dust near their entrances. Despite the fact that they do
not eat wood for sustenance, they nonetheless can do signifi-
cant structural damage, particularly to solid wood products
such as dimensional lumber. They prefer to inhabit damp
wood, often attacking decaying wood, presumably due to the
greater ease of mastication. Due to their preference for moist
or decaying wood, elimination of excess moisture is often an
effective way to prevent infestation.

Wood-Boring Beetles

There are a variety of wood-boring beetles that can infest
wood. Most such beetles are pests to living trees in the natu-
ral world, and do not cause problems for wood or wood
products once the products are dried. A few of the wood-
borers will emerge from dried wood, but do not reinfest dry
wood; they instead seek living trees. Of the remaining wood-
boring beetles, most will be killed by the kiln-drying process,
and some even by air-drying. There are only a few types of
borers, specifically the anobiid and lyctid powder-post
beetles, that will grow in woods with a moisture content
lower than about 20 %. The former do damage very slowly
and will not thrive at moisture contents less than 15 %; they
typically are not a major economic problem. Lyctid powder-
post beetles only infest large-pored hardwoods like ash and
oak, and thus are unlikely to infest structural members of
buildings, which are typically softwood species.

Termites

The most destructive of the wood-damaging insects in the
United States are the termites. There are three general
classes of termites in the United States, and they are, in ris-
ing order of economic importance, the dry-wood termites,
the subterranean termites, and the Formosan termite. In
each case, termites dwell in large colonies of thousands to
millions of individual insects, and consume wood as their

food.?® They use their excrement as an adhesive to bind soil
particles to form tunnel passageways. Dry-wood termites are
only found in the southern-most reaches of the United
States, but as their name implies, they require little water
and thus cannot be controlled by keeping wood at low mois-
ture content. Fumigation and exclusion are the only practi-
cal controls.

Subterranean termites are a significant problem across
much of the United States, although the rate of infestation is
currently believed to be lower than it was in the past. Much
of the reduction in termite infestation of buildings appears
to be due to improved building practices and site prepara-
tion. This includes better foundation backfill practices
(keeping wood scrap out of backfill material), use of
pressure-treated mudsills, better understanding of the role
of soil moisture, and better understanding of the propensity
of termites to access wood structures through hidden pas-
sageways. Subterranean termites almost exclusively infest
structures by building tunnels up from their underground
colonies. In nature they eat the woody detritus on the forest
floor, and do not attack living trees. Subterranean termite
colonies require a regular source of water, which need not
come from the wood itself, and so improving drainage
around homes to keep the soil near the foundation relatively
dry can limit infestation risk. Maintaining a moderately
large distance between the soil line and the lowest wood of a
structure (300-450 mm) can help prevent termites from eas-
ily reaching wood via their tunnels, and increases the likeli-
hood that tunnels, if constructed, will be noticed by con-
cerned parties. Apart from the tunnels that they build,
subterranean termites do not leave conspicuous evidence
that they are at work in a building, preferring to eat away the
interior of a piece of wood and leave a thin veneer of uneaten
wood between their tunnels and the air. Subterranean ter-
mites prefer moist or decaying wood, but are capable of eat-
ing dry wood that is free of decay if the colony has a source of
regular moisture. For this reason, moisture exclusion can
limit infestation risk, although it does not preclude the possi-
bility of attack.

The Formosan termite is an introduced species (not na-
tive to North America) with substantial destructive poten-
tial. Formosan termites can infest and destroy living trees as
well as wood and wood products. It has been estimated that
the annual cost of wood and tree destruction by the Formo-
san termite exceeds one billion dollars annually in the
United States. Whereas subterranean termites only form
colonies in the ground, Formosan termites can form colo-
nies isolated from ground contact as well as underground
colonies. Exclusion of the termites from the structure is an
important tool in preventing infestation, as is moisture con-
trol. Although the Formosan termite colonies can form colo-
nies isolated from the ground, they must have regular access
to water to thrive. Therefore control of moisture in the build-
ing can be particularly helpful in limiting the risk of colony
formation within a building. As is the case with subterra-
nean termites, moisture control also limits the risk of For-
mosan termite infestation via the soil, although it does not
preclude the possibility of attack.

26 Termites depend on a complicated interaction of micro-organisms (proto-
zoa and bacteria) within their gut to utilize wood for sustenance.
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Summary

The effect of moisture on wood and wood product properties
and behaviors has its origin in the chemical composition and
biological structure of wood. Wood products can react dif-
ferently than solid wood to moisture and to changes in mois-
ture; the extent to which wood products respond differently
than solid wood is related to the degree of physical or chemi-
cal alteration of the product relative to the parent wood ma-
terial.

Bonded wood products came into use in building con-
struction, for the most part, after the Second World War, and
their widespread adoption generally coincided with develop-
ment and industrial availability of synthetic polymeric adhe-
sives. Bonded wood products have evolved over time with re-
gard to the adhesives and wood constituents used, and with
regard to processing techniques and intended end uses.
Some bonded wood products are suitable for use on building
exterior walls; some have shown decades of acceptable per-
formance in this end use when protected with a suitable ex-
terior finish system. A few bonded wood products (for ex-
ample, pressure-treated plywood) can even be used in wet
environments. Most bonded wood products, however, in-
cluding sheathing panels, I-joists, and structural composite
lumber adhered with waterproof adhesives, are neither in-
tended nor suitable for exterior exposure or for wet service,
and are thus expected to be protected from wetting in ser-
vice.

Moisture content (MC) in excess of 20 % is a major pre-
dictor of performance problems with wood and wood prod-
ucts, influencing their susceptibility to fungal and insect in-
festation and the susceptibility of fasteners embedded in
them to corrosion. High MC and repetitive, large fluctua-
tions in MC are also implicated in creep deflection. To pre-
vent these deleterious effects and to provide for the long ser-
vice life of solid wood in use, an MC of 20 % or less has
therefore long been recommended. This level is approxi-
mately the equilibrium MC value of wood at 90 % relative hu-
midity and room temperature. It corresponds with approxi-
mately 19 % MC in construction plywood and 17 % MC in
oriented strand board. Maintaining wood and wood prod-
ucts below these target MCs will prevent the establishment
and growth of decay fungi and will preclude the possibility of
objectionable creep deflection in adequately sized members.
It will also greatly reduce the likelihood or extent of fastener
corrosion and of insect infestation. Maintaining wood and
wood products below these target levels, although useful for
limiting risk of biological infestation, for limiting long-term
deflection of load-bearing members, and for helping assure
long-term integrity of fastened connections, cannot be ex-
pected to prevent all moisture-related moisture problems in
all end uses.

Normal seasonal fluctuations in ambient temperature
and relative humidity (RH) give rise to changes in MC of
wood in service. Serviceability issues associated with dimen-
sional movement of wood or wood-based components may
be better served by limits on in-service moisture content
more restrictive than the 20 % MC rule, both in terms of the
maximum average MC and range across which MC is al-
lowed to vary. Judgment of what constitutes unacceptable
dimensional movement varies with the application. Dimen-

sional change equations are provided in this chapter [Eqgs (1)
and (2)], along with applicable coefficients (Tables 6, 8, and
9). These equations should allow the reader to set their own
restrictions for acceptable in-service MC fluctuation based
on application-specific criteria for acceptable dimensional
movement. Alternatively, a rough rule for acceptable in-
service MC fluctuation in finish carpentry can be extracted
from Table 5 of this chapter; the rule is for fluctuations to be
restricted to no more than 2-3 % above or below the average
annual MC for the location of service. This rule will in many
cases roughly correspond with allowable moisture fluctua-
tion as calculated by the 1 % allowable dimensional change
rule, used by wood craftsmen for prevention of compressive
set shrinkage in joinery. This is clearly a much more restric-
tive criterion than the 20, 19, and 17 % maximum values for
wood, construction plywood, and OSB, respectively, out-
lined in the preceding paragraph. It is almost certainly an ex-
cessively restrictive criterion for application to framing or
sheathing of light frame buildings.

Wood has been used for millennia in construction; there
are structurally sound buildings constructed largely of wood
in Scandinavia, China, and Japan that exceed 500 years of
age. Invariably, these buildings were designed and con-
structed such that the wood members were effectively iso-
lated from wetting. The vast majority of residential struc-
tures built in North America over the past three centuries
were constructed primarily of wood, and most of these have
performed reliably. Wood and wood products dried to an ap-
propriate level and maintained within a reasonable range of
fluctuating moisture conditions appear capable of perform-
ing nearly indefinitely.
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