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Preface

The prime purpose of this book is to serve as a
classroom text for the engineering or architec-
ture student. It will, however, also be useful to
designers who are already familiar with design
in other materials (steel, concrete, masonry) but
need to strengthen, refresh, or update their capa-
bility to do structural design in wood. Design
principles for various structural materials are
similar, but there are significant differences.
This book shows what they are.

The book has features that the authors believe
set it apart from other books on wood structural
design. One of these is an abundance of solved
examples. Another is its treatment of loads. This
book will show how actual member loads are
computed. The authors have found that students,
more often than not, have difficulty recognizing
how load is transferred from one member to an-
other—for example, how to proceed from a
specified intensity of floor live load and type
and thickness of floor material to knowing the
actual load per unit length reaching the beam in
question. Worked-out examples and student
homework problems will illustrate the process.

Another significant feature that we believe sets
this book apart is its inclusion of “structural plan-
ning.” Most textbooks show only the selection of
member proportions or number of connectors in
a joint to satisfy a given, completely defined sit-
uation. This book, on the other hand, shows the
thinking process needed to determine whether or
not the member is required in the first place. Fol-
lowing this, the spacing and continuity of the
member are decided, its loads are determined,
and finally its shape and size are selected.

We believe that illustrating structural plan-
ning as well as detailed member and connection

design is of considerable value in helping the
student make the transition from the often sim-
plistic classroom exercises to problems of the
real world. Problems for solution by the student
follow the same idea. The first problems in each
subject are the usual textbook-type problems,
but in most chapters these are followed by prob-
lems requiring the student to make structural
planning decisions as well. The student may be
required, given a load source, to find the magni-
tude of the applied loads and decide upon a
grade of wood. Given a floor plan, the student
may be required to determine a layout of struc-
tural members. The authors have used most of
the problems in their classes, so the problems
have been tested.

The book presents many of the design exam-
ples in the form of “computation sheets,” solu-
tions in the form of actual design office compu-
tations. This is intended to reinforce the
instruction given in Chapter 1 regarding neat-
ness and orderliness in design computations.

The book refers frequently to three codes—
the National Design Specification for Wood
Construction, the Standard for Load and Resis-
tance Factor Design for Engineered Wood Con-
struction, and the Uniform Building Code.
Wherever possible, however, the basic princi-
ples behind code requirements are explained,
and where the authors are aware of code short-
comings, that too is pointed out. We refer fre-
quently to code requirements in the belief that
theory with no exposure to real life is not good
education. What is needed is balance between
the theoretical and the practical (the latter is not
a bad word).

The design method used in the majority of
this book is allowable stress design (ASD). In

Xi



xii PREFACE

addition, both theory and examples using the
newer design method, load and resistance factor
design (LRFD), are included. Problems for stu-
dent solution are specified in a manner that al-
lows for solution by either method. If the in-
structor so desires, the book can be used for a
course dealing exclusively with the LRFD
method. In that case, it would be wise for the in-
structor to require students to use the entire
Standard for LRFD for Engineered Wood Con-
struction.

In general, the book assumes that the user will
be familiar with structural analysis. In fact, the
authors intend that the book will reinforce the
principles of structural analysis using wood as a
vehicle.

The authors use the book in a three semester-
hour beginning course and find that sufficient
material remains that a second course could be
taught from the same book. The prerequisite for
the first course should be mechanics of materials
as a minimum, including the subjects of shear
and moment diagrams, flexural deflections, and
axial forces in truss members. A more rigourous
course in structural analysis, though desirable as
a prerequisite, is not essential.

Chapter 5 (Connections—Nails, Screws, and
Bolts) is intentionally in an unconventional po-
sition. The authors realize that most books cover
connections after member design has been pre-
sented. They realize also that (1) because of its
position in the course, connection design is
something most students learn about almost as
an afterthought (as though the subject is of
lesser importance than the design of members);

and (2) structural failures are far more frequent
in the connections than in the members them-
selves. Further, design of members can be done
more effectively if the designer considers how
the member will be connected, before making a
final selection of member size. With these
thoughts in mind, the authors present the subject
of connections before going on to the design of
structural members.

Those who prefer to present the subject in the
conventional sequence can merely go on to
Chapter 6, delaying the study of Chapter 5 until
after Chapter 8 (glulam design). It should work
equally well with either sequence.

In the authors’ beginning three-hour course in
timber structure design, Chapters 1 through 7, 9,
10, 11, most of 8, and parts of 12, 13, and 14 are
included.

For students of limited means, it is possible to
teach structural design in wood using this text
alone. However, the course can be much more
meaningful if the student can refer easily to the
National Design Specification, the Uniform
Building Code, or the Standard for LRFD for En-
gineered Wood Construction. In our own classes,
we require the student to obtain the National De-
sign Specification as well as this textbook. (The
NDS is handled by our university bookstore, or
may be obtained from the American Forest &
Paper Association, 1111 19th St., N.W., Suite
800, Washington, DC 20036.

JUDITH J. STALNAKER
Ernest C. Harris
Denver, Colorado



1

Introduction

From ancient times, wood and stone have been
important construction materials. Stone has di-
minished in importance, but wood is still our
most versatile building material. It is reasonable
to claim that wood and wood products are
among our more important construction mate-
rials, ranking along with structural steel and re-
inforced concrete for building construction. By
weight, more wood is used in construction each
year than cement or steel (1).

1-1. EVOLUTION OF TIMBER DESIGN

Over the centuries, man learned to use wood ef-
fectively, developing rules of thumb to aid in
planning and building wood structures. These
rules were learned gradually, based only on
experience—both successful and unsuccessful.
Using these rules, skilled artisans were able to con-
struct in wood, producing durable, long-lasting
structures of utility, often of great beauty, and al-
most always of adequate strength and service-
ability. Even today a large volume of wood con-
struction depends, more or less, on such rules of
thumb for its design.

More recently, however, engineers and archi-
tects have learned to design wood structures in
ways that are based on engineering principles.
Thus today’s designers, using more rigorous de-
sign procedures, are able to ensure that a partic-
ular design will achieve the desired level of
structural safety and stiffness, as well as econ-
omy. As an example showing the economy pos-
sible with engineered design, the same amount
of wood that was needed in the past to build a
320-ft? log cabin can be used today to construct
a 3500-ft> home, with those parts of the trees not
suited to lumber production being adequate to

J. J. Stalnaker et al., Structural Design in Wood
© Chapman & Hall 1997

manufacture a 30-year supply of paper and tis-
sue products for an average family (2).

Much progress has been made in moving
from rule-of-thumb design to present-day engi-
neered designs. Yet our knowledge is not static,
and among the design methods shown in this
book are some that undoubtedly will someday
be replaced by newer and better methods.

As new design methods evolve, greater relia-
bility (with regard to safety) and greater econ-
omy (in terms of total volume of wood used) are
the usual result. Generally, and this is unfortu-
nate, the improved design methods are more dif-
ficult to apply than the earlier methods they sup-
plant, but this is the price to be paid for greater
reliability and economy. Occasionally an im-
proved design concept proves so complex that it
has to be drastically simplified for the designer
to use easily. When this is done, the basic princi-
ples involved may become obscured. The
“handbook engineer” is not bothered by this, but
the more competent thinking designer may be
prevented from doing the best possible design
job.

That the structural designer will play an in-
creasingly important role in all types of wood
construction is inevitable. Whether the demand
for wood construction and other wood products
remains constant or increases, the supply of
readily available and usable trees to produce
wood of good quality will almost certainly de-
crease. By one forecast, the demand for various
forms of wood and wood products used for
buildings is expected to rise by 1-4% per year
(3). To meet this demand will require better use
of our resources. “Engineered” structures will
become more prevalent and those that use wood
wastefully will become less common. Structural
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products manufactured from wood will replace
much of the lumber we use today. We see this
trend today in the introduction of wood products
such as flakeboard, waferboard, plastic/wood
laminates, members made from thinly laminated
wood, and shop-prefabricated structural compo-
nents. Engineering know-how will be involved
in every step we take toward making better use
of wood in construction.

1-2, MATERIAL PROPERTIES

To design effectively, a structural designer must
be familiar with the properties and behavior of
the material to be used. Unfortunately, the prop-
erties and behavior of wood are unlike those for
other building materials and much more com-
plex. With the possible exception of soils, wood
has more idiosyncrasies than any other material
the structural designer uses. Thus, it is even more
important in the case of wood than for other con-
struction materials that the designer have a good
knowledge of the peculiarities of the material.

Later chapters will show that a wood de-
signer’s problems stem partly from the fact that
wood is a natural material—onc over which, as
yet, we have little control. Through forest man-
agement, we are beginning to control certain
characteristics of the Iumber a forest will pro-
duce (3). However, we still cannot force a tree to
produce a particular quality of material, nor can
we compel different trees in a forest to produce
exactly the same quality of material. Similar
trees, grown in different localities, may produce
wood of dissimilar properties. Consequently, we
find that the engineering properties of wood are
extremely variable. Changes in the environment
in which the wood is used further affect its prop-
erties and behavior. For these reasons, wood
properties and behavior are dealt with at great
length in Chapters 2, 3, and 4.

1-3. TYPES OF CONSTRUCTION

Considering only buildings, there are several
types of wood construction in use today. These
include:

Light-frame construction
Post-and-beam construction

Glulam construction

Heavy-timber construction

Pole building construction

Wood shell and folded-plate construction
Prefabricated-panel construction

Log building construction

Commonly, combinations of these types with
each other or with structural steel are used.

Light-Frame Construction

Light-frame construction is the type most com-
monly used for housing. It is used mostly for
low structures, but finds occasional use for
buildings up to four stories high. Frequently,
light-frame construction receives little or no en-
gineering design. Its requirements are spelled
out in some detail by various building codes.
Generally, knowing the code requirements and
working from just a floor plan and perhaps one
or two cross-section drawings, skilled carpen-
ters often construct small light-frame buildings
without engineering design assistance.

The resulting structure will normally be satis-
factory as to safety and durability, but often it
may be lacking in economy. With both labor
costs and material costs increasing sharply, re-
search has been directed toward designing more
efficient structures. It is likely that light-frame
construction of the future will require increased
engineering design effort to bring about greater
economy without sacrificing essential strength,
stiffness, and durability.

Today, builders frequently require engineer-
ing design for certain components, such as lin-
tels and headers. Loading conditions for these
members vary from building to building, so
rule-of-thumb methods may be either inade-
quate or wasteful. In fact, present building codes
require that certain types of light-frame struc-
tures be engineered.

Light-frame construction (shown by Fig. 1-1)
almost always uses lumber of 2-in. nominal thick-
ness (actually 1'/; in. thick), such as the familiar 2
X 4sor2 X 8s. Walls use vertical members called
studs, which are either 2 X 4s or 2 X 6s and are
spaced at 12 in., 16 in., or 24 in. on centers.
Floor joists and roof joists or rafters are also 2-
in. nominal material placed with their wider di-
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Fig. 1-1. Cross section through light-frame wall.
mension vertical. Where internal geometry of
the building permits it, more recent light-frame
structures usually have roofs supported by fac-
tory-built trusses made of 2 X 4s or 2 X 6s.
Trusses and other prefabricated members may
also replace solid sawn lumber for floor joists,
headers, lintels, etc.
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The 12-, 16-, and 24-in. spacings most com-
monly used in the United States are logical and
economical, since most plywood sheets, wall-
boards, and insulation boards have a 4-ft width.
Thus 4 ft, or 48 in., is the usual “module” for
building construction in wood.

Post-and-Beam Construction

Post-and-beam construction, also known as tim-
ber-frame construction, had its beginnings
around 200 B.c. The main, load-supporting
members in this type of wood construction are
larger than those of light-frame construction,
and both vertical members (posts) and horizon-
tal beams are farther apart than the studs and
joists of light-frame construction. Posts are usu-
ally 8 to 12 ft apart, and horizontal members at-
tached to the posts are spaced vertically in the
range from 4 ft to 8 ft (4). More closely spaced
floor joists and wall material are connected to
and supported by the beams.

If needed for stability, diagonal “knee” braces
are used, as shown by Fig. 1-2. Often, in older
buildings, the structural members were exposed
on the outside of the walls, and the spaces be-
tween posts, beams, and knee braces were filled
with brick or a kind of plaster. This led to the fa-
miliar Tudor style of architecture. Except for the
pleasing appearance, however, the filled-in ma-
terial was troublesome. As the wood expanded
or shrunk with moisture changes, wall cracks
opened. Also, the wall filling had little insulat-
ing value, and its great weight necessitated
heavier timber framing to carry the load.

In later forms of post-and-beam construction,
the beams support wall material connected to
the outside face of the beams. In old barns, for
example, vertical wood planks were nailed to
the beams to form the outside wall.

When light-frame construction was devel-
oped, post-and-beam construction declined in
popularity, mostly because light-frame build-
ings were much cheaper and could be built
much faster. Many will argue, however, that a
light-frame building is not nearly as durable as a
well-built post-and-beam structure.

Post-and-beam construction is staging a
comeback in popularity, and this can be attrib-
uted partly to the development of new insulating
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Fig. 1-2. Post-and-beam construction.

wall panels and to prefabrication techniques that
help combat the high cost of an otherwise labor-
intensive type of construction. Using prefabri-
cated insulated panels for the exterior walls per-
mits placing all main structural members inside
the building, protecting those members from the
deteriorating effects of weather and condensa-
tion.

Purists insist that connections in this type of
construction be made using only wood parts.
Mortise-and-tenon joints of several varieties
were used in the older buildings, and the joints
were held together by wood pegs, inserted in
holes through the members being joined. Refer-
ence 4 shows many types of such connections.
Making these connections, however, is time-
consuming and requires a very high level of
carpentry skill. The authors feel that substitut-
ing modern weldments (see Chapter 9) with
bolts or other modern timber connectors might
produce just as good a structure, permitting
construction to proceed more quickly and at
less total expense. But, if the appearance of
modern connections is offensive, then mortise-
and-tenon joints with wood pegs would still be
the answer.

Glulam Construction

Because large, good-quality timbers are not
readily available today, glued laminated timbers
(glulams) are commonly used instead. A glulam
is a stack of planks (usually 1'/; in. thick) glued
together under carefully controlled conditions to
make a single member of larger cross section.
(See Fig. 1-3.) This substitution is good for sev-
eral reasons: (1) fire resistance of glulams is at
least as good as that of heavy sawn timbers; (2)
glulams are less apt than sawn timbers to split
after they are installed; (3) glulams can be
stronger and stiffer than sawn timbers of the
same size; and (4) they do not warp badly as
sawn timbers frequently do.

Heavy-Timber Construction

Heavy-timber construction is defined by build-
ing codes. The Uniform Building Code (UBC)
(5) defines it as construction in which timber
columns are not less than 8 in. in least dimen-
sion and beams (except for roof beams) are not
less than 6 in. wide by 10 in. deep. Of course,
UBC defines heavy-timber construction in
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much greater detail than is given here. Heavy-
timber construction requires engineering design.
Structures meeting the requirements for heavy-
timber construction are much more fire resistant
than other types of wood construction. (See
Chapter 16.)

In earlier building codes, heavy-timber con-
struction was referred to as “mill building con-
struction.” Typically, it was used for manufactur-
ing buildings and storage warehouses. Architects
often find these old buildings suitable for conver-
sion to new uses, developing attractive offices,
shops, restaurants, theaters, and the like in which
the old timber construction is used to aesthetic ad-
vantage. Many design engineers and architects are
involved in evaluating the old construction and
modifying structures to adapt them to modern use.

Heavy-timber construction is not limited to
buildings, but may be found in mine structures,
docks, bridges, and other structures.

Pole Building Construction

Pole-type construction goes back to prehistoric
times in both Europe and North America. Exam-

Light-frame construction used in conjunction with glulams. (Courtesy Overly Construction Co. Photograph by au-
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ples of its use in North America are seen in an-
cient Indian dwelling sites in the southwestern
United States. The distinguishing feature of a
pole-type building is that its supporting vertical
members (round poles) are embedded in the
ground, having been either driven into the
ground or placed into excavated holes. Horizon-
tal beams and other framing are attached to the
poles, as shown later in this book by Fig. 15-5.

Obviously, a big problem with buildings of
this type is decay of the embedded poles. How-
ever, with the use of chemically treated poles,
the problems of decay have been alleviated but
not eliminated. As a result, beginning in the
1950s, pole buildings have enjoyed a rebirth in
popularity in the United States. For certain ap-
plications, pole buildings are suitable and eco-
nomically feasible.

Pole buildings are used principally in agricul-
ture, but in some localities they are used exten-
sively for housing. They are particularly well
suited for housing where the floor must be kept
well above ground level to avoid flooding.
Along the U.S. Gulf Coast, for example, pole-
supported buildings are often better able to resist
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Fig. 1-4. The Tacoma Dome erection sequence. Triangular sections of primary glulam beams and
secondary purlins are assembled on the ground and then lifted into place, one ring at a time. The
dome was erected without dense interior scaffolding. (Courtesy Western Wood Structures, Inc.)

the force of hurricane-driven waves than struc-
tures whose supporting walls extend to ground
level. The poles, of course, must have adequate
bracing or stiffness to resist the wave forces.

The pole acts as a column, transferring vertical
load to the soil. If the end area and perimeter of
the pole are too small, the hole may be dug to
larger diameter and a concrete footing cast in the
bottom to reduce the bearing pressure on the soil.
Hole depths usually range from 5 ft to 8 ft, and
footing diameters are commonly from 16 in. to
24 in. Pole buildings are normally one-story
structures, with poles spaced up to 20 ft in each
direction. Heavy timber or light framing is fas-
tened to the poles to form walls and roof, and
floor if any. With trusses for the roof structure,
spans of up to 60 ft are practical, and a few
longer spans have been constructed. Although
pole buildings date back to ancient times, today’s
pole buildings are usually designed by engineers
rather than by old rules of thumb (6).

Pole construction can also be a partial solution
to problems of freezing and thawing beneath the
structure, as in permafrost areas. Being a poor
conductor, a wood pole carries little heat from the
building above into the frozen ground below, so it
helps prevent thawing. If the structure is mounted
on a platform at the top of the poles, the open cold-
air space below also helps prevent thawing of the
soil. Poles in this type of environment must be
placed into excavated holes, not driven. Having
their larger diameter at the bottom, poles provide
good resistance to being lifted from the ground by
alternate cycles of freezing and thawing.

Wood Shell and Folded-Plate
Construction

Wood shells and folded plates may have both
economic and aesthetic advantages for roof con-
struction. Roof shells can be of various shapes,
the most common being the hyperbolic parabo-



INTRODUCTION 7

Western Wood Structures, Inc.)

loid. Other shapes are limited only by the inge-
nuity and skill of the design engineer and by the
capability of the materials used to follow com-
plex surfaces. Finding them aesthetically pleas-
ing, many architects incorporate shell roofs into
their designs. The important thing to remember
is that either shells or folded plates require engi-
neering design. Rules of thumb will not suffice.
To design either, an engineer with proper know-
how and experience should be engaged (7).

Materials for shell roofs include both boards
and plywood sheets. In either case, the materials
are used in two or more (usually three) layers.
The layers can be connected to each other by
special nails, or glue, or both.

Prefabricated-Panel Construction

There are many varieties of prefabricated panel.
The object of prefabrication is to reduce cost.
Because of carefully controlled factory condi-
tions, prefabricated panels can have nearly uni-
form quality. They also can speed field erection,
thus saving construction cost. Where stressed-
skin action is provided, they may also save in
total quantity of material used, thereby reducing
the total dead load that the structure must be de-
signed to support.

Fig. 1-5. The 530-ft-diameter Tacoma Dome completely framed, with 2-inch timber decking being installed. (Courtesy

Stressed-skin panels are those in which a ply-
wood skin is glued to supporting members, so
that the plywood sheet serves a double purpose:
(1) It acts as a beam spanning from one support-
ing member to another; and (2) being rigidly
connected to those supporting members, it acts
together with them, the combined member hav-
ing strength and stiffness exceeding the sums of
the strengths or stiffnesses of the separate parts.
Stressed-skin panels may have the plywood on
one side only or may have both top and bottom
plywood sheets attached to the supporting mem-
bers. Panels are usually manufactured flat, for
uses such as wall, roof, or floor panels or interior
partitions. But they can also be manufactured
with one-way curvature.

Stressed-skin panels always require engineer-
ing design unless they are used strictly for non-
load-carrying purposes.

Log Building Construction

Log buildings, in several forms, appear to be
making a comeback, especially for residential
construction. Strangely, many of them are engi-
neered structures. Their popularity is enhanced,
of course, by their exterior attractiveness. In
many cases they are economically feasible, even
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though they obviously use more wood than a
light-frame building of equal floor area. There
are two reasons for this: (1) Less total labor is
involved in preparing and installing the wood
components; and (2) wood is so effective an in-
sulating material that extra wall insulation is
normally not required.

1-4. HYBRID CONSTRUCTION

The authors use the word Zybrid to describe any
construction type that is mixed, and there are nu-
merous examples of this. For example, in con-
struction that is essentially light frame, we may
see steel floor trusses substituted for the usual
sawn-lumber floor joists, or floor trusses having
wood top and bottom chords but metal web
members. Or we may see light-frame construc-
tion in which headers and lintels will be wood
trusses, or even steel beam sections. Other fre-
quent combinations are: (1) a complete struc-
tural steel frame, with wood members (either
joists or trusses) spanning from steel beam to
steel beam to support the plywood or wood
composite floor, or (2) wood joists or rafters
supported by masonry bearing walls.

So, even though several recognized construc-
tion types were listed and defined above, there is
absolutely no need that a structure conform
strictly to any one of those types. Whenever
economy and serviceability are best served by a
combination of types, then designers will proba-
bly use it.

1-5. TIMBER BRIDGES

Bridges built either wholly or partly of timber
include pedestrian, highway, and railway
bridges and special types such as pipe bridges.
They include trestles, simple girder, arch, or
truss bridges, and even suspension bridges. Al-
though wood is an excellent material for many
types of bridge, its value for bridges is often not
clearly recognized, perhaps because of a fear of
either impermanence or weakness. However,
properly constructed and maintained wood
bridges can be durable. The useful life of mod-
ern glulam bridges is estimated to be as high as
50 years, whereas for steel or concrete bridges
(because of corrosion by deicing materials) it

may be much lower. Timber bridges are not nec-
essarily weak; they can carry very large loads,
such as heavily loaded (135-ton) logging trucks
(8). Examples showing durability and capability
to carry heavy loads and impact are seen in the
large number of existing railroad trestles and in
the many covered bridges that still carry rural
road traffic. The latter owe their long life, of
course, to the fact that the main wood structural
members and wood roadway deck are protected
from the ravages of weather. According to refer-
ence 7, bridges of wood have seen useful life of
over 500 years!

Timber (usually glued laminated) is a popular
material for pedestrian bridges. In these, the en-
tire superstructure—main girders and deck—are
wood. The selection of wood over other mate-
rials is often made on the basis of aesthetics, but
economy, durability, and ease of maintenance
also play important roles in determining the
choice.

In railway trestles, treated wood piles are fre-
quently used for the foundation, and treated tim-
bers are used for all other structural parts, includ-
ing the cross ties. Highway bridges spanning up
to about 30 ft can be built using sawn timbers for
the main longitudinal members (girders). When
glued laminated (glulam) girders are used, the
practical span limit is higher, spans as long as
150 ft having been constructed. Wood is used
frequently for the towers, stiffening trusses, and
floor systems of suspension bridges.

Arch bridges have become practical with the
development of glulams. This type of timber
structure has been used for pedestrian bridges,
highway bridges, and pipe bridges. The decision
to use wood is often based on appearance of the
bridge and the blending of its appearance with
the surroundings. Both two-hinged and three-
hinged arches are practical using glulams, but
fixed-end arches generally are not. For longer
spans, wood trusses are practical. These are
more commonly used in localities where timber
is plentiful but steel is expensive and concrete
construction difficult.

Bridge decks are built also using composite
wood and concrete. In this type of deck the con-
crete forms the wearing (top) surface. Wood
members below form the tension part of the
composite flexural section and the concrete



above resists the compression. The wood mem-
bers also serve as supporting formwork to carry
the weight of the wet concrete as the wearing
surface is placed.

1-6. NOTES TO STUDENTS
Design Codes

For some of you, this will be the first design
course. By design we mean the process of
choosing the type and quality of material to use,
choosing location and spacing of the members,
and selecting shape and dimensions for each
member so that it will (1) carry the load safely,
(2) have the desired stiffness and durability, and
yet (3) be as economical as possible. Principles
that you learned in previous courses (mechanics
of materials, for example) still apply, but now
you will have to supplement those principles
with design rules agreed upon by committees of
experienced engineers and researchers to ensure
that timber construction will be safe. These rules
make up a standard of practice, sometimes re-
ferred to (loosely) as a “design code.”

The standard of practice probably having
most meaning for this course is the National De-
sign Specification for Wood Construction (NDS)
(9). The NDS may be one of the required texts
for your course; if not, at least it is an available
reference. It would be an excellent idea, espe-
cially if this is your first design course, to read
through the NDS now, not studying its require-
ments in great detail but just becoming familiar
with the types of instruction it gives and where
to find things in it.

The NDS sets out the requirements for allow-
able stress design of wood structures. There are
two methods for the design of wood structures:
(1) allowable stress design (ASD) and (2) load
and resistance factor design (LRFD). The
greater portion of Structural Design in Wood is
devoted to ASD, with LRFD being covered in
the last section of many chapters. The standard
of practice for LRFD design is the Standard for
LRFD for Engineered Wood Construction (10).

A student’s first exposure to using a design
standard is often a confusing experience. Try to
realize now, at the outset of this course, that
what these two standards do is merely to define
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in some detail (for a particular material) how to
apply the design principles to which you were
introduced in previous courses. Realizing this,
you will appreciate the true purpose of each re-
quirement and will find its application more
meaningful. )

Accuracy

Your instructor has probably covered the next
point before, but it will bear repeating. Just be-
cause your calculator shows answers to seven or
eight places does not indicate such a high level
of accuracy for our purpose in design. The an-
swers your calculator shows are no more accu-
rate than the values you enter into it. Loads and
allowable stresses, for example, are rarely
known to more than three significant figures, so
you should not expect the answers to be signifi-
cant to more than three figures. In the process of
solving a design problem (if it is more conve-
nient than rounding off at each step), you might
copy figures as the calculator shows them, that
is, to more than three figures. But to retain more
than three figures in the answer to the design
problem would be pure foolishness. By all
means, round off the answer to the number of
significant figures that is appropriate for the data
with which you started.

Occasionally, however, a student learns the
above so well that rounding off goes too far, and
in this case the answer may suffer. Do not arbi-
trarily round off to one- or two-figure accuracy
early in the problem and then expect to retain
three-figure accuracy in the final answer.

Order and Neatness

A designer’s computations are usually kept as
part of the complete, permanent record of a de-
sign project. This is done for the designer’s pro-
tection, of course. But, equally important, the
computations may find additional future use.
The structure to which they apply may need to
be revised or extended; or it may need to be
adapted to a new use in which the loading differs
from that of the original design. Consequently, it
may be necessary for you (or someone else) to
read and understand your computations clearly
and easily at some distant future date. If your
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original computations are neat and orderly, and
fully labeled to show exactly what you had in
mind, they will be easy to interpret.

Engineers have long been noted for the neat-
ness and orderliness of their work, whether it be
longhand computations or working drawings.
However, being neat and orderly does not come
naturally to most of us; we have to work at it. So
why wait until professional practice begins to
develop this necessary habit of producing neat
and orderly work? Wouldn’t it make more sense
to develop it during student years? To demon-
strate what the authors consider proper form,
several of the examples in later chapters are
shown as typical designer’s computation sheets.

A word of caution, however: Neatly recopying
a previously made sloppy and disorderly compu-
tation is wasting time. Furthermore, the copy may
suffer from inaccuracies of the sloppy original.
Rather than making a preliminary version of your
work, try to think first, then write. Orderly think-
ing is even more important than orderly writing.

10.
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Wood Structure and Properties

2-1. WOOD AS A STRUCTURAL
MATERIAL

For structural applications, wood is most com-
monly found as either sawn timbers, lumber, or
glued laminated members (glulams). In the in-
terest of economy and to permit using wood
more efficiently, increasing amounts of wood
today find their way into manufactured struc-
tural materials or members such as (1) plywood,
hardboard, chipboard, flakeboard, waferboard,
and plastic/wood laminates (these are known
collectively as wood composites); and (2) man-
ufactured members such as plywood-lumber
beams or wood trusses. Many of these will be
discussed later in this book.

2-2. PROBLEMS IN USE OF WOOD
FOR STRUCTURES

For most structural applications, fortunately,
wood’s advantages far outweigh its disadvan-
tages. However, structural designers must learn
to cope with (1) wood’s variability and (2) its re-
sponse to environmental conditions.

Variability is probably the more serious of
these. Wood properties vary from species to
species, from one position to another in the tree,
from one tree to another grown in the same lo-
cality, and between trees grown in one locality
and those grown in another. Generally, humans
have little control over the quality of wood a tree
produces, although strides are being made in
that direction by means of selective tree farm-
ing. It is hoped that by such means straighter and
faster-growing trees may be developed, with
more nearly uniform properties than are found
in trees from natural forests (1).

J. J. Stalnaker et al., Structural Design in Wood
© Chapman & Hall 1997

The moisture content of wood installed in a
structure may change with time, eventually
reaching an equilibrium moisture content that
depends on the average relative humidity of the
surroundings. However, as the relative humidity
within a building may not be constant, the equi-
librium moisture content may vary with time.
With any change of moisture content, wood will
either shrink or swell—and warp. Collectively
these size and shape changes are known as di-
mensional instability. Dimension and shape
changes due to moisture change can be reduced
or avoided by proper seasoning (drying) and by
proper attention to details of design.

Duration of loading causes strength changes:
The longer a load remains on a wood member,
the weaker the wood member becomes. Luckily,
the structural designer can easily consider this
problem and compensate for it in the design pro-
cedure. Duration of loading has negligible effect
on modulus of elasticity but, because of creep,
deflections are time-dependent.

Finally, under some conditions wood’s dura-
bility will be limited. Weathering, decay, insects,
or fire can obviously limit the useful life of a
wood structure. Yet this problem, too, can be
overcome by selecting the proper kind of wood
and by proper design, treatment, construction,
and maintenance.

2-3. ADVANTAGES OF WOOD
AS A STRUCTURAL MATERIAL

Wood’s principal advantages over the other
common structural materials are (1) its econ-
omy, (2) its appearance, and (3) its ease of work-
ing and reworking. Other advantages are better
durability (for some applications), a high

11
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strength/weight ratio, and excellent thermal in-
sulating properties.

A wood structure is frequently less costly to
construct than a similar structure in either struc-
tural steel, reinforced concrete, precast concrete,
or masonry. Of course, a completely valid cost
comparison would have to include such costs as
operation, maintenance, insurance, and the like,
over the entire life of the structure. However, it
should be obvious from observing structures all
around us that, even when all these factors are
considered, wood is frequently the most eco-
nomical choice for buildings up to three or four
stories high.

A wood structure can be either aesthetically
pleasing or unattractive, depending entirely on the
care that goes into its design. Early U.S. colonial
structures provide excellent examples of attractive
design and of construction details that ensure good
durability despite the fact that wood can decay.
Modern glued laminated timber makes possible
very attractive buildings. We see numerous exam-
ples of this in commercial and institutional build-
ings, in high-quality residences, and even in inte-
rior treatment in larger buildings whose main
structural members are of other materials.

Wood can easily be cut, shaped, and finished
in the field. Prefabrication at another location is
generally not needed, although prefabrication
may be employed as a time-saving or money-
saving measure. Existing wood structures can be
revised or added to more easily than similar
structures of any other material.

If proper care is taken in details of design, in
maintenance, and in selecting suitable preserva-
tive and fire retardant treatments, wood will be
durable. If untreated wood is allowed to remain
moist in service, however, it will decay. The se-
cret to ensuring durability is fourfold: (1) Use
proper species and grades, (2) avoid undesirable
environmental conditions, (3) use proper design
details, and (4) use whatever treatment is neces-
sary and economically feasible.

When wood is used for all components of a
structure, the total weight is often less than for a
structure of other materials. This is particularly
true in comparison to reinforced concrete. The
strength/weight ratio of wood is advantageous
wherever dead load is an appreciable part of the
total load.

e

Fig. 2-1.  Proper detailing of joints in log building leads to
long life. Upper photograph shows old-time construction.
Lower photograph (Courtesy Golden Log Homes by CMB,
Arvada, Colorado) shows turned logs in a modern log build-

ing.

2-4, CLASSIFICATION OF WOOD

Wood is classified as either softwood or hard-
wood, according to the species of tree from
which it is cut. These are not necessarily good
names, but they have been used for so long that
they are accepted as part of the language by peo-
ple who work with wood. Softwoods actually
include some varieties that are quite hard, while
hardwoods include species whose wood is very
soft. Softwoods come from the plant group
known as gymnosperms. Softwood species in-



clude the needle-leaved trees. Most of these are
cone bearing (conifers), and most are evergreen,
which means that they do not drop their leaves
for the winter season. Softwoods also include
the scale-leaved evergreens, most of which do
not bear cones.

Trees producing hardwoods are of the plant
group known as angiosperms. All hardwood
trees have broad leaves. Most nontropical hard-
wood trees are deciduous; that is, they shed their
leaves for the winter.

Without getting into biologic structural differ-
ences (except for one that is explained later) the
above definitions are about as precise as we can
get. Perhaps a better way for our purpose is
merely to list common North American species
of each class. Table 2-1 shows typical softwood
species and Table 2-2 typical hardwoods.

The Latin names in the second column of
these tables are scientific names. The first part
of the scientific name is the genus and the sec-
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Table 2-2. Typical North American

Hardwoods.

Common Name

Scientific Name

Lumber Name

Northern red oak
Southern red oak
Black oak

Pin oak

Scarlet oak
White oak
Chestnut oak
Sugar maple
Black maple
Red maple
Yellow birch

River birch
White ash
Green ash

Quercus rubra Red Oak
Q. falcata Red Oak
Q. velutina Red Oak
Q. palustris Red Oak
Q. coccinea Red Oak
Q. alba White Oak
Q. prinus White Oak
Acer saccharum Hard maple
A. nigrum Hard maple
A. rubrum Soft maple
Betula Birch
alleghaniensis
B. nigra Birch
Fraxinus americana  White ash
F. pennsylvanica White ash

Note: The list above is by no means complete.

Table 2-1. Important North American Softwoods.

Common Name

Scientific Name

Lumber Name

Ponderosa pine
Lodgepole pine
Longleaf pine
Slash pine
Virginia pine
Pitch pine
Shortleaf pine
Slash pine
Longleaf pine
Loblolly pine

Red (or Norway) pine
Black spruce

Red spruce

White spruce
Sitka spruce
Englemann spruce
Blue spruce
Douglas fir®
Pacific silver fir
White fir

Eastern hemlock
Western hemlock
Western red cedar®
Redwood

Bald cypress

Pinus ponderosa
Pinus contorta
Pinus palustris
Pinus elliottii

Pinus virginiana
Pinus rigida

Pinus echinata
Pinus elliotti

Pinus palustris
Pinus taeda

Pinus resinosa
Picea mariana
Picea rubens

Picea glauca

Picea sitchensis
Picea engelmannii
Picea pungens
Pseudotsuga menziesii
Abies amabilis
Abies concolor
Tsuga canadensis
Tsuga heterophylla
Thuja plicata
Sequoia sempervirens
Taxodium distichum

Ponderosa pine
Lodgepole pine
Longleaf yellow pine
Longleaf yellow pine
Southern yellow pine
Southern yellow pine
Southern yellow pine
Southern yellow pine
Southern yellow pine
Southern yellow pine
Norway (red) pine
Eastern spruce
Eastern spruce
Eastern spruce

Sitka spruce
Engelmann spruce
Engelmann spruce
Douglas fir

White fir

White fir

Eastern hemlock
West coast hemlock
Western red cedar
Redwood

Cypress

“Not a true fir, (Some botanists call it the Douglas tree.)

®Not a true cedar. (True cedars—Cedrus species—are found only in Europe and Asia.)
Note: The list above is by no means complete.
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ond part the species. Ordinarily, scientific names
find little use by structural designers. However,
scientific names are the only reliable ones for
defining precisely a particular species. Names in
the first column are called common names.
These are the names used by most people when
identifying trees, but they are usually less accu-
rate than the scientific names. For example, a
species may have different common names in
different regions; or, equally confusing, the
same common name may be applied to more
than one species.

The third column of each table gives still an-
other version—names applied by the lumber in-
dustry. These are the names we will use in this
book. Under lumber industry names we find
several different species listed together under a
single name (species group). The justification
for this is that the species included under a sin-
gle lumber industry name grow in the same lo-
cality, have similar appearances, and have simi-
lar properties. The important thing to notice is
that while only the scientific nomenclature is
sufficiently accurate for the botanist, lumber in-
dustry names are quite suitable for the structural
designer’s use.

The lists in Tables 2-1 and 2-2 are far from
complete. For example, the lumber name red
oak, for which Table 2-2 shows five different
species, actually includes 14 different North
American species. Similarly, the table shows
only two species under white oak, but 13 species
are actually included under that name. Other im-
portant hardwoods (lumber names), not shown
in Table 2-2, are hickory, beech, pecan, poplar,
cottonwood, aspen, basswood, elm, walnut, and
cherry.

To emphasize that hardwoods are not neces-
sarily hard, consider the familiar tropical wood
known as balsa. Balsa is actually a hardwood!

2-5. WOOD STRUCTURE

Features of wood structure include those of the
wood-forming substance and those of the
“whole wood.” Features of the wood substance
are all microscopic and are of interest to indus-
tries that use wood substance (rather than whole
wood) as a raw material—the paper industry, for
example. On the other hand, except for individ-

ual wood cells, most whole-wood features are
visible to the naked eye or by aid of merely a
hand lens. These are the features that affect
wood’s suitability for construction, and are the
ones that will be explained here.

Wood Cell

Wood’s basic structural element is the cell. The
hollow, tubular wood cells are many times
longer than they are wide. For softwoods, the
cell length is about 100 times the width. Cells
are approximately rectangular in cross section
and have unsymmetrical tapered ends that over-
lap, in staggered position, with the cells above
and below. The cell walls consist principally of
cellulose and lignin. Cellulose accounts for
45-50% of the weight of completely dry wood,
and lignin for about 20—30%. Another ingredi-
ent, hemicellulose, amounts to 20-25% (2).
Minor components, which vary from species to
species, include natural resins, oils, tannin, and
alkaloids. Often, it is these minor components
that make a species suitable or unsuitable for
some particular application.

Cellulose gives the wood its strength: it is the
load-carrying material. Lignin is the “glue” that
cements cellulose fibers together, filling the
spaces between fibers and stiffening the fibers.
The cellulose-lignin combination is actually
heavier than water; it has a specific gravity of
1.54. However, wood cells are hollow, so that
the specific gravity of whole wood ranges from
0.31 to 0.75 for most woods used in construc-
tion. If the cells were not hollow, wood would
sink rather than float. A few tropical species do
actually sink. Ebony, for example, weighs
70-80 1b/ft® (versus 62.4 for water).

If cellulose forms the cell walls in all wood
species and is the constituent that gives the
wood structural strength, why, then, do wood
properties (e.g., strength) vary so much from
one species to another? To understand why, we
must consider further the structure of the wood
itself, in particular the arrangement and shape of
its cells. Figure 2-2 is a drawing showing typical
cross sections through a piece of wood. Notice
that most of the hollow, tubular cells are in a lon-
gitudinal position; that is, their long dimension
is vertical, parallel to the trunk (stem).of the tree.
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Fig. 2-2. Softwood cross sections. (Courtesy American So-
ciety of Civil Engineers, R. J. Hoyle, “Introduction,” Wood
Structures, a Design Guide and Commentary, 1975.)

A few cells, in localized bundles, run radially,
that is, parallel to a radial line from the center of
the tree trunk to the outside.

Because the wood cell is a hollow tube, it is
very efficient for resisting-a compressive force
parallel to its length, as shown by Fig. 2-3a. For
this reason, wood under longitudinal compres-
sion has a rather high ratio of strength to weight.
However, compression forces normal to the
length of the cells easily crush the cells, bending
their walls as shown in Fig. 2-3b. Thus, the
strength of wood is poor under compression per-
pendicular to the cell length (called compression
perpendicular to the grain).

Longitudinal shear strength of wood is lim-
ited by the strength of the lignin that binds adja-
cent cells together, or by the shear strength of
the cell wall, whichever is lower. Longitudinal
shear strength of wood is lower than its com-

pression strength in any direction and also lower -
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Fig. 2-3.  Strength of tubular cells.

than its longitudinal tensile strength. The only
strength that is lower than longitudinal shear
strength is the transverse tensile strength.

Interestingly, the hollow-cell arrangement has
a good effect on both longitudinal compressive
strength and bending strength. Given a specified
weight of wood in the form of either a beam or a
column, its strength is higher than it would be if
all void spaces were eliminated and the wood
substance moved together to form a solid mem-
ber of lesser cross-sectional area.

Cell walls are permeable, and the end walls of
wood cells are particularly so. In living parts of
the tree, fluids necessary to growth can move
vertically from one longitudinal cell to another.
By capillary attraction and surface tension, fluids
are raised by way of these cells all the way from
the roots of the tree to the uppermost leaves.

Cambium

Figure 2-4 shows the cross section of an entire
tree trunk. New wood cells, formed by cell divi-
sion, are produced by the cambium layer. As
new cells are added on the inner side of the cam-
bium, the diameter of the tree increases. At the
same time, the cambium adds new cells to the
inner bark, just outside of the cambium layer.
Immediately after a cambium cell divides, the
newly created cell begins to grow in both length
and diameter. During this growth the cell wall is
thin and pliable, but after growth ceases a sec-
ondary layer is added to the cell wall, thickening
it. At this stage the cell wall is primarily cellu-
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Fig. 2-4. Tree cross section.

lose. After wall thickening ceases, lignin is de-
posited, cementing the fibers together in a
process called lignification. The cell now has
structural strength that enables it to help carry
the weight which later is added to the tree.

Earlywood and Latewood

During springtime, growth is rapid and the
newly created cells have relatively large cell
openings (cavities) and thin walls. Portions of
new wood created during this season are known
as earlywood (or springwood). New cells cre-
ated later in the year, when less moisture is
available, have smaller cavities and thicker
walls. This portion of the wood is called late-
wood (or summerwood). Latewood contains
more cellulose per unit of cross-sectional area
than earlywood; consequently, latewood is
stronger than earlywood.

Annual Rings

Each year a band of earlywood and then a band
of latewood are added to the tree. Together,
these two bands comprise an annual ring. An-
nual rings are easily visible on all North Ameri-
can hardwoods and softwoods. Generally, the
latewood portion of the annual ring is darker
than the earlywood. In some tropical woods,
grown where differences between seasons are
not marked, annual rings may be either obscure
or absent.

Medullary Rays

Medullary rays are ribbonlike bundles of cells
arranged in a radial direction in the tree. That is,
they are perpendicular to the annual rings, run-

ning from the center (pith) toward the bark.
Medullary rays are prominent in some species
but nearly invisible in others. The rays serve a
useful structural function: They brace the longi-
tudinal cells so that their buckling strength is
higher. Tensile strength perpendicular to the an-
nual rings may be benefited a little, but tangen-
tially (in a direction parallel to the rings and per-
pendicular to the rays) tensile strength may
actually be reduced by the rays.

Heartwood and Sapwood

Wood in the annual rings nearest the outside of
the tree—the newer portion—is called sapwood,
since it still transports the tree’s life fluids. Por-
tions nearer the center no longer carry these flu-
ids or store food, and they are called heartwood.
As the tree grows, new annual rings of sapwood
are added to the outside, and the innermost (old-
est) sapwood rings convert to heartwood. Usu-
ally, heartwood is darker than sapwood, the
darker color being due to by-products formed as
the cells’ function for food storage terminates.
However, in some species it is hard to distin-
guish heartwood from sapwood by color alone.

The dark products that color the heartwood
are often toxic to insects and fungi; therefore,
heartwood of most species resists decay better
than sapwood. An exception is sweet gum,
whose heartwood decays readily. An exception
to the usual color difference is white cedar,
whose heartwood is light in color but is very re-
sistant to decay. Unless juvenile wood is in-
volved, the strength properties of lumber sawn
from sapwood or from heartwood (each dried to
the same moisture content) are the same, since
each contains the same amount of cellulose per
unit cross-sectional area. However, because of
its ability to transport fluids, sapwood may be-
have differently from heartwood in such proper-
ties as permeability and ability to absorb stain or
hold paint.

Pores

A structural difference between hardwoods and
softwoods is that hardwoods have vessels or
pores, while softwoods do not. These are struc-
tures whose only function is to carry water.



Fig. 2-5.

Cross section of strongly ring-porous oak. Note
distinct medullary rays. (Photograph by authors.)

Pores are large-diameter structures having thin
walls made up of individual cells. In many hard-
woods the pores are large enough to be seen eas-
ily by the naked eye. Hardwood is classified as
either diffuse-porous or ring-porous, according
to whether the diameters of the pores are similar
throughout the annual ring or larger in the early-
wood. Ring-porous wood has the appearance of
having pores in the earlywood only. The impor-
tance of pores is mainly in the appearance of the
wood. Figure 2-5 shows a cross section of ring-
porous wood.

2-6. JUVENILE WOOD

A tree grows faster in its early years of life than
in later years, and wood produced during those
early years has a larger-than-normal percentage
of earlywood. This portion of the tree is called
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juvenile wood. The specific gravity and strength
of juvenile wood are less and the longitudinal
shrinkage more than for wood grown by the ma-
ture tree. Just how much of the tree’s interior is
juvenile wood depends on the species and other
factors, but usually ranges between 5 and 20 an-
nual rings. Genetically improved trees grown on
intensively managed tree farms grow fairly
rapidly; they can be harvested earlier and, there-
fore, have a higher percentage of juvenile wood
than trees from either natural or regrowth forests
(3). Today most trees grown on tree farms are
used by the paper industry, so the structural de-
signer is not affected. In the future, however,
more of such trees will undoubtedly be used for
construction lumber. When this happens, the
code-writing committees that establish allow-
able stresses for the designer’s use will have to
account for the increased percentage of juvenile
wood in the lumber.

2-7. WOOD AXES

Because of its internal structure, wood is or-
thotropic, which means that its properties (phys-
ical and mechanical) differ in the three main,
mutually perpendicular directions—longitudi-
nal, radial, and tangential. Figure 2-6 shows the
axes in these directions and the three reference
planes associated with the axes.

Strength and modulus of elasticity vary in the
three directions, and there are six values of Pois-
son’s ratio! Shrinkage (or swelling) occurring as
wood’s moisture content changes also differs in
the three directions; this is what may cause
wood to warp as it either dries out or takes on
additional moisture.

The nonisotropic nature is probably the most
serious characteristic with which the designer of
wood structures must cope.

2-8. FACTORS AFFECTING STRENGTH

Major factors affecting strength and stiffness
properties of wood are:

. moisture content

. specific gravity (indicator of cellulose amount)
. duration of loading

. species

W
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Fig. 2-6.  Orthotropic axes and reference planes in wood.

Strength and stiffness properties of construc-
tion-sized lumber are affected by all of the
above factors, and also by:

5. size and shape of the wood member
6. nature, size, and location of defects (strength-
reducing characteristics)

2-9. MOISTURE CONTENT

Moisture content (MC) is expressed as a per-
centage of the weight of the completely dry
wood. To determine MC by the American Soci-
ety for Testing and Materials (ASTM) standard
test (see reference 4), a sample is first weighed,
then oven-dried until its weight is constant,
cooled, and weighed again. The weight lost dur-
ing drying is the total weight of water present in
the original sample. Expressed as a percent,

MC = 100 (orig. wt. — dry wt.)/dry wt.
(2-1)

Moisture content of seasoned (dried) wood for
most construction purposes is equal to or less
than 19%; it usually averages about 15%. Green
wood, however, can have MC from as low as

40% to as high as 240%! That is, the weight of
water in the green wood may be as high as 2.4
times the weight of dry wood (5).

Moisture present in wood may be adsorbed by
the cell walls, or after the walls are saturated
may occupy the void space within the cell cavi-
ties. The first type is called bound water and the
second free water. Adsorbed water softens the
cellulose/lignin material of the cell wall. There-
fore, it weakens the wood, reducing all strength
and stiffness properties except perhaps impact
strength. Free water within the cell cavity, on the
other hand, has no effect whatever, except to in-
crease the weight of the wood member and pos-
sibly to decrease its impact strength when the
cell cavities are nearly full.

For practical purposes, we may say that all
strength properties decrease as MC increases,
but only up to the moisture percent known as the
fiber saturation point (FSP). This is the moisture
content at which the cell wall material is com-
pletely saturated but the cell cavities are essen-
tially empty. Any further moisture taken up by
the wood is not adsorbed by the cell walls, but
merely occupies the cell cavities. The fiber satu-
ration point varies among species, as illustrated
by Table 2-3.



Table 2-3. Fiber Saturation Point of
Different Woods at Room Temperature.

Species FSP (%) Species FSP (%)
Ash, white 24.0  Pine, loblolly 21.0
Basswood 32.0  Pine, longleaf 25.5
Birch, yellow 27.0 Pine, red 24.0
Cedar, Alaska 28.5 Pine, slash 29.0
Cedar, western red 22.0 Pine, shortleaf 30.0
Douglas fir 26.0  Poplar, yellow  31.5
Fir, red 30.0  Redwood 22.5
Hemlock, western 28.0 Spruce, Sitka 28.5
Larch, western 28.0  Spruce, red 27.0
Oak, white 325 Tamarack 24.0
Oak, swamp 31.0  Teak 22.0

Condensed from reference 8, courtesy Van Nostrand Reinhold
Company.

Wood is hygroscopic, which means that its
moisture content adjusts to reach equilibrium
with the temperature and relative humidity of
the atmosphere in which it is used. If wood dried
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at the mill to the usual MC is used in a very dry
location, such as the interior of a heated build-
ing, it may give up moisture to the atmosphere,
shrinking and perhaps warping as it does so. On
the other hand, if the wood is used in a very
moist location, such as in a laundry or over a
swimming pool, it will absorb moisture from the
atmosphere, expanding and possibly warping.
Such taking on or giving up of moisture is a
slow process, so that if atmospheric conditions
fluctuate, the MC adjusts to a condition near the
average.

The moisture content that remains constant
under a given atmospheric condition is called
the equilibrium moisture content, sometimes ab-
breviated EMC. Table 2-4 shows average EMC
values for various combinations of temperature
and relative humidity.

Moisture affects the size of a piece of wood,
and, perhaps its shape. With increasing MC

Table 2-4. Moisture Content of Wood in Equilibrium with Stated Dry-Bulb
Temperature and Relative Humidity.?

’I‘Zin:;_ebrslt;)re Relative Humidity (%)

(°F) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 98
30 1.4 2.6 3.7 46 55 63 7.1 79 87 9.5 104 11.3 12.4 13.5 149 16.5 18.5 21.0 24.326.9
40 1426 37 46 5563 7.1 79 87 95 104 11.3 12.3 13.5 14.9 16.5 18.5 21.0 24.326.9
50 1.4 26 36 46 55 63 7.1 79 87 9.5 10.3 11.2 12.3 134 14.8 164 18.4 20.9 24.326.9
60 1.3 2.5 3.6 46 54 6.2 7.0 7.8 86 94 10.2 11.1 12.1 13.3 14.6 16.2 18.2 20.7 24.126.8
70 1.3 25 3.5 45 54 6.2 69 7.7 85 9.2 10.1 11.0 12.0 13.1 14.4 16.0 17.9 20.5 23.9 26.6
80 1324 35 44 53 6.1 6.8 7.6 83 9.1 99 10.8 11.7 12.9 14.2 157 17.7 20.2 23.6 26.3
90 1.2 23 34 43 511 59 6.7 74 8189 97 105 11.5 12.6 13.9 154 17.3 19.8 23.326.0
100 1.2 2.3 33 42 50 58 65 7.2 79 87 9.5 10.3 11.2 12.3 13.6 15.1 17.0 19.5 22.925.6
110 1.1 22 32 4.0 49 5.6 6.3 7.0 7.7 84 92 10.0 11.0 12.0 13.2 14.7 16.6 19.1 22.425.2
120 1.1 2.1 3.0 39 47 54 6.1 6.8 7582 89 9.7 106 11.7 129 144 16.2 18.6 22.024.7
130 1.0 2.0 29 3.7 45525966 7279 87 94 103 11.3 12.5 14.0 15.8 18.2 21.524.2
140 091928 36 43 5057637077 84 9.1 10.0 11.0 12.1 13.6 153 17.7 21.023.7
150 09 1.8 2.6 34 4.1 48 55 6.1 6.7 74 8.1 8.8 9.7 10.6 11.8 13.1 14.9 17.2 20.4 23.1
160 08 1.6 24 32 39 46 52 58 6.4 7.1 7.8 85 9.3 10.3 11.4 12.7 14.4 16.7 19.922.5
170 07 1.5 23 3.0 3.7 43 49 56 62 68 7.4 82 9.0 99 11.0 12.3 14.0 16.2 19.321.9
180 0.7 14 2.1 2.8 354147 535965 7.1 7.8 86 9.5 10.5 11.8 13.5 15.7 18.721.3
190 061319 26 32 38 44 505561 68 7.5 82 9.1 10.1 11.4 13.0 15.1 18.120.7
200 05 1.1 1.7 24 3.0 35 411 46 52 58 64 7.1 78 87 9.7 109 12.5 14.6 17.520.0
210 0510 16 2.1 27 32 38434954 60 67 74 83 92 104 12.0 14.0 16919.3
220 0409 14 19242934394550 56 63 70 78 88 99 =* * * *
230 0308 12 1.6 2.1 2.6 3.1 3.6 42 47 53 6.0 67 * * * * * * *
240 0306 09 1.3 1.7 2.1 2.6 3.1 3541 46 * * * * * * * * *
250 0204 07 1.0 1.3 1.7 2.1 2529 * * * * * * * * * * *
260 0.2 03 050709 1.1 1.4 * * = * * * * * * * * * *
270 0.1 0.1 0.2 0.3 0.4 0.4 * * *x % * * * * * ® * * * *

“Astenisks indicate conditions not possible at atmospheric pressure.

Source: Courtesy USDA-Forest Service, Forest Products Laboratory.
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(again, only up to the fiber saturation point) the
cell walls swell and all dimensions of the piece
become larger. With reduction of MC, all dimen-
sions become less; that is, the wood shrinks.
Swelling and shrinkage are very small in the lon-
gitudinal direction, varying from 0.1% to 0.2%
as green wood is completely dried (6). However,
they are considerably more in the radial direction
and highest of all tangentially. Table 2-5 com-
pares, for a few species commonly used for con-
struction, the percentages of shrinkage in radial
and tangential directions, as the green wood is
completely dried. It is the difference of shrinkage
and swelling in these two directions that causes
wood to warp as its MC changes.

Amount of shrinkage to expect with a given
change of MC may be estimated using Tables 2-
3 and 2-5. The position of the annual rings is
usually not known in advance. Thus, in estimat-
ing the dimension change, the designer should
assume the rings to be nearly parallel to the di-
mension in question; that is, the larger dimen-
sion change (tangential) should be anticipated.
Note that the percentages in Table 2-5 are based
on dimensions of the green wood (MC = FSP).
(An approximate method often used is based on
the fact that the average FSP for various species
is about 30%, and the average shrinkage for var-

Table 2-5. Typical Radial and
Tangential Shrinkage in Drying
from FSP (Green) to Oven-Dry.

Species Radial® Tangential®

Douglas fir

Coast 4.8 7.6

Interior, west 4.8 7.5
Fir

California red 4.5 7.9
Hemlock

Eastern 3.0 6.8

Western 4.2 7.8
Larch

Western 4.5 9.1
Pine

Eastern white 2.1 6.1

Ponderosa 3.9 6.2

Longleaf southern 5.1 7.5
Spruce

Red 3.8 7.8

“Percent, based on dimensions when green.
Note: For a more nearly complete list, see reference 6.

ious species as they dry from EMC to oven-dry
is about 6%. Thus, the lateral dimensions of
wood change, on the average, by about 1% for
each 5% change of MC.) However, it should be
recognized that the shrinkage in different pieces
of wood is quite variable—from 50% to 150%
of that estimated using Tables 2-3 and 2-5.

Example 2-1

A coast region Douglas fir plank measures 10.25 in.
wide when its MC is 10%. What will its width be
when MC is raised to 35%?

By Table 2-3, the fiber saturation point for D. fir is
26%, so raising the water content above 26% will
have no effect. The change from 10% to 26% will
cause the wood to swell. The final dimension will be
the same as the dimension, D, when green. From
Table 2-5, tangential shrinkage is 7.6% as MC re-
duces from FSP to dry.

10.25 = D[1 — 0.076(16/26)]
D =10.75in.

Example 2-2

What is the width of the same plank when its MC is
raised from 10% to 19%?

The width at 19% would be the width at FSP minus
the shrinkage that would occur as the MC was low-
ered from FSP to 19%.

D = 10.75[1 — 0.076(26 — 19)/26]
= 10.53 in.

Note that, compared to the 10.25 in. width when the
plank was installed, it would now be over /4 in. wider.
To install the planks without any space between might
cause trouble if the moisture content did actually rise
to 19%.

2-10. SPECIFIC GRAVITY

All strength and stiffness properties depend on
how much cellulose is present, so we should ex-
pect heavier woods to be both stronger and stiffer
than lighter woods. Extensive tests on many
species have shown this to be the case. Results of
those tests are in the form of equations relating
various strength properties to specific gravity
(7). These equations are all of the form

F =K©SG) (2-2)
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Table 2-6. Typical Relationships of Strength of Clear, Straight-Grained Wood to
Specific Gravity (Approximate).

Strength Property in Terms of Specific Gravity

Strength Property

For Green Wood

For Wood with 12% Moisture

Stalié bending:

Bending stress at proportional limit (psi) 10,2008G"* 16,7008G"%*
Modulus of rupture (psi) 17,6008G' % 25,7008G" %
Modulus of elasticity (million psi) 2.365G 2.808G
Compression parallel to grain:
Proportional limit (psi) 52508G 8750SG
Ultimate (crushing) strength (psi) 6730SG 12,2008G
Modulus of elasticity (million psi) 2.918G 3.385G
Compression perpendicular to grain:
Proportional limit (psi) 30008G*% 46308G*%
Table 2-6 shows typical equations for strength
of clear, straight-grained wood. b

Equations showing these relationships are in-
teresting, but have limited value in structural de-
sign. The reason is that so many other factors
(besides specific gravity) affect wood strength,
and it is the combination of all these factors that
controls the actual strength of any member.

2-11. TIME-DEPENDENT BEHAVIOR
OF WOOD

Two time-dependent characteristics of wood are
(1) creep under sustained load and (2) a relation-
ship between ultimate strength and load dura-
tion. These phenomena are related, but much yet
has to be learned about each of them.

Creep

When a wood structural member is loaded, it de-
flects immediately. If the load remains on the
member, deflection increases with time. This in-
crease above and beyond the initial deflection is
called creep deflection. Creep can occur in any
type of member (beam, column, or tension
member) but is of greatest concern for beams.
Under the allowable stress magnitudes normally
used in structural design, the rate of creep de-
flection becomes less as time passes, so that
after a few years no further increase is seen. Fig-
ure 2-7 illustrates the variation of deflection
with time, the solid portion of the curve becom-
ing practically horizontal after a few years. If the

DEFLECTION

" _—INITIAL DEFLECTION

TIME

Fig. 2-7. Creep in deflection of a wood beam.

load were kept on the member for a long enough
time, the curve would eventually continue as
shown by the dotted line in Fig. 2-7. Similar
curves could be plotted for any type of loading,
the exact shape depending on the type of loading
and level of stress applied.

The complete curve of Fig. 2-7 may be used to
define three stages of creep—primary, sec-
ondary, and tertiary. During primary creep (seg-
ment AB of the curve) defiection continues to in-
crease after the load has been applied. Secondary
creep is represented by segment BC, the essen-
tially horizontal part of the curve. If the load is
maintained long enough, tertiary creep occurs as
deflection begins to increase again as shown by
segment CD. During this stage, the rate of creep
deflection increases and failure follows (8). For
members with very low stress, the overall life of
the structure is not long enough for us to observe
tertiary creep. For members of very high stress
level, however, tertiary creep may be reached



22 STRUCTURAL DESIGN IN WOOD

FAILURE

FAILURE

DEFLECTION

% ;

TIME

Fig. 2-8. Creep at various stress intensities.

quickly. In this case, collapse will follow unless
the increasing deflection alerts the user to either
unload the member or reinforce it.

Figure 2-8 shows a set of creep curves for four
test beams, each with a different level of applied
stress. In the beam represented by curve 1, the
applied stress was fairly low, and because the test
was not continued long enough, the beam never
entered tertiary creep. Curve 2 is for a similar
beam, but stressed to a higher level. It just started
to enter tertiary creep at the end of the test. Curve
3, for a beam with still higher stress level, shows
the beam entering tertiary creep and then failing.
Curve 4 is for a beam having a very high initial
flexural stress, just slightly below the ultimate
stress determined from a conventional short-
term flexural test. This beam had a negligible pe-
riod of secondary creep, then quickly entered ter-
tiary creep and failed.

The beam tested for curve 1 of Fig. 2-8 did
not enter tertiary creep. Would tertiary creep
eventually occur if the test were continued? Ac-
tually, we don’t know, for the reason that such a
test would take many years—perhaps centuries.
It may be that tertiary creep will occur eventu-
ally, or it may be that under such a low stress
level tertiary creep will never occur. What is im-
portant is this: We know that if the stress level is
kept low enough, failure will not occur during
the expected life of the structure.

Load-Duration Effect

Since the length of time that a load is present on
a wood member affects the ultimate or breaking
strength of that member, the designer of wood
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Fig. 2-9. Effect of load duration on strength. (Courtesy
Board of Regents, University of Colorado.)

structures must consider that effect. Otherwise,
to ensure a desired level of safety, the designer
would have to be overly conservative, designing
as though all loads were to be in place forever.
To consider the load-duration effect, the struc-
tural designer uses a method based on the rela-
tionship shown by Fig. 2-9. This graph is the re-
sult of extensive research by the Forest Products
Laboratory (9). Chapter 4 shows how the de-
signer takes into account this load-duration ef-
fect.

2-12. STRENGTH-REDUCING
CHARACTERISTICS

Because wood structural members are cut from
trees rather than being formed from a human-
made material, they will have some strength-
reducing defects, such as the following:
(1) knots, (2) cross grain, (3) checks, (4) shakes,
(5) compression wood, (6) wane, and (7) decay.

Knots

Knots are formed by the change of wood struc-
ture that occurs where limbs grow from the main
stem of the tree. The limb, extending approxi-
mately radially in the main trunk, has its own
annual rings and rays, and this local arrange-
ment of cells interrupts the normal pattern for
the main portion of the tree. The knot has a
weakening effect that is illustrated by Fig. 2-10.
The grain direction changes severely as the
wood fibers pass around the knot (cross grain).
In this region, the applied load causes tensile
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AWAY FROM KNOT, AVERAGE TENSILE STRESS = P/A
(A PRINCIPAL STRESS}

AT KNOT, TENSILE STRESS PERPENDICULAR TO GRAIN T
(IN COMBINATION WITH SHEARING STRESSES AND
TENSILE STRESS PARALLEL TO GRAIN)

Fig. 2-10. Effect of knot on stresses.

stress components normal to the grain of the
knot. Since tensile strength normal to the grain
is very low, the knot weakens the member sig-
nificantly.

Tensile strength is affected most by the knot,
but compressive strength is reduced also. Bend-
ing strength is reduced too, the amount of reduc-
tion depending on where the knot is located on
the beam cross section. In drying, wood shrinks
more radially than longitudinally, so knots fre-
quently become loose and may even fall out.
Then, obviously, they are as damaging to bend-
ing, compressive, or shear strength as they are to
tensile strength.

The manner in which the tree is cut to produce
lumber influences the degree of effect a knot
will have on strength. This will be illustrated in
Chapter 3.

Cross Grain

When the longitudinal axis of the cells is not
parallel to the edge of a piece of wood, the piece
is said to have cross grain. Cross grain involves
both spiral grain and diagonal grain. Cross grain
occurs at knots and other locations. Nearly all
lumber has this strength-reducing characteristic

to some degree. Figure 2-11 illustrates several
cases of cross grain, differing from each other
according to the orientation of the annual rings
with the faces of the piece of lumber.

Many trees grow in a spiral fashion, so that
the direction and degree of cross grain varies
along the length of a piece of lumber. This spe-
cial case of cross grain is called spiral grain. Spi-
ral grain makes wood very difficult to work.
Further, as its moisture content changes, the
wood warps—all plane surfaces become twisted,
warped surfaces. Spiral grain is common and is a
hereditary trait in some trees.

Diagonal grain is caused by the way in which
a piece of lumber is cut from the log, rather than
being due to an inherent defect of the tree itself.
However, there will always be variations in
grain direction in the tree (cells are not every-
where perfectly parallel), so it is not possible in
the mill to cut lumber so as to completely elimi-
nate diagonal grain.

Figure 2-12 shows how cross grain reduces
the strength of a piece of wood. Almost every-
one has tried to bend a stick with cross grain,
only to have it break in the manner shown by
Fig. 2-12a. This break occurs because the flex-
ural stress (which is parallel to the surface) has a
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Fig. 2-11. Types of cross grain. (Courtesy of USDA-For-
est Service, Forest Products Laboratory.)
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Fig. 2-12. Effect of cross grain on strength.

component perpendicular to the grain, and ten-
sile strength in that direction is very low. The
Mohr’s circle in Fig. 2-12a shows how apprecia-
ble perpendicular-to-grain tension can occur
with small cross-grain angles.

Similarly, Fig. 2-12b shows how a compres-
sion member with cross grain is weakened.
Here, it is either the low strength in compression
perpendicular to the grain or the low longitudi-
nal shear strength that precipitates failure.

Strength at an angle to the grain may be esti-
mated by a simple equation called Hankinson’s
Sformula. This equation, shown in later chapters,
is used in designing members and connections
where the forces to be transferred are neither
parallel to nor perpendicular to the grain.

Shakes and Checks

Sometimes the generic term splits is used to
cover both shakes and checks. Shakes and
checks are longitudinal planes of separation
(cracks) in the wood (see Fig. 2-13). Shakes
originate in the tree. They may be in the longitu-
dinal/radial plane, in which case they are called
heart shakes or rift cracks. When they are in the
longitudinal/tangential plane they are called
ring shakes, the plane of the break being parallel
to the annual rings. Heart shakes are thought to
be caused by tensile stresses in the tangential di-
rection, the stresses resulting from growth pres-
sures within the tree. Ring shakes are thought to
be caused by shear due to wind, perhaps com-
bined with weakness due to cell damage by
frost. Figure 2-14 shows types of shake.

Checks occur as the wood seasons after the tree
is felled. They may occur in the log itself or in
pieces of lumber cut from the log. Checks are lon-
gitudinal cracks, usually in the longitudinal/radial
plane but occasionally in the longitudinal/tangen-
tial plane. They occur because of stresses resulting
from differential shrinkage in the tangential and
radial directions during drying, or from uneven
drying in different portions of the lumber. Too-
rapid drying can cause severe checking. Thus,
checking can be reduced by careful attention to
drying procedures during lumber production.

Figure 2-15 shows the position and names of
types of check. Surface checks may sometimes
be removed by planing: however, if drying con-



Fig. 2-13.

Checks and shakes in a cottonwood log. (Photo-
graph by authors.)

tinues, they may reappear. The major structural
effect of checks is to reduce longitudinal shear
strength, often the deciding factor in designing
timber beams.

Compression Wood

Compression wood is a form of “reaction wood,”
in which an unsymmetrical growth pattern has
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Fig. 2-15. Types of check.

been caused by long-term bending stresses in
the live tree. For example, a tree that leans badly
during its growth will have to resist a high bend-
ing moment caused by the tree’s own weight.
Compressive stresses due to this bending occur
on the lower side, and tensile stresses due to
bending occur on the other side. The compres-
sive stresses, being combined with the direct
vertical compressive stress, P/A, are the highest
stresses for the entire cross section. These high
stresses cause the tree to grow thicker annual
rings on that side, as shown by Fig. 2-16.

Cell walls in compression wood are thicker,
and specific gravity is higher than for normal
wood. Also, in the internal microstructure of a
compression wood fiber, the angle of inclination

©

HIGHER DENSITY
8UT
LOWER TENSILE AND
IMPACT STRENGTH

AN

Fig. 2-16. Compression wood.

©

AN

—
(6)
NSt/
M~

SURFACE
SHAKE

THROUGH
SHAKE

RING
SHAKE

PITH
SHAKE

Fig. 2-14. Types of shake.
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of its component fibrils is altered in a way that
affects physical properties (10, 11). Compres-
sion wood is undesirable mainly because, with
moisture change, its longitudinal shrinkage and
swelling are as much as ten times greater than
for normal wood.

Wane

Wane is the lumberman’s term for the absence of
wood. Often wane consists of bark remaining on
the surface of the finished lumber. Obviously,
the strength is reduced by wane, so wane is
taken into account in the allowable design
stresses assigned to a given grade of lumber. In-
clusions of bark, called bark pockets, occasion-
ally occur within the tree. These result from tree
injury that is covered by new wood as the tree
grows. The injury giving rise to bark pockets is
usually something minor, such as holes made by
bird pecks or boring insects.

Decay

Decayed spots represent portions of the wood
that should be considered to have no strength,
since the wood fibers are interrupted by the
decay. Further, decay can easily spread to adja-
cent areas. Wood with decay should not be used
in new construction, but a designer may be called
upon to evaluate the strength of an existing struc-
ture in which decay is already present. If the
decay can be removed or its growth arrested, the
structure can conceivably continue to be used.

All of the above defects affect the structural
value of the wood, and they are considered in
“grading,” the process by which wood is evalu-
ated and classified to indicate suitable allowable
design stresses. This will be shown in Chapters
3 and 4. Other defects, not mentioned above, af-
fect only appearance and durability.

2-13. THERMAL PROPERTIES
OF wWOoOD

Effect of Temperature
on Mechanical Properties

Temperature affects both dimensional stability
and strength of wood. Wood expands as its tem-

perature increases, as do other construction ma-
terials. Its coefficients of expansion vary with
direction, being largest radially and tangentially,
and least longitudinally. Expressed as length
change per unit of original length per degree
Fahrenheit, wood’s radial and tangential coeffi-
cients of expansion range from 0.000025 X SG
(specific gravity) for dense hardwoods to
0.000045 X SG for softwoods such as Douglas
fir or redwood (see reference 7). Considering
that the specific gravity of these woods is from
0.42 for redwood to 0.68 for common dense
hardwoods, the radial and tangential coefficients
of expansion are seen to be about 0.000017 to
0.000019 in./in./°F, or about three times as large
as for structural steel or concrete.

Wood’s longitudinal expansion coefficient is
much less. It is independent of SG but varies
with species from about 0.0000017 to
0.0000025 (12), which is only about 26—-42% as
much as for other common construction mate-
rials.

Exposure to temperatures of 150°F or more
for extended periods will permanently weaken
wood (12). For temperatures between zero and
150°F, the 70° strength of dry wood changes by
/3 — /% per degree, being weaker at high tem-
peratures and stronger at low. If the exposure to
abnormal temperatures in this range is not pro-
longed, wood’s strength properties can be ex-
pected to return to approximately their original
values when conditions return to normal.

Thermal Conductivity

Wood’s thermal conductivity is low compared to
that of other common structural materials. In
other words, wood can do a better job of insulat-
ing against heat loss. Often, therefore, less insu-
lation is needed with wood construction than
with other types. The total thermal transmission
of a building wall, of course, depends on the
properties and thickness of each of the various
layers of material used. Engineering information
on computing the total thermal transmission (or
resistance) of a wall may be found in sources
such as the ASHRAE Handbook (13).

Thermal conductivity depends on several fac-
tors, including direction of heat movement with
respect to the grain, specific gravity, moisture



Table 2-7. Thermal Conductivity and
Relative Insulating Efficiency of Building

Materials.
Insulating
Conductivity  Efficiency Compared
(BTU /hr /£ /in. to Wood
Material thickness / °F) (%)
Average softwood 0.80 100
Clay brick 4.8 16.5
Glass 5.5 14.7
Limestone 6.5 12.3
Sandstone 12.0 6.6
Concrete 12.6 6.3
Steel 312.0 0.25
Aluminum 1416.0 0.06

content, and type and location of defects. Ther-
mal conductivity is about equal in radial and
tangential directions, but is about 2.5 times as
great along the grain. Table 2-7 shows average
values of thermal conductivity for wood and
other commonly used construction materials
and compares their insulating efficiencies. No-
tice that wood’s thermal efficiency far surpasses
that of all other listed materials that might be
used for structural members.

2-14. TESTS AND PROPERTIES
OF INTEREST TO THE STRUCTURAL
DESIGNER

Strength and stiffness are the wood properties of
greatest interest to the structural designer. The de-
signer is interested in other properties, of course,
such as creep, durability, hardness, dimensional
stability, and thermal insulating qualities.

The strength and stiffness properties of most
interest in structural design are:

. compressive strength parallel to the grain

. modulus of elasticity parallel to the grain

. tensile strength parallel to the grain

. compressive strength perpendicular to the
grain

. modulus of rupture (bending strength)

. longitudinal shear strength (horizontal shear)

7. shear modulus

RTINS

N

For visually graded timbers (5 in. X 5 in. nomi-
nal and larger), the above properties are deter-
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mined by testing small clear specimens accord-
ing to methods spelled out in ASTM D143(4)
and ASTM D2555 (14) by the American Society
for Testing and Materials., To obtain allowable
properties, the strength properties of the small
clear specimens are then adjusted to account for
defects according to the rules in ASTM D245
(15).

Prior to the 1991 NDS, specified allowables
for dimension lumber (members with smaller di-
mension less than 5 in.) were obtained by the
small clear specimen approach. Since 1991 al-
lowable properties of American softwood di-
mension lumber have been determined by tests
of full-size specimens.

Standard tests of small clear specimens are
described below. These tests are still used for de-
termining properties of timbers and hardwood
species of dimension lumber.

Test for Compression Parallel
to the Grain

In this ASTM test a clear (defect-free) specimen
measuring a full 2 X 2 X 8 in. is used, with the
longitudinal axis of the wood parallel to the 8-in.
dimension. Longitudinal load is applied, in-
creasing until the compressive stress is well be-
yond a defined elastic limit or until the specimen
fails. From the loads applied and longitudinal
strains measured during the test, a stress-strain
curve can be plotted, as shown by Fig. 2-17.
This curve shows several points of interest to the
designer.

Ultimate strength is the highest value of stress
reached, shown by the ordinate at point A.

Modulus of elasticity, also called Young’s mod-

P/A)
®

UNIT STRESS (f

UNIT STRAIN {e)

Fig.2-17.  Stress-strain curve, compression parallel to grain.



28 STRUCTURAL DESIGN IN WOOD

ulus, is the slope, E, of the initial straight-line part
of the stress-strain curve. In the U.S. system, it is
expressed in pounds per square inch (psi). (Mod-
ulus of elasticity can also be found from a bend-
ing test, but its value will differ slightly from that
found from the compression test. The reason is
that the measured beam deflections are affected
by shear strains as well as by flexural strains.)

Proportional limit is the value of stress at the
upper end of the straight-line portion of the
curve, that is, the stress level above which stress
is no longer proportional to strain. The propor-
tional limit is sometimes loosely referred to as
the elastic limit, but the two are not precisely the
same. Point B of the curve in Fig. 2-17 is at the
proportional limit.

Notice that at the beginning of the test, the
curve of Fig. 2-17 shows a slight reverse curva-
ture. This is due to local crushing of uninten-
tional high spots as the ends of the specimen be-
come seated on the platen of the testing
machine. To correct for this, the straight-line
portion of the curve may be extrapolated down-
ward to locate an adjusted zero mark. Various
types of compression failure seen in this type of
test are shown by Fig. 2-18.

Test for Tension Paraliel to the Grain

The ASTM test for tensile strength parallel to the
grain uses a l-in.-square clear specimen 18 in.
long, carefully tapered to measure only s in. by
/16 in. at its narrowest portion. A stress-strain
curve for this test shows elastic action almost to
the breaking point. For defect-free wood, tensile
strength parallel to the grain (longitudinally) is
appreciably higher than compressive strength in
the same direction. However, designers can sel-
dom utilize this high tensile strength, since wood

STRESS (PSI)

| |

CRUSHING BROOMING SHEARING
SPLITTING WEDGE SPLIT COMBINED
SHEARING
AND
SPLITTING
Fig. 2-18. Types of failure under compression parallel to
grain.

in sizes practical for construction always has
strength-reducing defects, such as cross-grain and
knots. Tensile strengths in tangential and radial
directions are very low compared to the longitu-
dinal strength, about 3% and 5%, respectively.

Test for Compression Perpendicular
to the Grain

The ASTM test for compression perpendicular
to the grain illustrates clearly how much weaker
wood is in compression perpendicular to the
grain than in compression parallel to the grain.
Figure 2-19 shows schematically how this test is
performed, and also a typical stress-strain curve.

Al
5

A(IN.)

Fig. 2-19. Compression perpendicular to grain.



Notice that there is no true ultimate strength
value. As the wood nearest to the surface of the
specimen is crushed, it merely becomes consol-
idated and is harder to crush further. As the load
increases, additional wood cells farther from the
surface also collapse and the strength increases
again. The test could proceed until the load ca-
pacity of the testing machine was reached. The
wood specimen would still be there, and could
accept more load, but of course it would be se-
verely flattened. For this type of loading (in de-
sign, we call it bearing), the failure criterion is
not reaching an ultimate load, but rather reach-
ing a limit beyond which the degree of distortion
is considered unacceptable.

Test for Flexure

The ASTM static bending test defined by refer-
ence 4 uses a full 2-in.-square clear specimen 30
in. long, tested with a midspan concentrated
load and a span of 28 in. The load-deflection
curve for this test shows a definite ultimate load.
Values that can be computed from this curve are
given below.

Modulus of rupture: The modulus of rupture
(MR) is the value of Mc/I one would compute

fp = Mc/l

—-——N.A.

-—N.A,

(a) ELASTIC (b) AT ULTIMATE

Fig. 2-20. Bending stress variation,

Fig. 2-21.
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using the bending moment caused by the ulti-
mate load. Modulus of rupture is not the value of
extreme-fiber bending stress at failure. Bending
stresses under elastic conditions vary as a
straight line, as shown by Fig. 2-20a, whereas at
ultimate load they vary as shown by Fig. 2-20b.
Nevertheless, the MR is a useful quantity for
comparing bending strengths of different speci-
mens, and it is used to establish allowable stress
values for the designer’s use.

Modulus of elasticity: By equating the theo-
retical expression for midspan deflection to an
observed deflection on the straight-line portion
of the load-deflection curve, the modulus of
elasticity, E, can be computed. This value of E is
the more reliable one to use for computing de-
flection of other beams, although it may not
agree exactly with the values obtained from ten-
sion or compression tests.

Test for Shear Strength Parallel
to the Grain

Shear strength parallel to the grain is less than in
any other direction. In wood beams, the grain is
normally parallel to the span, and shear failure
occurs along a plane parallel to the span, as in
Fig. 2-21. (Wood beams will not fail by shearing
atright angles to the span.) Since beams are usu-
ally horizontal, the measured ultimate shear
stress is often called horizontal shear strength.
In the ASTM test for shear strength there is no
gradual yielding; failure is sudden and only the
ultimate load is observed.

ASTM D143 defines other tests also, includ-
ing tension perpendicular to the grain, impact
bending, and hardness. With each test, moisture
content of the wood is also determined and
recorded.

Horizontal shear failure.
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Fig. 2-22. Two nailing methods for Problem 2-3.
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(a)

Fig. 2-23.

out after it is connected. Which arrangement

is more likely to result in the member split-

ting, and why?

Figure 1-1 showed the cross section of a two-

story light-frame wall. Assume that the sill is a

2 X 6, floor joists are 2 X 12s, and the length

of the studs in each story is 7 ft 10 in. (See Ap-

pendix Table B-1 for actual dimensions.)

(a) Recognizing that shrinkage in thickness
of the plywood floor sheathing is negli-
gible, how much will the distance from
the top of the concrete foundation wall
to the underside of the second-floor ceil-
ing joists decrease, assuming that
(1) all wood is ponderosa pine;

(2) MC was 19% when the wood was
installed;

average relative humidity in the

building and surroundings will be

30%;

average temperature of the wood

will be 70°F; and

annual rings are in the worst posi-

tion for vertical shrinkage.

(b) What sort of trouble could this cause?

3
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2-10.

2-11.

(b}

Connections for Problem 2-6.

A2 X 2 clear specimen is tested as a beam on
a 28-in. simple span. The bearmn fails under a
midspan vertical concentrated load of 900 1b.
Measurements of actual dimensions showed
the specimen to be 2.02 in. wide and 1.96 in.
deep (vertically). What is the modulus of rup-
ture?

Assuming that the bending test of Problem 2-
8 took five minutes to perform, what would
be the probable value of modulus of rupture
for a similar specimen under a loading of ten
years’ duration?

When the load at the center of the beam of
Problem 2-8 was 400 Ib, the midpoint of the
beam had deflected 0.12 in. Considering that
the effect of shear deformation is negligible,
what is the modulus of elasticity, E?

For a seasoned wood whose specific gravity
is 0.47, what would be the approximate
small-clear values for: (a) ultimate com-
pressive strength parallel to the grain; (b)
compressive strength (proportional limit)
perpendicular to the grain; and (c) modulus
of elasticity in compression parallel to the
grain?
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Production and Grading
of Sawn Lumber

3-1. LUMBER PRODUCTION

Lumber production has grown from the old axe
and two-person saw process to a sophisticated op-
eration involving specialized machinery, such as
multiple band saws or laser-beam cutters with
digital control, and even optimization techniques
to increase the yield of useful material from the
log. To the engineer or wood scientist who wishes
to specialize in it, wood production presents
many interesting technical challenges. The struc-
tural designer, however, needs to know little
about lumber production, except as it might affect
either selection of material or the performance of
that material in the completed structure.

Where trees are grown on tree farms, lumber
quality and yield are influenced by the care
given to the trees—thinning and pruning, for ex-
ample. Lumber production begins with logging,
the felling and trimming of the trees. Following
logging the steps in lumber production may in-
clude (but not necessarily in this order) debark-
ing, air seasoning, rough sawing and finish saw-
ing (by circular saws, multiple band saws, or
laser), as shown in Fig. 3-1, surfacing (by plan-
ing or sanding), chemical treatment (preserva-
tive or fire retardant), and kiln drying. For the
structural designer, the important production
features are those dealing with standard sizes,
type of surfacing, types of “cuts,” and moisture
condition.

3-2. STANDARD SIZES OF LUMBER

Softwood lumber is normally available in even-
foot lengths, from 6 ft to 24 ft or 26 ft. In some
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instances, the structural designer can save money
for a client by avoiding designs that call for
lengths that are just slightly longer than these
standard lengths. For example, if a floor system
required a total of 48 joists, each 18 ft 3 in. long,
the builder would have to purchase 48 pieces
each 20 ft long. A total of 84 lin ft of joist mate-
rial would be wasted, unless a use could be found
for the 1 ft 9 in. pieces cut off. Being made aware
of the possible saving, the client or the architect
migat consider the wisdom of reducing the width
of the structure by three inches to permit using
joists 18 ft long. Hardwoods are also available in
2-ft length increments, and occasionally it is pos-
sible to obtain odd-foot lengths.

Quoted lengths of lumber are actual dimen-
sions. However, widths and thicknesses of lum-
ber for structural use are expressed in nominal
dimensions. These are whole-inch dimensions
corresponding approximately to the size of the
unseasoned, rough-cut pieces from which sur-
faced lumber is produced. For example, a piece
of wood measuring almost 2 in. thick by 4 in.
wide in the rough condition may be surfaced
(smoothed) to produce a piece of dressed lumber
measuring 1.5 in. by 3.5 in., but this smaller
piece is still called a2 X 4.

The thickness of wood removed to smooth the
surfaces of rough lumber varies with the rough
dimension and with the moisture condition of
the wood. Larger rough material will probably
not be as straight as smaller-sized rough mate-
rial, and surface defects may be larger. For either
reason, a greater wood thickness may have to be
removed from large sizes of rough lumber than
from smaller sizes. The American Softwood
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Fig. 3-1. Band saws reducing log to slabs. (Courtesy Western Wor

Lumber Standard (1) defines the final dimen-
sions required for the finished lumber.

Table 3-1 shows the minimum standard sizes
for dressed structural lumber in the United
States. Notice that there are two sets of standard
dimensions—one for lumber that is surfaced
after it is dry and one for lumber that is surfaced
while green. The reason for this is that all lum-
ber eventually reaches an equilibrium moisture

od Products Association.)

content (EMC) for the average temperature and
relative humidity where it is installed. So lum-
ber surfaced green is made thicker (and wider)
than similar lumber that is surfaced when it is
dry (19% or less MC). The object of having
these two standards is to cause pieces of each
variety to be of the same size when they reach a
common EMC, the surfaced-green lumber
shrinking as it dries and the surfaced-dry mate-

Table 3-1. Minimum Standard Sizes for Dressed Lumber for Structural Use.
Thickness (in.) Width (in.)
Minimum Minimum
Nominal Surfaced Dry Surfaced Green Nominal Surfaced Dry Surfaced Green

Dimension lumber 28 1 1% 28 13 1%
3 24 25 3 24 2%
4 3 3% 4 3 376
6 s 5
8 7 74
10 9 93
12 113 13
14 134 135
16 154 154

Timbers 5or — 1 less than 5or — 1 less than

more nom, more nom.

*In 2-in. nominal thickness, widths greater than 14-in. nominal are usually not available.
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rial either swelling or shrinking, depending on
whether the EMC is more than or less than 19%.

With few exceptions, nominal dimensions of
lumber normally available in the United States
for structural purposes vary by 2-in. increments.
Thus (except for nominal 3-in. and 5-in. mate-
rial that is sometimes available) nominal thick-
nesses and widths, in inches, are even numbers.
Table B-1 in the Appendix of this book shows
the standard nominal sizes of sawn lumber and
the actual dimensions expected at 19% MC.

Older Size Standards

The dimensions shown in Table 3-1 and Appen-
dix Table B-1 were accepted as the standard for
the United States in about 1970. A designer
doing remodeling, repair, or preservation work
on older buildings should be aware that prior to
1970 the standard dimensions were different.
For lumber manufactured before 1970, thick-
ness and width (for lumber of up to 12 in. nomi-
nal width) were generally !/ in. to !4 in. more
than shown by Tables 3-1 and B-1. For example,
a 2 X 4 measured 1% in. by 3% in., as opposed
to today’s 1 in. by 3'% in.

However, in buildings dating back to the early
part of this century or before, lumber dimensions
may not conform even to that pre-1970 standard.
For example, in working on restoration and re-
modeling of an historic building, the authors en-
countered existing first-floor joists that were actu-
ally a full 8 in. deep by 25 — 2, in. wide.
Second-floor joists were only slightly different.
Each were probably referred to as 2 X 8s. When
adding modern 2 X 8s to reinforce the floor, it was
necessary to install shims under the ends of the
new joists to make their tops flush with the tops of
the original joists. Designers working with old
structures should always measure to determine the
actual size of existing wood members.

The problem raised by combining lumber of
older and present size standards is compounded
by the effects of shrinkage. Structural members
in place in old structures probably have a very
low moisture content, whereas new lumber being
added probably has higher MC. Thus, some
shrinkage of the newer lumber may be expected,
and the amount of shrinkage may add to the dif-
ference between old and new dimensions.

3-3. FINISH DESIGNATIONS

Most lumber used in building design is surfaced
on both faces and on both edges and is referred
to as $4S (surfaced on four sides). If a designer
specifies a nominal size of lumber but does not
define which faces are to be finished, the mate-
rial supplied will most likely be S4S. If some
other combination of surfaced and rough faces is
desired, however, the designer may specify it.
Other combinations are defined by symbols §
for sides and E for edges. Examples of these
combinations include:

S2S1E (surfaced on two sides and one edge)
S2S (surfaced on two sides only)
S1S2E (surfaced on one side and two edges)

If lumber other than S48 is desired, the designer
will have to specify it. If the item is not stocked,
a special mill order may be required, and the
builder may have to wait for the material to be
produced. A probable exception is rough mate-
rial (not surfaced), which is frequently available
in some of the larger standard sizes.

3-4. CUTTING PATTERNS

Figure 3-2 shows three patterns in which lumber
may be cut from the log. The difference between
patterns is only the position of the annual rings
relative to the wide face of the piece. The impor-
tance of this difference is that shrinkage, warp-
ing, abrasion resistance, ease of painting,
appearance, and other properties all differ ac-

———

{a) SLASH CUT
(PLAIN SAWED)

DTN

(b} RIFT CUT
(QUARTER SAWED)

2,

(c} BASTARD CUT
(BASTARD CUT)

Fig. 3-2. Types of cut (hardwood names in parentheses).
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cording to the position of the annual rings on the
cross section.

Figure 3-2a shows lumber cut so that the wide
face is nearly parallel to the annual rings. In
softwoods, this is called slash cut lumber, and in
hardwoods plain sawed. Figure 3-2b shows lum-
ber in which the rings are more nearly perpen-
dicular to the wide face. This is called rift cut for
softwoods and guarter sawed for hardwoods. Of
course, there will be many pieces intermediate
between these two. Pieces with the rings cross-
ing at about 45 degrees, as shown by Fig. 3-2c,
are known as bastard cut. Rift-cut lumber is also
known as vertical grain or edge grain, and slash
cut as flat grain.

In most respects, rift-cut lumber is superior to
slash cut. Figure 3-3 shows one reason. As the
wood dries, it shrinks, and shrinkage is larger in
a transverse direction parallel to the annual rings
than in any other direction. Consequently the
length along the trace of a ring shortens, and the
piece bends (warps) as shown. The slash-cut

RIFT CUT

™

BASTARD CUT

Fig. 3-3. Shape change with loss of MC (exaggerated).

= =S

SLASH CUT
Fig. 3-5.

piece, with its wide face nearly parallel to the
rings, distorts appreciably. The rift-cut piece, on
the other hand, shows such distortion only on its
narrow edges; over the wider dimension it re-
mains flat, although that dimension reduces a lit-
tle because of shrinkage in a radial direction.
The bastard-cut piece deforms to become dia-
mond-shaped, rather than rectangular.

Slash-cut lumber used as floor material is
very apt to wear by having whole annual rings
pull away from the rest of the piece, leaving the
floor with an irregular, often hazardous, surface.
Rift-cut material, subject to the same severe use,
merely develops small furrows where the ex-
posed edges of the softer springwood erode
more easily than the harder summerwood.

If rift-cut lumber is generally superior to slash
cut, why not cut the log so that the majority of
pieces are rift cut? The answer is that sawing to
produce a higher percentage of rift-cut lumber
would require turning the log more frequently
and would be more expensive. Two common
methods used in cutting logs are shown by Fig.
3-4. A third commonly used method is a combi-
nation of the two shown. For any of these meth-
ods, the majority of the pieces will be either
slash cut or bastard cut.

One disadvantage of rift-cut lumber is that it
can be severely weakened by knots. As shown by
Fig. 3-5, a knot in slash-cut lumber might affect
only a small part of the member width, whereas
in rift-cut lumber it could affect the entire width.

I T

-
(a} (b}

Fig. 3-4. Two commonly used sawing patterns.

——

RIFT CUT

Effect of knots on slash-cut and rift-cut lumber.
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If the type of cut is not specified, the lumber
received will be a mixture of all three cuts, but
usually with a majority of slash cut. However, if
the better properties of rift-cut lumber are re-
quired (as for floors subject to abrasion), the de-

_signer can specify that rift-cut lumber be pro-
vided, but may expect to pay a higher price than
if rift cut were not specified.

3-5. DRYING

Lumber may be either air dried or kiln dried, the
object being to reduce the MC (moisture con-
tent) to a level close to the equilibrium MC for
the conditions under which the lumber will be
used. For drying by either method, the lumber is
placed in piles, with the layers of wood sepa-
rated by narrow, intermittent, transverse pieces
of wood called stickers. The stickers separate the
moist pieces of lumber so that air can circulate
through the pile, allowing for easy evaporation
of adsorbed moisture.

Air drying is an economical method when
carried out in well-designed drying yards or
sheds, using properly arranged piles, and with
favorable drying weather. Air drying may be
slow natural seasoning, or it can be accelerated
by using fans to circulate the air through the
piles of lumber and by using a small amount of
heat to raise the air temperature and reduce its
relative humidity.

With kiln drying, higher temperatures are
used and the rate of air circulation is much

faster, and the wood may be dried to any desired
MC. Another advantage of kiln drying is that the
temperatures used are sufficient to kill any
decay-causing organisms present in the wood.
Still another advantage is that pitch in resinous
woods is set by the heat. However, kiln drying is
not without its hazards. The temperature in the
kiln must be carefully controlled to avoid dam-
aging the lumber; drying too rapidly can result
in shrinkage-caused defects, such as checks, end
splits, honeycombing, collapse, warping, and
loosening of knots (2).

To What MC Should Lumber Be Dried?

Table 3-2 shows recommended levels of mois-
ture for sawn lumber for various uses and vari-
ous areas of the United States. Obviously, such a
set of “lumped” recommendations cannot pro-
vide the optimum MC for each application. The
designer should be alert to local conditions or
uses that might require using some other MC
level in wood for a particular project. Normally,
as it leaves the mill, seasoned or dry lumber has
a maximum of 19% MC. The average is about
15%.

When Is Lumber Surfaced?

Lumber may be surfaced while the wood is
green (undried) or after drying (seasoning). It is
sometimes important to know which type of ma-
terial (surfaced dry or surfaced green) is being

Table 3-2. Recommended Moisture Content at Time of Installation.

Recommended Percent MC

Remainder of

Dry Southwestern Damp Southern Continental
States® Coastal States® U.s.
Lumber Use Avg. Range® Avg. Range® Avg. Range®
Interior finish woodwork and softwood flooring 6 4-9 11 8-13 8 5-10
Hardwood flooring 6 5-8 10 9-12 7 6-9
Siding, framing,® exterior trim, and sheathing 9 7-12 12 9-14 12 9-14

“Eastern California, Nevada, southeastern Oregon, southwestern Idaho, Utah, and western Arizona.
*Coastal California (south of San Francisco), coastal N. and S. Carolina, southern Georgia and Alabama, Florida, Louisiana, southern

Arkansas, southeastern Texas (Laredo, San Antonio, Dallas).

“Range is more important than average for applications where shrinkage effects are critical.
“Framing lumber ordinarily not available manufactured to these recommended percentages.
Source: Courtesy American Society of Civil Engineers, R. J. Hoyle, **Introduction,”” Wood Structures, A Design Guide and Commen-

tary, 1975.
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used, since the allowable design stresses for the
two types may differ (3). One can identify lum-
ber of either type by the grading stamp applied
to each piece.

Lumber that is surfaced after it is dried bears
a stamp such as “S-DRY,” “KD” (kiln dried), or
“MC-15,” which indicates seasoning to some-
where between 12% and 15% before surfacing.
The stamp “S-GREEN” indicates that the wood
was surfaced before seasoning.

Though seasoning or kiln drying of lumber up
to 4-in. nominal thickness is practical, it is diffi-
cult and time-consuming to do so with larger
material. Consequently, pieces of larger thick-
ness (such as the Beam-and-Stringer and the
Post-and-Timber size groups explained later)
are usually furnished unseasoned. This means
that such pieces are quite prone to splitting as
they dry to their EMC, and it is a good reason for
turning to glued laminated members (Chapter 8)
rather than using large sawn timbers.

3-6. LUMBER GRADING

Grading is the process of classifying lumber ac-
cording to guality for a particular use. This sec-
tion will introduce the reader to the principles of
lumber grading and to its value to the structural
designer. (This section is not intended, however,
to teach the reader to do lumber grading.) Grad-
ing is accomplished through rules that define
both desirable characteristics and limits to unde-
sirable characteristics of the lumber, and provide
methods of quantifying the undesirable charac-
teristics. Many of the rules governing lumber
grading are developed by persons with struc-
tural-design expertise, but the actual task of im-
plementing those rules is best left to profession-
als for whom lumber grading is the principal,
full-time job.

The purpose of grading rules is to maintain a
standard among lumber mills manufacturing
from the same or similar species, so that the
quality of the lumber for some particular use can
be defined and controlled, regardless of the
overall character of the logs from which the
lumber is produced. Thus, lumber of a particular
grade from different mills will have essentially
the same strength and stiffness properties. The
structural designer can specify lumber of a par-

ticular species group and grade, and can be rea-
sonably assured that the lumber received will be
suitable for the intended structural use, regard-
less of which mill produced it. The grade stamp
placed on each piece of lumber will define the
quality of material to the user.

History

Lumber grading has been done on some scale
for many centuries. Carpentry skill was known
in Biblical times. Then, even without formal
rules for defining quality, the effect of certain
defects was well recognized, and good crafts-
men selected lumber carefully to obtain the de-
sired qualities. The first known formalized grad-
ing system for selecting lumber was devised in
1754 by a Scandinavian named Swan Alverd-
son. In the United States, the first grading rules
were used in Maine in 1833. As the focus of the
lumber industry shifted to the central and west-
ern United States, grading rules were refined to
adapt them to the new species encountered. By
the end of the nineteenth century, grading rules
were in use even for west coast species.

Grading rules were developed by various
groups, representing manufacturers, distribu-
tors, and users of lumber. Naturally, the stan-
dards developed by one group often diverged
from those of another. In 1924, through the
American Lumber Standards Committee, volun-
tary product standards came into being (see ref-
erence 1). Today, even though various regional
groups write their own grading rules, those rules
fall within the framework of the voluntary stan-
dard. As a result, uniform size standards for
lumber under 5 in. thick are observed by all U.S.
Iumber producers. Also, uniform grade names
and grading provisions assure designers and
users of reliable performance for lumber from
most U.S. commercial species.

3-7. TYPES OF GRADING

Grading rules and methods differ according to
the use to which the lumber will be put. Proper-
ties desired in wood for making furniture are not
necessarily the same as those sought in wood for
structural members or for interior wall paneling.
Thus, different grading rules have been devel-
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oped for various lumber uses. Even among those
for a specific use, grading rules may differ ac-
cording the size of the piece being graded and
the particular grading agency. So grading is re-
lated to both size and use. This will be shown
later by a partial outline of grading rules of the
Western Wood Products Association (WWPA).

In the grading of structural lumber, various
strength properties and stiffness are evaluated,
the assigned grade name permitting the struc-
tural designer to specify a material having a de-
sired level of strength. Two methods used for
such grading are visual grading and mechanical
grading. Today, visual grading is probably the
more common. However, mechanical grading is
finding increased use and may soon be the more
common method for grading of structural lum-
ber up to 2 in. thick. In visual grading of lumber
for structural uses, the grader examines each
piece to determine the type, location, and size of
various defects that might affect its structural
strength. Then according to rules that quantify
the effect of each defect, the piece is assigned to
a “grade.” The grade name or symbol is stamped
on the piece, giving the user a means of deter-
mining the probable strength and elastic modu-
lus of the material. (Chapter 4 will show how the
allowable stresses for design are related to the
lumber grade.)

Mechanical grading is used to determine lum-
ber properties by nondestructive testing. This
grading method is based on the principle that all
strength properties bear some relationship to the
modulus of elasticity, E. Figure 3-6 shows,
schematically, how a grading machine works.
Mechanical grading is now done for only thin-
ner material, of 1 in. to 4 in. nominal thickness.
In mechanical grading, each piece is first subject
to visual grading. Then it passes through the

T

E=f(AF)

grading machine, which bends it to a predeter-
mined curvature and measures the force required
to deflect it. Deflection and force required are
then used to determine the flexural modulus of
elasticity, E. Allowable stress levels are deter-
mined from the E-value.

Depending on the rules under which it is
graded, dimension lumber can be either Machine
Stress Rated (MSR) lumber or Machine Evalu-
ated Lumber (MEL). The latter applies to south-
ern pine lumber only.

For either type—visual or machine—grading
cannot be considered an exact science. In one
case, it depends on visual capability and personal
judgment. In the other, it depends on the accuracy
of the relationships that we assume to exist be-
tween flexural modulus of elasticity and strength
properties. Nevertheless, the grading process is
sufficiently well defined that pieces graded
should not fall more than 5% below grade (4).

3-8. DEFINITIONS

Grading rules involve many terms that the struc-
tural designer and other users of graded lumber
must understand. Knowing the meaning of these
terms may also be helpful to understanding sub-
sequent chapters of this book.

Thickness—the smaller lateral dimension of
the piece of lumber, shown in Fig. 3-7. (To call
that dimension the “width” might seem logical
when the member in question is a beam, but that
is inconsistent with the terminology for grading.
When speaking of the piece of lumber, call the
smaller dimension the “thickness.”)

Width—the larger lateral dimension, shown in
Fig. 3-7. (When the piece is used as a beam, with
width vertical, this dimension can also be re-
ferred to as “depth.”)

Fig. 3-6. Exaggerated schematic of lumber-grading machine.
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WIDTH

/

I

Fig. 3-7.  Thickness and width of lumber.

THICKNESS

Rough lumber—Ilumber that has been sawed
but has not had its four longitudinal surfaces fin-
ished. Saw marks show on each surface.

Dressed [umber—Ilumber whose surfaces
have been finished (by planing or other means)
so that the saw marks on the surfaces are re-
moved. Dressed lumber may be S1S, 828, S1E,
or S48, according to which faces have been fin-
ished (surfaced).

Worked lumber—lumber that has been dressed
and has also been matched, shiplapped, or pat-
terned. Matched lumber has a groove on one lon-
gitudinal edge and a corresponding tongue on the
other. The two pieces join together, side by side,
as the projecting tongue of one piece is fitted into
the groove of the other. It is sometimes called
tongued and grooved or dressed and matched.
Shiplapped lumber has a rectangular notch called
a rabbet along each edge, the notch being on one
face at one edge and on the other face at the other
edge. Adjacent pieces overlap slightly as they are
installed side by side. Patterned lumber fastens
together side by side with something fancier than
a plain tongue and groove or even plainer rectan-
gular rabbets.

Dimension Lumber—Surfaced lumber of 2 in.
through 4 in. nominal thickness.

Beams and Stringers—abbreviated B&S,
pieces 5 in. or more in thickness, with width more
than 2 in. greater than the thickness. (A 6 X 10
could qualify as B&S, but a 6 X 8 could not.)
B&S lumber is graded assuming that its princi-
pal use will be in bending, not axial load, al-
though it may actually be used for either pur-
pose.

Posts and Timbers—abbreviated P&T, pieces
measuring 5 in. X 5 in. or more, with the width
not more than 2 in. greater than the thickness. (A 6
X 6ora6 X 8 would qualify as P&T, buta 6 X 10

would not.) P&T lumber is graded assuming that
its principal use will be in axial load rather than
bending, although it may actually be used for ei-
ther purpose.

3-9. MODERN GRADING RULES

Associations that have produced grading rules
for structural lumber include the following:

Northeastern Lumber Manufacturers Associ-
ation (NELMA)

Northern Softwood Lumber Bureau (NSLB)

Redwood Inspection Service (RIS)

Southern Pine Inspection Bureau (SPIB)

West Coast Lumber Inspection Bureau
(WCLIB)

Western Wood Products Association (WWPA)

National Lumber Grades Authority (for Can-
ada) (NLGA)

Through the voluntary Product Standard (1)
mentioned earlier, the grading rules of the agen-
cies listed above are sufficiently similar that a
structural designer can be reasonably assured of
obtaining the quality lumber desired.

As an example, consider the grading rules of
one of the above agencies, the Western Wood
Products Association (given in reference 4). The
condensed list below shows only those lumber
classifications, size/use groups, and grades that
might be of interest to the structural designer.
Following this list is a rather detailed illustration
of the grading rules for just one of these size/use
groups. It should be pointed out that some of the
grades listed may be hard to obtain. For exam-
ple, select structural lumber is difficult to obtain
in large quantities.

Size/Use Group Grades

Light Framing and Studs
Light Framing Construction

Standard

Utility

Economy

Stud

Economy Stud

Select Structural

No. 1

No.2

No.3

Economy

Studs

Structural Light
Framing
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Size/Use Group Grades
Special Dimension
Machine-Stress Rated
Foundation Lumber
Decking Selected
Commercial
Structural Laminations
(see Chapter 8, on
glulams) (1” and 2"
nominal thickness)
Laminating One (L1)
Laminating One-C
(L1-C)
Laminating Two (L2)
Laminating Two-Dense
(L2-D)
Laminating Three (1.3)

Joists and Planks
Structural Joists and
Planks

Select Structural
No. 1
No. 2
No. 3
Economy
Timbers

Beams and Stringers Select Structural
No. 1
No.2
No. 3
Select Structural
No. 1
No. 2
No. 3

Posts and Timbers

If we were to expand the above list to include
factory lumber, boards, paneling, and other
items that normally do not interest the structural
designer, it would be several times as long.

3-10. EXAMPLE OF VISUAL GRADING
OF BEAMS AND STRINGERS

For Douglas fir-larch, seven different grades of
Beams and Stringers (B&S) are defined by the
WWPA rules—Dense Select Structural, Select
Structural, Dense No. 1, No. 1, Dense No. 2, No.
2, and No. 3, the first being the one of highest
quality and highest allowable stresses. The NDS
specifies allowable stresses for only the first six
of these grades.

In WWPA rules for each grade defined for
Beams and Stringers, there is first a general
statement showing the purpose of the grade.
This is followed by a list of characteristics and
limiting provisions. For example, the list of

characteristics and limits for the Select Struc-
tural grade is as follows (4):

Grain—medium.

Stained sapwood.

Firm heart stain—10% of width, or equiva-
lent.

Splits equal in length to half the width of the
piece or equivalent of end checks.

Seasoning checks—single or opposite each
other with a sum total equal to one-fourth
the thickness.

Pinholes limited.

Heavy torn grain.

Pitch streaks.

Slope of grain—1:15 in middle third of length,
balance of piece may be 1:12.

Occasional skips—1;¢ in. deep, 2 ft in length.

Medium pitch pockets.

Wane—one-eighth of any face, or equivalent
slightly more for a short distance.

Shake—one-sixth the thickness on end.

Knots, sound, tight, and well-spaced, are lim-
ited as follows:

Narrow Face and

Edge of Wide Face.
Width or Knots in Middle Knots at Ends
Thickness Third of Length and Along Centerline
(in.) (in.) of Wide Faces (in.)
5 1Y4
6 14
8 17 2
10 2 2%k
12 28 31k

14 233 33y

Knots sizes on narrow faces and at the edge of wide faces
may increase proportionally from the size permitted in the
middle one-third of the length to twice that size at the ends
of the piece, except that the size of no knot shall exceed the
size permitted at the center of the wide face.

The above excerpt from the grading rules may
appear lengthy, but actually it is somewhat con-
densed. Obviously then, lumber grading is a job
for an expert—one who is thoroughly familiar
with the subject. It is a task the structural de-
signer is usually happy to leave to that expert.
Nevertheless, knowing something about the



PRODUCTION AND GRADING OF SAWN LUMBER 41

basis of grading is helpful to the designer. That
knowledge may be useful in deciding borderline
cases and may help to avoid construction and
design errors.

3-11. GRADING STAMPS

Each piece of graded lumber receives a distinc-
tive stamp telling the assigned grade, species (or
species group), moisture condition at time of
surfacing, identity of the mill that produced the
lumber, and perhaps other information. By the
grade stamp, the builder can be assured of get-
ting the specified quality of lumber, and the
owner or the building inspector can be assured
that the material actually being furnished con-
forms to the construction specifications.

" Figure 3-8 shows one example of a grade
stamp for visually graded lumber. In this exam-
ple stamp, the numeral 12 at the upper left iden-
tifies the mill that produced the lumber. (Some-
times the mill is identified by name rather than
number.) The logo in the circle at the lower left
certifies that the grading was done under
WWPA rules and supervision. The species
group shows in the square at the lower right. In
the bottom center, the label “KD” tells that the
wood was kiln dried (seasoned) when it was sur-
faced. The “1 & BTR” designation shows that
-the piece bearing this stamp is of Grade No. 1 &
Better. It is not necessary for all parts of the
grade stamp to be in the same position or form
shown by this illustration. Also, the stamp may
contain a value for allowable fiber stress. If it
does so, the value shown is the “single-member”
allowable stress for bending (explained in Chap-
ter 4) about the major axis.

Figure 3-9 shows an example grade stamp for
machine stress-rated lumber. This stamp, too,
tells which mill produced the lumber and graded

12 1&BTR
W) o [

we

KD

Fig. 3-8. Example of stamp for visually graded lumber.
(Courtesy of Western Wood Products Association.)

MACHINE RATED
We 15 A
&2)® SRy &

1650 Fb 1.5E

Fig. 3-9. Example of stamp for machine stress-rated lum-
ber. (Courtesy of Western Wood Products Association.)

it, under what agency rules and supervision it
was graded, its moisture condition when it was
surfaced, the species or species group, and fi-
nally, an allowable bending stress and modulus
of elasticity. In this example, E is 1.5 million psi,
and the allowable stress for major-axis bending
is 1650 psi.

3-12. CAUTION TO DESIGNER
AND BUILDER

The grade stamp on a piece of lumber applies
only to the entire piece that was graded. A piece
cut off from the original graded piece can be of
either the same grade, a higher grade, or a lower
grade than the stamp implies. Why? The reason
is that in grading, the location of knots and other
defects is considered.

For example, consider the Beam-and-
Stringer rules that were outlined above. As-
sume that you have ordered a 20-ft length of
Select Structural 6 X 12. For some reason, you
now decide to have that length cut to produce
two pieces 10 ft long. Do you now have two
10-ft pieces of Select Structural? Possibly so.
But if the original member had a 1:12 grain
slope in the end one-thirds of its 20-ft length,
wood having that grain slope now appears in
the central one-third of the new 10-ft lengths, a
location where the limit allowed is 1:15. That
limit for the central one-third of length is now
exceeded; consequently, the grade of the
shorter pieces is lower than the grade of the
original 20-ft piece. (Further, it may be that
only one of the two pieces has the necessary
stamp to verify to the building inspector that it
is graded lumber. The other 10-ft piece could
be rejected as ungraded.)

As another example, assume that you have ex-
cess 2 X 12s on the job site, but you need 2 X 10s
badly. Can you have the carpenters rip (saw) off
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a 2-in. strip from the full length of each 2 X 12
to produce 2 X 10s of equal grade? For some of
the pieces you probably could not, since knots
near the interior of the original width would now
become edge knots. In bending members, the
most damaging knots are edge knots, that is,
knots near the top or bottom extreme fibers,
where flexural stresses are the highest. The new
2 X 10s produced by this method would have to
be regraded to be certain that they still met the
requirements of the grade shown by the grade
stamp.

The authors know of a case in which a large
number of 2 X 12s were ripped to produce
2 X 10s. The ripped members were installed be-
fore the inspector could regrade them. The
members having been installed, their upper sur-
faces were not visible and it could not be con-
firmed that no edge knots were present. Need-
less to say, the solution was very expensive for
the builder.

As a designer, could you cause trouble for
yourself because of the way Beams and Stringers
are graded differently in the middle third of their
length than in the end portions? Possibly, if you
ordered long pieces of sawn lumber with the
idea of using them for multiple-span beams.
Continuous beams usually have the highest
bending moments at their interior supports. In
such cases it would be well to check the grading
rules to be certain that you have the required
quality at all locations along the length of the
piece.

3-13. BOARD MEASURE

The quantity of wood in a timber of given length
and cross section could be measured in cubic
inches or cubic feet. However, the lumber indus-
try in the United States has preferred to use the
board foot. A board foot, abbreviated “fbm” for
foot-board-measure, is the amount of wood pres-
ent in a piece one foot long and having an end
area of 12 square inches. For example, a 1 X 12
one foot long contains one board foot. So does a
2-ftlength of 2 X 3 or a 3-ft length of 2 X 2.
The number of board feet of lumber in a given
project is a convenient quantity to use in cost es-
timating, since lumber prices are often quoted in

terms of dollars per Mfbm—cost per 1000 board
feet.

Nominal sizes are used in determining the
number of board feet. Thus, the fbm figure indi-
cates not the amount of wood present in the fin-
ished product, but rather the amount of wood
consumed in producing the finished product.
Board measure is used routinely for sawn lum-
ber. For glulams, the board measure is that of the
pieces from which the glulam is made.

Example 3-1

What is the probable cost of a truckload of lumber
that includes the items listed below? Assume that the
average price for these items will be $500 per Mfbm.
(Today’s unit price can be estimated from reports in
publications such as the Engineering News Record.
These prices, however, are usually for carload lots of
any one size, so there will be considerable price
markup to obtain retail prices for smaller loads.)

170 2 X 4s, 8’ long
38 21X 4s,22' long
85 2 X 10s, 20’ long
16 4 X 4s,12' long
85 22X 125,20 long

1 62X 14,22 long

Consider each item separately. Compute the fraction
of a board foot per foot of length, and multiply this by
the total length per piece and by the number of pieces.
For example, a 2 X 4 has 8 in.? of nominal end area.
Each foot of length, therefore, contains 8, of a board
foot. A piece 8 ft long contains 8 times %2, and 170
such pieces contain 170 (8)(%12) board feet. Tabulat-
ing this computation for each item:
170 (2 X #12) (8) = 907 fbm
38 (2 X 412) (22) = 557 fom
85 (2 X 1%2) (20) = 2833 fom
16 (4 X #1p) (12) = 256 fbm
85 (2 X 2/15) (20) = 3400 fom
1(6 X “) (22) = 154 fbm
Total = 8107 fbm = 8.107 Mfbm

Probable cost = 8.107 ($500) = $4053.50
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Loads and Design Values

This chapter is in two parts. Part I deals with
loads—the forces to which timber structures
may be subjected. It concerns the sources of
these loads and shows how to compute their
magnitudes.

Part II covers the methods the code writers

use to establish allowable stresses and shows
how the structural designer adjusts these allow-
ables to design by the service load method, that
is, by ASD (allowable stress design). A newer
method—Iload and resistance factor design, or
LRFD—is also introduced.

Part |. Loads

4-1. GENERAL

Loads and stresses are presented here using the
current U.S. system, although at some future
date the international system (SI) may be used
routinely in the United States. Lumber sizes are
given in inch units, with lengths in feet and
inches. Appendix Table B-1 shows standard
lumber sizes and cross-section properties.

Service loads are the maximum loads one may
reasonably expect to occur. Under the service
load design method, they are the loads a structure
must be designed to resist. Except for loads due
to the dead weight of the structure, service loads
are usually spelled out by a local building code
and tend to be somewhat higher than the nor-
mally expected loads. For example, the design
service load for a classroom is often specified as
high as 50 pounds per square foot (psf). How-
ever, in a normal classroom situation, with desks
occupying about 10 ft? each, the weight of the
movable desk and the person occupying it actu-
ally averages much lower than 50 psf, perhaps as
low as 25 psf. The full specified service load
would not occur normally, but it might be ap-
proached under abnormal conditions. For exam-
ple, the load intensity near the classroom exit
during a fire drill could become even higher than
the specified design service load.
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Thus the specified service load is conservative
for normally expected situations, but does not
necessarily cover the extreme case. The margin
of safety provided in the allowable stress used
for design is usually adequate to prevent cata-
strophic collapse for overload conditions such as
the one illustrated above. The designer should
not be too complacent, however; serious failures,
often well publicized, do occasionally occur.

Under service load design (also known as ei-
ther working-stress or allowable-stress design)
safety is provided by using an allowable stress
that is low enough to protect against (1) varia-
tion in material properties, (2) errors in design
theory, and (3) uncertainties as to the exact load.
The National Design Specification (1) is based
on the working-stress design method.

The ratio of the load that would cause failure
to the load for which the structure is designed is
called the factor of safety. Because stress redis-
tribution and inelastic action occur as failure is
approached, the factor of safety is nor the same
as the ratio of ultimate stress to allowable stress.

Load Types

Loads are classified according to their source
and duration. Types to be considered in timber
design are dead load, live load, snow load, pond-



ing load, wind load, seismic load, and occasion-
ally impact. For timber bridges, water pressure
and ice loads may also be important.

Design dead loads are computed by the struc-
tural designer. Values of other loads, however,
are usually specified by various codes. Of these,
the Uniform Building Code (UBC) (2) is proba-
bly the one most widely used in the United
States. Local building codes are often patterned
after the UBC, differing only with respect to un-
usual local conditions or more conservative
local preferences.

4-2, DEAD LOADS

Of all the loads a designer must consider, dead
load is the one that can be determined most pre-
cisely, and it generally remains constant for the
life of the structure. Dead load is the force due to
gravity acting on the mass of the structure itself.
Ordinarily, it is not a specified load, but one that
must be determined by the designer. For the de-
sign of any particular member, it includes the
self weight of that member, plus all dead-load
forces brought to it by other members or compo-
nents that it supports. In computing the amount
of dead load, a designer should remember to in-
clude the weights of items such as ceilings, floor
covering, ventilating equipment, light fixtures,
fixed partitions, wall panels, and windows. The
weights of some of these may have to be esti-
mated, but others may be computed precisely.
Also, for office buildings and other buildings in
which interior partitions may be added or relo-
cated, the location and amount of dead load due
to partition weight is uncertain. To provide for
this, UBC requires the designer to consider a
uniform dead load of 20 psf in addition to other
known floor dead loads. Tables of building ma-
terial weights are helpful. One such table is
Table A-1 in Appendix A.

Our concern is designing wood members, so
it will be necessary to estimate the weight per
linear foot for various sizes of wood member.
One rather precise way of finding unit weight is
given by an equation shown by the Supplement
to the National Design Specification, as follows:

Unit wt (Ib/ft%) = 62.4 (1 + MC/100)

[G/(1 + G (0.009) (MC))] 4-1)
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In the above, MC is the moisture content of the
wood in percent, and G is the specific gravity of
that species. Specific gravity (of oven-dry
wood) for various species can be found in Ap-
pendix Table C-1. Wood in the structure will or-
dinarily contain 11-19% moisture, so the com-
puted weight per cubic foot needs to be adjusted
upward for moisture content.

Equation 4-1 corrects for volume change due
to change in moisture content. However, the pre-
cision implied by that method is seldom justified
for the design of structural members, since self-
weight of a member is usually only a small per-
centage of the total load the member carries.
With experience, a designer can quickly esti-
mate the member’s weight per unit length. In
several of the examples in this book, you will
see the unit weight of Douglas fir taken as some-
where between 35 and 40 Ib per cu ft. This fig-
ure comes from the experience of the designer
who knows that this is a reasonable estimate.

Another table that may be helpful in estimat-
ing self-weight of wood members is Appendix
Table B-1. It lists the weights per lineal foot for
standard lumber sizes and for various unit
weights of wood.

A simpler (and always conservative) method
of computing the unit weight of wood is to ig-
nore the volume change, in which case the equa-
tion becomes

Unit weight (1b/ft*)
=624 (G) (1 + MC/100) (4-2)
At the start of design for a particular member,
the member’s final size is not known, so self-
weight can only be estimated. If this estimate is
sufficiently wrong as to affect the design (i.e.,
correcting it will change the choice of member
size), the design procedure should be repeated
using a corrected estimate. In any case, a faulty
estimate of member weight should be corrected
before going on to the design of other members
whose loads may depend on this estimate.

Example 4-1

What is a reasonable unit weight to use in designing a
member of redwood (close grain)?

From Appendix Table C-1, average specific gravity
= 0.44 (oven dry).
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Average unit weight, oven dry = 62.4 X 0.44
= 27.5 pcf.

Unit weight, corrected for 19% moisture
=1.19 X 27.5 = 32.7 pcf.

Table C-1 does not mention for what grade of lum-
ber the value of specific gravity is given. Stronger
grades may weigh more than weaker ones. So the de-
signer must still use judgment in rounding off the 32.7
figure.

© ®

Example 4-2

Figure 4-1 shows the plan and a cross section of a
building floor. Compute the dead load carried by
beam A.

This is a second-floor member, so it must support the
weights of ceiling, light fixtures, and ventilation ducts
for the story below. Assume that D. fir-larch will be
used for the joists and beams. Finish floor will be 7/
in. red oak. (This same building will be used several
times in this chapter for computing various types of
load.)
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Floor for Examples 4-2, 4-3, and 4-6.



The floor plywood acts as a continuous- beam,
spanning several 16-in. distances between floor joists
and carrying the floor live and dead loads, including
the weight of the plywood itself. The joists support
this continuous beam, and reactions for the continu-
ous beam of floor plywood become loads on the
joists. Next, each joist acts as a beam, carrying all
load it receives from the floor plywood, plus the
weight of the joist itself.

The joists in turn are supported by the beams, and
the joist reactions become loads for the beams, such
as beam A. Beam A carries the loads (joist reactions)
transferred to it by all joists it supports, plus the
weight of beam A itself.

Each joist supports load from one-half the floor
plywood span on one side of the joist plus that from
one-half the plywood span on the other side (shaded
in Fig. 4-1b). This is equivalent to saying that each
joist supports the load from a tributary area extending
from the center of the span on one side of the joist to
the center of the space on the other side. Per foot of
joist length, this tributary area is

1(16/12) = 1.33 ft?

The floor dead load per square foot consists of the
weight of the plywood plus the weight of the finish
flooring material. Assuming the plywood to weigh 40
pef, the weight of 34-in.-thick plywood is approxi-
mately

40(0.625/12) = 2.1 psf
"fs-in. finish floor (SG of red oak = 0.67)

0.67 (62.4) (0.875/12) (1.19) =36
Total = 5.7 pst

The total dead load per square foot of tributary area
includes the weight from below—ceiling, light fix-
tures, and ventilation ducts.

Sfg-in. gypsum board (Table A-1) = 2.5 psf
Lighting and ducts, estimated =4
Total approx. = 6.5 psf

The weight of the joist itself must be estimated.
Using the approximate method, D. fir-larch with 19%
moisture weighs about 0.50 (62.4) (1.19) = 37 pcf,
and the joist weight is

37 (1.5) (11.25)/144 = 4.34 Ib/ft
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The total dead load per linear foot of joist is
434 + 1.33 (5.7 + 6.5) = 20.6 Ib/ft

(Most designers would round this to 21 Ib/ft. Had the
more accurate method been used, a slightly lower
weight would have resulted.)

Since the joists span 18 feet, each joist has a reac-
tion of 9 X 20.6, or 185 Ib. Beam A supports joists
from each side, so it receives a concentrated dead load
of 2 X 185, or 370 Ib at each joist location.

Beam A is not yet designed, so we must estimate its
weight. Let’s assume that the beam will be a 4 X 14.
If so, and if it, too, is D. fir-larch, it will weigh about
12 Ib/ft. The loads on Beam A are its own weight plus
a series of 370-1b concentrated loads as shown by Fig.
4-1c. When solving bending moment due to such a se-
ries of closely spaced loads, it is sufficiently accurate
to replace them by a uniform load. Thus, the series of
370-1b loads could be replaced by a uniform load of
(12/16) X 370, or 278 Ib/ft. Adding the beam weight,
the total design dead load for beam A is 278 + 12
= 290 Ib/ft.

The solution above went into considerable de-
tail so that beginning designers would not lose
sight of how load is transferred from one mem-
ber to the next: from floor to joists, and from
joists to main beams. However, the end purpose
is to determine a uniform design dead load for
beam A, so a simpler approach, demonstrated
next, can be used.

Example 4-3

Repeat the above example, but by a simpler and more
direct method.

The total tributary area bringing floor dead load to
beam A extends from the center of the joist span on
one side of beam A to the center of the joist span on
the other side. The entire tributary area measures 20 ft
by 18 ft. Each square foot of floor area has the fol-
lowing average dead load:

Floor plywood = 2.1 psf
Finish floor = 3.6
Ceiling below (including ducts

and lighting) = 65
Floor joists (12/16) X 4.34 = 33
Total = 15.5 psf
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Total dead load on beam A = (18 X 20 X 15.5) +
beam weight. Estimate the beam weight to be 12 1b/ft.
Total dead load per foot of beam is

w = (18 X 20 X 15.5/20) + 12 = 291 Ib/ft

except for round-off differences, the same as found by
the lengthy procedure.

4-3. VERTICAL LIVE LOADS

For buildings, vertical live loads include the
weight of anything supported by, but not a per-
manent part of, the structure. Thus, carpeting,
furnishings, movable equipment, personnel, and
stored materials would all be called live load.
For bridges, live load is the weight of the traffic
the bridge carries—vehicles for a highway or
railway bridge, or people for pedestrian bridges.

The weight of snow meets the above defini-
tion, but in the United States snow load is usu-
ally considered separately from other live loads.
This is a reasonable practice, and a convenient
one to use in designing timber structures, since
allowable stresses for wood vary according to
the load duration.

Roof Loads

Roof Live Loads. Even in areas where snow
is not expected, some live load must be consid-
ered in designing members that support roofs.
This live load is based on the realization that the
weights of construction supplies and personnel
must be carried by the roof members. Appendix
Table A-3 shows minimum roof live loads spec-
ified by the Uniform Building Code (UBC).
Note that the improbability of full live load oc-
curring simultaneously over large areas is con-
sidered by specifying smaller load intensities for
larger tributary areas. (“Method 2” shown by the
three columns at the right refers to a reduction
method that will be shown here for floor live
loads, but which applies to roof live loads also.)
Where snow load leads to stronger members or
connections, consider snow load instead of roof
live load. Use whichever is worse, not both.
The designer should consider unbalanced live
load wherever it causes a more severe condition
than full loading for either members or connec-
tions. Examples would be alternate-span load-

ings for continuous members or loading of one
slope only for a pitched roof.

Snow Loads. Design snow load intensity for
various localities is usually specified by local
building codes for those areas—the Denver
Building Code, for example. Occasionally,
though, terrain and climatic conditions are such
that a code-specified snow load is unrealistically
low. One such case reaching the authors’ atten-
tion was for a structure in the Colorado moun-
tains. The specified snow load was 60 psf, but
weather records for that particular spot showed
135 psf to be a more reasonable design load. The
designer should be alert to such unusual condi-
tions.

Snow load is specified in pounds per square
foot of horizontal projection rather than pounds
per square foot of roof. Also, steeply sloping
roofs can hold a lesser depth of snow than can
flat roofs or those with a mild slope. Where the
specified snow load exceeds 20 psf, UBC allows
the following reduction of snow load intensity
for each degree of roof slope over 20°.

R = (5/40) — 12 4-3)
In this equation, R_ is the snow load reduction in
pounds per square foot per degree of slope
above 20°, and S is the specified design snow
load in pounds per square foot of horizontal pro-
jection for a flat roof.

Snow load is normally considered to be uni-
form over the entire span of members support-
ing a roof. However, unbalanced snow load due
to drifting must also be considered. Failures
have occurred because of considering only bal-
anced loading. The UBC requires designers to
consider the “potential unbalanced accumula-
tion of snow at valleys, parapets, roof structures,
and offsets in roofs of uneven configuration.”
(The main body of UBC does not suggest how
the designer might do this, but a UBC appendix
gives details on recommended drift depths for
various types of structure irregularity.)

Other Roof Loads. In addition to snow, live
loads that may affect roof support members in-
clude rain, ice, building materials or equipment
stored on the roof during construction or repair,



and the weight of personnel working on the roof.
The last two loads may be adequately covered
by the minimum specified roof live loads (Table
A-3), but the first two are not.

Loads from rain are important in the case of
flat, or nearly flat, roofs whose supporting mem-
bers have fairly long spans and are fairly flexible.
Ponding on these roofs may cause complete col-
lapse. In ponding, the weight of rainwater causes
the member to deflect slightly, forming a small
depression in the roof surface. Water filling the
depression causes further deflection, allowing
more water to accumulate, and so on. Under cer-
tain combinations of load and stiffness, the
process stops, a point of stability being reached.
However, with roof systems of inadequate stiff-
ness, the effect is that of a diverging series. The
structure becomes unstable, filling and deflect-
ing continuing until the system collapses. Pond-
ing failure can occur in roof systems of any
structural material, particularly in regions where
roofs are not designed to carry snow loads. For-
tunately, proper attention by the designer can
prevent ponding failures. (See Chapter 6.)

Rain (or snow melt water) may also cause sig-
nificant load when roof drains become blocked,
especially if the roofs have parapet walls around
their perimeter. If the drains cannot remove
water from the roof, the water may accumulate,
applying even greater load than the snow load
for which the structure was designed. In one
case known to the authors, several wood trusses
supporting a nearly flat roof had failed. Investi-
gators determined that a softdrink can found on
the roof had blocked the drain.

Floor Loads

Building floor live loads are specified by build-
ing codes and vary according to building use.
Table A-2 (Appendix) shows the UBC minimum
floor live loads. A distributed-load intensity is
shown for all building types; for some a single
concentrated load (located to cause worse ef-
fect) also must be considered. As pointed out
earlier, the specified design load (service load)
is usually conservative. However, the designer
should be alert to unusual circumstances in
which the actual load might be larger than the
specified design load.
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Full specified live load is not normally pres-
ent. It is even less frequent that [arge floor areas
receive full design live load simultaneously on
each unit of area. Building codes consider this
improbability by allowing the designer to use a
reduced value of live load in designing members
that receive live load from large areas. For ex-
ample, UBC allows reducing the unit floor live
load by 0.08% for each square foot of area in ex-
cess of 150 supported by the member, but with
limits, as follows:

1. The total reduction may not exceed 40% for
members receiving load from one level only,
nor 60% for other members.

2. The total reduction may not exceed R (per-
cent), where

R =231(1 + D/L) 4-4)
(In this equation, D and L are the dead and
live loads per unit area, respectively.)

3. Reductions are not allowed for places of pub-
lic assembly or for areas having design live
loads larger than 100 psf.

(Roof live loads other snow may be reduced in
the same manner as floor live loads, except the
percentage reduction and maximum reduction
are given by Method 2 in Table A-3).

Example 4-4

Figure 4-2a shows a building cross section. The gov-
erning code specifies snow load of 35 psf of horizon-
tal projection and allows the UBC reduction for roofs
sloping more than 20°. In designing the roof beams,
what load per lineal foot should be used? (Consider
both snow and dead loads.)

The roof slope is 26.6°, so design snow load may be
reduced by

R = (35/40) — 1/2 = 0.375 psf

for each degree over 20°. Thus, for design, we may
use snow load equal to 35 — 0.375 (26.6 — 20)
= 32.5 pst of horizontal projection.

Figure 4-2b shows a short section of roof decking
and a mass of snow resting on it. The thickness (nor-
mal to the sketch) is one foot. The volume of snow
shown weighs 32.5 b, and the sloping length of roof
on which it acts is 1.0/cos 26.6 = 1.12 ft.

Using the simpler method of Eq. 4-2 and assuming
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Fig. 4-2. Roof for Examples 4-4 and 4-5.

17% moisture, the unit weight for hem-fir is 0.43
(62.4) (1.17) = 31 pcf

Roof dead loads per square foot of sloping roof
surface are

Roofing (Table A-1) = 6.0 psf
Decking (2.5/12) X 31 = 6.5
Insulation (est.) = 20

il

Total 14.5 psf of roof

Snow loads are per square foot of horizontal projec-
tion, but dead loads are per square foot of roof area.
One or the other of these loads must now be resolved
to permit adding them together. In this case, let’s ex-
press both in pounds per square foot of sloping roof
ared.

The 32.5-1b snow load acts vertically on a sloping
roof area measuring 1.12 ft by 1.0 ft. The snow load
per square foot of sloping roof is 32.5/1.12 = 29.0 Ib,
and the total vertical load per square foot of sloping
roof area is 29.0 + 14.5 = 43.5 1b.



The supporting beams (rafters) are at 10-ft centers,
so each one-foot length of beam receives 435 Ib of load
from the roof plus the self-weight per foot of beam. As-
suming the beam to weigh 17 1b/ft, the total vertical
load on a beam is 452 1b per lineal foot. For computing
the beam bending moment, it is sometimes easier if we
resolve this vertical load into two components, one
transverse to the beam and one parallel, as shown by
Fig. 4-2c. The transverse load (404 1b/ft of beam) can
be used to determine the beam shear and bending mo-
ment. Designers should not forget that the other com-
ponent, 202 1b/ft, causes axial force in the beam.

Example 4-5

What is the vertical load applied to the column (verti-
cal member) at point A of Fig. 4-2a, assuming that the
column spacing is 10 ft?

We have already determined the vertical load per
square foot of roof and, for snow, per square foot of
horizontal projection. Each rafter is supported at one
end by the ridge beam and at the other end by a col-
umn. From Example 4-4, the total vertical load on the
rafter is 452 1b per sloping foot, which amounts to
1.12(452) = 506 1b per horizontal foot. Figure 4-2d
shows the rafter and its vertical load. The reaction at
point A is the load in the column:

R, = 24(506)(12/20) = 7290 Ib

For the design of the column, the self-weight of the
column and the weight of any wall material supported
by the column would have to be added to this reac-
tion.

Example 4-6

Consider again the floor plan of Fig. 4-1. The speci-
fied floor live load is 50 psf, as given by Appendix
Table A-2 for offices. What is the design live load per
foot of length for beam A?

The tributary area for beam A is 20 ft by 18 ft = 360
ft? (one area 20 ft by 9 ft north of beam A and a simi-
lar area to the south). The tributary area exceeds 150
ft?, and the specified live load does not exceed 100
psf. Therefore, the design live load may be reduced. A
reduction of 0.08(360 — 150), or 16.8% is allowed
based on the area supported by the member. From Ex-
ample 4-3, we know that the dead load is 15.5 psf, ig-
noring the weight of beam A. Equation 4-4 gives a
limit of

R =23.1(1 + 15.5/50) = 30.3%

The reduction based on tributary area, 16.8%, ex-
ceeds neither R nor the 40% ceiling for members re-
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ceiving their load from one level, so the 16.8% reduc-
tion controls. The design live load for beam A is

50 psf(1 — 0.168) (18 ft) = 749 1b/ft

and the total load for design is 749 (live) + 291
(dead), or 1040 lb/ft.

Example 4-7

For the same structure, assume that two such floors
(but no roof) deliver live load to column B-2 (at the
intersection of grid lines B and 2). What is the design
live load for column B-2?

The tributary area per floor for column B-2 is 360 ft2.
For the two supported floors it is 720 ft2. The allow-
able live-load reduction for designing the column is
0.08(720 — 150), or 45.6%. The limits are 60% (since
the column receives load from more than one level),
and R = 30.3% by Eq. 4-4. The latter value controls,
and the design live load for the interior column is

50 psf (1 — 0.303)(720 ft2) = 25,090 1b

Example 4-8
What is the total live load for design of column B-2 if

it also supports a nearly flat roof and the specified
snow load is 30 psf?

No reduction for area is allowed for snow load‘(al—
though it is allowed for other types of roof live load),
so the total design live load per interior column is

25,090 + (360 X 30) = 35,890 1b

4-4. WIND LOADS

Wind forces are normal to the surface against
which the wind acts. Thus, building walls receive
horizontal forces, while horizontal roofs are sub-
ject to vertical forces from wind. On sloping
roofs the wind forces are normal to the roof and
have both horizontal and vertical components. In
each case, the force may be either toward the sur-
face (pressure) or away from it (negative pres-
sure, or suction). The importance of suction is
shown by failures where roofs are lifted from
buildings rather than being blown down into the
buildings. The chance of such failure is increased
where wall openings allow the wind to increase
air pressure inside the building, the internal force
from this pressure adding to the outward-di-
rected force from outside suction.
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Wind forces for structural design are usually
specified by local building codes. Some codes
specify the intensity of horizontal wind pressure
to be applied to a vertical surface. These codes
also include rules for determining pressure or
suction intensities on sloping roof surfaces or on
the underside of open, overhanging surfaces.
Most codes, however, have changed to the
method shown by the Uniform Building Code
(2). UBC’s wind force requirements are based on
methods first shown by the American National
Standards Institute (ANSI) (3). The main points
of the UBC method are summarized below.

Figure 4-3 is UBC’s map giving basic wind
speeds for the United States. The map shows
minimum wind speeds for design; where local
records show higher 50-year wind speeds at a
standard distance above the ground, the higher
speeds should be used.

Exposure affects the wind pressure a structure
will receive. Defined exposure C occurs where

the terrain is flat and generally open for one-half
mile or more from the site in any full quadrant.
Exposure B occurs where at least 20% of the ter-
rain is covered by buildings, forest, or surface ir-
regularities for a distance of one mile or more
from the site. Exposure D occurs where the
basic wind speed is 80 mph or more, and the ter-
rain is flat and unobstructed, facing large bodies
of water one mile or more in width relative to
any quadrant of the building. This exposure ex-
tends inland for one-fourth mile or ten times the
building height, whichever is greater.

The defined exposure and height above the
ground are used with Appendix Table A-4 to de-
termine a combined height, exposure and gust
factor, C, Another UBC table, shown in the Ap-
pendix as Table A-5, gives pressure coefficients,
C,, for various parts of the structure. These C,
coefficients allow for pressure computation by
either of two methods defined by UBC—the
normal-force method or the projected-area

Notes:

11022
110

Fig. 4-3.

N Special wind region

1. Linear interpolation between wind speed contours is acceptable.

2. Caution in use of wind speed contours in mountainous regions of Alaska is advised.

3. Wind speed for Hawaii is 80, Puerto Rico is 95 and the Virgin Islands is 110.

4. Wind speed may be assumed to be constant between the coastline and the nearest inland contour.

Minimum basic wind speeds in miles per hour (X 1.61 for knvh). (Reproduced from the 1994 edition of the Uni-

form Building Code™, copyright© 1994, with the permission of the publisher, the Intcrnational Confercnce of Building Of-

ficials.)



method. Next a wind stagnation pressure, g, is
found from Appendix Table A-6.

Finally, an importance factor, I, is selected.
For wind loads, / = 1.0 for most structures.
However, for essential facilities that (following a
windstorm) must be safe and usable for emer-
gency purposes to preserve the health and safety
of the public, and for structures supporting or
housing hazardous materials, the importance fac-
tor for computing wind forces is / = 1.15. The
above factors are then entered into the following
equation to determine the design pressure:

p=(C)(C) g1 4-5)
Some codes permit (or even require) design
wind loads for certain types of structure to be
determined experimentally by wind-tunnel tests.

For structural design, all directions of horizon-
tal wind must be considered. For buildings whose
plan is symmetrical about two perpendicular
axes, the worst wind direction is parallel to one or
the other of these axes. For buildings of square
plan, however, a 45° diagonal wind may be a
worse condition. For buildings of irregular shape,
diagonal winds may control. Also, since wind
may cause such buildings to twist, the designer
may have to consider the effects of torsion.

4-5, STABILITY UNDER WIND LOADS

The entire structure must be connected to its
foundation so that it will be stable under wind
load; it must neither slide nor overturn. Over-
turning moment of the wind forces on the entire
structure must not exceed two-thirds of the re-
sisting moment from dead load alone (i.e., the
factor of safety against overturning must be at
least 1.5). Also, each element (part) of a struc-
ture must be strong enough to withstand the
wind force and must be adequately connected to
the rest of the structure.

The UBC allows using (with some restric-
tions) either of two methods for determining the
applied wind forces. Using these applied loads,
the designer can then analyze for stability or for
wind-induced stresses.

Method 1, known as the Normal-Force
Method, is a theoretically correct method with
no simplifying approximations. It may be used
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for any structure and is the only method allowed
for stress analysis of gabled rigid frames. In
Method 1, wind forces normal to the surfaces
are applied simultaneously to all external sur-
faces. Figure 4-4a shows the wind pressures and
forces for a typical building. These consist of
positive pressures on the windward side and
negative pressures (suctions) on the leeward
side. The lee-side suction for both wall and roof
is computed using C, at the mean height of the
roof. Stability against overturning is computed
by taking moments about point B for all of the
wind forces and for the weight of the building.
Method 2, the Projected-Area Method, is al-
lowed for any building under 200 ft high, but not
for buildings with gabled rigid frames. Method
2 approximates the true wind forces by using
horizontal pressures on the vertical projected
area of the entire structure and, simultaneously,
vertical pressures on the entire horizontal pro-
jected area of the building. Notice that the suc-

WIND
SUCTION OR PRESSURE,
DEPENDING ON ROOF SLOPE

ALWAYS
\/ SUCTION

A ]

-
b
_—
-t
ut o1
5 z
] o
« 5
o pa
B w
{a} NORMAL-FORCE METHOD

[} sucton § ]

—]

—-i

W

o

2

2

w

o

o

B

(b) PROJECTED-AREA METHOD

Fig. 4-4. Wind loading methods.
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tion and positive pressure are replaced by posi-
tive pressure applied to the windward wall only.
Appendix Table A-5 provides different pressure
coefficients for use with the two methods.

4-6. LOAD COMBINATIONS

What load combinations should the designer
consider? For building design by the allowable
stress method (ASD), UBC requires the follow-
ing, in addition to dead load alone:

1. Dead load and floor live load, plus either roof
live load or snow.

2. Dead load and floor live load, plus either
wind or earthquake.

3. Dead load and floor live load, plus wind, plus
one-half snow load.

4. Dead load and floor live load, plus snow, plus
one-half wind load.

5. Dead load and floor live load, plus snow, plus
earthquake. (With approval by local building
officials, snow loads in this combination may
be ignored if not over 30 psf and may be re-
duced if over 30 psf.)

Dead load is present in every combination above,
and designers often overestimate dead load. This
is a safe practice only for combinations in which
the dead-load effect is of the same sign as for
other loads. If the effect of a load combination is
reduced by dead load, then a conservatively low
amount of dead load must be used.

Example 4-9

Compute wind forces and check stability of the con-
dominium building shown in Fig. 4-5. The building
has two stories, is 60 ft long, and is built without roof
overhangs at its ends. The roof is supported by light-
frame trusses. Designers estimate the weights of vari-
ous parts of the building to be as shown in parenthe-
ses in Fig. 4-5. Use UBC wind requirements,
assuming that the location is an open area where the
basic wind speed is 80 miles per hour. Use the Nor-
mal-Force Method (UBC’s Method 1).

Appendix Table A-4 shows (for Exposure C) the com-
bined height, exposure and gust factors as:

1.06 for heights O to 15 ft above the ground

1.13 for heights 15 to 20 ft

1.19 for heights 20 to 25 ft

For the leeward wall and for the leeward roof, C, is
computed using the mean height of roof, or 24.29 ft.

From Appendix Table A-6, the stagnation pressure
q,1is 16.4 psf. The importance factor is 1.0. Table A-5
gives pressure coefficients, Cq, for various parts of the
structure. The above values are used in Eq. 4-5, as
tabulated below:

Structure Factor Coefficient Pressure (psf) =
Part c, c, (€)(C) (@)D
Windward wall
Lower 15 tt 1.06 0.8 inward 13.91 pressure
15t0 20 ft 1.13 0.8 inward 14.83 pressure
Above 20 ft 1.19 0.8 inward 15.61 pressure
Leeward wall 1.19 0.5 outward 9.76 suction

(Roof slope is 5 in. vertical to 12 in. horizontal)

‘Windward roof 1.19 0.9 outward 17.56 suction
or 0.3 inward or 5.85 pressure
Leeward roof 1.19 0.7 outward 13.66 suction

Which of the two alternatives, above, should be used
for the windward roof? Regardless of which is used,
the resultant force on the windward roof, if extended
downward, is seen to pass to the /eft of point B. There-
fore, to determine stability against overturning, we
would use the suction alternate, since it increases the
overturning (clockwise) moment about B. To deter-
mine the factor of safety against sliding, however, we
would use the pressure alternative since it increases
the total force acting toward the right.

Amounts of all the wind forces, their distances to
point B, and their moments about point B are com-
puted and entered into the tabulation below.

M about B
(ft-k)

Horiz Vert Armto (Clockwise
Force (Ib) (Ib) B (ft) pos)
F(1) 1391 X 15X 60 = 12,519 — 7.50 939
F(2) 14.83 X 5 X 60 = 4449 — 17.50 77.9
F(3) 1561 x 192X 60 = 1,798 — 20.96 37.7
F4) 1756 X 15X 60 = — 15804 19.50 308.2
F(5) 17.56 X 6.25 X 60 =-6,585 — 2429  —160.0
F(6) 13.66 X 15X 60 = — 12,294 450 55.3
F(7) 13.66 X 625X 60 = 5,122 — 24.29 1244
F(8) 9.76 X 21.92 X 60 = 12,836 — 10.96 140.7

Total overturning moment = 678.1 ft-k

If base shear is desired, force F(5) should be com-
puted using the pressure value rather than suction.
F(5) becomes 5.85 X 6.25 X 60 = 2194 1b acting to-
ward the right. The total base shear (sum of all entries
in the “Horiz” column) is then 38,918 1b, or 38.9 kips.

The overturning moment must now be compared
to the moment due to dead load alone, a moment that
tends to prevent overturning. The latter moment
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Fig. 4-5. Building for Examples 4-9, 4-10, and 4-11.

should exceed the overturning moment by whatever
factor of safety is desired (UBC requires at least 1.5).
If the dead load moment does not provide adequate
protection against overturning, then special provi-
sions are needed to anchor the structure.

The resultant of all dead loads shown in Fig. 4-5 is
69.9 kips. By symmetry, it acts at the center of the 24-
ft building width, so the moment of the dead load
about point B is

12 X 69.9 = 838.8 ft-k

The factor of safety against overturning is
838.8/678.1 = 1.24. This is less than the required 1.5,
so additional anchorage must be provided.

Example 4-10

What vertical anchor force is required at each corner
of the building of Fig. 4-5 to provide stability against
overturning?

To provide a factor of safety of 1.5 against overturn-
ing requires a “righting” moment of 1.5 X 678.1
= 1017.2 ft-k. Dead load provides only 838.8 ft-k of
this amount, leaving 178.4 ft-k to be furnished by an-
chor bolts connecting the ends of the shear walls
(points A and B) to the foundation. Assume the lever
arm from the anchor bolts at A to the center of the
wall at B to be 23.7 ft. (This is the approximate dis-
tance between centers of opposite walls.) For wind in
the direction shown by Fig. 4-5, the foundation and
the bolts will provide a resisting couple—a tensile
force in the two bolts at A and an upward compressive
reaction at points B. Each force of this couple will be

F =178.4/23.7 = 7.53 kips

The force in each bolt at corners A will be one-half
this amount, or 3.76 kips. When the wind is in the op-
posite direction, anchor bolts at corners B will be-
come active.
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The anchor bolt forces will also have to be deter-
mined for wind in a direction normal to the building
ends. In this case, however, those forces are easily
seen to be less than for wind as shown by Fig. 4-5.

A safety factor of 1.5 is required also for sliding.
Thus, additional anchor bolts at intervals along the
end walls would have to resist 1.5 times the base
shear of 38.9 kips for the entire building, or one-half
this amount for each end wall. Similar bolts to prevent
sliding will be required along the walls normal to Fig.
4-5. Chapter 12 discusses anchorage further in the
sections covering shear walls.

4-7. SEISMIC LOADS

Seismic loads are forces due to the inertia of a
structure as it resists being moved by an earth-
quake. Although earthquakes can occur any-
where, some localities are more prone than oth-
ers to damaging ones. In the United States,
seismic design is often done following the UBC
requirements. The UBC indicates the probable
severity of earthquakes by a map dividing the
United States into seismic-risk zones, as shown
by Fig. 4-6. Zone 0 is one in which no damage is
expected. The other zones are assigned a seis-
mic-zone factor, Z, which increases with the

severity of expected quake acceleration. The
values of seismic zone factor are:

Zone 1 Z=0.075
Zone 2A Z=0.15
Zone 2B Z=10.20
Zone 3 Z=10.30
Zone 4 Z=0.40

Seismic loads on structures include both hori-
zontal and vertical forces. Normally, however,
the horizontal forces are of greater concern.
Thus, the designer needs to determine the prob-
able horizontal forces caused by the earthquake
on various parts of the structure.

UBC allows these lateral forces to be deter-
mined by a defined dynamic lateral-force proce-
dure. For certain structures it also allows deter-
mining them by a simpler static-force procedure.
The static lateral-force procedure may be used
for regular structures up to 240 ft high and for ir-
regular structures up to 65 ft high. Fortunately,
these limits allow using the static procedure for
wood buildings. So, the one described here will
be the static lateral-force procedure.

Seismic forces can be in any horizontal direc-

Fig. 4-6. Seismic zone map of the United States (Reproduced from the 1994 edition of the Uniform Building Code™, copy-
right© 1994, with permission of the publisher, the International Conference of Building Officials.)



tion. This means that the resultant forces must be
considered parallel to either axis (one at a time) of
the structure, or in a diagonal direction. The total
seismic force causes a “base shear,” V, which is to
be determined from the following equation:

V=ZICW/R, (4-6)

InEq. 4-6

Z is the seismic-zone factor, W is the weight
of the structure and of certain live loads
that must be considered, and the other fac-
tors are defined below.

I (importance factor) is 1.25 or 1.5 for essen-
tial facilities or facilities holding hazardous
materials, and 1.00 for all other structures.

» 1s a factor that varies according to the
structural system used. For wood build-
ings, UBC gives values of R as follows:

For bearing wall building systems:

8 for light-framed walls having shear
panels and not over three stories high
6 for other light-framed walls

For building frame systems:

9 for light-framed walls with shear pan-
els and not over three stories high

7 for other light-framed walls

8 for heavy timber braced frames

C, a numerical coefficient depending on both
the natural period, 7, of the structure and S,
a site coefficient for the soil, is calculated
by the following:

R

C=1258/T%" (4-7)

However, C need not exceed 2.75, and C/R,,
shall be not less than 0.075.

Values of S are given by Appendix Table A-7.

For computing the approximate period, 7, two
methods are given. The one applicable for all
buildings is

T=C (h)* (4-8)
in which £ is the height (ft) of the level that is
uppermost in the main portion of the structure,

and C, depends on the type of structure: For
wood structures it is 0.020.
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Having values for all factors in Eq. 4-6, the
total base shear for design can now be calcu-
lated. This base shear is, of course, equal to the
sum of the inertia forces from portions of the
total weight above. A conservative answer for
overturning moment is obtained if all of the in-
ertial loads are assumed to act at the top of the
structure. However, a more realistic answer is
obtained by distributing the load according to
the vertical location of the masses.

UBC requires that a portion, I, be applied at
the top of the structure—in addition to the hori-
zontal force occurring there because of the por-
tion of Wlocated at the top. The added amount is

F,=007TV (4-9)
in which T has the same value as was used to
compute C in Eq. 4-7. F, need not exceed 0.25V.
Also, F, may be taken as zero if 7'is 0.7 seconds
or less.

The balance of the of the base shearis (V — F),
and this amount is distributed to various heights
of the structure according to Eq. 4-10 as follows:

o V=Bt

X

(4-10)
w.h.

22

=

1

1

In this equation, £_is the height of level x above
the building base, w, is the portion of the total
load, w, assigned to level x, and the denominator
is the sum of products w h_for each level of the
building.

At each level where there is significant mass,
a horizontal force F, corresponding to that level
is applied. The F_ corresponding to the level of
the top is added to force F,. From this point on,
the overturning moment is calculated by statics.

Both stability and strength under seismic
loads must be considered. To check stability, the
designer must consider the likelihood of over-
turning and that of sliding horizontally. The
UBC specifies a 1.5 factor of safety against
overturning by wind loads, but does not specify
a factor of safety for overturning by seismic
forces. No factor of safety against sliding is
specified, but the authors would use not less
than 1.5. Stability and strength must be provided
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not merely at the base, but at all levels in the
structure above its base.

The above is a very condensed summary of
the UBC requirements for the entire building.
Other UBC sections and tables deal with seismic
forces on individual elements and on nonstruc-
tural parts of the building.

Example 4-11

Consider again the building of Fig. 4-5, to be built in
seismic-risk Zone 3. Preliminary design shows that
the dead-load distribution will be approximately as
shown by the numbers in parentheses in Fig. 4-5, and
that the building will have both horizontal-plane and
vertical-plane plywood diaphragms. Site coefficient,
S, is taken to be 1.0. Will the building satisty the UBC
requirement for stability against overturning under
earthquake conditions?

Figure 4-7 shows the solution as a designer’s compu-
tation sheet. From this solution we conclude that
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overturning at the base due to seismic action is no
problem, whereas for wind load it was a problem, and
additional anchorage had to be provided. (This could
be seen early in the solution, but the entire procedure
is illustrated here.) Do not assume that this is always

" the case, as seismic loading often controls the design.

Figure 4-7 shows analysis for east-west quake mo-
tion only. North-south motion should also be consid-
ered, but in this case it will prove even less serious
than the east-west motion.

In the solution, note that force F(1) is located at the
center of mass for the complete roof system (trusses,
sheathing, and roofing), estimated to be 3 ft above the
center of the ceiling rafters. Many designers, inter-
preting the UBC requirements, would place F(1) and
F(2) at the height of F(2), the center of the ceiling
rafters or the bottom-chord level of the roof trusses. If
F(1) is “lumped” with F(2), then, ideally, an upward
force at the left and a downward force at the right
should be included to compensate for the moment of
force F(1) about the level of force F(2).

Part Il. Design Values

Structural design in wood today is usually by the
allowable-stress method, in which computed
“actual” stresses are compared to adjusted de-
sign values (allowable stresses). This part of
Chapter 4 tells how design code writers deter-
mine acceptable design values for various
species and grades of wood, and tells how the
designer adjusts those values for anticipated
conditions of use.

4-3. DESIGN VALUES

A designer of wood structures needs to know
(for the species and grade of lumber to be used)
the modulus of elasticity parallel to the grain
and allowable stress values as follows:

Flexure

Compression parallel to the grain
Compression perpendicular to the grain
Horizontal shear (i.e., parallel to the grain)
Tension parallel to the grain

Values of these allowable stresses and elastic
modulus are influenced by many factors. For
manufactured materials such as steel, quality
control is good and little variation occurs among

samples meeting the same specification. With
wood, this is not so. Both the variation and the
quality of the wood (measured by the type, size,
and location of defects and by specific gravity)
affect the strength.

Therefore, to design in wood with reliable
safety it is necessary either to use an unreason-
ably high factor of safety or to choose reason-
able allowable stresses based on statistical
analysis of the variables involved. The latter is
the method used by writers of the National De-
sign Specification (see reference 1).

4-9. BASE DESIGN VALUES

For decades, allowable stresses for structural de-
sign were based on tests of “small clear” wood
specimens, measuring 2 in. X 2 in. in cross sec-
tion, and defect-free (4,5,6). The small clear test
values were then modified to consider condi-
tions of use and the effects of strength-reducing
characteristics (defects) found in actual full-
sized wood structural members. For the most
part, that system worked fairly well, but the
need for a better method was apparent. Conse-
quently, in 1977, the U.S. Department of Agri-
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culture (through its Forest Products Laboratory)
initiated a massive In-Grade Testing Program.

The program involved testing 70,000 pieces of
full-size structural lumber of various dimension
grades obtained from U.S. and Canadian mills.
After twelve years of testing and research, a se-
ries of design values for softwood lumber became
available. In-Grade testing removed some of the
uncertainty as to the effect of defects and size,
and gave designers better values on which to base
their structural designs. As a result of the testing
program, some design values for visually graded
softwood dimension lumber were increased.
Lumber grades, however, were not changed.

The test procedures of the In-Grade testing
program are now formalized by ASTM Standard
D1990-91 (7).

Base design values shown for softwood di-
mension lumber by the NDS Supplement (8) are
based on the results of this In-Grade Testing
Program. Design values for other sizes, decking,
and hardwood lumber, however, are still based
on the former system.

The tabulated base design values depend on
the species (or species group), the size category,
and the grade of lumber. Values shown are:

F, (allowable stress for bending, parallel to
grain)

F_ (allowable compressive stress parallel to
grain)

F_, (allowable compressive stress perpendic-
ular to grain)

F, (allowable tensile stress parallel to grain)

F, (allowable shear stress parallel to grain)

E (modulus of elasticity parallel to grain)

All of the tabulated values assume dry use and
normal-duration load. Normal-duration load is
that which will exist to full intensity for not over
ten years, either in a single time period or as an
accumulation of shorter time periods.

The base design values are given also by
other specifications, such as the Uniform Build-
ing Code (2).

4-10. ADJUSTMENT FACTORS

Because strength of wood members depends on
conditions such as moisture content, tempera-

ture, and member size, the base (tabular) design
values must be adjusted to reflect this. The
means for accounting for these conditions is a
series of adjustment factors. It is the responsibil-
ity of the structural designer to determine which
adjustment factors apply and to use those factors
to determine the adjusted allowables.

Fourteen different types of adjustment factor
are listed by the NDS Specification (1). Fortu-
nately, it is seldom necessary to consider more
than a few of these simultaneously. These fac-
tors are discussed below. In each case, the tabu-
lated design value is multiplied by the adjust-
ment factor, and in most cases the adjustment
factors must be superimposed (i.e., the tabulated
base design value is multiplied by all applicable
factors).

Load Duration Factor

Figure 2-9 shows how the strength of wood
varies with duration of load. If the load duration
is known precisely, this curve can be used to de-
termine how to adjust the base design value to
obtain an adjusted allowable stress. For ordinary
purposes, however, the following adjustment
factors, C,,, are used:

For permanent load (load exceeding ten years
duration), 0.9

For normal-duration (ten years cumulative
duration), as for usual building occupancy
loads, 1.0 (i.e., no adjustment)

For 2-month duration (as for snow load), 1.15

For 7-day load (as for construction loads),
1.25

For 10-minute duration (as for wind or earth-
quake), 1.6 (The 1.6 is what the NDS spec-
ifies. The Uniform Building Code (ref. 2)
specifies 1.33 for earthquake loads, 1.33
for connection design for wind loads, and
1.6 for member design for wind loads.)

For impact loads, 2.0

The load duration factor applies to all allowable
stresses except F, and modulus of elasticity, E.

Load duration factors are nor cumulative with
each other. Rather, when a combination of load
types occurs, the load type having the shortest
duration determines the factor to be used for the



entire combined loading. Factors are not pro-
rated according to the magnitude of various load
types. For example, under NDS, if a load combi-
nation includes dead load, live load, and wind,
the factor for wind (1.6) is used to determine the
allowable stress under the combination of loads.
In this case, however, it is necessary to consider
the other possible combinations: dead load plus
live load alone, using a factor of 1.0 (ten-year
load duration), and dead load alone, using a fac-
tor of 0.9. Examples that follow show how to de-
cide which is the critical load combination and
how to determine the allowable stress for that
combination of loads.

Wet Service Factor

A wet service factor, C,, applies to all allowable
stresses except parallel-to-grain bearing and to
modulus of elasticity, E. For sawn lumber, the
factor must be applied whenever the moisture
content of the wood in use will exceed 19%. For
glued laminated members, the factor must be ap-
plied whenever the moisture content in use will
exceed 16%. Values of these factors are shown
at the beginning of each section of the NDS Sup-
plement (8) and of Appendix B-3, B-4, B-5 and
B-6. In addition, the wet service factor applies to
connection design, where it is a function of
moisture conditions both at the time of fabrica-
tion and while in service.

Size Factor

Values of the size factor, C,, for sawn dimension
lumber are given by the NDS Supplement (8).
They are shown also along with Tables in Ap-
pendix B. The size factors for dimension lumber
depend on cross-section dimensions and lumber
grade, and apply only to ,, F, and F,

For larger members (those with least dimen-
sion 5-in. nominal or more), those classed either
as Post and Timber or as Beam and Stringer, the
size factor applies only to the bending value, F,,
and is given as

C, = (12/d)”" (4-11)
in which d is the depth in inches, measured par-
allel to the load direction. This size factor ap-
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plies only for members of actual depth exceed-
ing 12 in. For 12-inch and shallower members,
C, is taken as 1.0.

For lumber that is not visually graded, but
rather machine-stress-rated (MSR) or machine-
evaluated (MEL), there is no size factor.

Volume Factor

For glued laminated members, a volume factor,
C,, (rather than a size factor) is applied to adjust
the base design value for bending, F,. Computa-
tion of this factor will be shown in Chapter 8.
However, only the smaller of C,, and beam sta-
bility factor, C,, is used.

Beam Stability Factor

The beam stability factor, C,, is a reducing fac-
tor that considers the potential for lateral buck-
ling of laterally unsupported wood beams. Its
computation and use will be shown in Chapter 6.

Column Stability Factor

The column stability factor, C,, is a reducing
factor that considers the slenderness of the com-
pression member and its potential for buckling.
Its computation and use will be shown in Chap-
ter 7.

Temperature Factor

The temperature factor, C,, applies to members
exposed to prolonged temperatures above
100°F. It adjusts all allowable stresses and mod-
ulus of elasticity.

Curvature Factor

Applicable for glued laminated members only,
this factor, C, and its use will be shown in
Chapter 8.

Repetitive Member Factor

Repetitive members are defined as “members in
bending, such as joists, trusses, rafters, studs,
planks, decking, or similar members that are in
contact or not more than 24 inches on centers,
are not less than 3 in number, and are joined by
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floor, roof, or other load-distributing elements
adequate to support the design load.” (1) This
means that repetitive members are those that are
close enough alongside each other that, if one
member is weaker than normal, the adjacent par-
allel members can help out. Load that cannot be
carried by the weaker member is transferred lat-
erally to the stronger and stiffer members on
each side. The design value for a repetitive
member is higher than for a single member, one
that must carry all the load applied to it without
depending on assistance from adjacent mem-
bers. Note that even though studs are listed in
the definition above, the factor applies only to
their design value for bending, F,.

The repetitive member factor, C,, applies only
to dimension lumber, and its value is 1.15. It is
not applied to the base design values shown for
decking, since those values have already been
adjusted for repetitive-member action.

Flat Use Factor

The tabulated base design values are for loads
applied perpendicular to the narrow face. Often,
however, dimension lumber is used flatwise,
that is, with the load applied normal to the wide
face of the lumber—bending it in what the au-
thors call “the weaker direction.” When dimen-
sion lumber is loaded in this manner, a flat use
factor, C,,, is applied to the bending value only.
The flat use factor is nor applied to bending val-
ues for decking, since flat use has already been
considered in the values tabulated for decking.

Form Factor

Section 6-2 discusses the form factor, C,
which applies to bending members of circular
or diamond-shaped cross section.

Shear Stress Factor

This factor, C,, is used to adjust the allowable
horizontal shear stress for sawn lumber or tim-
ber members. It is discussed in Chapter 6.

Buckling Stiffness Factor

Applicable only to the modulus of elasticity values
for certain trusses, C,. is discussed in Chapter 10.

Bearing Area Factor

Applicable only to the allowable compressive
stress perpendicular to the grain, C, is discussed
in Section 6-6.

4-11. TABLES FOR BASE DESIGN
VALUES

Appendix Tables B-3 and B-4 show base design
values for dimension lumber of a few species.
Table B-5 shows the values for larger sections of
a few species in Post & Timber grades and Beam
& Stringer grades. To determine a base design
value, the designer must:

1. Select the species (or species group) to be
used.

2. Select the applicable table, according to size
of the member. (It may be necessary to esti-
mate the size, then design, then correct the
computations if the resulting size selected is
not the same as the estimated size.)

3. Observe footnotes, if any.

4. Select a grade.

5. Read the base design values needed.

Next the designer must adjust the base design
values by multiplying by all applicable adjust-
ment factors. (This will include first an adjust-
ment for member size, which must be estimated.
If the estimated size proves incorrect, correct the
estimate to continue the design.)

An adjusted allowable stress is denoted by a
prime; for example, F, is the symbol for a base
allowable bending stress, and F, is the symbol
for the adjusted allowable—the product of F,
and all adjustment factors that apply.

For a complete listing of base design values
for all important U.S. and Canadian lumber
species, see the NDS Supplement (8) or the Uni-
form Building Code (2).

Design Values for Mechanically
Graded Lumber

Appendix Table B-6 gives design values for ma-
chine stress rated (MSR) lumber, and for ma-
chine evaluated lumber (MEL). For the first
type, the commercial grade designation in the
left column actually indicates the allowable



bending design value and the modulus of elas-
ticity.

Table B-6 is easy to use, because species is
not a consideration and the number of lumber
sizes that can be mechanically graded is limited.
Table B-6 has its own adjustment factors that are
explained in the footnotes to the table.

The next seven examples illustrate the use of
the tables in Appendix B and the adjustments re-
quired to convert the base (tabular) design val-
ues to allowable stresses for design.

Example 4-12

Determine the adjusted allowable bending stress for a
2 X 10 roof rafter of No. 1 Douglas fir-larch. The
rafters are spaced 16 inches on centers and have
sheets of plywood roof sheathing nailed to them. The
roof structure is over a swimming pool, so the mois-
ture content of the wood will certainly exceed 19%.
Bending moments for one rafter are:

From dead load alone, 1000 ft-1b
From snow load alone, 1800 ft-1b

Refer to Appendix Table B-3. Find the part of the
table for Douglas fir-larch. In that section of the table,
read to the right from the grade (No. 1). The base de-
sign value shown for bending, F,, is 1000 psi.

For No. 1 grade in a 10-in. width and 2-in. nominal
thickness, Table B-3 shows a size adjustment factor,
C,, of 1.1 for use in determining the allowable bend-
ing stress. The rafters meet the requirement for repet-
itive members, so the basic design value can be ad-
justed by factor C,, shown by the table as 1.15.

Since the moisture content of the wood in use will
exceed 19%, we must also consider the wet service
factor, shown by Table B-3 as 0.85. However, F,(C,)
= 1000 (1.1) = 1100 psi < 1150 psi, so by the foot-
note to the table of wet service factors, C,, = 1.0.

Up to this point, the adjusted allowable bending
stress is

1000 (1.1) (1.15) (1.0) = 1265 psi

Now the load-duration factor must be included. There
are two load cases:

Dead load alone, M = 1000 ft-1b
Dead load plus snow load, M = 2800 ft-1b

For the first case, dead load only, the duration factor is
0.9 and the adjusted allowable bending stress is F,
= 1265 (0.9) = 1138 psi.
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For the second case, dead load plus snow load, the
duration factor is 1.15 and the adjusted allowable
bending stress is

F, =1265 (1.15) = 1455 psi

Which adjusted allowable stress value should be
used? Actually both of them. Unless we use a conve-
nient shortcut (demonstrated later) we must compute
the actual stress for each load case and compare it to
the adjusted allowable stress for that combination, as
is now illustrated.

For dead load alone, the computed actual bending
stress is

f, = M/S = 12 (1000)/21.39 = 561 psi

This is less than the adjusted allowable of 1138 psi for
dead load alone, so the rafter is satisfactory for the
first load case.

For dead load plus snow load, the computed actual
bending stress is

f, = 12(2800)/21.39 = 1571 psi

This stress exceeds the 1455 psi allowable, so the
rafter is not satisfactory for combined dead load and
snow load.

Since the 2 X 10 did not satisfy both load cases, a
stronger section must be found. This could be done by
either using a larger section (2 X 12, for example) or
by selecting a better grade of lumber.

Example 4-13

Repeat the above example, but use the convenient
shortcut mentioned above to determine the control-
ling load combination.

Merely dividing the total bending moment for each
load combination by the load duration factor that ap-
plies to that combination, we have

For dead load alone: 1000/0.9 = 1111
For dead plus snow: 2800/1.15 = 2435

The quotient for dead load plus snow is the larger,
therefore that combination controls the design. The
adjusted allowable stress (using C;, = 1.15) is deter-
mined next and compared to the computed actual
bending stress for that combination only.

This shortcut works only if the loading patterns are
alike for all cases being compared. In this example,
both load cases were for uniform load over the com-
plete span, and the short cut was valid. Had one of the
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loads been uniform over the entire length and the
other either concentrated or applied over only a por-
tion of the length, the method would not be valid.

Example 4-14

No. 3 hem-fir 2 X 6s are be used in the flat position as
floor planks to carry a 60-psf total dead load (includ-
ing the weight of the planks themselves) and a live
load of 70 psf. Load will bear directly on the planks,
without any means of lateral distribution from one
plank to another. Use conditions will be wet, and the
planks will probably have moisture content higher
than 19%. Which load condition will control the de-
sign, and what will be the adjusted allowable flexural
stress?

Appendix Table B-3 shows an allowable bending
stress of F\, = 500 psi. It also shows a flat-use factor
of 1.15 for this size of plank as well as a size factor of
1.3. Again, the wet service factor shown is 0.85 and
again, the footnote controls, so that the wet-service
factor C,, = 1.0.

The adjusted allowable bending stress will be

F, =500 (1.15) (1.3) (1.0) C, = 748C,,

For dead load alone: C;, = 0.9 and F, = 748 (0.9)
= 673 psi

For dead plus live loads: C;, = 1.0 and F, = 748
(1.0) = 748 psi

Alternatively, if we use the shortcut to find out first
which load combination controls,

For dead load alone: 60/0.9 = 66.7
For dead plus live: (60 + 70)/1.0 = 130 Controls

Adjusted allowable stress for dead plus live = 748 psi
(as above).

Example 4-15

The 3 X 8 tension chord of a truss is made from Se-
lect Structural southern pine. Use conditions will be
dry. The lumber is treated with fire-retardant chemi-
cals. Forces in the chord are:

From dead load: 8 kips
From snow load: 9 kips
From wind load: 5 kips

If the code-specified load combinations are: (1) dead
load alone; (2) dead plus snow load; and (3) dead plus
wind, which load combination controls, and what is
the adjusted allowable tensile stress?

Totals and quotients for these combinations are

For dead alone: 8/0.9 = 8.89
For dead plus snow: (8 + 9)/1.15 = 14.78 Controls
For dead plus wind: (8 + 5)/1.6 = 8.12

The base design value from Appendix Table B-4 is
1300 psi. The size factor has already been included in
the table of base design tension values for southern
pine. So the only additional factors to be considered
in the example are the load duration factor (1.15), and
a factor for fire-retardant treatment.

The latter factor is not specified by the NDS, which
requires that the company doing the fire-retardant
treatment specify the applicable factor. For this exam-
ple, assume that the lumber treatment company states
that the lumber will have a 20% loss of tensile strength
due to the their treatment. Thus, the adjustment factor
for fire-retardant treatment would be 0.80.

The final adjusted allowable tensile stress is

F; = 1300 (1.15) (0.8) = 1196 psi

‘What if the truss itself were used as a repetitive mem-
ber? Ordinarily, it would be only the top chord (hav-
ing attached plywood sheathing) that could qualify as
a repetitive member. The tension chords, being unat-
tached to each other (insofar as contribution to carry-
ing vertical loads applied to the truss) would not qual-
ify as repetitive; therefore, the 1.15 repetitive member
factor is not included in the above computations.

Example 4-16

A dense No. 1 Douglas fir-larch 8 X 10 timber,
graded under Post and Timber (P&T) rules is used
under dry conditions as a short compression member
in a storage warehouse. It is subject to the following
axial loads:

From dead load, 25 kips
From floor live load, 40 kips
From snow load, 15 kips
From wind load, 29 kips

Assuming that the member is short enough that the
column stability factor, Cp, is 1.0 (i.e., there is no like-
lihood of buckling), what is the allowable compres-
sive stress?

Since the building is used for storage, it is reasonable
to assume that the live load duration will be longer
than ten years. Therefore, live load will be treated as
permanent load. Considering all the load combina-
tions specified by the UBC, the combinations and
quotients are as follows:



Permanent (D + L): (25 + 40)/0.9 = 72.2

D+ L+35:(25+40+15)/1.15=69.6

D+ L+ W: (25 + 40 + 29)/1.6 = 58.8

D+L+S82+W:(25+40+ 75+ 29)/1.6
=634

D+ L+ S+ W2:(25+40+ 15+ 14.5)/1.6
=59.0

The first quotient is the largest, so the first load com-
bination controls, and C, of 0.9 will be used for the
combination. Table B-5 shows the base design value
of F, to be 1200 psi. The size factor for P & T mem-
bers applies only to the bending value, F,, not to F,.
So the only adjustment required is for load duration.
The adjusted design value (allowable stress parallel to
the grain) is

F, = 0.9 (1200) = 1080 psi

If the laterally unsupported length of the member is
such that the column stability factor is less than 1.0,
the 1080-value above would also be multiplied by C,
to consider the possibility of failure by buckling.

Example 4-17

It is not always possible to apply the above shortcut
method directly to the amounts of the loads. Rather,
bending moments, shears, or axial forces may have to
be determined first, so we can identify the controlling
load combination. This is the case for the timber beam
of Fig.4.8 for use in a wet-process manufacturing
plant. Loads shown include the weight of a perma-
nently installed machine. During operation, the ma-
chine occasionally imposes an impact load. Which
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load combination controls for bending, and what is
the allowable stress for that combination? For end
shear? For end bearing (compression perpendicular to
the grain)?

Figure 4-9 shows the solution in the form of a de-
signer’s computation sheet. The designer assumed
that Beam & Stringer, rather than dimension lumber,
will be used. Notice that detailed explanations are not
given, but sufficient information is shown that others
can check the designer’s work. Equally important, the
designer can easily determine at any future date the
exact basis for the conclusions reached. For opera-
tions so simple that they can easily be carried out with
a hand calculator (simple-beam reactions, for exam-
ple) only the answers are shown.

Example 4-18

Machine-stress-rated southern pine 2 X 10s are used
as floor joists over a wet manufacturing process.
Joists are 12 in. ¢/c and the attached floor is fairly
rigid. The MSR grade is 1800f-1.6E. Dead load totals
80 psf of floor area and live load is 30 psf. Which
combination controls, and what are the values of E
and allowable stress for bending and for shear?

Appendix Table B-6 shows base design values as fol-
lows: F, = 1800 psi and E = 1,600,000 psi. (Both of
these are implied also by the grade designation 1800f-
1.6E.) Table B-6 does not show a design value for shear
stress, but footnote 2 of Table 6 tells to use the F, value
shown for No. 2 visually graded dimension lumber of
the same species. From Table B-4, we find ¥, = 90 psi.

Quotient 80/0.9 is less than (80 + 30)/1.0, there-
fore (D + L) controls and C,, is 1.0.

P = 85K Z MACHINEWT. &= P, =5K
P =40K TZ— |MPACT ~ 2~ P, =10.2K

— ]
FLOOR MACHINE
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[\ ‘ <
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Fig. 4-8,

Beam for Example 4-17.
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Fig. 4-9. Solution to Example 4-17.

The joists are repetitive members, so C is

1.15. No size factor is needed, since the

Factors applicable to bending are considered first.

member factor, (C), wet service factor, (C,,),
and duration factor, (Cp).

The moisture content will likely exceed 19%. Accord-
“ing to Table B-6 (since F, is not less than 1150), fac-

mechanical grading system obtains values by
testing the section size in question (i.e., the
size effect is already included). The only
adjustment factors needed are the repetitive

tor C,, for bending is 0.85.

bending) is

The adjusted design value (allowable stress for



F, = 1800 (1.15) (0.85) = 1760 psi

For shear stress, the base design value is 90 psi. This
must be adjusted for wet service and may be adjusted
by shear-stress factor C,, that depends of the presence
of splits and size of shakes present on the piece of di-
mension lumber. Since the piece actually to be used is
not known in advance, the only reasonable solution is
to assume the worst. In Table B-6, this is seen to be
the case with the longest split or shake, for which the
factor is 1.00. For cases with shorter defects, the fac-
tor C,; would be an increasing factor.

Table B-6 shows the wet-service factor for shear as
0.97. The adjusted design value for shear is

F! =90 (0.97) = 87 psi

The modulus of elasticity value is adjusted only by the
wet-service factor of 0.9. The adjusted E-value is

E' = 1,600,000 (0.9) = 1,440,000 psi

4-12. LOAD AND RESISTANCE
FACTOR DESIGN

The procedures shown in sections above are for
allowable stress design (ASD), in which safety
is ensured by limiting the expected stress in the
wood to allowable values that are less than the
anticipated ultimate strength of the wood. The
adjusted allowable stress is equal to the wood’s
expected ultimate strength divided by a factor of
safety.

Wood structural members can also be de-
signed by another method, load and resistance
factor design, known also as LRFD. In the
LRFD approach, safety is ensured by increasing
the expected loads and then selecting the mem-
ber so that the stresses due to the increased loads
do not exceed the ultimate strength of the wood.
The specification that governs design by this
method is the Standard for LRFD for Engi-
neered Wood Construction (9).

Reinforced concrete prior to the early 1950s
was designed almost exclusively by ASD, or al-
lowable stress design. During the 1960s the
American Concrete Institute Code introduced
strength design (the same as LRFD) as an alter-
nate acceptable method. Today, the ACI code
(10) presents strength design as the preferred de-
sign method. The AISC design codes for struc-
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tural steel are following a similar evolution, and
today either ASD (11) or LRFD (12) may be
used for designing steel structures. With timber
structure design, the move toward design by
LRFD has begun.

The LRFD method is based on the require-
ment that the minimum resistance provided in a
structural member must either equal or exceed
the force (or moment) due to factored loads on
the member. Expressed in equation form,

R, <AOR' (4-12)
In Eq. 4-12, A is the time effect factor for dura-
tion of loading. Variability of material and relia-
bility of analysis methods are accounted for by
the resistance factor (strength reduction factor),
&. R’ indicates the adjusted resistance (theoreti-
cal strength of a member, such as adjusted bend-
ing resistance, M’', or adjusted shear resistance,
V'. R, is the force or moment due to factored
loads, and is replaced with M for bending or V,
for shear.

Neither the loading to be applied nor the re-
sistance (theoretical strength times the strength
reduction factor and time effect factor) can be
known precisely for all cases. The load may be
defined, for example, as the weight of a certain
depth of snow, such as 25 psf. The probability is
great that the actual snow load will never exceed
that amount, but there is always the possibility
that it may. That is, we cannot say, with 100%
assurance, that the snow load will never exceed
the quoted amount. Yet, because of the extreme
probability that it will not exceed that amount,
we regard the quoted snow load as a reliable fig-
ure to use in designing ordinary structures. For
structures of short life or limited value, or for
structures whose failure would not endanger
life, we might be willing to use a lesser design
load. Tn other words, we might be willing to ac-
cept a greater probability that the design load
might be exceeded. To do so would be to use one
of the elements of probabilistic design.

Both sides of Eq. 4-12 are subject to variation,
so the probability of failure depends on the values
used on each side of the equation. This is illus-
trated graphically by the two distribution curves
shown in Fig. 4-10. The curve at the left is for
loading, showing a high probability that the ac-
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Fig. 4-10. Overlap of load and resistance distribution curves.

tual loading will be at or very near to the design
loading. The frequency of much larger or much
smaller loadings is less, as shown by the small or-
dinates at each end of the curve. Plotted on the
same graph is a curve for the resistance of the
structural member to those loads. The object is to
have the resistance larger than the load. The resis-
tance of the structural member cannot be pre-
dicted precisely, but it is highly probable that the
predicted resistance will be fairly correct. There
is a lesser probability that the actual strength will
be much less than predicted, and this is shown by
the “tail” of low ordinate near the left end of the
distribution curve for resistance.

Failure will occur when resistance is less than
load. The curves overlap, and the degree of their
overlap indicates the probability of failure. Ex-
pressed qualitatively only, for greater reliability,
the intersection of the two curves should be at a
point of very low ordinate.

Reference Strengths

Some of the example problems in the chapters
that follow will illustrate design by the LRFD
method. To select a member size by LRFD re-
quires knowing reference strengths (reference
resistances) for various species, grades, and
sizes of lumber. Tables showing these will be
similar in nature (and volume) to the tables of
base design values (for ASD) in the NDS Sup-
plement (8), but the values shown for LRFD will
be much higher, representing reliable, lower-
bound values of ultimate stress.

Reference strengths are determined according
to an ASTM standard (13). The ASTM standard
provides two procedures for determining refer-
ence strengths. The reliability-based procedure
uses a set of data from tests and employs relia-

bility (statistical) computations. The other pro-
cedure, format conversion, does not require a set
of data. Instead, a reference resistance value can
be found by multiplying a code-recognized al-
lowable stress by the factor 2.16/¢ where ¢ is
the resistance factor for the stress property being
evaluated. A table of reference strengths is
shown here as Appendix Table B-10. Note that
reference strengths are expressed in ksi units
rather than psi units.

Time Effect Factor

The time effect factors, A, of LRFD serve the
same purpose as the load duration factors of
ASD; however, having different bases, the fac-
tors have different numerical values. The value
of the time effect factor depends on which load
combination controls. Table 4-1 lists the various

Table 4-1. Load Combinations and
Time Effect Factors.
Load Combination Time Effect
Factor (\)
1.4D 0.6
1.2D + 1.6L 0.7 when L is from storage
+ 0.5(L,or Sor R) 0.8 when L is from
occupancy
1.25 when L is from
impact?
1.2D + 1.6(L, or Sor R)
+ (0.5L or 0.8W) 0.8
1.2D + 1.3W + 0.5L
+ 0.5(L, or Sor R) 1.0
1.2D + 1.0E + 0.5L
+0.28 1.0
09D — (1.3Wor 1.0E) 1.0

2 For connections, A = 1.0 when L is from impact.

Source: Courtesy American Society of Civil Engineers, Standard for
Load and Resistance Factor Design for Engineered Wood Construc-
tion, 1996.



load combinations that must be considered in
LRFD and the corresponding time effect factors.

10.
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PROBLEMS

Calculate the approximate dead load for a
one- or two-story wood structure (your home,
for example). If the species is unknown, as-
sume one.

Compute design wind loads for the building
of Problem 4-1. If you can’t measure actual
dimensions, estimate them as closely as pos-
sible.

For your seismic-risk zone, calculate the total
seismic base shear and overturning moment
for the building of Problems 4-1 and 2.

Does dead load provide adequate safety
against overturning for the building of Prob-
lems 4-1, 4-2, and 4-37

For the structare of Fig. 4-11, what is the total
bending moment in one inclined rafter due to
snow load, where the specified snow load on
a flat roof is 25 psf? Assuming dead load to be
20 psf of roof plus the weight of the rafter,
what is the total bending moment in one
rafter?

Compute the bending moment per roof beam
(rafter) for the building of Fig. 4-12. Snow
load specified is 25 psf of horizontal projec-
tion, the maximum wind speed is 70 mph, and
the terrain is open. Give answers for all rea-

ROOF, INSULATION,
& ROOFING

10-0"

.
|

L 18-0"

WALL

2x 12 D. FIR RAFTERS
@ 16"C/C

Fig. 4-11.

Structure for Problem 4-5.
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4-8.

4-10.
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9'-0"

RAFTERS
@8'c/c
D. FIR-LARCH

WALL
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16'-0"

20"
T

RIDGE BEAM

3-PLY FELT & GRAVEL
%2” RIGID INSULATION
3" HEM-FIR DECK

-

WALL
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Fig. 4-12.  Structure for Problem 4-6.

sonable combinations. Assume that the rafter
weighs 17 Ib/ft.

A three-story building with 16- by 20-ft bays
is designed for a 70-psf floor live load. Floor
joists are 2 X 12 D. fir-larch at 16 in. c/c with
“s-in. plywood sheathing above. Finish floor
weighs about 3 psf. Use the UBC recommen-
dation for weight of partitions. The ceiling
below is '»-in. drywall. Mechanical and elec-
trical systems add about 10 psf. Beams span-
ning the 20-ft direction between columns
weigh an average of 35 1b per linear ft. The
roof system weighs the same as the floor sys-
tem. Considering allowable reductions, what
is the design load (D + L) per foot for interior
beams supporting the 2 X 12 floor joists?
For the same building, and for the UBC mini-
mum live load (not snow) on the flat roof,
what is the design load (D + L) for a bottom-
level interior column? Assume each column
tier to be a 10 X 10 D. fir, 10 ft long.

Same as Problem 4-8, but with roof snow load
of 30 psf instead of roof live load. What is the
bottom-tier column design load (D + L + S)?
Assume a flat roof.

If the code specifies a 75 psf floor live load
for your classroom and if the floor is sup-
ported by beams at 12-ft centers (spanning the
short direction), what is the design load (D +
L) per foot for those beams? Make a reason-
able assumption for the self-weight of the
beams.

Estimated dead loads were shown on Fig. 4-5
for use in checking stability and in calculating
required anchor-bolt forces in Examples 4-9

4-12.

and 4-10. Ordinarily the designer tries to be
safe by using a high estimate of dead loads. Is
it a safe practice here? What would be the re-
quired anchor-bolt force if the true dead loads
were 10% less than estimated?

Check the stability versus overturning for the
office building of Fig. 4-13. Maximum wind
speed is 70 mph and exposure is type B. The
building length is 50 ft. Estimated dead loads
(walls included) at various levels are shown.
Use the Normal-Force Method.

' 30"
(0
:O
DL=10K 1 -
30"
DL=8K _—_@
o
DL=16K O
2
:“.’
DL=16K O
1
f‘?
I, L
’ o
| |
Fig. 4-13. Building for Problems 4-12, 4-13, and 4-14.



4-13.

4-14.

4-15.

4-16.

4-17.

4-19.

4-20.

4-21.

Repeat Problem 4-12 using the Projected-
Area Method.

Check the stability of the building of Prob-
lems 4-12 and 4-13 when subject to earth-
quake. Use seismic-risk zone 2. Assume a box
system.

For Problems 4-15 to 4-27, if your instructor
requests that the LRFD method be used, find
adjusted resistance values AGR’, rather than
adjusted allowable stresses. For either ASD or
LRFD, unless it is noted otherwise, the loads
specified are to be assumed as of ten-year
(normal) duration.

Find the adjusted design values (allowable
stresses) in bending and in shear for visually
graded No. 1 southern pine 2 X 4s used as
light framing. Spacing is 16 in. center-to-cen-
ter. Moisture content in service is expected to
be about 20%. The 2 X 4s are connected by
rigid diaphragm material that can transfer
load from one member to the other. The load
is of short duration such as snow load.

Find the adjusted design values (allowable
stresses) in compression parallel to the grain
and in bending for No. 1 D. fir-larch 6 X 6s,
used singly, as columns. Moisture content in
service is expected to be about 20%. Wind
loads are expected to control the design.

D. fir-larch 2 X 8s are to be used repetitively
as floor joists. They are machine stress rated
as 1800f-1.6E. Assuming the load duration to
be permanent, what are the adjusted allowable
bending and shear stresses, and modulus of
elasticity, E'?

Visually graded southern pine commercial
decking (repetitive) will have a 19% maximum
service MC. The nominal thickness is 2 in.
What is the adjusted allowable bending stress?
No. 2 D. fir-larch 2 X 6 joists are used to sup-
port a light roof. They are placed 12 in. apart
and have a plywood deck nailed to their top
surface. The loading on the roof is mainly
snow load. Moisture in the wood is not ex-
pected to exceed 13%. What is the adjusted
allowable stress in bending? In shear? In
compression perpendicular to the grain?

If the joists of Problem 4-19 can be relied
upon to have no splits or shakes in service,
what are the adjusted allowable stresses in
bending, shear, and compression perpendicu-
lar to the grain?

No. 2 hem-fir 2 X 8s are used flatwise as floor
planks in a very moist environment. What are

4-22.

4-23.

4-24.

4-25.

4-26.

4-27.
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the adjusted allowable stress in bending (F})
and adjusted modulus of elasticity (E')?
Select Structural 4 X 14 redwood beams are
used spaced 6 ft apart to support the roof over
a laundry room. What are the adjusted allow-
able stresses for bending, for horizontal shear,
and for compression perpendicular to the
grain if only dead load is present? What are
these allowables when the load includes both
snow and dead load?

If the bending moments for the beams of
Problem 4-22 are: dead load, 6,000 ft-1b;
snow, 9,000 ft-Ib; and wind, 10,000 ft-lb,
what is the controlling load combination for
the allowable bending stress? Consider all ap-
plicable UBC combinations.

A building floor consists of *s-in. plywood
connected to No. 3 southern pine 2 X 12
planks, used flat at 12-in. centers. Assume
the plywood to weigh 40 pcf. Live load is 40
psf. The planks are treated with fire-retar-
dant chemicals; the treater claims this can
be expected to reduce the bending strength
by not over 10%. What are the adjusted al-
lowable bending and shear stresses for the
planks?

No. 2 D. fir-larch 2 X 8s are used as compres-
sion chords of flat-topped roof trusses at 24-
in. centers (repetitive) to support 25 psf dead
load (not including weight of the 2 X 8s) and
either 20 psf live load or 35 psf snow load
under moist-use conditions. Which loading
condition controls? What are the adjusted al-
lowable stresses in bending, compression par-
allel to the grain, and shear? Consider all
NDS load combinations.

What are the allowable stresses in compres-
sion parallel to the grain, in bending, and
modulus of elasticity, £, for 2 X 6 wall studs
of 1500f-1.4E D. fir-larch spaced 16 in. c/c?
Assume that the load combination that in-
cludes wind (but not snow) will control.

An existing structure is being investigated for
possible increased loading. Beams are 8 X 18,
No. 1 D. fir-larch, spanning 16 ft. Some of the
beams have end splits 6 in. long on their wide
face. Use conditions were, and will continue to
be, very dry. Uniform loads are 400 Ib/ft live
load (reduction already considered) and 200
1b/ft dead 1oad. A midspan concentration is 1 kip
for dead load and 1 kip for snow. Which load
combination controls? What are the adjusted al-
lowables for: bending, horizontal shear, and
compression perpendicular to the grain?
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Connections—Nails, Screws,
and Bolts

5-1. CONNECTION DESIGN

It is important that structural members—beams,
columns, and tension members—be designed
with due regard to safety and economy. But, no
chain being stronger than its weakest link, it is
equally important that the connections joining
these members to each other be carefully de-
signed. A connection must be able to transfer
load from member to member without the con-
nection material itself failing and also without
damaging the wood of the members it joins. De-
sign of structural members, addressed in later
chapters, may be easier if the designer knows
how the member will be connected and knows
how the member in question may be weakened
by the connection.

There is a wide variety of mechanical connec-
tors (fasteners), ranging from the old wooden
pegs to modern custom-made welded assem-
blies for joining together large glued laminated
members. This chapter will cover the more com-
mon types—nails, staples, lag screws, wood
screws, and bolts. Chapter 9 will present addi-
tional information on bolts, and also will cover
modern types of timber connectors and specially
designed weldments.

5-2. GENERAL PRINCIPLES

Certain principles apply to connection design in
general, regardless of whether the fasteners are
nails, spikes, screws, lag screws, or bolts. The
capacities of each of these fasteners is affected
by specific gravity and moisture content of the
wood; by dimensions of the connector and the
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wood members; by the type, number and
arrangement of the fasteners; by the position of
the fastener relative to the grain; and (in most
cases) by the direction of the fastener force rela-
tive to the grain.

Some of the above conditions are accounted
for in connection design through the use of ad-
justment factors. Certain adjustment factors that
are applicable to both members and connections
have already been described in Chapter 4. For
design of connections that are laterally loaded,
all applicable adjustment factors are multiplied
times the base lateral design value (base allow-
able lateral load), Z, resulting in an adjusted lat-
eral design value, Z'. The base and adjusted
withdrawal design values are referred to as W
and W,’ respectively.

Base Lateral Design Value

For the dowel-type fasteners discussed in this
chapter, the base value, Z, is found by examining
several different failure modes, called yield
modes. These modes are generally referred to by
Roman numerals as follows:

I. Mode I is a bearing failure of the wood
fibers as the fastener (nail, bolt, etc.) shank
presses against the wood. The bearing fail-
ure can occur in the wood of either the
“main” member (the thicker member in a
bolted connection or the member holding
the point for a nailed, screwed, or lag
screwed connection) or the “side” member.

II. Mode 11 is a pivoting of the fastener at the
shear plane of a single-shear connection



with limited localized crushing of wood
fibers near the faces of the wood members.
This mode does not occur in single-shear
nail or screw connections with minimum re-
quired fastener penetration.

Mode IIT is a failure of the fastener by yield-
ing in bending at one plastic hinge point per
shear plane, accompanied by bearing failure
of wood fibers in contact with the fastener. It
can occur in either the main or side member.
Mode IV is a failure of the fastener by yield-
ing in bending at two plastic hinge points per
shear plane, with limited localized crushing
of wood fibers near the shear planes.

II.

Iv.

The fastener’s capacity under each of these yield
modes is computed; the smallest of them is the
base lateral design value, Z. Containing many
variables such as dowel bearing strength of the
wood members, yield strength of the fastener in
bending, and thickness of the wood members,
the yield mode equations are very complex.
Luckily, tables of Z values are available for
many connections, and therefore the designer
will often not have to compute the numerical
values of each of the yield modes. The yield
mode equations can be found in the National
Design Specification for Wood Construction (1)
or the Uniform Building Code (2).

Specific Gravity

Wood with high specific gravity is stronger than
wood with low specific gravity. This affects the
allowable load for a fastener. For the types of tim-
ber connectors covered in this chapter, the effect
of specific gravity is accounted for by arranging
the tables of lateral and withdrawal design values
(see Appendix C) according to wood species.

Moisture Content

Moisture conditions of the wood also affect fas-
tener strength. Appendix Table C-2 gives the ad-
Jjustment factor, C,,, for this effect. Notice that
for many types of fastener, it is not the actual
moisture content at any given time, but rather
the change of moisture content between the time
of installation and service that affect fastener
strength markedly. This is because any MC
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change is accompanied by dimensional changes
(shrinkage or swelling) that may tend to with-
draw or loosen the fasteners, or in some cases,
split the wood.

For example, timber structures often are as-
sembled using green lumber. This green lumber
(with a high MC) then seasons after the connec-
tion is made. If the arrangement of the fasteners
does not allow the wood to shrink freely, a sig-
nificant force develops in each fastener as it acts
to prevent the wood from shrinking. This force
is present in the wood, also, and may cause the
wood to split.

Geometry (Spacing and Distances)

In connection design, important dimensions are
center-to-center spacing of fasteners, edge dis-
tance, and end distance. Center-to-center distance
between fasteners (spacing) and distance from
the center of the fastener to the end of the wood
member or to its edge (end distance or edge dis-
tance) will reduce the connection strength if the
distances are too small. This occurs as the wood
between fasteners fails in either longitudinal
shear or tension perpendicular to the grain. For
laterally loaded bolts and lag screws, an adjust-
ment factor called the geometry factoy, C,,is used
when end distances and spacings are less than
specified minimums. Because of their smaller di-
ameters and lower loads, wood screws, nails, and
spikes are not affected much by fastener arrange-
ment, and no geometry factor is used.

Group Action (Number in a Row}

The number of fasteners in a row parallel to the
direction of applied load can affect the strength
of a connection. When a row contains several
connectors, it is inaccurate to say that the fasten-
ers in that row share the load equally. For later-
ally loaded bolts and lag screws only, the group
action factor, Cg, is applied to account for this.
(Factor C, is applied also for some of the fas-
tener types introduced in Chapter 9.)

Penetration Depth

If the tip of a nail (or similar pointed connector)
has too small a penetration depth into the second
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member pierced, the shear capacity of the con-
nection is reduced. Therefore, for laterally
loaded nails, spikes, wood screws, and lag
screws, the penetration depth factor, C,, is used
when penetration into the wood is less than a
specified minimum penetration.

End Grain (Shank Position Relative
to Grain)

When a fastener is driven or screwed into end
grain (with the shank parallel to the wood
fibers), the capacity is not as great as when the
fastener is driven into side grain. For this reason,
an adjustment factor called the end grain factor,
Ceg, is used for certain connectors inserted into
end grain. For laterally loaded nails, spikes,
screws, or lag screws, C. is 0.67. For lag screws

loaded in withdrawal, the adjustment C, is 0.75.

Direction of Fastener Force Relative
to the Grain

Angle of load to grain (Fig. 5-1) affects the
strength of fasteners. As load is transferred from
one member to another by shear in a screw or
bolt, the side of the metal shank presses against
the wood. Where this bearing pressure is in the
direction of the grain, the resistance will be
fairly high; but where it is perpendicular to the
grain, resistance will be much lower. This is be-
cause the compressive strengths-of the wood dif-
fer in the two directions. For both bolts and lag
screws, shear (lateral) capacity of the connec-
tion will be different for parallel-to-grain and
perpendicular-to-grain loads.

Often, the fastener causes pressure at some
other angle, neither parallel to the grain nor per-
pendicular. In this case, an allowable dowel
bearing value for the fastener is approximated

ANGLE OF
LOAD TO GRAIN

[ ==t )
e

LONGITUDINAL AXIS
(GRAIN DIRECTION)

[/

P

LOAD

Fig. 5-1.  Angle of load to grain.

by use of the Hankinson equation. (Nails,
spikes, staples, and wood screws are excluded
from this requirement, since, for them, joint slip,
rather than ultimate strength, is considered the
more important criterion.) The Hankinson for-
mula for dowel bearing strength at an angle to
grain is

L

(5-D
F,sin’0 + F, cos*0

Fg=

in which F is the dowel bearing strength paral-
lel to grain, F, is dowel bearing strength per-
pendicular to grain, and 6 is the acute angle be-
tween the load direction and the grain
(longitudinal) direction.

Net Section

If a hole is drilled in the member (for a bolt or
lag screw, for example), the connection reduces
the cross-sectional area of the member. In this
case, the net area of the member may need to be
considered when computing the member
strength. The cross-sectional area is not consid-
ered to be reduced when the fastener merely
pushes aside the wood fibers, as does a driven
nail.

Load Duration

The load duration adjustment, C,, discussed in
Chapter 4, applies also to connections. Because
of the critical nature of connections, the Uniform
Building Code gives some values of C,, for con-
nection design that are smaller than those given
by the NDS. The UBC specifies a C,, of 1.33 for
design of connections for wind or earthquake
loads rather than the 1.6 given by the NDS. The
authors prefer to use the more conservative 1.33
value.

Others

For nails only, other adjustments are the di-
aphragm factor, C,,, and the toe-nail factor, C,,.
These will be covered in Section 5-3.

The strength of any connection is improved
when the outer pieces joined are steel plates.
The added strength results from the stiffness of



the plates, which reduces joint slip, bearing de-
formation, and tilting of the nail, screw, or bolt
in the wood as the connection is loaded. Steel
side plates have a much higher dowel bearing
strength than wood side members, so a larger Z
will result if side plates are steel.

Nails, staples, wood screws, or bolts may be
used in combination with glue. However, the
glued connection is very stiff, whereas nails, for
example, must deform appreciably before they
resist significant shear. Thus, in a combination
joint, the glue tends to resist the total load, the
mechanical fasteners not receiving load until the
glued connection is broken.

5-3. NAILS AND SPIKES

The variety of available nails and spikes is almost
unbelievable—over 10,000 different varieties are
produced in the United States during one year (3).
An excellent summary of the available types and
sizes is given in reference 4. For our purpose, it is
sufficient to recognize the three major types
(common wire nails, box nails, and common wire
spikes) and various sizes shown by Appendix Ta-
bles C-3 and C-4. Nail types are depicted in Fig.
5-2, along with some other fasteners covered in
this chapter. Common nails have a larger diame-
ter for a given length than either box or threaded
nails. Threaded nails have been hardened by heat
treating and have greater strength than common
nails or box nails of equal diameter.

For lengths up to 9 in., the size of a nail or
spike is specified by pennyweight, an antiquated
term indicating the purchase price, in English
pennies, per 100 nails. Today the term is still
used, but it may soon be replaced by naming nail
sizes by diameter and length.

Nails are usually driven without first drilling
a hole, but for either nails or spikes, a pilot hole
may be drilled. This will not reduce the allow-
able load for the fastener, provided the hole di-
ameter is not over 0.9 fastener diameters for
species with specific gravity greater than 0.60,
or 0.75 fastener diameters for other species.

Allowable loads for nails or spikes depend on
several things, some of which are:

1. Diameter, surface shape, and surface treat-
ment of the shank.
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WOOD SCREWS
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SCREW

Fig. 5-2. Nail and screw types.

2. Specific gravity and moisture content of the
wood.

3. Depth to which the point penetrates into the
wood of the member that contains the nail
point.

4. Direction of the nail shank relative to the grain.

5. Direction of the load relative to the shank
length.

Since they are determined by limits of deforma-
tion rather than strength, allowable lateral
(shear) loads for nails and spikes are the same
regardless of whether the lateral load is parallel
to or perpendicular to the grain.

Nails and spikes can transfer either lateral
load or load parallel to their length (withdrawal
loading), or a combination of the two. They are
stronger when driven into side grain than when
driven into end grain (Fig. 5-3a). They are
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Fig. 5-3. Nailing and load directions. (Courtesy Board of Regents, University of Colorado.)

stronger in shear (lateral load) than in with-
drawal (Fig. 5-3b). Withdrawal strength from
side grain is much less than for shear, and the
designer should avoid this condition if at all pos-
sible. Withdrawal strength from end grain is so
small and so unreliable that the NDS prohibits
using nailed connections that depend on with-
drawal from end grain. ‘

Lateral Resistance

The capacity of a nail or spike under lateral
(shear) loads is a function of the following yield
modes: Mode I in the side member, Mode III in
the main member, Mode III in the side member,
and Mode IV. The least of the four computed
yield mode values is the allowable design lateral
load, Z, in any direction for common or box
nails or spikes driven into side grain of seasoned
wood in a single-shear connection. Tables C-3
and C-4 give some values of Z, the work of find-
ing the smallest value from the four yield mode
equations already having been done. Because of
the complexity of the yield mode equations, it is
obvious that designers prefer to use tables such
as these. Both the yield mode equations and the
tables are limited to nails or spikes having stan-
dard penetration into the wood member that
contains the point of the nail. Penetration is the
length of nail in the piece of wood that contains

4

T - 1

(a) SINGLE SHEAR

] ——

the nail point (Fig. 5-3b). Standard penetration
is twelve times the nail or spike diameter,
p = 12D. For lesser penetrations, the penetra-
tion depth factor, as explained below, is used.

The base lateral design value must be ad-
justed as follows, and the adjustment factors are
cumulative:

1. For load duration, using the factor, C,,.

2. For less-than-standard penetration. Use pene-
tration depth factor, C, = p/(12D). In no case,
however, should the nail or spike be used to
carry load when its penetration is less than 6D.

3. For moisture content, according to C,, listed
in Appendix Table C-2.

4. For double shear (Fig. 5-4), by multiplying
by two the Z value found for the weaker of
the two shear planes.

5. For laterally loaded toe nails, using the factor
C 0.83. (For withdrawal loads, use

n

C,=0.67)

6. For diaphragm construction, using the di-
aphragm factor, C,, (see Chapter 12).

7. If driven into end grain rather than side grain,
a factor C,, = 0.67 applies.

8. For temperature, using C..

Designers of nailed double-shear connections
with wood side members should keep in mind
the following: (1) The thickness of the main

| —

(b} DOUBLE SHEAR

«4? l
—=

Fig. 5-4.  Single- and double-shear connections.



(center) member must be greater than six nail di-
ameters (6D); (2) the penetration depth factor,
C,, is based on penetration into the third mem-
ber penetrated. As for a single-shear connection,
penetration depth cannot be less than 6D.

Withdrawal Resistance
of Nails in Side Grain

Withdrawal resistance is less than lateral resis-
tance. It depends on the nail or spike diameter,
the length of penetration, and the specific gravity
of the wood. The withdrawal allowable load per
inch of penetration into side grain of the member
holding the nail point may be computed by
W = 1380DG?*3 (5-2)
in which D is the nail diameter (inches) and G is
the specific gravity. The allowable value given
by Eq. 5-2 is only for common nails, spikes, and
box nails, and only for those driven into side
grain, either of wood that is seasoned and will re-
main seasoned, or of wood that is unseasoned
and will remain that way in service. This equa-
tion is based on one-fifth of the ultimate load
from tests. Average values of specific gravity are
found in Appendix Table C-1. Nails that will be
loaded in withdrawal should be spaced so as to
prevent splitting. Woods with lower specific
gravity generally do not split as easily as heavier
ones, so in the lighter woods, the nail spacing can
be less, and the apparent advantage of denser
woods, suggested by Eq. 5-2, may be offset.

Nails or spikes are frequently “cement coated.”
The coating is not cement, but usually a resin that
increases the withdrawal resistance. In harder
woods, the coating may be damaged by friction
during driving. Unfortunately, the effectiveness
of the cement coating diminishes with time, so
that after only one or two months, withdrawal re-
sistance may be no better than for an uncoated
nail. Nails or spikes having grooved or threaded
shanks also have greater withdrawal resistance
than plain nails, and this added resistance tends to
be of long-lasting value (see reference 3).

The structural designer should preferably
avoid using nails under withdrawal loading.
Furthermore, the NDS prohibits using nails dri-
ven into end grain for withdrawal loading. Ap-
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pendix Table C-2 shows how severely the allow-
able withdrawal loads must be reduced if mois-
ture content changes occur during service—to
only 25% of the normal design allowable.

The following adjustment factors should be
used for nails or spikes in withdrawal from side
grain: C,, = 0.67, C,, C,, (except for toe-nailed
joints), and C,

Toe Nailing

Figure 5-5 shows what is meant by toe nailing.
This method of nailing is commonly used to
connect vertical studs to the horizontal plates or
sills in light-frame construction. Tests show that
the highest strength is obtained if one uses the
largest nail that can be driven without splitting
the vertical member, having a distance from the
end of the member to where the point first enters
the wood equal to about one-third the nail
length, driving the nail at about 30° with the ver-
tical member, and “burying” the full length of
the nail but avoiding excessive damage to the
wood. Toe nailing is also more effective when
the nails are driven from both sides of the verti-
cal member, that is, cross-slant driving. The al-
lowable design load for laterally loaded toe nails
is 0.83 times the lateral loading design value for
nails driven into side grain. The allowable de-
sign load for toe nails in withdrawal is 0.67
times the withdrawal design load for nails dri-
ven into side grain. The same adjustments apply
as for regular nailing, with the exception of the
adjustment, C,,, for change of moisture content,
which is not used for toe nails.

Example 5-1

A 3-in. (nominal) D. fir-larch tension member is
spliced using 16 gauge steel side plates, as shown in

ABOUT 30°

ABOUT L/3

Lo
—o

-l
N7

X
AN

L =NAIL LENGTH

Fig. 5-5 Toe nailing.
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Fig. 5-6. Connection for Example 5-1.

Fig. 5-6. The wood was dry when the splice was
made, but will be subject to wetting and drying in use.
The member load is 400 Ib (D = 90 Ib, L = 120 1b,
and W = 190 1b). How many 8d box nails are required
through each end of each splice plate?

Find the controlling load combination:

90/0.9 = 100
(90 + 120/1.0 = 210

(90 + 120 + 190)/1.33 = 301 Controls
Use C, = 1.33

For a single-shear connection,

Lateral design value Z = 70 lb/nail (Appendix
Table C-4)

Standard pene. = 12D = 12 (0.113) = 1.356 in.

Length of 84 box nail = 2.5 in.

Thickness of 16 ga. plate = 0.06 in.

Actual pene. = 2.5 — 0.06 = 2.44 in. > 12D, so
c,=10

¢, =075

Z' = C,,C,Z = (0.75) (1.33) (70) = 69.8 Ib/nail

400/69.8 = 5.7

This, of course, is rounded up to 6 per side of the
splice. There are two splice plates, so three nails
per end per plate will be needed, for a total of
twelve.

Example 5-2

Figure 5-7 shows a single-shear connection of a 2-in.
nominal southern pine member to a 4-in. nominal
Douglas fir-larch member. How many 164 common
wire nails are needed to transfer the controlling 400-
1b reaction, which is composed of 90 Ib dead load and
3101b snow load? The wood is dry when installed and
will remain dry in use.

Find the controlling load combination: 90/0.9 < (90 +
310)/1.15, so snow loading controls and C;, = 1.15.

Of the two species, Douglas fir has the smaller spe-
cific gravity, so the solution is as if both members
were of Douglas fir. For a 1.5-in. side member,

—r (o
4" D. FIR-LARCH
//

COMMON
NAILS |

7\

o1

\

2" SOUTHERN PINE

S V.
Fig. 5-7. Connection for Example 5-2.

Z = 141 lb/nail.

Standard pene. = 12D = 12 (0.162) = 1.94 in.
Length of 16d common nail = 3.5 in.

Actual pene. = 3.5 — 1.5=2in.> 1.94,s0 C,= 1.0
C,=10

Z' = C,Z = (1.15) (141) = 162 Ib/nail

400/162 = 2.5 = 3 nails

Example 5-3

Find the number of nails necessary to make a butt
splice in which the main member is 2-in. nominal
thickness and the side members are 1-in. nominal.
The main member carries a 10-year duration load of
1000 1b. Timber is Douglas fir-larch.

(a) Use 84 common nails and single shear, and (b)
Use 124 common nails and double shear.

(a) For a 3/4-in.-thick side member and 84 common
nails,

Z=901b

Standard pene. = 12D = 12 (0.131) = 1.57 in.

Nail length = 2.5 in.,, so penetration into main
(center) member is 1.5 in. (Nails actually pene-
trate 1/4-in. into the third member (last member
penetrated), but this is discounted as contribut-
ing no strength, because 1/4 in. is less than 6D)



C,=p/12D = 1.5/1.57 = 0.955

C,, (dry conditions assumed) = 1.0; C, = 1.0
Z' = (90) (0.955) = 86.0 Ib/nail

1000/86.0 = 12 nails per side of the splice

(b) For a 3/4-in.-thick side member, 12d common
nails, and double shear,

Z=2x105=2101b

Standard pene. = 12D = 12 (0.148) = 1.78 in.

Nail length = 3.25 in., so penetration into third
member penetrated = 0.75 in.

6D = 0.89 in. > 0.75 in.

The minimum penetration requirement has not
been met. A double-shear connection cannot be
made with 12d common nails and these wood
members. (In fact, no common or box nail of
length at least 3 in. (the sum of the thicknesses
of the wood members) can meet the minimum
penetration requirement.)

Example 5-4

A single-lap joint joining a pair of Douglas fir 2 X 6s

is to be connected with 164 common nails. If the joint

must transfer 800 1b, normal duration, how many

nails are required?

The solution below illustrates how to compute the

base lateral design value, Z, by choosing the smallest

value from the yield mode equations. (The yield

mode equations can be found in the NDS or in the

Uniform Building Code.) A much easier method of

finding Z = 141 Ib is to use Appendix Table C-3.
Data for entry into the yield mode equations:

F, =F, =4650

R =F, /F =1

Fyb = 90,000 psi (Footnote, NDS Table 12.3 B)
D =0.162; K, =2.2

Pene. = p = 1.5in.

k, (by long equation) = 1.110

k, (by long equation) = 1.110

The four yield mode equations are now solved to de-
termine the controlling (least) allowable lateral load Z.

1.Z= Dt F /K, = 0.162 (1.5) (4650)/2.2
=5141b

2. Z=k,DpF,/IK, (1 +2R)]

= 1.110 (0.162) (1.5) (4650)/(2.2 X 3)

=1901b
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3.Z=k,Dt F, /[IK,2 + R)]
= 1.110 (0.162) (1.5) (4650)/2.2 X 3)
190 1b
(DYK) (2FemFyh/(3(1 + R )'"?
= (0.1622/2.2) [2 X 4650 X 90,000/
(3 xX2)]#
= 141 1b Controls

4. Z

This 141 Ib is the same as the Table value. Notice that
even though 1/2 in. of the nail is “sticking out,” this
does not affect the answer (i.e., whether penetration is
1.5 in. or 2 in., the base Z value is the same). This is
because the fourth equation (which is not a function
of penetration) controls.

Completing the rest of the solution,

C,= 1.5/12D = 1.5/(12 X 0.162) = 0.772
Z'=C,CZ=(10)(0.772) (141) = 109 Ib
N required = 800/109 = 7.3. Use 8 nails.

Example §-5

A double-lap connection similar to Fig. 5-4b is made
using twenty-four 40d common nails through all three
members and with their points projecting. All three
members are 2-in. nominal Douglas fir-larch that was
seasoned at the time of installation and will have a
moisture content under 19% in use. What is the al-
lowable permanent load? Would this allowable load
change if the nails were clinched (bent over with the
shank flat against the side piece)?

For single shear, Z = 205 Ib/nail

Since double shear, Z = 2 X 205 = 410 Ib/nail

Nail length = 5 in.

Total thickness of the 3 members is 4.5 in., so pen-
etration into the last member penetrated = 1.5
in. (The nails project 1/2 in.)

Standard penetration = 12D = 12 (0.225) = 2.70
in.

6D = 1.351in. < 1.5in. OK

C,=p/12D = 1.5/2.70 = 0.556

C,=09,C,=10

Z' = C,C,Z = (0.556) (0.9) (410) = 205 Ib/nail

Allowable load = (205 Ib/nail) (24 nails) = 4920
b

No increase in allowable load is allowed if nails are
crimped.

Example 5-6

What is the allowable load per nail for the withdrawal
connection of Fig. 5-3b, if the load is a ten-year dura-
tion load consisting of 80% occupancy live load and
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the remainder dead load? The side piece is 2 in. nom-
inal and the piece containing the point 6 in. nominal.
The nails are 12d box nails, driven into side grain of
No. 2 hem-fir, seasoned when installed, but subject to
long periods of exposure to wet use.

Specific gravity of hem-fir = 0.43 and D = 0.128
in.

W = 1380 (0.128) (0.43)>%> = 21 1b per inch of pen-
etration

C,=10,C,=025

W' = 0.25(21) = 5.25 Ib per inch of penetration

Nail length = 3.25 in.

Penetration = 3.25 — 1.5 = 1.75in.

Allowable withdrawal load per nail
=(525(1.75=921b

Obviously, this connection is practically worthless for
load-carrying members.

Example 5-7

Toe nails are used to connect 2 X 4 hem-fir studs to the
sill (bottom) plate in a stud wall. With studs at 16 in.
c/c, are two 16d common toe nails per stud sufficient
to resist a shear load (due to wind) of 112 Ib/ft of wall?

For a 1.5-in.-thick side member,

Z = 122 1b/nail

Standard pene. = 12D = 12 (0.162) = 1.94 in.

Length of a 164 nail = L = 3.5 in.

If properly driven, penetration into member con-
taining the point is % L = 2.33 in., which is
greater than 1.94 in., so C, = 1.0.

C,, = 1.0 (dry conditions assumed); C;, = 1.33

Cc,=083

Z' = (122) (1.33) (0.83) = 135 lb/nail

Load per stud = (112 1b/ft) (1.33 ft) = 149 Ib
Nails required = 149/135 = 1.1 = 2 nails (16d) per stud

5-4, STAPLES

Wire staples are seeing increasing structural ap-
plications, such as attaching plywood diaphragms
to framing members (Chapter 12). Staples are fre-
quently used for factory-prefabricated items, such
as wood pallets. They are also frequently used in
combination with gluing. The reason for the
growing popularity of staples is that they can be
power-driven, saving hours over the time re-
quired for installing hand-driven fasteners.

The NDS does not give design values for sta-
ples, but information can be obtained from manu-
facturers of power staple driving equipment. The

American Plywood Association has published in-
formation on the strength of staples in joints con-
necting plywood to lumber, as in a diaphragm (5).

Since the diameter of the staple leg is quite
small, staples can be placed quite close together
without splitting the wood. When plywood di-
aphragms are attached to framing members, the
crown of the staple should be placed parallel to
the long dimension of the framing member so
that both legs go into the member.

Staples can have good withdrawal resistance
as well as lateral load resistance. As for nails,
withdrawal resistance can be improved by using
coated staples.

5-5. LAG SCREWS

Lag screws, also known as lag bolts, are made
with the unthreaded portion of their shanks in
the same diameters as machine bolts. Dimen-
sional information is shown by Appendix Table
C-5. (This table also shows dimensions for
small-sized lag screws that are not recognized in
NDS tables of allowable loads.) Lag screws are
especially useful for connections where bolts are
not possible, either because the material is too
thick or the far side of the connected parts is not
accessible. Their behavior is much like that of
bolts in single shear.

Lag screws are installed in predrilled holes.
For the piece receiving the threaded part, the
pilot hole should be a little less than the shank
diameter: NDS specifies different hole diame-
ters for woods of different specific gravity—
65-85% of shank diameter for G greater than
0.60, 60—75% for G between 0.50 and 0.60, and
40-70% for G less than or equal to 0.50. The
predrilled hole in parts receiving the shank
should be the same diameter as the shank. A
washer under the head of the lag screw will pro-
tect the wood from damage as the screw is tight-
ened. Installation is by turning the head with a
wrench, the threads cutting their way into the
wood as the screw is tightened.

Lateral (Shear) Capacity

Lateral-load capacity of a lag screw varies with
species (specific gravity) and with angle of load
to grain. Lag screws are not used for double-



shear connections, so all of the following applies
to single-shear connections alone. Shear capacity
is a function of yield modes I, III, and IV. Be-
cause the yield mode values are functions of
angle of load to the grain, three values of Z will
result—one for load parallel to grain {Z,), one for
load perpendicular to grain in the side member
(Z,,), and one for load perpendicular to grain in
the main member (Z ). Appendix Table C-6
shows design values (allowable loads) parallel to
the grain and perpendicular to the grain for lag
screws in joints with a wood side piece (the part
nearest the head of the lag screw), and Appendix
Table C-7 shows similar values for joints with a
steel side piece. When the load is neither parallel
nor perpendicular to the grain, and the lag screw
is installed in side grain of the main member,
Hankinson’s formula (Eq. 5-1) is used to deter-
mine the allowable load for the lag screw.

The base lateral design value is adjusted using
the following factors:

. Load duration, C,,

. Wet service, C,,

. Group action, C . (see below)

. Geometry, C;

. Penetration depth, C,

. End grain. If screwed into end grain rather
than side grain, C,, = 0.67 for lateral loading.
(It is different for withdrawal loading.)

o S O R
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7. Temperature, C,

Group Action (Number in a Row}

Group action factor, C,, applies to both lag
screws and bolts. If there is a large number of
lag screws or bolts in a row (see Fig. 5-8 for de-
finition of row), each additional fastener is of di-
minishing effectiveness, and each does not carry
an equal share of the load. In structural steel, be-
cause of yielding, it is an acceptable design as-
sumption for connections of reasonable length
to say that the fasteners share the load equally. In
wood this is not the case.

In 1975, a paper by C. O. Cramer (6) pre-
sented a method by which actual loads on each
connector in a row parallel to the load might be
computed. His method considered the deforma-
tion of each fastener (see Fig. 5-9) and of the
wood members between fasteners. Using an
equation relating the elongation of the side
pieces and main piece, he derived a means for
calculating the fastener loads. This method led
to reduction factors that allow the designer to
make the simplifying assumption that all fasten-
ers in the row share load equally (even though
we know that the fasteners at the ends of the row
take considerably more than their equal share of
the load transferred). Appendix Tables C-8 and
C-9 show this modification for bolts and for lag

A ROW IS IN DIRECTION
OF LOAD

Fig. 5-8. Two-row connection.
[ / [ i / f—F12
| [
LA\ 1A \ \ ——F2

Fig. 5-9. Deformation in a row of bolts.
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screws. Footnotes to the tables show how the
ratio of areas is computed.

Note that the effectiveness of a fastener can
range from 100% to less than 50%. Obviously, a
penalty is paid for using a large number of fas-
teners in a row. One alternative is to use more
rows but fewer lag screws per row. For connect-
ing tension members this alternative has a disad-
vantage also—the net area of the member is re-
duced as additional rows are added. This effect
can be reduced, however, by staggering the lag
screws of one row relative to those of the next,
as shown by Fig. 5-10. If the stagger is at least
four fastener diameters, the net section reduc-
tion by the second row does not have to be
added to that by the first row.

Geometry (Spacing and End Distance)

End distance and spacing must be sufficient that
tearout does not control the connection strength.
If these distances are less, then the allowable load
must be reduced by application of the geometry
factor, C,. Or, worded conversely, if the antici-
pated load on a fastener is less than the maximum
adjusted allowable load, both spacing and end
distance may be reduced. (These same principles
and rules apply to both lag screws and bolts.)
Figure 5-11 summarizes the NDS rules for
bolts and lag screws loaded either parallel or
perpendicular to the grain. The NDS avoids
specifying spacing requirements for lag screws
with loads at some other angle to the grain. (A
guide might be found, however, in the practice
shown by Chapter 9 for shear plates and for
split-ring connectors.) End distances in Fig. 5-
11 are for ends cut at 90° to the length. What
should the end distance be when the end is cut
diagonally? The NDS does not say for lag

SPACING

d o

f
STAGGER

Fig. 5-10. Spacing and stagger.

screws (or bolts); however, it does present a
method of measuring such end distances for tim-
ber connectors. The authors feel that this is a
conservative approach, suitable for bolts or lag
screws also.

Penetration Depth

Standard penetration of a lag screw (not includ-
ing the length of the tapered tip) is eight times the
shank diameter, p = 8D. For lesser penetration
the penetration depth adjustment factor, C, =
p/(8D), is used for laterally loaded connections.
In no case should penetration depth be less than
4D in a laterally loaded lag screw connection.

Withdrawal Capacity

For capacity against withdrawal, lag screws are
much more effective than nails. For shorter
lengths of penetration of the threaded part into
the wood, it is the wood that fails, allowing the
screw to withdraw. For longer penetration of the
threaded part, the wood does not fail, but the
screw itself fails in tension. Thus, the tensile
strength of the screw is a maximum beyond
which the withdrawal strength cannot go, no
matter how much the effective penetration length
(see dimension 7-F in Appendix Table C-5).
For embedment lengths in which the wood
fails, withdrawal resistance is affected by spe-
cific gravity of the wood. This is reflected by the
following equation for withdrawal design value,
W = 1800D%% G'3 (5-3)
which gives allowable withdrawal load, W, per
inch of penetration of the effective threaded
length. (The unthreaded shank does not add to
withdrawal strength.) In the equation, D is the
unthreaded shank diameter, and G is the wood
specific gravity. In addition to determining an
allowable load based on strength of the wood,
the designer must check to make sure that the
withdrawal load does not exceed an allowable
based on tensile strength of the threaded shank.
Since the yield strength of material used for
lag screws is usually 45,000 psi, the allowable
withdrawal load based on tensile strength is
(45,000) (thread root area/factor of safety). The
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EDGE DISTANCE:
FOR¢/D <86, 1.6D
FOR¢/D > 86, THE

LARGER OF 1.8D
OR % X SPACING
BETWEEN ROWS

LOAD

ROW

~

MIN.
15D

5" MAX.

ROW

END DISTANCE
MEMBER IN COMPRESSION:

SPACING IN ROW 4D MIN.

- 4D MIN,
MEMBER IN TENSION:
SOFTWOODS 7D MIN.
HARDWOODS 5D MIN.

{a) LOAD PARALLEL TO GRAIN

EDGE DISTANCE: 4D MIN, FOR EDGE TOWARD WHICH
"' FASTENER IS PUSHING

CONTROLLED 8Y
OTHER MEMBER
BUT 5" MAX.

EDGE DISTANCE 1.5D MIN.

N

ROW ROW

LOAD

ROW SPACING
FOR¢/D = 2, 2.5D MIN.
FOR¢/D 26, 6D MIN.
(INTERPOLATE)
5" MAX.

{b) LOAD PERPENDICULAR TO GRAIN {OF HORIZONTAL PIECE)

Fig. 5-11.
ameter, / = length in main member.}

NDS does not specify values for this allowable,
but the designer can easily calculate it for any
desired safety factor. Older editions of the NDS
pointed out that the approximate tensile value of
the lag screw would be developed when the pen-
etration of the threaded portion into the piece
containing the point was 7-11 diameters, de-
pending on the wood specific gravity.

The adjustment factors that are used for with-
drawal loading of lag screws are Cy,, C,,, C,, and
C, =075

Example 5-8

A Douglas fir 2 X 6 is connected to a 4 X 6 of the
same species in a single-lap connection as shown by

Spacing, end distance, and edge distances for lag screws and bolts. (D = shank di-

Fig. 5-12. The permanent axial load to be transferred
is 2.08 kips. Choose a size, length, and arrangement
of lag screws to make the connection.

The maximum length of lag screw that can be used for
this connection is 5 in., the total thickness of the two
members. Many combinations of diameter, length,
and number of screws will be satisfactory. In Appen-
dix Table C-5, we see that either 4- or 5-in. lengths
could be used.

Try a 4-in. length. Next, assume a diameter. For
3/8-in.-diameter lag screws, Appendix Table C-6
shows a lateral design value of Z = 400 Ib per screw.
This is for a single-shear connection, with a 1.5-in.
wood side piece, parallel-to-grain loading, and ten-
year duration of load. Penetration of the lag screw is
T — E = 228 in. (Table C-5). Because this is less
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{b) SOLUTION

Fig. 5-12. Connection for Example 5-8.

than 8D = 3 in.,, C, = 2.28/3 = (.76. Adjusted for
load duration and penetration depth, the allowable is
Z' = (400) (0.9) (0.76) = 274 1b per lag screw. If
¥g-in. by 4-in. lag screws are used, the approximate
number required will be

2080/274 = 7.6, say 8

The arrangement of the screws must now be consid-
ered. The two possibilities are to use (1) a single row
of eight screws or (2) two rows of four screws each.
Use Appendix Table C-8 to determine the group ac-
tion factor, C,, for number inarow. Area A, is defined
as the area of the main piece, which is the member re-
ceiving the point of the lag screw. Area A_ is the area
of the side piece.

A, = (3.5)(5.5)=19.25in?

A = (1.5)(5.5) =8.25in?
Extrapolating (using A/A, = 0.43) on Table C-8,
C, = 0.61 for eight in a row and C, = 0.87 for four in
arow. The adjusted allowable loads per lag screw are

(0.61) (274) = 167 Ib if there are eight per row,

(0.87) (274) = 238 Ib if used in two rows of four
each

Assuming that we still prefer a single row, the approx-
imate number required now becomes 2080/167 = 13.

But for 13 in a row, the adjustment factor is less than
0.61, which makes the required number of lag screws
larger than 13. Obviously, there is too great a penalty
to be paid for insisting on a single row in this case.

Try two rows of five each. The extrapolated C, is
0.795 and the allowable per lag screw is (0.795) (274)
= 218 Ib, and the total number required is 2080/218
= 9.5. Two rows of five 3/8-in. by 4-in. lag screws
each will be satisfactory, providing all spacing and
edge distance requirements can be met. (If these re-
quirements can be met, then the geometry factor is
1.0.)

Use Fig. 5-11 to determine required spacing and
edge distances. The spacing between rows must be at
least 1.5 diameters, which is 0.56 in. center-to-center.
Try 2.5 in. for a practical spacing between rows. Ratio
L/D for the 3/8-in. by 4-in. screws exceeds 6, so the
required edge distance is not less than 1.5 diameters
(0.56 in.) nor less than one-half the actual spacing be-
tween rows (1.25 in.). The latter controls. The sum of
two edge minimum distances plus the 2.5-in. spacing
between rows is only 5 in.; but the member is 5.5 in.
wide, so the edge distances may be increased. A prac-
tical solution would be to use 1.5-in. edge distances
with the two rows 2.5 in. on centers.

Spacing in each row, parallel to the load direc-
tion and the grain, must be at least four diameters,
or 1.5 in.

Douglas fir is a softwood, and the member is in
tension, so the required end distance is seven times
the lag screw diameter, or 2.63 in., say 3 in. Figure
5-12b shows the final answer to the example.



Example 5-9

Figure 5-13 shows a connection of a 2 X 8 bracing
member to a beam. Load in the brace is 2.1 kips
(D =05k and W = 1.6 k). The wood will be dry
both at the time of fabrication and in service. Design
a lag screw connection.

Find the controlling load combination:

0.5/0.9 = 0.56
2.1/1.33 = 1.58 Controls. Use C,, = 1.33.

The unthreaded shank length should preferably be at
least 1.5 in. (the thickness of the side piece) to keep
the threaded portion out of the side piece. Try '»-in. X
5-in. lag screws. Dowel bearing strengths (from the
NDS) for Douglas fir-larch are 5600 psi and 3150 psi
for load parallel to and perpendicular to the grain, re-
spectively. The load in the 4 X 16 beam (the “main”
member since it receives the point of the lag screw) is
at 50° to the grain. So, an intermediate dowel bearing

2.
|
a}' B (\ /
S
VARG AR
r /

4 X 16 D. FIR-LARCH

2 X 8D, FIR-LARCH

21K

{a) MEMBERS AND LOAD

USE 3"

Fig. 5-13.

Connection for Example 5-9.
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strength for the 4 X 16 is computed by the Hankinson
formula, as follows:

F,, = (5600) (3150)/(5600 sin? 50°
+ 3150 cos? 50°)

= 3845 psi

This value is then used in the yield mode equa-
tions. The controlling design value from the yield
mode equations (computations not shown here) is
Z = 5321b.

The penetration of the threaded portion into the
main member is 2.69 in. Therefore the penetration
depth factor, C,, equals 2.69/8D = 2.69/(8 X 0.5)
= 0.673. The wet service factor C,, = 1.0 from Table
C-2. Adjusted for penetration depth, wind, and wet
service the allowable is

(0.673) (1.33) (1.0) (532) = 476 1b per screw.
Approximate N req. = 2100/476 = 4.41 screws

Try five screws, arranged as shown on Fig. 5-13.
One row has three lag screws. Extrapolating on Table
C-9, we find the group action factor, Cg, to be 0.94.
The adjusted allowable load is now 0.94 X 476 = 447
Ib/screw.

N required = 2100/447 = 4.7

Use five, 'f-in. X 5-in. lag screws

Spacing, edge distance, and end distance require-
ments are the same as for bolts. Following the rules
shown by Fig. 5-11, the dimensions on Fig. 5-13
should be

b and ¢ = not less than 4 diameters, or 2 in.

d = not less than four diameters, or 2 in. (as for a
load perpendicular to the edge of the horizontal
member)

In addition, dimension 2¢ should not exceed 5 in. un-
less vertical shrinkage of the 4 X 16 is checked and
found to be negligible. Dimension «a is calculated as
shown by Fig. 5-13b. A reasonable dimension (in-
stead of the 2.76 in.) would be ¢ = 3 in. Actual di-
mensions would probably be much greater than these
minimums.

Example 5-10

A horizontal 2 X 6 (laid flatwise) is connected cross-
wise to the bottom edge of D. fir-larch 2 X 10 ceiling
joists at 16 in. ¢/c using lag screws. The 2 X 6 is to
support a vertical load of 400 1b, placed anywhere
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along the length of the 2 X 6. Assuming one screw at
each location where the 2 X 6 passes beneath a joist,
what size and length of lag screw should be used?
Load duration is permanent.

Since the load can be placed anywhere, the maximum
withdrawal load for one screw is 400 Ib plus the
weight of a 16-in. length of the 2 X 6, or about 403 Ib.
Many different diameters could be used, but the
larger ones are impractical since the lead hole for in-
stalling them would remove too much wood from the
tension side of the joist cross section. Try a Ys-in.-di-
ameter lag screw. For a specific gravity of 0.50,

W = 1800 (0.25)%7 (0.50)!* = 225 Ib per inch of
thread penetration.

Required penetration of the threaded part into the
piece containing the point (the joist), for C,, = 0.9, is
403/(0.9 X 225) = 1.99 in. Try Ys-in. X 4 in. lag
screws with T — E = 2.34 in. (Appendix Table C-5).
The table shows that the length of the unthreaded por-
tion of these lag screws is equal to the thickness of the
2 X 6(1.5in.), so the full 2.34 in. will be in the joists.

The lag screw will be installed in side grain, so C,,
does not apply. Penetration depth factor does not
apply for withdrawal connections. Tensile allowable
for the 0.173-in. shank root diameter (Appendix Table
C-5), allowing a safety factor of 2, is 45,000 (0.173%)
(m/4)/2 = 529 1b > W'. Therefore tensile strength of
the steel does not control.

W' = (0.9 X 225 b perin.) (2.34in.) = 474 1b >
403 1b

Use one /-in. X 4-in. lag screw per joist
crossing.

5-6. WOOD SCREWS

Wood screws are used mainly for connecting fin-
ish materials, cabinetry, and the like. They are
often used to hold together pieces being glued.
They have occasional structural uses, however,
and can carry either transverse (lateral) or with-
drawal loads. Screw sizes are expressed in gauge
numbers that indicate the size of wire from which
they are manufactured. Screw heads may be ei-
ther round or countersunk, as shown in Fig. 5-2.

Allowable withdrawal load, W, in pounds per
inch of embedment of the threaded part into the
member containing the point is given by the fol-
lowing equation:

W = 2850DG? (5-4)

The allowable applies to screws installed in side
grain. (Withdrawal loads from end grain are not
allowed.) For determining embedment length of
the threaded part, it is helpful to know that the
thread length is approximately two-thirds the
total wood screw length. For withdrawal, the
only applicable adjustment factors are C,, C,,,
and C.

Allowable lateral loads (lateral design val-
ues), Z, are shown by Appendix Table C-14.
These values have been determined based on the
same three yield modes as for lag screws. The Z
values are for screws having a standard penetra-
tion of seven diameters into side grain of the
piece containing the point. Penetrations of less
than 4D should not be used. For penetrations be-
tween 7D and 4D, the allowable lateral load is
reduced using factor C, = p/(7D). The allowable
lateral load for wood screws in end grain (rather
than side grain) is reduced using factor C, =
0.67. In addition to these two adjustment fac-
tors, the factors C,,, C,,, and C, apply for laterally
loaded wood screws.

To have structural value, wood screws must
be installed in predrilled holes. NDS requires:

For screws loaded in withdrawal—A lead
hole diameter of about 90% of the root di-
ameter in wood with specific gravity G
greater than 0.60, and about 70% for G be-
tween 0.50 and 0.60. For G less than or
equal to 0.50, no lead hole is required.

For wood screws loaded laterally—The lead
hole diameter in species with G > 0.60
must be the same as the shank diameter for
the part receiving only the shank and the
same as the root diameter for the part re-
ceiving the threaded part. For other species,
the required dimensions are 7/8 as great.

Field construction supervision will have to be
especially good to ensure that these required di-
ameters are actually provided. The designer
using wood screws for structural purposes
should question whether he or she can really ex-
ercise control over what diameters will be used.

Screws should be installed by rotating using a
screwdriver; they should not be hammer-driven.
A lubricant is used to make installation easier.
Soap is often used, but this may be undesirable



in that it holds moisture and can promote decay.
Wax would be better and equally effective.

5-7. BOLTED CONNECTIONS
Bolt Types

Three types of bolts are commonly used in wood
structures, but only one of them is suitable for
major structural purposes. The word bolt, used
without a modifier, indicates the type shown by
Fig. 5-14a. This type, which may have either a
square head or a hexagonal head, is suitable for
structural purposes. If made of low-carbon steel,
such bolts are sometimes called common bolts.
Bolts made of high-strength steel may also be
used.

Figures 5-14b and ¢ show two other types of
bolt that are frequently used in wood construc-
tion, although they are of minimal structural
value. The carriage bolt is useful where the head
must be smooth or where one side of the con-
nection cannot easily be reached to hold the bolt
head while the nut is tightened. A short square
section of the bolt shank cuts into the edge of the
hole so that the bolt cannot rotate freely. The dis-
advantage to the carriage bolt is that no washer
can be used under the head, so the head is drawn
into the wood as the nut is tightened. Overtight-
ening can easily damage the wood member and
allow the bolt to rotate. Used carefully and with-
out overtightening, the carriage bolt is useful for
nonstructural and minor structural applications.

The stove bolt, shown in Fig. 5-14c, is threaded
for the full length of shank. The threaded shank
does not provide good resistance in bearing
against the side of the hole. Stove bolts should not
be used for structural purposes where one of the

HEXAGONAL SLOTTED
OR SQUARE HEAD
ROUND HEAD ROUND HEAD
} sQuARE
ROUND
SHANK

{a) COMMON BOLT {b) CARRIAGE BOLT (¢} STOVE BOLT

Fig. 5-14. Bolt types.
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members connected tends to slide relative to the
other, that is, in shear connections.

Everything that follows in this section will
apply only to common bolts, the type shown by
Fig. 5-14a.

Types of Bolted Connection

Bolts may be used alone to transfer load, or they
may be used merely to hold the parts in firm
contact while other devices (keys, timber con-
nectors, or plugs) transfer the load. Bolts may be
used in shear-type connections or the load may
have a tension component.

In shear connections, load transfer is by bear-
ing (compression) of the bolt shank against the
wood at the side of the hole and by shear in the
bolt shank. Friction between the connected parts
may be sufficient to transfer some load immedi-
ately after the bolts are tightened. But this capa-
bility cannot be counted on, since shrinkage may
reduce the thickness of the members being
joined. When this happens, the joint is loosened
and compression between the parts is reduced,
so that friction cannot be developed. Bolted con-
nections that are subject to rotation (combined
vertical load and moment, for example) are cov-
ered in Chapter 9.

Shear (Lateral) Capacity
Design of bolted connections to resist shear
forces is very similar to design of the other con-
nectors covered in this chapter. First, the base
design value, Z, is found from Appendix Tables
C-10 or C-11 (for single-shear connections) or
from Tables C-12 or C-13 (for double-shear con-
nections). Then the base value is multiplied by
all applicable adjustment factors.

The adjustment factors that apply to laterally
loaded bolted connections are the following:

1. Load duration, C,,

2. Wet service, C,,, using Table C-2. (See Figs.
5-15 and 5-16.)

3. Group action, C,, for number of bolts in a
row. This is the same as for lag screws (see
Tables C-8 and C-9).

4. Geometry, C,, if end distances and spacing
are less than the required minimums.

5. Temperature, C..
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Fig.5-15. Poor detail of bolted connections caused 145 of the 150 such connections in this building to split the wood. (Pho-
tograph by authors.)

Fig. 5-16. Note how wood shrinkage caused the two-bolt connection to split the wood. (Photograph by authors.)



The base design value for connections of more
than three members is found by considering the
joint to be a series of single-shear connections.
The smallest design value for any single-shear
plane, multiplied by the number of shear planes,
gives the base design value for the connection.
This is equivalent to saying that the design value
at each of the shear planes should be taken to
equal the smallest value for any shear plane.

Hole Diameter

To realize the full allowable design value of the
bolt, it is important that the hole be prepared
properly. Sharp tools must be used, and the rate
of drilling (feed) must be properly controlled to
ensure a smooth-sided hole.

For proper bearing of the bolt shank against
the wood of a shear-type connection, the hole di-
ameter should be only slightly arger than that of
the bolt. The NDS specifies that bolt hole diam-
eters be /3~ in. larger than the bolt diameter.
However, others recommend that hole diameters
vary with the bolt size and with expected service
moisture conditions. Generally, for bolts used in
wood that will be at 6% MC or less, the hole di-
ameter is equal to the bolt diameter plus V¢ in.
for bolts up to ¥, in. diameter and plus s in. for
larger bolts. For bolts in wood at higher service
moisture content, the difference should be less.
At 12% MC, holes /5, in. larger than the bolt di-
ameter are recommended for bolts up to ¥; in.,
and Y6 in. for bolts larger than %, in. For wet ser-
vice, only /3, in. should be added for all sizes of
bolt.

Washers

Washers are necessary under both the head and
the nut. They serve two purposes. The force
caused by tightening is spread over an area
larger than the area of contact between the head
or nut with the wood, thus preventing the wood
from being crushed. Washers also permit the nut
to be rotated easily as it is tightened. Where the
head or nut bears against a steel plate of suffi-
cient thickness to spread the load, a washer is
not needed.

If the bolt is loaded in tension (or for a
threaded steel rod used as a tension member) it
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may be necessary to use a washer that is larger
than standard size and thickness. The neces-
sary diameter can be calculated easily, as fol-
lows:

Req. net bearing area

= tensile load/F /| (5-5)
The net area provided is the area enclosed by the
outer perimeter of the washer minus the area of
the hole in the wood or in the washer, whichever
is larger.

Example 5-11

A horizontal 2 X 12 joist is connected to a 4 X 4 ver-
tical post by three /-in. bolts in a single vertical row.
Both joist and post are D. fir-larch that is seasoned
when installed and will be exposed to the weather in
use. Based on the connection strength only, what is
the allowable vertical reaction for a load combination
that includes snow?

Load will be perpendicular to the grain in the side
member (the joist), but parallel to the grain in the
main member (the post). By Appendix Table C-10,
the smaller of the design values for each of these con-
ditionsis Z | = 370 1Ib.

There are three bolts in a row, and Appendix Table
C-8 must be used to determine a group action (Cg) ad-
justment factor. Area A, = 3.5 (3.5) = 12.25in.2 The
side member (joist) has bolt loads perpendicular to
the grain, so area A_ is the product of member thick-
ness times the “overall width of the fastener group.”
There being only one row of fasteners, the overall
width is taken as the minimum parallel to grain spac-
ing of the fasteners. Minimum parallel to grain spac-
ing is four diameters, or 4('/) = 2.0 in. Thus, area A,
=1.5(2.0)=3.0in>Theratio A/A = 0.245, and by
extrapolating on Table C-8, the group action factor
(for three in a row) is

C, =051 — (0.96 — 0.91) (0.255/0.5) = 0.88
The adjusted allowable load per bolt is

zZ' = CpC\CZ = (1.15) (0.75) (0.88) (370)
=2811b

Allowable reaction (based on connection only) is
3(281) =843 1b

(This must be compared to the allowable reaction
based on shear in the joist. See Chapter 6.)
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Example 5-12

A hem-fir 2 X 6 (No. 1) tension member carries load
of D = 1.52 k and W = 4.56 k. Design a tension
splice using '»-in. bolts and two s-in. steel splice
plates. The wood is seasoned when installed, but is
exposed to the weather.

Find the controlling load combination:
(1.52 + 4.56)/1.33 > 1.52/0.9, s0 C,, = 1.33
The base value parallel to the grain is Z = 900 Ib

Estimating that C, = 0.75, the approximate Z' =
€,C,,C.Z = (133)(0.75) (0.75) (900)
=673 b.

Approx. N req. = 6080/673 = 9 bolts
Try 10 bolts (2 rows of 5 each)

Group action adjustment, C,, for 5 in a row:

A =15(55)=825in?

Assume that side plates are of 5-in. width, so
A, =2(5 () =25in?

A JA =82525=33

Extrapolating from Table (using A, of approximate 8
in.?), the group action factor is

C, = 0.77 = (0.06/6) (12 — 3.3) = 0.68
Z' = (1.33) (0.75) (0.68) (900) = 610 Ib
Req. N = 6080/610 = 9.97 bolts

OK Use 10 bolts (2 rows of 5 on each side of the joint
in the 2 X 6)
Check net area in steel plates:

Anet=2(1/3) (5§ — 2 X 5) = 1.88 in.?
Tensile stress = 6080/1.88 = 3230 psi
Allowable for A36 steel = 29,000 psi OK

Check net area in wood member

Anet = 1.5(55 — 2 X %4) = 6.56 in.2

Tensile stress = 6080/6.56 = 927 psi

Allowable (see Chapter 7) = F, = C,C,,C.F, =
(1.33) (1.0) (1.3) (600) = 1040 psi OK

(For consistency, a load duration factor of 1.33 was
used here, although, since member strength rather
than bolt strength is being checked, many designers
would use C,, = 1.6.)

Example 5-13

Same as Ex. 5-12, but using unseasoned wood that
will dry to less than 19% MC in service.

The allowable load per bolt will be affected by sea-
soning of the wood after installation (see Appendix
Table C-2). If a single plate (on each face of the
splice) is used to contain two rows of bolts, as in Ex-
ample 5-12, the allowable load per bolt has a reduc-
tion factor of C,, = 0.4. The reason is that high tensile
stresses perpendicular to the grain are set up as the
steel plates restrain the wood from shrinking.

On the other hand, if two narrow plates are used on
each face of the splice (one narrow plate per row of
bolts) to replace each wider plate, the factor is C,, =
1.0. Obviously, to use the separate (split) plates is the
better solution, insofar as number of bolts is con-
cerned. In this case, (assuming C, = 0.75), the ap-
proximate Z' = C,C,,C Z = (1.33) (1.0) (0.75) (900)
= 898 Ib. Approx. N req. = 6080/898 = 6.8 bolts

Try 8 bolts (2 rows of 4 each):

Assuming two side plates each /4 in. X 2 in. on
each face of the 2 X 6 (four plates total),

A JA, =825/2.0 = 4125
C, = 0.77 — (0.6/6) (12 — 4.125) = 0.69

Nreq. = 6080/(1.33 X 1.0 X 0.69 X 900)
= 7.4 bolts

OK Use 8 bolts per end (2 rows of 4; i.e., 8 bolts on
each side of the joint in the 2 X 6)

Example 5-14

Figure 5-17 shows a two-piece member spliced to a
three-piece member. All wood members are D. fir-
larch. The loads shown are ten-year (normal) dura-
tion. How many %s-in. bolts are required, assuming
that they can be placed in two rows?

For shear plane No. 1 or No. 4 (main and side mem-
bers each of thickness 2.5 in.), the single-shear design
value is 1007 Ib/bolt (from yield mode equations).

For shear plane No. 2 or No. 3 (main member
thickness = 2.5 in. and side member thickness = 1.5
in.), the single-shear design value is 850 1b/bolt. The
latter, being the smaller, controls.

Since there are four shear planes, the unadjusted
design value for the connection is (850) (4) = 3400 1b
per bolt. The approximate number of bolts required is
(12 kips)/(3.4 kips per bolt) = 3.5 bolts. Try 2 rows of
2 bolts each.

The smaller adjustment factor, C,, will result from
considering the side member to be 1.5-in. thick and
the main member to be 2.5-in. thick.
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Fig. 5-17. Connection for Example 5-14.

A, =15(55)=2825in2

A, =25(5.5) =13.75in2

AJA, = 06and C, = 0.99

Nreq. = 12,000/(0.99 X 850 X 4) = 3.6 bolts

OK Use 4 bolts (2 rows of 2 bolts each)

Example 5-15

A double-shear connection as shown in Fig. 5-9 joins
a3 X 6 member to two 2 X 6 side pieces with a sin-
gle row of five 34-in. bolts. All wood is seasoned D.
fir-larch, but frequently will be wet in service. What is
the allowable permanent load for the connection?
What is the controlling net area for tension in the
wood members?

For one “s-in.-diameter bolt, Appendix Table C-12
shows a double shear design value of Z = 1760 1b
parallel to the grain. Use Table C-8 to determine C,

A =(2)(1.5)(5.5) =16.5in2

A, =(25)(5.5) =13.75in?

A, JA = 13.75/16.5 = 0.833

Using a value of 13.75 in the second column of the
table, and then interpolating, C, is found to equal
0.92.

For load duration, C;, = 0.9

For wet service (Table C-2), C,, = 0.67

7' = C,C,C,Z = (0.92) (0.9) (0.67) (1760)
= 976 Ib/bolt

Allow. load = (5) (976) = 4880 1b

For the net area of main member, assume a 2!/3-in.
hole diameter (bolt diameter plus /4 in. for wet ser-
vice):

A (net) = 2.5(5.5 — 21/3) = 12.11 in.?

If the tensile stress in the wood based on this net area
is greater than the allowable tensile stress, then the al-
lowable load for the connection will have to be re-
duced below 4880 Ib (see Chapter 7).

Example 5-16

Figure 5-18 shows an inclined tension member con-
nected to a beam. The inclined member is a hem-fir 2
X 8, and the beam is a D. fir-larch 4 X 16. Tensile
force F'is 2.1 kips (D = 0.42 k and L = 1.68 k). As-
suming two rows of ¥-in.-diameter bolts, how many
bolts per row are needed? In the space available, can
they be positioned so as to satisfy all spacing, edge
distance, and end distance requirements?

This problem is complicated in two ways: Different
species are used, and the load is parallel to the grain of
one member but at an angle to the grain of the other.
Since the specific gravity of hem-fir is smaller than
that of D. fir-larch, the problem must be solved as-
suming both members to be hem-fir.

The thinner member in a bolted connection is
called the “side” member. The 2 X 8§ is the side mem-
ber and has load parallel to the grain, so F,, = 4800
(from the NDS).

The 4 X 16 has load at 60° to the grain. Using F,;
= 2050, the Hankinson equation gives

F, = (4800) (2050)/(4800 sin? 60°
+ 2050 cos? 60°)
= 2393 psi

Using this value in the lengthy computations of the
yield mode equations results in a design value of 326
1b/bolt.

Approximate number req. = 2100 1b/326 1b per
bolt = 6.4
Try 8 bolts (4 per row)

The group-action adjustment for four bolts per row is
computed as follows: Assume spacing between rows
= 3.5 in. Also assume that the load is perpendicular to
the grain in the angle-to-grain member (a conserva-
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Fig. 5-18. Connection for Example 5-16.

tive assumption for calculating A ). The “overall
width of the fastener group” is 3.5 in.

A, =35(3.25) = 11.375in?
,=1.5(7.25) = 10.875 in.?
AJA, = 0956

Factor for four per row (interpolated from Table C-8)
isC,=0.95.

Nreq. = 2100/(0.95 X 326) = 6.8
Use 8 bolts (2 rows of 4)

5-8. CONNECTION DESIGN BY LRFD

Engineers who have designed connections by
the allowable stress design (ASD) method al-
ready have many of the skills necessary for con-
nection design by the load and resistance factor
design (LRFD) method. All of the many adjust-
ment factors such as penetration depth factor,
end grain factor, and group action factor are
equally applicable to LRFD. The one exception
is the load duration factor that is used in ASD. It
is not used in LRFD, but the time effect factor,



A, is used instead. In LRFD, the symbol for lat-
eral resistance, Z’, refers to the resistance of the
entire connection, rather than to the resistance of
an individual connector. Also, the symbol for
withdrawal resistance, Zw’, refers to the total
withdrawal resistance rather than to the resis-
tance per inch of penetration. Connections are
designed such that

Z, s\, Z' = M0.63)Z' (5-6)
where Z is the factored load, X is the time effect
factor (see Section 4-12), and Z' is the adjusted
connection resistance. Design in LRFD is usu-
ally done in kip, rather than pound, units.

For nails and wood screws, lead hole require-
ments are the same by each method. For bolts,
hole diameters are specified to be D + 1/, in. for
D < 0.5 in. and D + Y6 in. for D 2 0.5 in. Lag
screws have nearly identical hole requirements
by each method.

Unlike ASD, LRFD specifies spacing require-
ments for nails and wood screws. The minimum
spacing between fasteners in a row is 10D for
wood side plates and 7D for steel side plates.
Minimum spacing between rows is 5D. (A
“row” is parallel to the grain.) For bolts and lag
screws, the spacing, end distance, and edge dis-
tance requirements given by Fig. 5-11 are still
applicable.

Withdrawal Resistance

The reference withdrawal resistance in side
grain of each connector is listed below, where
D = shank diameter (in.), G = wood specific
gravity, p = penetration (in.), and 7, is number
of fasteners.

For nails, Z, = 4.59DG**pn, 5-7)
For wood screws, Z, = 9.47DG%n,  (5-8)
For lag screws, Z,, = 5.98D%7G"3pn,

(5-9)

For each type of connector, the value from the
equation is adjusted using the factors outlined
earlier in this Chapter for the respective connec-
tor type. The LRFD standard requires a mini-
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mum penetration for fasteners loaded in with-
drawal as follows: For lag screws—The lesser
of one in. or one-half the threaded length. For
wood screws—The lesser of one in. or one-half
the nominal screw length.

Lateral Resistance

The reference lateral resistance for each of the
connectors is determined in the same manner as
the design value is in ASD. That is, several yield
mode equations are evaluated, and the smallest
value is chosen as the reference strength. Except
for a constant (of 3.3), the yield mode equations
for each connector are identical by the two de-
sign methods, therefore the LRFD lateral resis-
tance values will be 3.3 times the ASD design
values.

Example 5-17

Using the LRED method, choose size and number of
lag screws for the following connection: A 2 X 10
hem-fir beam connected to the side of a4 X 4 hem-fir
vertical post. The end reaction of the beam is D = 40
1b, L = 165 b (storage), and S = 310 1b. The member
is green when installed, and the connection will be ex-
posed to the weather.

Find controlling load combination (see Section 4-12):

14D = 1.4(0.04) = 0.056 k

1.2D + 1.6L + 0.55 = 1.2(0.04) -+ 1.6(0.165)
+0.5(0.31) = 0.467 k

1.2D + 1.68 + 0.5L = 1.2(0.04) + 1.6(0.31)
+0.5(0.165) = 0.626 k

Dividing each of these by the corresponding time ef-
fect factor, the three results are 0.056/0.6 = 0.093;
0.467/0.7 = 0.667; and 0.626/0.8 = 0.783. The latter
controls, so Z = 0.626 kips and time effect factor, A
= 0.8. From Appendix Table C-5, a lag screw of
length 4 in. has an unthreaded shank length of § = 1.5
in., so that all of the threaded portion will be in the
post. Many different combinations of length and di-
ameter are possible.
Try %fs-in. diameter by 4 in. lag screws

Standard pene. = 8D = 8(%%) = 3 in.
Actual pene. = 7 — E = 228 in.
C,=p/(8D) = 2.28/3 = 0.76

C,, = 0.75 (Appendix Table C-2)
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Next, find the reference lateral resistance, Z. Load is
perpendicular to the grain in the beam and parallel to
the grain in the post. Because the perpendicular-to-
grain resistance is the smaller resistance, that is the
value that is used. If a LRFD table for fastener design
strength is not available, using 3.3 times the value on
the corresponding ASD table (in this case, Appendix
Table C-6) will be acceptable. Using Table C-6,
Z =3.3(230) = 759 Ib = 0.759 kips per lag screw.

Approximate 7, req. = 0.626/(A$,ZC,C,)
= 0.626/[(0.8) (0.65) (0.759) (0.76) (0.75)]

= 2.8 lag screws

Determine the group action factor, C,, for three in a
row. Area of the main member (member receiving the
point) is (3.5) (3.5) = 12.25 in.? and area of the side
member is (1.5) (9.25) = 13.88 in.2, so C, = 0.98.

Z = ZC,C,Ch,
= (0.759) (0.76) (0.75) (0.98) (3) = 1.27 k

AZ' = (0.8) (0.65) (1.27)

=0.662k > 0.626 k 0K

Example 5-18

A2 X 12 header is to be nailed to a 2 X 8 joist by nail-
ing through the header into end grain of the joist,
using three 304 common nails in a vertical row. The
wood is D. fir-larch. What is the maximum factored
reaction for the joist, assuming load case of 1.2D +
1.6L controls? Use the LRFD method.

For this load combination (assuming live load is from
occupancy), the time effect factor is 0.8.

Nail length = 4.5 in. and nail diameter
= 0.207 in.

Standard pene. = 12D = 12 (0.207) = 2.48 in.

Actual pene. = 4.5 — 1.5 = 3in. > 2.48,50 C,
=1.0

End grain factor = C, = 0.67

C,, = 1.0 (dry conditions assumed)

Using for the LRFD resistance value 3.3 times the
ASD design value given on Appendix Table C-3, the
lateral resistance is (3.3) (186) = 614 1b = 0.614 kips
per nail.

Z' = ZC n,= (0.614) (0.67) (3) = 1.23k
Z <\bZ' = (0.8) (0.65) (1.23) = 0.640 k

Maximum factored reaction is 0.64 kips.

Example 5-19

Using LRFD, determine if a '/4-in. X 3-in. lag screw,
through a Ys-in. steel plate and into side grain of a D.
fir-larch member will carry a withdrawal load of D =
50 1b and L = 320 Ib (occupancy).

Find the controlling load combination:

1.4(0.05) = 0.07 k
1.2(0.05) + 1.6(0.32) = 0.572k

Considering the values of A that correspond to each
combination (A = 0.6 and 0.8), it is obvious that the
latter load combination controls, so Z, = 0.572 k and
the time effect factor is 0.8.

Penetration = T — E = 1.84 in. (See Appendix
Table C-5.)

C,, = 1.0 (assumed dry)
The reference withdrawal resistance (by Eq. 5-9) is

Z, = Z,,= 5.98D%7 G'5pn, = 5.98(0.25)°7
(0.50)'5(1.84) (1) = 1.38 k

AbZ' = (0.8) (0.65) (1.38) = 0.718 k
>7,=0572k OK

Example 5-20

A 4 X 10 of No. 1 D. fir-larch is to be spliced using
!/>-in. diameter bolts and two Yg-in. thick steel side
plates. The tensile loads on the member are D = 1.9
k, § = 2.8k, and W = 1.7 k. The wood will be par-
tially seasoned at the time of installation, but will be
dry in use. Find the number of bolts required using the
LRFD method.

Find the controlling load combination:

1.4D = 1.4(1.9) = 2.66 k

12D + 1.65 + 0.8W = 1.2(1.9) + 1.6(2.8)
+0.8(1.7) = 8.12k

12D + 1.3W + 0.55 = 1.2(1.9) + 1.3(1.7)
+ 0.5(2.8) = 5.89k

Considering the effect of A by dividing each of these
by the N which corresponds to that load combination
(A = 0.6, 0.8, and 1.0, respectively), the largest quo-
tient will be from the second load combination.
Therefore, factored loading of Z, = 8.12 kips controls
and time effect factor is 0.8.

Using 3.3 times the entry in Appendix Table C-13,
the reference resistance for a 3.5-in. main member
thickness is (3.3) (1510) = 49801b = 4.98 k.



Assuming a single row of fasteners, C,, = 1.0
(see footnote to Table C-2)

Approx. n,req. = 8.12/(\d2)
= 8.12/[(0.8) (0.65) (4.98)] = 3.1 = 4 bolts

Find group action factor for four in a row (using 6-
in.-wide plates):

A, =(3.5)(9.5)=3325in?

A = (2)(0.25)(6) = 3in?

A /A =3325/3=11.1

From Table C-9, C, = 0.95

Z'=ZCn, = (4.98)(0.95) (4) = 189k

Ab,Z' = (0.8) (0.65) (18.9) = 9.83k > 8.12k
OK

Use four 'h-in.-diameter bolts each side of splice.

Example 5-21

Solve Ex. 5-1 again, this time using the LRFD
method. Recall that this example involves a 3-in.
(nominal) tension member spliced using 16 gauge
steel side plates and 8 nails.

The load combinations are:

1.4D = 1.4(90) = 126 b = 0.126 k

1.2D + 1.6L = 1.2(90) + 1.6(120) = 300 Ib
=03k

1.2D + 1.3 W+ 0.5L = 1.2(90) + 1.3(190) +
0.5(120) = 4151b = 0.415k

The largest quotient (load divided by corresponding
time effect factor) is given by the last combination, so
factored load Z, = 0.415 kips and time effect factor, A
= 1.0. The reference lateral resistance is 3.3 times the
ASD design value; ie., Z = 3.3(70 1b) = 231 1b =
0.231 k/nail. The penetration depth factor, C, and wet
service factor, C,,, have the same values in both ASD
and LRFD. From Example 5-1, those values are 1.0
and 0.75 respectively.
Try 4 nails per side of the splice.
The design resistance is

AZ' = N(C\,C,Zn)
= (1.0) (0.65) (0.75) (1.0) (0.231) (4)
= 0.450 kips > Z = 0.415k OK

One reason that the ASD solution gives a more con-
servative answer for this problem is the authors’ deci-
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sion to use a load duration factor of 1.33 rather than
1.6 in ASD solutions involving wind load.

Example 5-22

Solve Example 5-6 again, this time using the LRFD
method. Recall that the problem deals with a nailed
connection in withdrawal. Find the greatest factored
load per nail that may be applied.

It is obvious that the load combination of 1.2D +
1.6L will control, as it has a larger coefficient on L
than the other load combination equations. Table 4-1
shows that the corresponding time effect factor, A =
0.8.

As in Example 5-6, C,, = 0.25 and penetration
equals 1.75 in.

From Eq. 5-7,

Z =

v

4.59DG*pn,

4.59(0.128) (0.43)*3(1.75) (1)
= (.125 kips per nail

Design resistance is

AbZ C,, = (0.8) (0.65) (0.125) (0.25)
= 0.016 kips per nail

The largest factored load per nail that may be applied
is Z = 0.016 kips.
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PROBLEMS

5-1. Two 2-in. nominal hem-fir planks are to be
nailed together, with the nails driven into side
grain. The planks are seasoned but will be wet

in use. Loads are D = 100 1b and S = 350 Ib.
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5-2.

5-3.

What is the allowable lateral load per 16d
common nail? How many nails are required?
Two 2 X 10 hem-fir planks are to be spliced
in a double-shear connection using two 2 X 10
side pieces of the same material. The wood is
partially seasoned at the time of installation
and will be seasoned in use. Using the small-
est common nail that will fully penetrate all
three pieces, what is the allowable lateral load
per nail if D + S load controls?

Common nails (16d) are loaded in withdrawal
from side grain. The side piece is 2 in. nomi-
nal and the piece containing the point is 4 in.
nominal. The wood is D. fir-larch, seasoned at
the time the connection is made, but subject to
wetting and drying. What is the allowable
seven-day-duration load per nail?

Figure 5-19a shows the end of a 2 X 8 joist
supported by a 2 X 12 header. The species is
D. fir-larch. What is the allowable reaction
(D + L) for the joist, based on the strength of
three 20d common nails in end grain as
shown?

Figure 5-19b shows an alternate detail in
which the end of the joist bears ona 2 X 4 that
is nailed into side grain of the 2 X 12 header.
If the 2 X 4 is nailed to the header using four

(a)

| W

Fig. 5-19. Details for Problems 5-
4, 5-5, and 5-6.

5-6.

5-7.

5-8.

5-9.

5-11.

5-12.

16d common nails, what is the allowable re-
action (D + L) for the joist?

Assume that the joist of Problem 5-4 is con-
nected to the header with only toe nailing,
using four 164 common nails. What is the al-
lowable joist reaction? Of the three details
considered in Problems 5-4, 5-5, and 5-6,
which is best, and why?

Wind pressure of 20 psf acts on a light-frame
wall. The wall studs are 2 X 6 hem-fir, spaced
16 in. c/c and spanning 7 ft 6 in. between top
and bottom plates, which also are 2 X 6 hem-
fir. The ends of each stud are connected by toe
nailing. To resist the shear due to wind load,
what number of 164 box nails are required, if
placed in a cross-slant pattern (like Fig. 5-5)?
A pair of D. fir-larch 2 X 4s is used together
as a single vertical member at the end of a
high wall. (This member is called a “chord.”)
A nailed splice is made such that one 2 X 4 is
continuous. Common nails (164) are used to
transfer the tension load of 1960 Ib (all due to
wind) across the splice. Conditions of wood at
installation and in use are dry. How many 164
nails are required each end of the splice?

A Ys- by 3-in. perforated steel plate is nailed
to the top and bottom edges of a No. 2 grade 4
X 12 D. fir-larch, to give the wood member
better bending strength. The plates are nailed
to the wood using two rows of 10d common
nails. What is the maximum satisfactory nail
spacing per row where the total shear (due to
D + L)is V = 1300 1b? Use VQ/I (in which I
= moment of inertia of the transformed gross
section) to compute the longitudinal shear
force per linear inch between the steel plate
and the wood beam.

A joist is nailed to a D. fir-larch 4 X 4 post as
shown in Fig. 5-7. The wood was dry when
the connection was made, but will be subject
to wetting and drying in use. The end reaction
of the joist is D = 120 1b plus L = 390 Ib.
How many 20d common nails are required?
A nailed connection resists a withdrawal load
(from side grain) of D = 45 1b plus S = 165
Ib. The side piece is 2 in. nominal and the
piece containing the point is 4 in. nominal.
The wood members are hem-fir, seasoned and
exposed to dry use. How many 16d box nails
are required?

How many 14-gauge staples should be used
to connect the short edge of an 8-ft by 4-ft
plywood sheet to the roof rafters if the shear
force along that edge due to wind is 400 Ib/ft?



5-13.

5-14.
5-15.

The penetration of the staples into the D. fir-
larch rafters is 1.5 in. Assume the adjusted al-
lowable lateral load is 100 lb for a 14-gauge
staple with 2-in. penetration into the main
piece, and only 75 1b for 1-in. penetration,
with intermediate values interpolated.

Find the number of %-in. by 5-in. lag screws
(if used in a single row) to resist a lateral force
of D = 250 1b plus § = 1400 1b between a
2-in. nominal and a 4-in. nominal piece of
hem-fir. Both pieces are loaded parallel to the
grain. Conditions of installation and use are
both wet.

Same as Problem 5-13, except D. fir-larch.
Two 4 X 12s of Select Structural D. fir-larch
are to be spliced using lag screws and two /-
in.-thick steel side plates, with the lag screws
in single shear. The tensile loads on the mem-
ber are 1.4 kips from dead load, 2 kips from
snow, and 1.6 kips from wind. Use two rows
in the top plate and two rows (offset) in the
bottom plate. How many %s-in.-diameter by 3-
in.-long lag screws are required? Use all UBC
load cases.

A2 X 12D. fir-larch beam is to be connected
to the side of a same-species 4 X 4 vertical
post using lag screws in a single row. The end
reaction of the beam is 200 1b due to live load,
350 1b due to snow, and 45 Ib due to dead
load. The member will be seasoned when in-
stalled, but will have MC above the fiber sat-
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Fig. 5-20. Connection for Problem 5-17.

uration point in use. How many %;-in.-diame-
ter by 5-in. lag screws are required?
Architects revising the interior of an existing
building want the appearance of a heavier type
of construction. One feature of this treatment is
to add wood beams that really are not support-
ing members, Actually, the only way to hold
these beams is to hang them from the bottom
chord of existing wood trusses above, as shown
by Fig. 5-20. If Ys-in.-diameter by 4-in. lag
screws are used, what would be the maximum
spacing of the lag screws? (Assume that the net
section of the truss chord is adequate.)

Figure 5-21 shows a wood sign supported by
two timber poles. The total weight of the sign is

—++.—10"DIAMETER,MIN. | 16-0 |
- —
3 1M'-0"
3 PLYWD. 7.g" { | 25"
| —POLE ©
)
2X
5
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Fig. 5-21.

Sign and support for Problem 5-18.
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5-19.

5-20.

5-21.

5-22.

1400 Ib. The sign will be in an open area (UBC
Exposure C) where the recommended design
wind speed is 70 mph. (See Section 4-4 for
method of computing pressure due to wind
loads.) The builder wishes to connect the sign to
the poles using lag screws, one vertical row in
each pole. The poles are D. fir-larch, seasoned
when installed, but exposed to weather. Assum-
ing that the lag screws pass through ¥-in. ply-
wood and a 2-in. nominal member before enter-
ing the poles, how many %y-in.-diameter by
4-in. lag screws are required on each pole?

A hook carrying a withdrawal load is fastened
to the underside of a hem-fir wood member
with four 12 gauge (0.216-in.-diameter) wood
screws, 2.5 in. long. Find the safe load on the
hook if all load is dead load. The base plate of
the hook is /s in. thick. The connection will be
exposed to weather.

Find the number of 18 gauge (0.294-in.-
diameter) wood screws 3 in. long to resist a
lateral force of D = 60 1b plus L = 170 1b be-
tween a 1-in. nominal and 4-in. nominal piece
of hem-fir. Both pieces are loaded parallel to
the grain. Conditions of installation and use
are dry. Use Appendix Table C-14.

A bolted tension lap joint is made joining two
2 X 8 D. fir-larch planks. The planks are sea-
soned but will be wet in use. Loads are
D = 14kand S = 4.4k How many 1-in.-di-
ameter bolts are required if they are placed in
two rows? What is the required spacing be-
tween the rows? What is the required spacing
between bolts in a row?

Design a tension lap joint between a 2 X 6
and a 3 X 6 Select Structural hem-fir member.
Use 5k-in.-diameter bolts in 2 rows. Load is
W = 5.68 k and D = 1.22 k. The connection
is made from seasoned wood, but will be ex-

5-23.

5-24.

5-25.

5-26.

5-27.

PLYWOOD DIAPHRAGM (FLOOR)

posed to weather in use. Check the tensile
stress on the net section. Make a layout sketch
showing all necessary dimensions.

A4 X 12 of Select Structural D. fir-larch is to
be spliced using '/-in-diameter bolts and two
!Y4-in.-thick by 4-in.-wide steel side plates.
The tensile loads on the member are 3 kips
from dead load, 4 kips from snow, and 3 kips
from wind, and C,, = 1.0. How many bolts
are required if a single row is used? Use all
UBC load cases. (See Sec. 4-6.)

Design a tension splice of a D. fir-larch 3 X 12
main member using ¥-in.-diameter bolts and
wood side members that are of the same cross
section as the main member. Load is D = 6.5
kand § = 20 k. Conditions of installation and
use are dry. Use either two or three rows of
bolts. Sketch a detail of the joint labeling all
distances. Check the tensile stress on the net
section knowing that the adjusted allowable,
F/,is 1150 psi.

A vertical No. 1 D. fir-larch 4 X 10 and an
identical diagonal member (30° angle be-
tween them) are connected using two 7/s-in.
bolts in a row parallel to the diagonal. If the
wood is installed and used dry, what is the al-
lowable tension load, F; in the diagonal mem-
ber, based on the strength of the bolted con-
nection? C, = 1.0.

Compute the spacing, edge distance, and end
distances required for the bolts of Problem
5-25. Show the bolt arrangement and these di-
mensions on a scale sketch of the connection.
A wood 2 X 8D. fir-larch ledger is bolted to a
concrete wall as shown by Fig. 5-22. Plywood
floor sheathing nailed to the top of the ledger
applies vertical load (D + L) of 130 1b/ft of
wall and horizontal load (parallel to the wall,
from diaphragm action) of 200 Ib/ft due to
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Fig. 5-22. Ledger bolts for Problem 5-27.



5-28.

wind. What spacing, s, is required for the
-in. bolts joining the ledger to the wall?
(The bolt value in the wood is based on a
main-member thickness equal to twice the
ledger thickness.) The wood is installed and
used dry.

Two 3 X 12s of Select Structural D. fir-larch
are to be spliced in a double-shear connection
using 2 X 12 side members and '4-in. bolts.
The ten-year duration load (dead plus occu-
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5-29.

pancy live) in the members is 13 kips tension.
Design the splice using two rows of bolts.
Compute the net area of the members, and
check the tensile stress on the net section.

Design a bolted connection that joins the
brace in Fig. 5-13 to the beam, assuming that
the load is D = 1.0 k plus W = 3.5 k. (Do not
necessarily use five bolts, unless that is what
you consider the best choice.) Make a layout
sketch showing all necessary dimensions.
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Selecting Sawn-Timber Beams

6-1. INTRODUCTION

Structural members stressed primarily in bend-
ing are called beams. Horizontal beams of di-
mension lumber, such as 2 X 8s, used repeti-
tively in bending are usually referred to as joists,
whereas large beams that support other beams
are called girders. Beam sections are generally
chosen on the basis of bending and then checked
for other possible failure modes. Beam failure
could be a result of bending, shear, lateral buck-
ling, bearing, deflection under service loads, or
deflection from creep or ponding. Beam design
consists of selecting a species, grade, and cross-
sectional dimensions to prevent any of these
types of failure from occurring.

Some of these failures might be catastrophic,
while others might affect only aesthetics or ser-
viceability. This chapter will discuss each of
these failure modes in the sequence in which
they would normally be considered.

Beam sections are specified by nominal di-
mensions, but cross-sectional properties such as
area and section modulus are always based on
actual dimensions. Unless bending moment due
to self-weight is trivial, one must include beam
weight as a load on the beam. In this case, the
specific gravities given in Appendix Table C-1
will be helpful.

6-2. DESIGN FOR FLEXURE—
LATERALLY SUPPORTED BEAMS

If not braced to prevent their compression sur-
face from moving sidewise, wood beams may
buckle laterally due to instability. Fortunately,
most wood beams and joists are braced at close
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enough intervals along their compression face
that lateral buckling is prevented. If this is the
case, then the beam stability factor, C,, is 1.0.

Lateral support may be provided by blocking
(short pieces of dimension lumber cut to fit be-
tween joists), or cross bracing called bridging, as
shown in Fig. 6-1. The diagonal bridging mem-
bers are sometimes light-gauge metal, but are
more often cut from wood 1 X 3s or 1 X 4s for
material economy. Bridging not only keeps the
joists upright (prevents rotation), but also helps
distribute loads to adjacent joists. Lateral support
can be provided by well-nailed plywood sheath-
ing or by nailing one-inch nominal boards (sub-
floor) diagonally over the joists. Commercial
metal hangers, besides providing a bearing seat,
can also prevent the ends of beams from rotating.

The NDS (1) lists minimum requirements for
lateral support to permit using C; equal to 1.0.
These requirements, developed from past expe-
rience, are:

1. If the ratio of depth to thickness (based on
nominal dimensions) of the beam is not more
than 2 to 1, no lateral support is required.

2. If the ratio is 3 or 4 to 1, the ends must be
held in position to prevent rotation.

3. If the ratio is 5 to 1, one edge must be held in
line for its entire length.

4. If the ratio is 6 to 1, full-depth bridging or
blocking must be installed at not over 8-ft
centers. There are two alternatives to this: (a)
Both edges must be held in line, or (b) the
ends must be held in position to prevent rota-
tion, and also the full length of the compres-
sion edge of the member must be laterally
supported by subflooring or sheathing.
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JOISTS

Fig. 6-1. Means of lateral support of beams.

Design Procedure

When designing sawn-timber beams by the al-
lowable (working) stress design method, the
computed extreme fiber stress (f, = M/S =
Mc/I) must not exceed the adjusted allowable
bending stress:

LEF, (6-1)
In this equation and other equations to follow,
the primed symbol for allowable stress (F', in
this case) indicates the particular allowable
stress including all applicable adjustments.
Some of these adjustments (discussed in Chap-
ter 4) are size factor (C,), load duration factor
(C,), and wet service (moisture) factor (C,,). In
bending-moment calculations for simple beams,
the span is to be taken as the distance center-to-
center of required bearing areas.

Should there be a notch in a bending member,
the section modulus at that Jocation should be
reduced accordingly for calculating flexural
stress. The notch depth must not exceed one-
sixth the depth of the member. Notches should
be avoided, especially on the tension side of the
member (except at the ends), and must not be lo-
cated in the middle one-third of the span where
bending moment is the greatest.

The steps in the design procedure are as follows:

1. Determine which load combination controls
and find C,,.

2. Estimate beam weight per foot.

. Solve for actual maximum bending moment.

4. Estimate adjusted allowable bending stress
using estimates of C,.and C,.

w
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5. Solve for section modulus required.

6. Choose a trial section.

7. Verify weight per foot, moment, adjustment
factors, and section modulus required.

8. Recycle as needed.

9. After selecting a section for bending, check
for shear, deflection, and bearing (if re-
quired).

e

Form Factor

For circular and diamond-shaped beams, there is
an adjustment to the allowable bending stress
called the form factor, C,. Early experiments
showed that a circular log can support the same
load as a square beam of the same cross-
sectional area, even though the circular log has a
section modulus only 1/1.18 times as large. A
square beam loaded diagonally to its face can
support the same load as if it were loaded per-
pendicular to a face. Consequently, a circular
beam has C, = 1.18 and a diagonally loaded
square beam has C, = 1.414. The adjusted al-
lowable bending stress is multiplied by this fac-
tor. Use the section properties of the actual circle
or diamond cross section.

Decking

Tongued and grooved (T&G) decking, used for
floors and roofs, is another type of wood bend-
ing member. It is popular today in conjunction
with glulam beams and arches or heavy-timber
beams because the underside of the decking
forms an attractive exposed ceiling for the
room below at no additional cost. Tongues and
grooves distinguish decking from dimension
lamber used as floor planks. A projection
(tongue) on the edge of one board fits into a de-
pression (groove) in the adjacent board as seen
in Fig. 6-2. The tongues and grooves constrain
each board to deflect when adjacent boards de-
flect; that is, tongued-and-grooved members
are repetitive.

Common sizes of sawn-lumber decking are
2 X 6,3 X 6,0r 4 X 6 nominal. Requirements
for manufacture and design of decking are given
in AITC Standard 112 (2). The 2-in. nominal has
a single tongue and groove as in Fig. 6-2a,
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TONGUE

GROOVE

(b)

Fig. 6-2. Sawn lumber decking.

whereas the heavy-timber decking has double
tongues and grooves as in Fig. 6-2b.

Appendix Table B-3 gives allowable bending
stresses for 4-in. nominal decking. Except for
redwood, this allowable bending stress should
be multiplied by a size factor of 1:10 for 2-in.
nominal decking and by a factor of 1.04 for 3-in.
decking. Bending stress values shown are al-
ready for flat use, so no adjustment for flat use is
needed for decking. Decking is designed based
on bending and deflection only. Shear stress is
low and is usually disregarded. Because decking
is bent in the plane of least flexural rigidity, it
has no tendency to buckle laterally, so C, is al-
ways 1.0.

Decking may be laid in several different
arrangements distinguished by location of end
joints. The lay-up arrangements (see Fig. 6-3)
and basis for design are:

1. Simple span: If all pieces bear on only two
supports and end joints occur atop every joist for
every piece of decking, then the arrangement is
merely a simple span. The design for flexure and
deflection would proceed exactly as for a simple
span beam; that is, max M = w€*8 and max A
= Sw{4/(384EI).

2. Two-span continuous: If all end joints
occur in line at alternate supports, as shown by
Fig. 6-3b, the arrangement is two-span continu-
ous. It is designed as a two-span continuous
beam with both spans fully loaded; that is, max
M = wt?/8 and max A = wl¥/(185EI).

3. Combination simple and two-span contin-
uous: In this lay-up, shown by Fig. 6-3c, every
other piece in the end span is a simple span. All
other pieces are continuous over two spans. The
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(e) CANTILEVERED PIECES INTERMIXED

Fig. 6-3. Layup patterns of decking. (Courtesy of the
Anmerican Institute of Timber Construction (AITC).)



net effect is that all end joints occur over sup-
ports, but for adjacent pieces they are in alter-
nate courses. Design for bending is based on a
two-span continuous beam with both spans
loaded. Design for deflection is based on the av-
erage of the maximum deflections of a simple
span and a two-span continuous beam; that is,
max M = w*8 and max A = w*/(109EI).

4. Controlled random lay-up, shown by Fig.
6-3d (see reference 3 for more details): Use a
maximum moment of w€*10 for flexural de-
sign, but use only two-thirds (tables in reference
3 use 69%) of the actual moment of inertia in
bending and deflection calculations for 2-in.
nominal and 80% of the moment of inertia for 3-
and 4-in. nominal. These reductions are based
on previous experience with random joints.
Maximum deflection is considered to be as for a
uniformly loaded three-span beam (max A =
wt*/(145EI). With the reduction in moment of
inertia, this amounts to w€*(100EI) for 2-in.
nominal and w€#4/(116EI) for thicker decking.

5. Cantilevered pieces intermixed, as in Fig.
6-3e: Flexural design is the same as for con-
trolled random lay-up, including the reduction
in moment of inertia. The deflection design for-
mula is A = w€4(105EI) with no reduction of
moment of inertia.

Example 6-1

A simple laterally supported beam (D. fir-larch) has a
span of 16 ft and supports a uniform load of 480 Ib/ft.
The load is of ten-year (normal) duration. Assuming
No. 1, B&S, the tabulated allowable bending stress,
F,,is 1350 psi. Choose a section based on flexure only.

Estimate C, = 0.95 (an estimate between 0.95 and
0.98 is a good first trial); C;, = 1.0

F = (0.95) (1350) = 1282 psi

Estimate that the cross-sectional area will be about
one square foot, so the beam weight (assuming 19%
MC) is approximately

w = 0.50 X 62.4 X 1.19 = 37 Ib/ft
M = w8 = 517(16)¥/8 = 16,500 ft-1b
Sreq = M/F, = (16,500) (12)/1282 = 154 in 3
A 6 X 14 beam has a section modulus of 167 in.? (see

listing of section moduli in Appendix Table B-1) and
weighs
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(37) (74.25)/144 = 19 Ib/ft

Fora6 X 14, C, = (12/13.5)!® = 0.987. Estimates for
C, and beam weight were both conservative, so the
6 X 14 is a safe choice. If the computations are re-
peated using these new values,

M = 499(16)4/8 = 16,000 ft-1b
Sreq = 12 (16,000)/(0.987 X 1350) = 144 in.?

There is no smaller beam with a section modulus of at
least 144, so the 6 X 14 is the final selection. Other
sections, wider and shallower than the 6 X 14, could
be found that would have the necessary bending
strength. However, the chosen section has the small-
est area and, therefore, probably the smallest cost.

Example 6-2

In an apartment building, the living room floor beams
(joists) extend 5 ft past the exterior wall, forming a
balcony that is 5 ft wide and 16 ft long. The loads on
the balcony are:

5 psf dead load, including beam weight

60 psf live load due to people, furniture, and
stacked firewood

38 psf snow load

Using machine-stress-rated lumber of grade 1200f-
1.2E and assuming these joists will be spaced at 16 in.
c/c, what size joist should be used considering flexure
only? Assume that the negative bending moment at
the exterior wall controls the design and that there is
full lateral support.

Permanent loads total 5 psf (just the dead load).
Ten-year duration loads = 5 + 60 = 65 psf
Two-month duration loads = 5 + 60 + 38

= 103 psf

Dividing each of these combinations by the load-dura-
tion factor for the type of shortest duration, the largest
quotient will be for the loading case that controls.

5/09 =356
65/1=165

103/1.15 = 89.6 Controls, so C,, = 1.15

The tributary width to each joist is 16 in. (i.e., each
joist carries load equal to that occurring on an 8-in.
width on each side of the joist).
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w = (103 psf) (16 /12 ft) = 137 1b/ft

M =w€*/2 = (137) (5)*/2 = 1710 ft-b
F, = 1200 psi

C,=115

C = 1.15 (repetitive member)

F,' =1200(1.15) (1.15) = 1587 psi
Sreq = 1710 (12) /1587 = 12.9in.?

Use 2 X 8s (S = 13.1 in.%) at 16 in. center-to-center.
Note that C;, does not apply to MSR lumber.

Example 6-3

Exposed floor beams for a ski lodge will be made
from 16-in.-diameter logs whose unadjusted F, =
1250 psi. If the beams span 30 ft, what is the allow-
able permanent uniform load per foot?

Beams of circular cross section have no tendency to
buckle, so C;, = 1.0. Cross-sectional area = 201 in.?,
so the equivalent square has a side of 14.2 in. Using
the equivalent square, the size factor is

C,=09

C, = (12/14.2)® = 0.98

F, = 0.9(0.98)(1250) = 1102 psi

S = 14.2%6 = 477 in.?

Allowable M = F, § = 1102(477)/12 = 43,800 ft-
Ib = wl%8

Allowable w = 389 1b/ft (including beam weight)

An alternate to using the equivalent square is to use
section properties of the actual circular section.

Example 6-4

A wood house built in the early 1900s is to be con-
verted to use as a private club. The building code re-
quires increased load capacity because of change in
use. A two-span continuous beam (each span = 13 ft)
supporting the first floor consists of four 2 X 12s
nailed together. Because of random joints where
pieces of lumber abut, only three of the four 2 X 12s
are effective at any one cross section. The lumber has
been identified as Douglas fir corresponding to No. 2
grade. Measurements show the 2 X 12s to be actually
13/4 in. by 11% in. Find the allowable uniform load on
the continuous beam, assuming full lateral support.

Assuming that the duration of loads till now has ex-
ceeded ten year cumulative,

Factor for load duration = 0.9

C, = 1.0 (from Table B-3)

F), = 0.9(1.0) (875) = 788 psi
S= (3)(1.75) (11.625)%/6 = 118 in.2

Maximum moment in a two-span beam is the same as
for a single-span beam so

w(132)/8 = F} S = 788(118)/12
Allowable w = 367 Ib/ft

Example 6-5

Douglas fir-larch T&G decking for a floor will be laid
up in a controlled random pattern (Fig. 6-3d). This
Commercial grade 2 X 6 decking supports a uniform
live load (normal duration) of 50 psf. Self-weight is
the only dead load. Moisture content will not exceed
19%. What is the farthest distance apart the support-
ing joists may be placed (based on bending stress)?

E = 1,700,000 psi (Table B-3)
F, = 1650 psi (repetitive)

C,=10
C,=1.10

F. = (1.10) (1650) = 1815 psi

Using a specific weight of 37 pcf and an actual thick-
ness of 1.5in.,

wy, = (1.5) (37)/ 12 = 5 pst

Considering a one-foot width (approximately two
planks),

wp, = (5 psf) (1 ft) = 5 Ib/ft per ft width
w, = (50 psf) (1 ft) = 50 Ib/ft per ft width
1= (12)(1.5)*12 = 3.375 in.* per ft width
¢ =0.751n.

Expressing permissible span, €, in inches:

£, =O.1we») (c)/(21/3)
=0.1(55/12) (€% (0.75) /2.25 = 0.153¢*

Letf, = F, = 1815 psi:
€ = 109 in. (based on bending stress)

A maximum permissible span based on deflection
will be discussed in Example 6-13.



6-3. DESIGN FOR FLEXURE—
LATERALLY UNSUPPORTED BEAMS

Most beams are laterally supported by such
things as attached plywood or decking, or by
blocking, bridging, or diagonal bracing. If the
distance between points of lateral support is too
great, as in Fig. 6-4, the beam can buckle (twist
and move sidewise). In this case we reduce the
allowable bending stress to a value less than
used for laterally braced beams.

One must take care to distinguish between the
span of a beam and its unbraced (laterally un-
supported) length. The span of a beam is the dis-
tance between supports—the walls, columns, or
girders that the beam bears on. The unbraced
length is the distance between lateral (sidewise)
restraints. Lateral supports prevent movement
perpendicular to the plane of the loads.

In the following, the design procedure speci-
fied by the NDS is explained first. Then the the-
oretical basis for the design equations is given
for those who wish to understand the fundamen-
tals of beam buckling.

Design Procedure

To analyze a beam with only intermittent points
of lateral support, calculate the beam stability
factor, C;, which is an adjustment to allowable
bending stress. Finding C, requires knowing
F* K, R, and F, . F,* is simply the tabulated

N
< \u
\
A\

SECTION A-A
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allowable bending stress multiplied by all ap-
plicable adjustment factors except for C,, C,
(glulams only), and C,. K, equals 0.438 for vi-
sually graded lumber and machine-evaluated
lumber, but equals 0.609 for glulams and other
products for which the coefficient of variation
for elastic modulus, E, does not exceed 0.11.

Find the slenderness ratio, R,, and F,, from
the following equations:

Ry = \Ve€d/ b (6-2)
F,, =K, EIR, (6-3)

The slenderness ratio for beams is similar to the
£/r ratio for columns. In Eq. 6-2, b = thickness
(width normal to plane of loads), d = depth, and
¢, = effective unbraced length. Effective un-
braced length, €,, depends on the shape of the
bending moment diagram and is defined in Table
6-1. Effective unbraced length is also a function
of the actual unbraced length €, (actual distance
between points of adequate lateral support).

If a bending member is used in a flatwise po-
sition, slenderness factor will be of no concern
since the compression face will have no ten-
dency to buckle. Also, for circular beams such
as logs, and for beams whose depth does not ex-
ceed their width, conditions of lateral support
need not be considered because such members
cannot buckle due to bending. They are stable.

LATERAL SUPPORT

BUCKLED POSITION
OF TOP FACE

Fig. 6-4. Lateral buckling of a beam.
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Table 6-1. Effective Length, ¢, for Bending Members.
Cantilever! when I,/d <7 when 4,/d >7
Uniformly distributed load I, =1331, I, =090/, +3d
Concentrated load at unsupported end Lo =1.871, l,=1441,+3d
Single Span Beam! when [,/d <7 when 4,/d>7

Uniformly distributed load I, =2.061, l,=1631,+3d
Concentrated load at center with no intermediate lateral support I, =1.801, lo =137, +3d
Concentrated load at center with lateral support at center b=1.1114,
Two equal concentrated loads at !/3 points with lateral support I =168 1

at !/3 points
Three equal concentrated loads at !/4 points with lateral l,=1.541,

support at !/4 points
Four equal concentrated loads at /5 points with lateral support lo=1.68 1,

at '/s points
Five equal concentrated loads at !/g points with lateral support =173 1,

at /g points
Six equal concentrated loads at !/7 points with lateral support at I, =178 1,

1/7 points .
Seven or more equal concentrated loads, evenly spaced, with lo=1841,

lateral support at points of load application
Equal end moments L, =1841,

IFor single span or cantilever bending members with loading conditions not specified above.

[, =2.061, when {,/d <7
l=1.6310+3d when7<l,/d< 143
l,=1.841, when [,/d > 14.3

Reproduced from the 1994 edition of the Uniform Building Code™, copyright © 1994, with permission of the publisher, the Inter-

national Conference of Building Officials.

Equation 6-3 requires the adjusted value of E.
The only adjustment factors that apply to modu-
lus of elasticity are C,,, C,, and C,. Eis never ad-
justed for load duration.

When all preliminary calculations have been
done, find the beam stability factor from

1+(F /)

C =
L 1.9

2
14+(F:/B) | By/R
1.9 0.95

(6-4)

Theory of Elastic Stability of Beams

For a laterally unsupported beam, if the flexural
rigidity in the plane of bending is large in com-
parison with the lateral flexural rigidity, the
beam will buckle laterally at a certain critical
load in the elastic range. The critical bending
moment is an ultimate load at which sudden in-
stability occurs. To determine the critical load
for the case of bending moment that is uniform
along the length of a beam, consider the beam of

Fig. 6-5a with applied end moments, M, about
axes parallel to the Z-axis. The beam ends are
free to rotate (about the Z-axis), but are fixed
against twisting (about the X-axis).

In the deflected position, the compression
edge of the beam has moved sidewise, as the
cross section in Fig. 6-5b indicates. The dis-
placement in the Z-direction is denoted as w, and
dwldy = B is angle of twist (4). From equilib-
rium of the buckled beam, the bending and
twisting couples at any cross section are

M=M "
*%x

M,
y ody oB

Mzz _Mo

But by the theory of elastic stability,

d*w
M,= - EI),—d? =M,B
M. = GKgE -y
o dx “dx



{c)

Fig. 6-5. Laterally unsupported beam.

where K is the torsional stiffness factor for a rec-
tangular cross section (K equals about 0.26db°
for wood beams of practical size). Differentiat-
ing the latter with respect to x,

GKd*B/dx? = M (d>w/dx?)
Substituting,

GKPP/dx* = M (—M BAEL))

d&*p/dx* + MABAEI GK) = 0
By inspection, the solution to the differential
equation will require that 3 be the sum of a sine

function and a cosine function. Solving the
equation gives

Critical M = TV ELGK / 4

Critical f, = M,,d / 2L) = wdV/ELGK / 2L.¢

SELECTING SAWN-TIMBER BEAMS 107

_ wd\VE(db® / 12)(G)(0.26db")
a 2bd® /1 12)(€)

Critical f, = Cb* / €d

where C is constant for a given species and
grade of wood.

This result shows that critical flexural stress
for lateral buckling is proportional to b2 (square
of beam thickness) and inversely proportional to
both beam length and depth. It is interesting to
contrast this critical stress for beams with criti-
cal buckling stress for a column. For a column,
the critical stress is inversely proportional to the
square of the length, rather than the length.

Equation 6-4 is based (in part) on the lateral
buckling theory just presented. The allowable
stress, computed using adjustment factor, C,, is
a function of b¥4€d.

Example 6-6

A simply supported 6 X 18 beam (B&S) with an un-
adjusted F, = 1550 psi and E = 1,500,000 psi is
loaded with a uniform load of seven days duration.
The beam will be in a humid location where moisture
content is expected to remain about 20%. The span is
40 ft. The beam is laterally braced at its ends and at
midspan only. Based on flexure, what uniform load
can be superimposed?

C,, (forboth F, and E) = 1.0
C, = 1.25 (from Fig. 2-9)
C.=(12/17.5" = 0.959
For an assumed unit weight of 37 pcf, the beam
weight is about
(37) (5.5) (17.5) /144 = 25 1b /ft
€,=(20) (12) = 240 in.
£,=1.63(240) + 3(17.5) = 444 in.
R% = (444) (17.5)/5.52 = 257
F# =(1550) (1.0) (1.25) (0.959) = 1858 psi
F,, =K, E'/R* = 0438 (1,500,000) / 257
= 2556

By Eq. 6-4, C, = 0.911
F! = (0.911) (1858) = 1693 psi
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Allowable M = FS§
w (40)2/ 8 = 1693 (280.7) / 12
Allowable w = 198 Ib/ft

Subtracting the weight of the beam, the allowable
superimposed load is 198 — 25 = 173 Ib/ft

Example 6-7

Design a Douglas fir beam, spanning 22 ft, to support
two concentrated loads of 0.77 kips each (from a
stairway). Use either No. 1 & Btr or Dense No. 1
grade. Additionally the beam supports 100 Ib/ft, not
including self-weight. The first point load is 7 ft from
the left support and the second is 10 ft from the left.
Lateral support exists only at the location of the con-
centrated loads. Consider only flexure. Fig. 6-6 shows
the solution in computation sheet form.

6-4. DESIGN OF BEAMS FOR SHEAR

Timber beams are relatively weak in shear par-
allel to the grain, so their shear strength needs to
be calculated. Shear failure causes a long hori-
zontal split at beam mid-depth (Fig. 2-21). To
design to prevent shear failure, one compares
the computed actual shear stress with the ad-
justed allowable shear stress. That is, the beam
is satisfactory in shear if
fSF! (6-5)
where f, = VQ/Ib (for rectangular members f, =
1.5V/A). The tabulated allowable shear stress F,
is based on the assumption that a full-length
split is present, so if end splits are known to be
minor and will not grow in length, the allowable
shear stress may be multiplied by C,,, the shear
stress factor. Values of C,, can be found in Ap-
pendix Tables B-3 to B-6. The largest value of
C, is 2.0 (for members having no splits or
shakes). If the designer decides to apply the
shear stress factor to a redwood member, F, =
80 psi should be used. Similarly, F, = 90 psi
should be used when applying C,, to a southern
pine member. Figure 6-7 shows how to measure
the size of splits and checks when applying the
shear stress factor.
Some of the NDS provisions for shear are
based on the 1933 work of Newlin, Heck, and
March (5). Their experiments on checked beams

showed horizontal shear stresses to be lower
than usually assumed by virtue of the upper and
lower halves of the checked beam each acting as
independent beams. This “two-beam action” is
the basis of NDS section 4.4.2.2 and NDS Ap-
pendix E. Because the experiments were for
beams with severe (artificially created) splits,
two-beam action cannot be expected in glued
laminated beams that have relatively small
checks. Keenan verified the lack of two-beam
action in glulams by a finite element study (6).
He also found from laboratory and finite ele-
ment work that, contrary to popular assumption,
shear strength was not increased by the applica-
tion of compressive stress perpendicular to the
grain as caused by the beam reaction.

Shear strength is affected by beam size and
shear span (distance from reaction to first con-
centrated load). Researchers are attempting to
develop ways of considering a size effect for
shear when designing, just as the size effect for
bending adjusts the allowable bending stress.
Accumulating data from many sources, Keenan
(6) found that shear strength was a function of
sheared area, A, defined as the product of beam
width and the shear span. He proposed, for Doug-
las fir, an equation for the maximum actual shear
stress at failure as

T (psi) = 1382 — 486 log (A /4)

max

(6-6)

Another researcher, Longworth, has discovered
that the relationship between maximum shear
stress at failure and sheared area is also affected
by beam width (7). He found that failure stress
was more properly a function of sheared vol-
ume.

Basic Method for Shear Calculations

The most common case where shear stress will
need to be computed is for uniform loads on a
simple-span beam. The critical section is at a
distance d (depth of beam) from the face of the
support. Using statics, the shear, V] at this loca-
tion is w€/2 — wd. Then the actual shear stress
can be computed as f, = VQ/Ib (or, for a rectan-
gular cross section, f, = 1.5V/A). Actual shear
stress can then be compared with the adjusted
allowable shear stress, F!.
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Fig. 6-7. Splits and shakes.

For beams with concentrated loads, the NDS
suggests two methods of checking wood beams
for shear. The first way is by methods of statics.
There are two cases for solving for shear, V, by
this method:

A. If the beam has loads applied to one sur-
face and is supported by bearing on the opposite
surface: Compute shear, V, at a critical section
distance d (depth of beam) from the face of the
support, locating the movable loads (if any) to
cause largest possible V at the critical section.
This case is illustrated in Fig. 6-8a.

Having computed the maximum shear force,
V, at the critical section, calculate the maximum
shear stress, f,, and compare it with the allowable
shear stress, F'| as adjusted (including C, if it ap-
plies). If f, exceeds F but does not exceed 2F
(adjusted by all except C,) then the alternate
method may be used, if desired, for sawn lumber.

B. If the beam is not supported by bearing
pressure on the face opposite the loads, but rather
is supported by bolts or other fasteners: Use a
critical section ar the connection, and locate the
moving loads to cause the largest possible shear,
V, at that point. Figure 6-8b shows this case. The
design procedure for this case is described later
in the section “Design of Joints in Shear.”

|l«— CRITICAL SECTION

[*——FACE OF SUPPORT

{a) BEARING PRESSURE ON FACE OPPOSITE LOADED FACE

. ]
4
d' q)( I< ‘y-<:? )
T — — s T
L T

— CRITICAL SECTION

1

]

(b) SUPPORT WITHOUT BEARING PRESSURE ON FACE
OPPOSITE LOADS

Fig. 6-8. Critical sections for shear.

Alternate Method for Shear

If case A above shows the beam to have insuffi-
cient shear strength, then for sawn lumber (but
not glulams) the designer may choose to follow
the two-beam provisions of NDS section 4.4.2.2
instead. This section is applicable to case A,
above, only; it does not apply to case B. Nor
does it apply to notched beams. (There is con-
siderable disagreement among design profes-
sionals about the validity of the entire concept of
two-beam action.)

For two-beam action on a simple span, shear
is calculated differently for uniform loads than
for concentrated loads. For uniform loads, end
shear is taken to be the same as shear at distance
d from the support, that is,

V=wl /2~ wd 6-7)

in which £€_is the clear span between faces of
supports. For € /d ratios of about 3 to 35 this



value is unnecessarily conservative, so Eq. 6-7
may be multiplied by K, where

VA, 7 d
250

K, =095 + —-132d/¢€,)

+ 115/ ¢€) (6-8)

For a concentrated load, P, located at distance x
from the face of the support, the maximum shear
force calculated by statics would be P(€, — x)/€,.
This is multiplied by an algebraic function to re-
flect the experiments of Newlin et al (5). The
maximum shear force, under two-beam action,
due to a single concentrated load then becomes

_P(6, — x)(x/ d)
V= €2+ (x/d)? 6-9)

For two-beam action when there are moving
concentrated loads rather than stationary ones,
the loads should be positioned so as to cause the
maximum V (from Eq. 6-9). This is usually done
by trial and error using Eq. 6-9. But if there is a
single moving load (or an outstandingly large
load in a group of moving loads), placing that
load at 3d or €/4 (whichever is closer) from the
support will result in maximum or near maxi-
mum V, eliminating the need for trial and error.

To conclude that the beam is satisfactory in
shear when V due to all loads is computed by
this second method, the maximum shear stress
computed for two-beam action is compared to
F'. (Two-beam action is based on having severe
checking, so C,, cannot be used here.)

End Notches

Sometimes at a support, the lower face of a
beam is notched to bring the top of the beam to
the proper elevation (Fig. 6-9). Notching a beam
on the tension side is not recommended as the
notch induces tensile stress normal to the grain;
this, in combination with horizontal shear, tends
to cause splitting. If an end notch on the tension
face is used, the depth of this end notch must not
exceed one-fourth the beam depth. In the shal-
low portion next to the notch, the shear stress is
larger than 1.5V/A, and is taken as:
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J

Fig. 6-9. Notched beam.

-

For notched beams the shear force, V is usually
considered to be the maximum shear at the face
of the support, not the lesser shear at a distance
d from the support. The NDS does not allow
two-beam action to be considered for beams
with end notches.

(6-10)

Design of Joints in Shear

Case B above describes shear in beams at end
connections, where the beam is not supported by
bearing on the lower face of the beam, but rather
by bolts, lag screws, or other fasteners. The criti-
cal section is at the connector group, as shown in
Fig. 6-8b. The shear stress at the critical section is
calculated by Eq. 6-10, except that d' now equals
the depth of the member less the distance from
the unloaded edge of the member to (1) the center
of the nearest bolt or lag screw (for bolts or lag
screws) or to (2) the nearest edge of the nearest
connector (for split rings and shear plates).

For the special case when the joint is at least
five times member depth from the end, the al-
lowable shear stress may be increased 50%; ac-
tual stress is calculated by Eq. 6-10, except that
the ratio d/d" in the equation is taken as 1.0.

Example 6-8

A hem-fir Select Structural grade 10 X 18 beam with
clear span of 16 ft and a 4-in. bearing length at each
end carries a dead load of 80 Ib/ft plus its own weight
(specific weight is about 30 pct). The live loads are
two 8-kip concentrated wheel loads separated by a
distance of 5 ft; these loads may be in any location on
the beam. The cumulative duration of the live loads is
less than two months. Is the beam OK for shear?

Beam weight = (9.5)(17.5)(30)/144
= 35 1b/ft
Total uniform dead load = 80 + 35 = 115 Ib/ft
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Fig. 6-10. Beam for Example 6-9.

For steel beams one would calculate the maximum
shear, V, due to the two moving loads by placing one
load at the face of the support as shown in Fig. 6-10a,
in which case the maximum shear would be 14.42 k.
However, the beam is supported by bearing on its bot-
tom face, so for this wood beam the critical section is
at a distance d from the face of the support. For max-
imum shear V at this location, the loads would be po-
sitioned as in Fig. 6-10b, with one load a distance d =
17.5 in. = 1.46 ft from the support face. Now the
shear at the critical section calculates as 12.79 k.

1, = 1.5VIA = 1.5 (12,790)/(9.5) (17.5)
= 115 psi

F,=(1.15)(70) = 80 psi < 115 No good

Example 6-9

Select a No. 1 hem-fir beam (specific wt = 30 pcf) to
carry a uniform dead load of 210 Ib/ft and uniform
snow load of 250 Ib/ft on a clear span of 18 ft. Beam
ends are supported on a concrete wall. (Lateral sup-
port is at ends only.) The solution is shown by the de-
signer’s computation sheet in Fig. 6-11.

Example 6-10

Select a D. fir-larch beam to support an occupancy
live load of 230 Ib/ft and a dead load of 40 Ib/ft that

includes an estimate of beam self-weight. The beam
has sufficient lateral support so that C, = 1.0. The
simple span for computing bending is 19 ft. (If the
bearing length is not known, it will be conservative to
use for shear the same span length as used in bend-
ing.) Notch the beam ends, if necessary, so that the
distance from top of support to top of beam is 10 in.
Choose the section based on flexure and check it for
shear.

Assuming that the section will be in the Beam &
Stringer size/use class, choose No. 1 grade.

F, = 1350 psi
F, =85psi

Since 270/1.0 > 40/0.9, D + L controls.
Assuming C, = 1.0,

F! = (1.0) (1350) = 1350 psi
M = w8 = 270 (1948 = 12,180 ft-Ib
Sreq = M/F] = 12,180 (12)/1350 = 108 in.*

After scanning Table B-1, try a6 X 12 (S = 121 in.%;
C, = 1.0). The greatest end notch depth allowed in a
6 X 12 is (1)(11.5) = 2.88 in. Therefore, the 1.5-in.
notch we need to make will be acceptable provided
the shear stresses remain sufficiently low.

The maximum shear (at the notch, not at d from the
support face) is

V = w2 = (270)(*%,) = 2570 1b
. ( 3(2570) )(11.5)
v 2(5.5)(10)/\ 10
= 80.6 psi < F, = 85 psi OK
Use a6 X 12, No. 1 grade.

Example 6-11

A 12-ft clear simple span beam (6 X 12 hem-fir) is
loaded with a uniform ten-yr-duration load of 785
1Ib/ft including self-weight. The beam has been well
seasoned and no further drying is expected in service.
For this reason, no checks (splits) are anticipated
(none are present now). F, from Appendix Table B-5
is 70 psi. Check the beam for shear.

At a distance d = 11.5 in. from the support face,

V = (785) (12/2 — 11.5/12) = 3960 1b
£, = (1.5) (3960)/(5.5 X 11.5) = 94 psi
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LOADS A DERD 2/0 t8B/FT
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Z 235 +B/FT
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= 485 (18.25)%/8 =20 50 Sk
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A =0972 (7 /5)(/050) = [/ 74
A, = /63 (18.25)12) +3 (1575 405 .
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/5'.5'

Vo = 485 (9- 2 3740 /b
£, =I5 (376‘0)/(’:‘.:5’ X/5.6 = &b ps,
A, = L5 (70) = 8opsi OK

VERIFY INT
30 (55 /5.5 /144 ) = /8 /bJfF < 25 gssumed OK

UsE éx/

Fig. 6-11. Computation sheet for Example 6-9.
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Fig. 6-12. Beam for Example 6—12.

c, =20

F,=(70) (2.00) = 140 psi > 94 psi OK

Note that the NDS permits doubling the allowable shear
stress in this case. However, using this increased allow-
able seems unwise in the authors’ opinion. Conditions
that may cause a beam to develop checks or splits in ser-
vice just cannot be predicted with any certainty.
Example 6-12

The Douglas fir beam of Fig. 6-12 is to be supported
at each end by two !%-in.-diameter bolts through two
/4-in.-thick steel angles. What is the maximum allow-
able reaction based on the bolt value and based on
shear in the beam? C, = 1.0. Do not apply C,,.

Based on bolt value (double shear):

Allowable load per bolt = 470 1b
Allowable reaction = 2 (470) = 940 Ib

Based on shear in the beam:
F,=F=95psi

f,=15R/bd") (d/d")

Allowable R = (*5) (95) (1.5 X 8.25) X
(8.25/11.25) = 575 1b Controls

Clip-angle connections of this type are not advisable
for heavily loaded members or with large numbers of
bolts, because vertical shrinkage may cause splitting.

6-5. DEFLECTION

Besides having strength, a beam should also
have adequate stiffness so that it will not deflect

or sag too much. Excessive deflections can lead
to broken windows, cracked plaster, ponding of
water, or just bad appearance. Architectural or
structural damage is not the only reason for lim-
iting deflection. Also, the human factor needs to
be considered. People feel uncomfortable walk-
ing across a floor that is saucershaped, no matter
how safe and strong the floor is.

Because wood will creep under long-term
loading (see Chapter 2), one cannot simply cal-
culate live- and dead-load deflection by me-
chanics formulas and expect the result to be the
maximum over the life of the beam. To account
for creep over the long term, the immediate de-
flection due to long-term loads is magnified.

Assuming that all live loads are short-term
loads, the NDS recommends separating the ef-
fects of the short-term (live) loads and long-term
(dead) loads, calculating the total deflection
over the long term as follows:

Ay =4, +15A

=4, +154,

Live Dead

(6-11)

This equation assumes that the additional de-
flection due to creep will equal one-half the ini-
tial, immediate dead-load deflection. This equa-
tion is applicable to either glulams or seasoned
lumber. For unseasoned lumber, the factor 1.5 in
the equation is replaced with 2.0. This same
method of calculating long-term deflection was
in use as early as 1930 (8).

The designer must keep computed deflections
within limits specified by authorities such as the
Uniform Building Code (9) and the AITC (refer-
ence 3). The UBC deflection limits are repro-
duced in Table 6-2. According to this table, the
UBC assumes additional deflection due to dead-
load creep to be one-half of the immediate dead-
load deflection for seasoned lumber—the same
as the NDS. Notice also that the UBC does not
consider dead-load deflection that takes place
immediately to be of any consequence. This is
because the immediate deflection due to dead
load occurs before the fragile materials (glass,
plaster, or gypsum board) are applied. However,
designers in many offices include the immediate
dead-load deflection, producing a more conserv-
ative design.



Table 6-2. UBC Deflection
Requirements.

Maximum Allowable Deflection for
Structural Members?

Member Loaded
Member Loaded with Live Load
with Live Load Plus Dead Load
Type of Only (LL +
Member (L.L.) K.D.L)
Roof member
supporting
plaster or
floor
member L/360 L/240

“Sufficient slope or camber shall be provided for flat roofs in ac-
cordance with UBC Section 1605.6

L.L. = Live load
D.L. = Dead load

K = Factor as determined below
L = Length of member in same units as deflection
Value of K
Wood
Unseasoned Seasoned”
1.0 0.5

®Seasoned lumber is lumber having a moisture content of less than
16% at time of installation and used under dry conditions of use
such as in covered structures.

(Reproduced from the 1994 edition of the Uniform Building Code™,
copyright © 1994, with the permission of the publisher, the Interna-
tional Conference of Building Officials.)

Table 6-3 shows deflection limits recom-
mended by the AITC. Notice that the limits are
less restrictive for industrial buildings than for
commercial buildings. (In Table 6-3, applied
load means all types of live load.)

The designer generally calculates beam de-
flection using simple formulas, a few of which
are given in column (a) of Table 6-4. These for-
mulas are for flexural deflection only, that is, de-
flection due to the stretching and compressing of
fibers parallel to the beam’s axis. However,
shear stresses cause additional deflection called
shear deflection. Shear deflection occurs as
plane cross sections become warped due to
nonuniform distribution of the shear stresses.
Formulas for shear deflection are given by col-
umn (b) of Table 6-4.
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Table 6-3. AITC Recommended
Limits for Deflection of Beams.

Type of Beam Type of Load
Applied Loads  Total of Dead
Including Load Plus
Live, Snow, Applied
and Wind Loads
Fraction of Span Length
Roof beams
Industrial buildings 1/180 1/120
Commercial or
institutional
buildings
With plaster 1/360 1/240
below
No plaster below 1/240 1/180
Floor beams® 1/360 1/240
Bridge stringers
Highway bridges 1/300

Railway bridges 1/400 to 1/300

*These limits for floor beams are intended to minimize plaster
cracking and to ensure comfort to persons walking, They may not
be adequate to eliminate levels of vibration that disturb building
occupants. More rigid limits should be observed in such cases.

(Courtesy of the American Institute of Timber Construction (AITC).)

Table 6-4. Maximum Deflections.

(a) (b)
Bending Shear
Deflection Deflection
Uniform load, Swet Kwt?
simple span 3I84EI 84G
Center conc. load, PP KP?
simple span 48EI 44G
End conc. load, P¢? KPt
cantilever 3ET AG
Uniform load, wie* Kwi?
cantilever 8EI 24G

Note: K = 1.20 for a rectangular section and 1.11 for a circular
section.

It is common practice to assume that shear de-
flection is a minor part of the total deflection and
to ignore it when designing. However, this may
not be a good practice for all wood beams. Shear
deflection contributes significantly to total de-
flection for beams with small span-to-depth ra-
tios, box beams, and I-beams with thin webs.
Also, shear deflection increases as the ratio of
modulus of elasticity to shear modulus (E/G) in-
creases (10). For example, in beams of bass-
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wood, shear deflection for a deep beam may be
more than half the total deflection! It is improb-
able, however, that a shear deflection this large
would occur in a beam of species and span com-
monly used in construction. These species gen-
erally have an E/G ratio between 6 and 20 (11).
As a rule of thumb, the designer should include
shear deflection for a rectangular beam if the
span-to-depth ratio is 15 or less.

Ponding

The accumulation of rainwater or snowmelt on
roofs is a serious problem that should not be
overlooked when designing roof decking,
beams, and girders. Progressive deflection and
rapid collapse as water accumulates is called
ponding. The chance of ponding can be mini-
mized by constructing building roofs so that
they slope at least /4 in. vertical per foot hori-
zontal after long-term deflection. This does not
completely eliminate the chance of ponding,
however. Ponding can still occur due to inade-
quate capacity of drainage pipes in downpours
or due to water confinement by parapet walls or
ice dams. Beams and purlins designed for light
loads generally have low stiffness and are most
susceptible to ponding.

All members of a flat or nearly flat roof system
must be designed with a great enough stiffness to
prevent ponding. One simple rule of thumb is that
any roof member should be stiff enough that a 5-
psf load causes no more than ', in. deflection
(12). Kuenzi and Bohannan (13) developed a
method, verified experimentally, for estimating
the effects of ponding. The method does not ac-
count for dead-load creep and resulting perma-
nent set (which one may wish to consider, espe-
cially for unseasoned members). In this method,
the before-ponding deflections and bending and
shear stresses are multiplied by a magnification
factor to estimate the increased deflections and
stresses under ponding loads. This magnification
factor, M, (see reference 3) is given by

1
T 1 — W mtEl

M, (6-12)

where M, = factor for magnifying stresses and
deflections under all but ponding

loads to determine stresses and de-
flections under all loads including
ponded water

W’ = ponding load due to a one-inch
depth of water equaling 5 psf
times the tributary area, Ib/in.

€ = span of member, in.

E = modulus of elasticity of member,
psi

I = moment of inertia of member, in.*

Example 6-13

Based on bending stress, a maximum permissible
span for 2 X 6 Douglas fir T&G decking was deter-
mined in Example 6-5. What is the maximum permis-
sible span for this same decking based on a deflection
limit of €/180 due to dead load plus live load? Which
controls?

Recall that total load, w, was 55 Ib/ft per foot width.
For controlled random lay-up,

A = we[145E(21/3)]

wt4/100E7

(55/12)€4/[100(1,700,00)(3.375)]

=7.99 X 1079+

R

Set equal to deflection limit of €/180

€/180 = 7.99 X 10~°¢*

€ = 88.6 in. (based on deflection limit)

‘The maximum span based on bending was 109 in., so
the maximum permissible span of decking is 88.6 in.
Actual spacing will be some convenient round num-
ber less than 88.6 in.

Example 6-14

Aseasoned 2 X 12 Douglas fir floor joist (No. 1 & Btr
grade) has a uniform dead load of 100 Ib/ft including
joist weight, and a live load of 60 1b/ft on a simple
span of 16 ft. Find short- and long-term flexural de-
flection, and check against UBC deflection limita-
tions. (Span/depth ratio = (16) (12)/11.25 = 17, so
shear deflection can be assumed to be insignificant.)

_SeoaeHazhy

A = 384(1,800,000)(178) 028 in.
4 3

A, = 00006502 o

384(1,800,000)(178)



(or A, = A, (100/60))

Total initial A = 0.28 + 0.46 = 0.74 in.
Total long-term A = 0.28 + (1.5) (0.46) = 0.97
in.

For live load only,

UBC limit = €/360 = (16) (12)/360 = 0.53 in.

0.28 in. < 0.53 in. OK

For live plus one-half dead (A, + 0.5 A)),

UBC limit = €/240 = (16) (12)/240 = 0.80 in.
0.28 + (0.5) (0.46) = 0.51 in.

0.51 in. < 0.80 in. 0K

Example 6-15

A 6 X 16 unseasoned beam is used on a 14-ft span.
Loads are a 2000-1b central concentrated live load and
w,, = 440 Ib/ft including beam weight. The value of E
from Table Appendix B-5 for the species = 1,400,000
psi. Assuming G = E/13, find the total (shear and
flexural) long-term deflection.

Initial flexural deflection:

A = 2000(14%)(12%)
L7 48(1,400,000)(1.03)(1707)
= 0.08 in.
5(440)(14%(12%)
AD

384(1,400,000)(1.03)(1707)

I

0.151in.

Notice that the average value of modulus of elasticity
has been multiplied by 1.03 to obtain a pure bending
modulus. When bending and shear deflections are

calculated separately, it would be more nearly correct’

to use a pure bending modulus even though the dif-
ference is minor. Published values of E in Appendix B
Tables are 97% of the true value so that, for average
span/depth ratios, the designer will not have to calcu-
late shear deflection separately.

Initial shear deflection (Table 6-4):

1.2(2000)(14 X 12)
4(5.5 X 15.5)(1,400,000 X 1.03/ 13)

A=

0.01 in.
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1.2(440 / 12)(14 X 12)?
8(5.5 X 15.5)(1,400,000 X 1.03 / 13)

0.02 in.

Total long-term deflection which includes effect of
creep (Eq. 6-11) is

(0.08 + 0.01) + (2) (0.15 + 0.02) = 0.43 in.

Note that shear deflection causes 0.05 in., or almost
12% of the total long-term deflection for a beam of
these proportions. If shear deflection were ignored,
the deflection computed using £ = 1,400,000 psi
would be 0.40 in., only 7% less than the 0.43 in.
value.

Example 6-16

No. 1 hem-fir 6 X 18 beams (F, = 1050 psi, F, = 70
psi, E = 1,300,000) are used at 8-ft centers to support
an essentially flat roof system. Check the beams for
the effect of ponding. The beams have been designed
for dead load plus snow load. Span = 22.5 ft; dead
load = 19 psf (which includes an allowance for
weight of the beam); snow load = 30 psf; allowable
total-load short-term deflection = €/180.

D + § controls, since 19/0.9 < 49/1.15

C, = (12/17.5)" = 0.96
F/ = (1.15) (0.96) (1050) = 1160 psi
F! = (1.15) (70) = 80 psi

Under dead and snow loads (but not ponded water),

w = (19 + 30)(8) = 392 Ib/ft
M = (392) (22.5)%/8 = 24,800 ft-Ib
£, = MI/S = (24,800) (12)/280.7 = 1060 psi

For shear at a distance d from support,

V = w2 — wd = (392)(11.25)
— (392) (17.5/12)
=38401b
f.= L3V/A = (1.5) (3840)/96.25

= 59.8 psi
5(392)(22.5)4(12)

=071 in.
384(1,300,000)(2456) n

A(total) =
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Calculating ponding magnification factor (Eq. 6-12),

W’ = (5 psf)(22.5 ft)(8 ft) = 900 Ib

1
(900)(22.5)%(12)°
(1,300,000)(2456)

= 1.06

Mg =

Magnify stresses and deflections to find effect of
dead, snow, and ponding (due to melted snow) loads
combined.

OK
OK

£, = (1060) (1.06) = 1120 < 1160
£, = (59.8) (1.06) = 63.4 < 80
A (total) = (0.71) (1.06) = 0.75 in.

€/180 = (22.5) (12)/180 = 1.5in.  OK

6-6. DESIGN FOR BEARING
PERPENDICULAR TO GRAIN

The ends of a beam may bear directly on a sup-
porting member, which could be either another
wood member, a masonry wall, or a steel
hanger, girder, or bearing plate. A beam may
also be stressed in bearing when a member
above transfers its load to the beam. A bearing
(i.e., compression perpendicular to grain) failure
is not a collapse; it is merely a crushing of fibers
and generally not a serious failure. To prevent
this crushing, the reaction, R, divided by the
bearing area must not exceed the adjusted F . In
equation form,

fL=RASF (6-13)
The bearing area equals the width of beam, b,
times the bearing length, as seen in Fig. 6-13.
Therefore, solving for bearing length in the
above equation yields

req €, = R/IF b (6-14)
The allowable stress in compression perpendic-
ular to the grain is not to be adjusted for load du-
ration.

Having unloaded area adjacent to an area

loaded perpendicular to the grain causes bearing

BEARING '
AREA

Fig. 6-13. Beam bearing.

strength to be higher than it would be if the en-
tire block of wood were loaded. The code pro-
vides for this increase by raising the allowable
stress for bearing areas that are both less than 6
in. long and not nearer than 3 in. to the end of a
member. This is accomplished by allowing the
tabular design value in compression perpendicu-
lar to grain to be multiplied by the bearing area
factor, C,, where

C, = (£, + 0375/, (6-15)
In this equation, €, is the length of bearing in
inches measured along the grain of the wood.
This is equivalent to saying that the effective
bearing length is % in. more than the actual
bearing length. No allowance is made for the
fact that pressure over the supporting area will
probably not be uniform.

The design code does not specify a minimum
bearing length, but common sense would indi-
cate a minimum of 3 or 4 in. The bearing length
provided should be large enough so that even
when construction tolerances (location of sup-
port; beam length) are considered, the beam will
not slip off the support.

Base design values in Appendix B for com-
pression perpendicular to the grain are based on a
deformation of 0.04 in. If deformation is critical,
one may design sawn-lumber beams according to
NDS Section 4.2.6, which limits the allowable
stress (based on a deformation of 0.02 in.) to

F

¢10.02

=560+073F (6-16)

In this equation, F,, is the value from the Ap-
pendix B Tables.



MASONRY WALL

Figure 6-14 shows two ways of framing tim-
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MASONRY OR CONCRETE
AR GAP
L~
STEEL BEARING PLATE
(o)
Fig. 6-14. Two types of beam bearing.
F)F,
F = ( g)( CJ-) 6-17)

ber beams into masonry walls. The method in
Fig. 6-14a is known as a fire-cut, because floor
joists framed in this manner can collapse in a
fire without pulling the wall down along with
them. The bearing plate in Fig. 6-14b may be
used for larger beams to distribute the reaction
over a larger area of masonry. The small space
shown above the beam prevents wall load on the
beam, prevents masonry from prying loose
under beam deflection, and provides aeration to
help prevent decay.

Bearing stresses may need to be considered
for members other than beams. For example, the
bearing capacity (perpendicular to grain) of a
bottom plate (usually a 2 X 4) having 2 X 4
studs nailed to it can be checked using the equa-
tions of this section. The increase in allowable
stress obtained from Eq. 6-15 would apply. The
bearing capacity of the stud itself, parallel to
grain, would also have to be considered (see
Chapter 7).

Bearing at an Angle to Grain

Sometimes bearing stresses are applied at an
angle (neither parallel nor perpendicular) to the
grain, In this case, one needs to use the Hankin-
son formula, which accounts for the strength of
wood being greater for end-grain bearing than
for compression perpendicular to the grain. If 6
is the angle between the load direction and the
direction of the grain, then the allowable stress
normal to the inclined surface is

F, sin?6+ F, cos®®

In this expression, F is the adjusted allowable
bearing stress parallel to the grain (Appendix
Table B-9), and F_ | is the adjusted (but not for
load duration) allowable compressive stress per-
pendicular to grain.

Example 6-17

No. 1 D. fir-larch 4 X 16 beams, with a 12-ft simple
clear span, have been designed to support a storage
platform for sacks of cement. These heavy sacks and
the beam’s self-weight cause a uniform load of 1100
Ib/ft. The wood is initially dry and remains dry in ser-
vice. The beam ends will rest on steel connection
brackets that have been embedded in masonry pi-
lasters. To prevent a bearing failure of the Douglas fir,
what length of connection bracket (bearing length)
will be required?

Table B-3 shows F | = 625 psi. Because of dry con-
ditions, there is no moisture adjustment of this value.
Load duration adjustment is not used for 7. Nor is
C, applicable here (since the bearing area will be at
the end of the member, not 3 in. away from the end).

The required bearing length is estimated to be 4 in.
Assuming that the entire 12-ft, 8-in. length of beam
can be loaded, the maximum reaction is

R = 1100 (12.67)/2 = 6970 1b
From Eq. 6-14,

req €, = (6970)/[(625)(3.5)] = 3.19 in.
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In this case, it is an unnecessary refinement to recy-
cle. Use a bearing length of 3!/, in. or more.

Example 6-18

A roof rafter (4 X 12 D. fir-larch No. 2) bears on a
steel connection bracket atop a concrete wall as
shown in Fig. 6-15a. As seen in Fig. 6-15b, the acute
angle between the direction of the grain and direction
of the load is 50°. Snow loading has controlled the
rafter design. Find the allowable compressive stress
on the horizontal bearing surface of the rafter.

From Table B-9, Fg = 2020 psi, and from Table B-3,
F,, = 625 psi. Using the Hankinson formula,

o (1.15 X 2020)(625)
% (1.15)(2020) sin®50° + (625) cos?50°

= 895 psi

Note that the end-grain allowable is modified for load
duration, but the perpendicular-to-grain allowable is
not.

Example 6-19

A temporary wood bridge is made necessary by a
crane breakdown and is to carry wheeled bins of par-
tially completed parts. Design the timber beams. No.
3 southern pine is available at a local lumber yard.
The design is shown in computation sheet form by
Fig. 6-16. A 3 X 8 is selected for bending. This sec-
tion is then checked for shear and for end begring and
is found satisfactory.

CONCRETE WALL

(a)

6-7. FLOOR SYSTEM DESIGN

In the preceding sections design of bending
members has been broken into small parts in
order to concentrate on one aspect of the design
at a time. Design is actually a more integrated
process, usually involving the design of systems
rather than member selection. True design in-
volves choosing from many different layouts of
the structural members before actually deciding
upon sizes of members.

In the design of a complete floor system the
planks, decking, or plywood to which the load is
directly applied are designed first. Next the joists
supporting the first-designed members are cho-
sen. Then the designer selects the beams that sup-
port the joists. Each member selected is, in some
way, dependent on other members of the system.
For example, the spacing chosen for joists will
depend on how far the decking can span. These
principles are best developed in an example.

Example 6-20

A floor system is to be designed for the storage build-
ing in Fig. 6-17. Floor live load = 100 psf and dead
load = 10 psf plus weight of wood members. Assume
both dead and live loads are of permanent duration
since this is a storage building. Masonry walls are 12
in. thick. Dry conditions of use.

Alternates for the floor deck are: (1) planks, (2) T&G
decking, and (3) plywood. Some alternates for the
beam/joist system are:

\
DIRECTION OF LOAD

|

-
—
-

(b)

Fig. 6-15. Bearing at an angle to the grain for Example 6-18.
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ASSUME WroF 2 Men o Bi¥ 040K

Fig. 6-16. Computation sheet for Example 6-19.

1. Several large beams running N-S and spanning 18
ft clear, with joists E-W.,

2. Beams running N-S but with supports at walls and
a center column (reducing beam span to one-half);
joists E~W.

3. Beams down the E-W centerline, supported on a

row of posts, with joists N-S having one end on
the beam and one end on the masonry wall.

Using steel beams in combination with wood joists is
another option the designer may wish to consider.
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10" I '

20'-0"
0

- 1

170"

’

80'-0"

Fig. 6-17. Plan view of storage building for Example
6-20.

Assuming we wish no obstructing columns, let us
design components for the first of the beam/joist sys-
tems above.

Floor design: No. 2 D. fir-larch planks, 2-in. nom-
inal, have been chosen for the deck material. If the de-
signer calculates for a 12-in. width of floor, the actual
width of plank will be immaterial (except as it may af-
fect the allowable stresses). Based on bending
strength, determine the allowable span of the planks.

Using 37 pcf as the approximate weight of D. fir-
larch,

w =100 + 10 + 37(1.5/12) = 115 psf
S per ft = 12(1.5)%6 = 4.5 in*/ft
F, = 875 psi

If 2 X 8s are used,

F,ﬁ = CDCFCquh
= 0.9(1.2)(1.15)(875) = 1087 psi
M allow. per ft = 1087(4.5)/12 = 408 ft-Ib per ft

For four or more spans (Appendix Table A-8),

Maximum M = 0.107 wf?, so, based on bending,
Allow € = V408 / (115 X 0.107) = 5.76 ft

Because adjustment factors C, and C, vary with
plank width, this allowable span would change if a
different width of plank were used.

Based on a deflection limit of €/240, determine the
allowable span of the planks. Per foot width,

I=12(1.5)/12 = 3.375 in.¥/ft

For four or more spans (Appendix Table A-8),

A = w4154E1

But, since all load is long-term,

A = 1.5w€*/ 154EI
12¢ _ 1.5(115)(£*)(12%)
240 154(1.6)(10%(3.375)

Allow £ = 5.18 ft

Deflection rather than bending, controls. Planking
cannot span more than 5.18 ft; that is, joists may not
be spaced farther apart than 5.18 ft.

Check shear in planks. If joists are 2-in. nominal,
plank clear span = 5.18 — 1.5/12 = 5.06 ft maximum.

Critical V = 115(5.06/2 — 1.5/12)
= 277 Ib/ft width

f,=15@277)/(12 X 1.5) = 23 psi

F,=0.9(95) = 86 psi OK

Joist design: To choose joists, the designer must
know the spacing of the beams because this defines
the length of the joists. The length (clear) of the build-
ing in the longitudinal direction is 78 ft. Try 11-ft
beam spacing X 7 spaces = 77 ft. (Joists will can-
tilever slightly over beams at end walls.)

Assuming beams will be 9'; in. wide, the clear
span of the joists = 11.0 ft — 9.5/12 = 10.21 ft. As-
sume that the required bearing length of the joists is 2
in., then

Joist span = 10.21 + 2/12 = 10.38 ft

Try joist spacing = 16 in. c/c

Try No. 2 D. fir-larch.

Estimated joist wt = 4 Ib/ft

w = (16/12)(115) + 4 = 157 lb/ft

M = 157(10.38)%/8 = 2114 ft-1b

Assuming C,. = 1.0 for now,

F| (repetitive) = F,C C,, = 875(1.15)(0.9)
= 906 psi

Req S = 28.0in.?
Possible section: 2 X 12 (§ = 31.6in*and C, = 1)

Try joist spacing = 36 in. c/c



Estimated joist wt = 11 1b/ft

w = (36/12)(115) + 11 = 356 Ib/ft

M = 4795 ft-1b

Assuming C, = 1.0,

F, (nonrepetitive) = 875(0.9) = 788 psi
Req § =73.0in3

Possible section: 3 X 14 (S =732in3and C, =
0.9)

Recycling with C, = 0.9, Req § = 81.1
3 X 14 NG

Possible section: 4 X 12 (S = 73.8 in.* and
C.=11)

A4 X 12 is obviously OK since C, is greater than
the assumed C.,.

There are many other joist spacings (ap to a limit
of 5.18 ft) that could be tried. Choosing between them
will probably be based on cost and/or availability. In
this case, the 2 X 12s not only used less volume of
lumber but are usually easier to obtain. Tentatively
use 2 X 12 joists (No. 2) at 16 in. c/c.

Check joist bearing length:

F =625 psi

For w = 157 1b/ft, reaction = 157(11/2) = 864 Ib
Req €, = 864/(1.5 X 625) = 0.92 in.

Check joist deflection:

Span = 11 — 9.5/12 (est) + 0.92/12 = 10.29 ft
A (long term) = 1.5(5) we*/384E]

1.5(5)(157)(10.29)*(12)° )
= 3 = 0.20in.
384(1.7 X 10%)(178)

€/629 OK

Check joist shear:
Clear span = 11 — 9.5/12 = 10.21 ft
Critical V = 157(10.21/2 — 11.25/12) = 654 1b
£, = 1.5(654)/[1.5(11.25)] = 58 psi
F! =0.9(95) = 86 psi 0K
Use 2 X 12 joists at 16 in. c/c.

Beam design: Clear distance between the masonry
walls is 18 ft. Use a steel plate to distribute the load to
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the masonry walls, where the plate is set back 1 in.
from the interior face of the wall. Assume bearing
length = 3 in.

Beam span = 18 + 2/12 + 3/12 = 18.42 ft

w (from joists) = 11(157)/(16/12) = 1295 1b/ft
Beam wt (est) = _45
w = 1340 Ib/ft

M = 1340(18.42)%8 = 56,800 ft-1b

Try No. 1 Douglas fir B & S (WWPA).
Est. F, = 0.9(1350) = 1215 psi
Req § = M/F, = 561 in.?
Try 12 X 18 (S = 587 in.%).

C. = (12/17.5)"* = 0.96

F, =0.9(0.96)(1350) = 1170 psi

Beam wt = 37 pcf(11.5)(17.5)/144 = 52 Ib/ft
> est 45

Corrected w = 1295 + 52 = 1347 1b/ft

Corrected M = 57,100 ft-1b

S, =MIS=1170psi = F, 0K

Check beam bearing length:

Req €, = 1347(9)/[625(11.5)]

= 1.69 in. < 3 in. assumed OK
Check beam shear:
Critical V = 1347(18.17/2 — 17.5/12)
= 10,270 1b
f,=1.5(10,270)/(11.5 X 17.5) = 76.5 psi

F, =0.9(85) = 76.5psi OK

Check beam long-term deflection

_1.5(5)(1347)(18.42)*(12)°
T 384(1,600,000)(5136)

= 0.64 in.

=4{/347 OK

Use 12 X 18 beams.
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6-8. BEAM DESIGN BY LRFD

The process of choosing beams for strength and
serviceability by the LRFD method employs dif-
ferent steps than that of the ASD method. Each
LRFD design will involve the time effect factor,
\, which was explained in Section 4-12. Service
loads will have to be factored (except for deflec-
tion calculations), and the largest ratio of fac-
tored load to time effect factor chosen for de-
sign. For a trial section the applied factored load
effect (e.g., M, or V) will need to be compared
with the resisting strength (e.g., Ap,M’, or
A V). Resistance factors, ¢, that are used in
design of beams are:

b, = 0.85—flexure

¢, = 0.75-—shear or torsion

b, = 0.85—stability

¢, = 0.90—compression L to grain

For designers who have designed concrete struc-
tures by the strength design method or steel
structures by the LRFD method, designing
wood structures by LRFD will present little
problem. One of the two main differences from
steel or concrete is that for wood the time effect
factor must be used. In addition, each reference
value will need to be adjusted by all applicable
adjustment factors, resulting in an adjusted ref-
erence value. Reference values are given in kip
units (rather than pound units).

When there is not continuous lateral support,
steps for beam design (strong-axis bending) are
as follows:

1. Compute factored moment, M, and find
controlling load combination and time ef-
fect factor, \. (See Table 4-1.)

2. Look up reference strength, F,, and use it to
choose a trial section.

3. For the trial section, find values of all ad-
justment factors except C, .

4. Find F} (adjusted by all except C, and C)).

5. Find €, (effective unbraced length) and M,
(elastic lateral buckling moment) =
240E1, g,

6. Find o, = M, /(NY,S FF) = M, /(NS F})

1402,

7. Find C; = 2,

where ¢, = 0.95
8. Find nominal resistance M’ = C, S, F}
9. Verify that required M, does not exceed
N, M’
10. Check shear and deflection.

For members having continuous lateral sup-
port of the compression flange, C; = 1.0, and
steps 5, 6, and 7 above can be eliminated.

Many of the same adjustment factors that were
used in ASD are also applicable in LRFD. The
repetitive member factor, C,, that was used in
ASD has a counterpart in LRFD called the load-
sharing factor (which is denoted by the same
symbol as in ASD). As before, the adjustment ap-
plies to bending resistance of assemblies consist-
ing of three or more framing members spaced not
more than 24 in. on center, and connected by
load distributing elements, such as sheathing.
The value of the load sharing factor, C, is 1.15
for sawn-lumber framing members, 1.05 for
glued laminated timber, and varies from 1.04 to
1.15 for prefabricated I-joists (depending on
variability of flange material).

For design by the LRFD method, two values
of modulus of elasticity are needed. The modu-
lus, E, that 5% of the pieces in the given grade
fall below is used for strength and stability cal-
culations. For deflection calculations, the aver-
age or mean modulus, E, is used. For visually
graded lumber, ref. 14 gives the following equa-
tion showing the relationship between the ad-
justed values of the two different moduli.

E, = 1.03E'(1 — (1.645)(0.25))

Example 6-21

By the LRFD method, choose a nominal 8-in.-thick
member for a beam of 20-ft span. The beam carries a
uniform dead load (including an estimate of self-wt)
of 50 1b/ft and occupancy live load of 600 lb/ft. Use
No. 1 D. fir-larch and base the choice on flexure
alone. The beam has lateral support at the ends and
midspan only.

(6-19)

Service moments are:
M, = 0.050 (20)%/8 = 2.5 ft-k
M, = 0.600 (20)/8 = 30.0 ft-k
Load combinations:
1.4D; M, = 1.4(2.5) = 3.5 ft-k
1.2D + 1.6L; M, = 1.2(2.5) + 1.6(30) = 51 ft-k



The latter controls and time effect factor A = 0.8
(Table 4-1).

b, = 0.85

The reference strength, F,, from Appendix Table B-10is
3.43 ksi. (Note: The symbol used for reference strength
is the same as a symbol used in ASD. However it does
not stand for allowable stress when used in LRFD.)

Assuming adjustment factors will reduce the refer-
ence value to, say, 3.1 ksi,

Sreq =M /(3.1 X A X ¢,)
= 51(12)/(3.1 X 0.8 X 0.85) = 290 in.3

Try 8 X 16 with § = 300 in.?

C. = (12/15.5)"° = 0.972

Fy=F,C,=343(0.972) = 3.33 ksi

€,/d = (10 X 12)/15.5 = 7.7, therefore

£ =163 ¢ +3d=163(10 X 12) + 3(15.5) =
242 in.

E = 1600 ksi. Putting this value into Eq. 6-19 gives
E, = 970 ksi.

M, = 240E 1 /€, = 2.40 (970) (545)/242
= 5240 in-k

a, = MJQ\S, F¥) = 5240/(0.8 X 300 X 3.33)
= 6.56

By Eq. 6-18, C, = 0.991
M =C, S8 F}=(0.991)(300) (3.33)/12
= 82.5ft-k
A M = (0.8) (0.85) (82.5) = 56.1 ft-k >
required M, = 51 ft-k OK
Example 6-22

By the LRFD method, find the required bearing length
for the 8 X 16 D. fir-larch beam selected in Ex. 6-21.

The load combination of 1.2D + 1.6L obviously con-
trols, and the factored uniform load is

w,_ = 1.2(0.050) + 1.6(0.600) = 1.02 k/ft

The factored end reaction is R, = (1.02) (20)/2 =
10.2k

Reference strength, F,, = 1.20 ksi (Table B-10)
(Although the load duration factor is not used for

bearing calculations in ASD, the time effect factor, X,
does apply to LRFD calculations.)
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Resisting strength = A P, = A F, bf,
= (0.8) (0.90) (1.20) (7.5) (£,) = 6.48 £,

Equating factored end reaction to resisting strength
and solving, required bearing length

¢,=1.57in.
Example 6-23

By the LRFD method, check the 8 X 16 D. fir-larch
beam of Ex. 6-21 for shear. Bearing length actually
provided at each end is 2.5 in., so the clear span is
19.58 ft.

w, = 1.02 K/ft from Ex. 6-22.

As was the case with ASD, the critical section for
shear is at a distance d from the face of the support. At
the critical section,
V. =wl /2 —wd

= (1.02) (19.58/2) — (1.02) (15.5/12) = 8.7 kips

The tabular value for resisting shear (reference
strength) is F, = 0.24 ksi by Table B-10.

¢, = 0.75; A = 0.8; all adjustment factors are 1.0.

Rearranging the mechanics of materials equation ex-
pressing that shear stress (for a rectangular section)
equals 1.5V/A,

V' = (0.24) (A/1.5) = (0.24) (7.5 X 15.5/1.5)
=186k

Adjusted shear resistance, A, V' = (0.8) (0.75)
(18.6) =112k >V, =87k OK
Example 6-24
Repeat Example 6-2, but use the LRFD method.

Factored combinations to be considered are:

1. 1.4D = 1.4(5) = 7 psf
2.12D + 16L + 058 =
+0.5(38) = 121 psf

1.2(5) + 1.6(60)

The time effect factors are 0.6 for the first combina-
tion and 0.8 for the second. Dividing each factored
load by the proper time effect factor, it becomes obvi-
ous that the second combination will control the de-
sign. (The 0.8 time effect factor was used, as for oc-
cupancy live load, since the duration of storage for
firewood will be fairly short.)

As in Example 6-2, the tributary width for each
joist is 16 in. Thus, each joist carries the load from a
16-in. width of floor.
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w, = 121(16/12) = 161 Ib/ft = 0.161 k/ft
M, = 0.161(5%)/2 = 2.01 ft-k

The only applicable adjustment factor is the load
sharing factor; C,, which is 1.15, just as for design
under ASD. The tabular reference bending strength
for the grade of wood specified in Example 6-2 is
3.05 ksi and the adjusted reference strength is

F'_ = 1.15(3.05) = 3.51 ksi.
Sreq = M, /(A F,)
= 12(2.01)/(0.8 X 0.85 X 3.51) = 10.1 in.?

Use 2 X 8 joists (S = 13.1 in.3) @ 16 in. centers.
These joists are satisfactory in bending at the sup-

port end of the cantilever portion. As for ASD, they

should also be checked for shear and for deflection.

Example 6-25

Consider again the laterally supported beam of Exam-
ple 6-10. Repeat its design using LRFD. Recall that
this beam has its ends notched to 10 inches deep.

Using the same grade of timber as assumed for Ex-
ample 6-10, the reference strength for bending is
F, = 3.43 ksi and for shear is F, = 0.24 ksi.

Load combinations to be considered under LRFD
are:

1. 1.4D = 1.4(40) = 56 Ib/ft; 56/0.6 = 93.3
2. 12D + 1.6L = 1.2(40) + 1.6(230) = 416 Ib/ft;
416/0.8 = 520 Controls

Factored load divided by time effect factor is larger
for the second load combination, so that load combi-
nation controls. Select the section for bending, then
check it for shear.

Assuming that size factor, Cy, is 1.0, the adjusted
strength F '} is equal to the reference bending strength,
F, = 3.43 ksi.

To select a section for bending, set

N M = M,

0.8(0.85)M" = 0.416(192)/8 ft-k
= 12(18.77) in..k

Required adjusted moment resistance is
M' = 18.77(12)/(0.80 X 0.85) = 331 in-k
Required section modulus is
§ =331/F', = 331/343 = 96.5 in.?

Based on bending alone, a 6 X 12 (which does have
C, = 1.0) would be satisfactory. With the notched

ends, however, it is likely that shear will control the
design. As was the case in Example 6-10, the deepest
notch permitted by the LRFD code is 11.5/4 = 2.88
in. The reduced depth at the ends is to be 10 inches, so
the required notch depth is only 1.5 in.

The end reaction due to factored loads is

V, = 0.416(19/2) = 3.95 kips

For the section containing the notch, the adjusted
notched section shear resistance for the 6 X 12 is
given by

V' = (2/3)F" bd,) (d,/d)

V' = (2/3) (0.24) (5.5 X 10) (10/11.5)
= 7.65 kips

A, V' = 0.8(0.75) (7.65) = 4.59 kips

This exceeds the required value of 3.95 kips, so the
6 X 12 is satisfactory in shear as well as in bending.
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PROBLEMS

Assume ten-year (normal) duration of load and con-
sider beam weight in problem solutions unless indi-
cated otherwise. Unless stated or implied differently
in the problem, moisture content of the wood in use is
less than 19%.

6-1.

6-2.

6-3.

6-5.

6-6.

6-7.

6-8.

A laterally supported beam of No. 1 hem-fir
has a controlling bending moment of 8200 ft-1b
(which includes an estimate of beam weight)
from combined dead and wind loads. For bend-
ing strength, what is the shallowest satisfactory
S48 section of 6-in. nominal thickness?

A No. 1 hem-fir beam, laterally supported,
spans a clear distance of 20 ft and has super-
imposed dead load of 100 1b/ft and snow load
of 150 Ib/ft. Assuming the required bearing
length at each end is 2 in., select the most eco-
nomical section (the one of least cross-sec-
tional area) considering bending alone. Do
not neglect self-weight.

A laterally supported beam of 15-ft span car-
ries at each one-third point concentrated loads
that include 6 kips D, 4 kips occupancy L, and
2 kips S. Choose the most economical No. 1
hem-fir section, considering bending only.
(Hint: Select ignoring beam weight, then ver-
ify your choice considering it.)

What permanent uniform load can be put on a
12-in.-diameter log used as a beam if the span
is 12 ft? Consider only bending stresses. Ne-
glect log weight. Unadjusted F, = 1500 psi.
A uniform load of 400 1b/ft is applied to a log
(specific wt = 40 pcf) with F, = 1600 psi. If
the span is 12 ft, what is the required log di-
ameter (based on flexure)?

A single 4 X 14 beam of No. 2 D. fir-larch
spans 24 ft and has lateral support at its ends
only. Considering flexure only, what is the al-
lowable superimposed permanent uniform
load per foot?

A6 X 18 D. fir-larch timber (specific wt = 33
pef), Select Structural grade, is used as a floor
beam to carry uniform dead plus occupancy
live load on a 40-ft span. Lateral support is at
ends and center only. Use is dry. What is the
allowable load per foot that can be added over
and above the beam’s own weight? Consider
flexure only.

A single 6 X 14 beam of No. 2 D. fir-larch
spans 30 ft and has lateral support at its ends
only. Considering flexure and shear only,
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what is the allowable superimposed perma-
nent uniform load per foot?

ANo. 1 hem-fir beam spanning 24 ft supports a
permanent midspan concentrated load of 1600
Ib. There are lateral supports at the ends and
center. MC in use will be greater than 19%.
Based on bending, choose the most economical
safe section whose smallest cross-sectional di-
mension is 6 in. nominal. Neglect beam weight.
Considering bending only, select the most
economical No. 2 D. fir-larch section for the
rafter of Fig. 4-12. The only loads are dead
load and snow load of 30 psf of horizontal
projection. Roof deck provides lateral support
to the rafter.

Roof rafters (repetitive members) are to be
placed 24 in. c/c with a slope of 3/12. Snow
load is 30 psf on a horizontal plane and dead
load is 15 psf of sloping roof surface. Rafters
have a horizontal span of 13 ft from ridge
beam to exterior wall and are laterally sup-
ported. Based on flexure only, what is the
smallest acceptable No. 2 hem-fir rafter?

A box beam (see Fig. 6-18) has No. 1 D. fir-
larch 2 X 6 top and bottom flanges glued to
1/2-in. plywood webs. Assume that the top
flange is laterally supported over its full
length. Calculate the depth, d, required to re-
sist an applied bending moment of 42 ft-kips
assuming the contribution of the plywood to
flexural strength is negligible. (Because one
flange has nearly uniform tension and the
other nearly uniform compression, the allow-
able stress will be the smaller of F/ or F'.)
A2 X 8 D. fir-larch beam of clear span 18 ft
has an applied uniform D + L load of 70 1b/ft.

2X6
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2X6
Beam for Problem 6-12.

Fig. 6-18.
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6-15.

6-16.

6-17.

6-18.

Assuming a specific weight of 38 pcf, com-
pare the maximum shear stress at the critical
section to the allowable shear stress.

An existing structure is being investigated for
possible increased loading. Beams are 8§ X
18, No. 1 D. fir-larch, spanning 16 ft (clear
span of 15.5 ft). Some beams have end splits
8 in. long on their wide face. Use conditions
were, and will continue to be, very dry. Uni-
form loads are 400 1b/ft occupancy live load
(reduction already considered) and 200 1b/ft
dead load. A midspan concentrated load is 1 k
for dead load and 1 k for snow. Are the beams
satisfactory for bending? For shear (using
C,)? (Caution: The controlling combination
may not be the same for shear as for bending.)
Hem-fir beams (Select Structural) are used 6
ft apart on 18-ft spans to support the nearly
flat roof over a laundry room, where tempera-
ture will be about 85°F and relative humidity
will be 90%. The roof consists of three-ply
felt and gravel on 2-in. nominal wood decking
with 3-in. rigid insulation. Snow load is 32
psf. Select, based on flexure and shear, the
most economical safe section whose smallest
cross-sectional dimension is 4 in. nominal.
Consider beam weight.

Fora2 X 8 No. 2 D. fir-larch joist (repetitive
member), simply supported at its ends, pre-
pare a plot of the allowable uniform load
(based on flexure and shear only) versus the
span length of the joist. C; = C,; = 1.0.
Prove that the No. 2 D. fir-larch 4 X 16 beam
of Fig. 6-19 is or is not satisfactory in shear.
Use only the basic method; do not use two-
beam action or C,,. All loads are permanent.
A6 X 10 No. 1 hem-fir beam has a 10-ft clear
span. A single concentrated load of 2800 may
move to any position on the span. The beam is
part of a temporary bridge that will only be
used one month before being dismantled. Dis-

1K 2K 1K
400 LB/FT
/“NCLUDES
BMWT)
[XXI222121) (222132131137
1 3' 3' 1
s %, N 8'-0" 3 —12—”

Fig. 6-19. Beam for Problem 6-17.
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regarding beam weight, is the beam satisfac-
tory for shear?

A 6 X 14 beam of No. 2 Douglas fir-larch
spans 30 ft and has lateral support at its ends
only. The beam is part of the roof system of a
health clinic and has drywall attached to its
underside. The beam carries 20 1b/ft DL (from
drywall, roofing materials, and joists) in addi-
tion to its self weight, as well as 23 1b/ft snow
load. Is the beam OK for shear?

At the ends, a No. 1 hem-fir 4 X 6 beam mea-
sures 5 in. vertically because it has been
notched on the lower face. What is the maxi-
mum allowable shear, V, if ten-year (normal)
duration of load controls? Do not use C,,.
Determine the maximum service (D + L) load
reaction for an 8 X 10 S4S beam that has a
1.75-in.-deep notch cut at each end. MC in use
will be greater than 19%. F, = 70 psi. Do not
apply the shear stress factor C,. How would the
answer change if a gradual decreasing of the
cross section had been used rather than a notch?
Prove that the beam of Fig. 6-20 is or is not
satisfactory in shear.

A nominal 6 X 12 beam of hem-fir is notched
such that the cross section of the end mea-
sures 9-in. vertically. Center-to-center of re-
quired bearing lengths is 14 ft 2 in. The total
(ten-year-duration) load on the beam is 230
1b/ft. Is the beam satisfactory for shear?

A2 X 8 No. 1D. fir-larch (repetitive) joist is
simply supported, laterally supported, and
uniformly loaded. Calculate the length and
load for which bending and shear capacity of
the member are reached simultaneously.

An 8 X 10 hem-fir beam (F, = 70 psi) is simply
supported on a clear span of 9 ft 6 in. It is used at
21% maximum moisture content. Neglect self-
weight. Do not apply C,, or two-beam-action
provisions. Based on shear strength alone, com-
pute the total allowable D + L uniform load (a)
using maximum shear at the face of the support
and (b) using critical shear at a distance d from
the face of the support.

o1
| 23

R =890 LB DUE TO D + S LOADS

2 X 12D. FIR-LARCH, NO. 2

—

Fig. 6-20. Beam for Problem 6-22.
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An 8 X 10 hem-fir beam (F, = 70 psi) is sim-
ply supported on a clear span of 9 ft 6 in. It is
used at 21% maximum moisture content. Ne-
glect self-weight. Do not apply C,,. Based on
shear strength alone, compute the maximum
value of a single moving concentrated load
that may be applied (a) using the usual shear
formula with critical section as defined in
NDS Section 3.4.3.1 and neglecting two-
beam action, and (b) using the recommended
procedure of locating the load at three beam
depths from the support or at the quarter
point, whichever is the closer to the support as
in NDS Section 4.4.2.2.
The composite timber beam shown in Fig. 6-21
is joined by '4-in. by 5-in. lag screws (allow-
able shear force = 660 lb/screw). For V =
1500 1b:
(a) Calculate the shear stress at the joint.
(b) Find the required lag screw spacing for
this stress.
(¢) Calculate the shear stress at the neutral
axis.
(d) Is the section satisfactory?
A 2 X 8 No. 2 D. fir-larch beam catries 50
Ib/ft snow load plus dead load of 10 Ib/ft plus
self-weight on an 18-ft span. It is supported at
its ends by bolted connections to 4 X 4 D. fir
posts. Assume dry conditions. Design the
bolted connection, making sure that the beam
will not be overstressed in shear. Give bolt
size and locations.
Design a Select Structural beam D. fir-larch (as-
sumed specific wt 37 pcf) of 2-in. nominal
thickness to carry a single concentrated load
(ten-yr duration) of 2500 Ib at midspan. The
beam is to be fastened to a4 X 4 post with 3/-in.
bolts. Span length is 10 feet. Neglect deflection.
The bolt design value is Z | = 590 Ib per bolt in
single shear. Minimum edge distance to be used
(measured to center of bolt) is 3 in. at the top of
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Fig. 6-21.

Beam for Problem 6-27.
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the beam and 1Y in. at the bottom of the beam.
Use C,, as for an unsplit member. The beam can-
not be considered a repetitive member.
Four-inch nominal decking having tabular £,
= 2000 psi and E = 1,800,000 psi is arranged
in a two-span continuous layup on a gentle
sloped roof. Deflection is limited to €/240
with roof beams spaced at 12 ft ¢/c. What is
the allowable uniformly distributed two-
month duration (snow) load?

Douglas fir-larch Select Dex grade WCLIB
decking, 3-in. nominal thickness, is surfaced
and used at 19% maximum MC. Layup is
controlled random. Load is D = 20 psf plus
self-weight and S = 83 psf on the nearly flat
roof. Deflection is limited to £/180. What is
the maximum allowable span for the deck-
ing?

Simple-span 2-in. nominal decking (D. fir-
larch WWPA Commercial grade) is to be used
on a roof with slope of 5/12. Loads are § = 30
psf of horizontal projection and D = 10 psf of
sloping surface. Deflection is limited to
£/240. What is the maximum allowable deck-
ing span? Decking will be laid with its longi-
todinal axis parallel to slope, so the compo-
nent of load parallel to the roof will cause
compression. However, ignore the compres-
sion force for this problem.

A6 X 12(D. fir-larch, Select Structural) is used
as a floor beam on a 15-ft simple span. Based
on deflection alone and using the UBC require-
ments for long-term deflection, what is the al-
lowable load per linear foot of beam (including
the beam weight)? Assume that the load is of
ten-year duration and the wood is seasoned.
What is the maximum uniformly distributed
D + L load that can be placed on a 2 X 12
S48 No. 2 hem-fir joist on a 16-ft span if a
2.5-in.-deep notch is cut into each end? Ne-
glect weight of joist. Joists are on 16-in. cen-
ters. Do not apply the shear stress factor, C,,.
Maximum deflection is limited to £/240 for
the total of dead and live load. Check bend-
ing, shear, and deflection.

Compute by NDS the total long-term deflec-
tion for the roof beam in Problem 6-19. Does
the section satisfy the AITC limits?

A 6 X 14 beam of No. 1 WWPA D. fir-larch
supports a total uniform load of w kips per
foot. (a) Find (as a function of w) the short-
term deflection due to bending and due to
shear for a simple span of 12 ft. Assume E/G
= 13. What percent of the total deflection
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is shear deflection? (b) Repeat for a span of
24 ft.
An unseasoned 6 X 10 No. 2 D. fir-larch
beam spans 18 ft. Assume E/G = 13. The live
load is 100 1b/ft. The superimposed dead load
is 150 1b/ft. (a) Determine the total long-term
deflection, disregarding shear deflection. (b)
Repeat including shear deflection. Remember
to raise E by 3%.
A4 X 16 No. 3 redwood floor beam spans 15
ft. Assume E/G = 13; L = 250 lb/ft and
D = 250 Ib/ft plus beam weight.
(a) Determine total deflection over the long
term, disregarding shear deflection.
(b) Repeat including shear deflection.
(¢) What percent of total deflection is shear
deflection?
(d) Under the UBC, is the beam satisfactory
for deflection?
No. 2 D. fir-larch 4 X 12 beams for a mildly
sloped roof system are to be checked for the
effect of ponding. Dead load (including self-
weight) is 18 psf and snow load is 25 psf.
Beams are used at 4 ft c¢/c and span 16 ft. Al-
lowable total-load deflection = €/180. Are the
beams satisfactory?
A southern pine 6 X 10 beam supports a uni-
form snow load of 170 Ib/ft plus total dead
load of 100 1b/ft. The beam is No. 2 SR grade.
The clear distance between supports is 18 ft.
Determine the required bearing length at each
end of the beam. Check the beam for shear
and flexure.
For the roof beam of Problem 6-19, compute
the required bearing length.
A No. 1 redwood 6 X 12 beam supports a
350-1b/ft uniform load of cumulative duration
15 hours. The clear distance between supports
is 20 ft. Determine the required bearing length
at each end of the beam if the structure is to be
located in a very humid climate.
For the 4 X 12 No. 2 D. fir-larch beam of Fig.
6-22, what bearing length, €,, is required?

le—— SNOW = 200 LB/FT

DEAD =100 LB/FT
(INCLUDES BM WT)
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Fig. 6-22. Beam for Problem 6-43.
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A building floor consists of ;-in. plywood
resting on (but not rigidly connected to) No. 2
southern pine 2 X 12 planks (surfaced dry,
used at 19% maximum MC), used flat at 12
in. c/c. Planks as long as 24 ft can be found
easily. The planks, in turn, are supported by
beams. Live load is 50 psf and the plywood
weighs 1.5 psf. The planks are treated with
fire-retardant chemicals. Assume the fire-re-
tardant treatment reduces F, s F,, and E by
10%. Limit live-load deflection of planks and
beams to €/240. (a) How far apart may the
beams be placed (nearest safe whole foot)?
(b) Design an interior beam of No. 1 (WWPA)
D. fir-larch, assuming a clear span of 17 ft 6
in., with ends supported on masonry walls.
Design a complete floor system for the storage
building shown in Fig. 6-17. Loads are: D =
10 psf plus weight of wood members, and L =
100 psf. Dry conditions. The system should
have a row of columns (you determine how
many) on the east-west centerline with beams
in an east-west direction and joists north-south.
Use T & G decking for the structural floor.

A 12 X 22 ft platform is to be constructed of
No. 2 Douglas fir-larch. Floor is to be plank-
ing (2 X 10s laid side by side). Live load is
100 psf. Design the platform as shown in Fig.
6-23. (a) Calculate maximum allowable joist
spacing based on capacity of planking. (b)
Choose a layout of joists so that all spacings
(not necessarily five) will be equal and design
the joists, J-1. (c) Design the beams, B-1.

A No. 1 hem-fir 6 X 14 beam spans a clear
horizontal distance of 20 ft and has superim-
posed dead load of 100 1b/ft and snow load of
150 1b/ft. The beam has a slope of 20%. Mois-
ture content of the wood in use is 25%. If the
beam is supported in a manner similar to Fig.
6-15, find the required bearing length.

B-1

=

!
PLANKING !

-0

22’ |

Fig. 6-23. Plan for Problem 6-46.
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Selecting Sawn-Timber Compression
and Tension Members

7-1. WOOD COLUMNS

Columns are generally thought of as the vertical
supporting members of buildings. However,
there are other structural members that act as
columns—the piers of a bridge or the compres-
sion chord of a truss, for example. Generally
columns are compression members, but they can
also have combined compression and bending or
can even have tensile axial force under loading
that causes uplift. For purposes of design, we
define a column as a structural member whose
primary loads are axial compression.

The short, thick wood column will fail by
crushing of its fibers. The longer, more slender
column will fail by buckling due to lateral insta-
bility. Column design equations must be able to
account for each of these failure modes.

Wood columns are usually of square cross
section or round. Other shapes can be made but
rarely are. Columns may be made of a single,
solid piece of wood or formed from several
pieces of wood. In the latter category are glulam
columns (discussed in Chapter 8), spaced
columns, and built-up columns. Spaced columns
are assembled from two or more long members
that are separated at the ends and midlength by
spacer blocks. Built-up columns are formed by
nailing or bolting two or more members to form
either a solid cross section or other shape, such
as a hollow, box-shaped section.

It is interesting to compare the specific
strength (ratio of strength to unit weight) of both
wood and steel columns. For geometrically sim-
ilar (but not equal) sections of equal weight, the
radius of gyration varies inversely as the square

J. J. Stalnaker et al., Structural Design in Wood
© Chapman & Hall 1997

root of specific gravity (1). The strength of
longer columns is highly dependent on the
square of radius of gyration. Therefore, longer
columns of wood (having lesser specific gravity
than steel) will have superior specific strength
over steel.

Figure 7-1 shows the results of comparing
light column sections of wood and steel that are
of equal weight and length. For the two sections
compared, the advantage lies with steel only for
very short lengths where strength is not influ-
enced much by slenderness ratio, €/r.

History of Wood Column Design

The historical development of theory for
columns of any material is a subject that alone
could fill an entire book. Starting in the 1700s
various linear, parabolic, and other formulas
were proposed for design. A few examples will
show how design practice for wood columns de-
veloped.

Henry Dewell, author of a 1917 timber design
book (2), felt that the American Railway Engi-
neering Association (AREA) recommendations
for working stresses were the best available at
that time. This association used a single linear
formula for both long and intermediate column
design, as follows:

F! =F (1 — €/60d) 7-1
where F| is the allowable stress on the column
(considering that it may buckle), F_ is the allow-
able stress on a small block of wood, and d is the
least cross-sectional dimension. A maximum of

131
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Fig. 7-1. Comparison of design strength of steel and tim-

ber columns of equal weight and length (wood F, = 1000
psi).

60 was allowed for €/d, the ratio of column
length to least lateral dimension d. For “short”
columns (then considered to have €/d less than
15) the working stress for column design was
75% of F,. The AREA equations and allowable
stresses were for use in designing railway
bridges and trestles.

Dewell also proposed using a version of the
Gordon-Rankine formula, which he developed
by curve-fitting test data accumulated from
other sources. The proposed column formula,

., 5000/3.5
F = (7-2)
* Toc02
1750d

contained a factor of safety of 3.5 and was to be
used for all columns having €/d ratios between
10 and 60.

Today’s National Design Specification for
Wood Construction (3) recognizes the different
failure modes of columns (crushing, crushing
and buckling, or buckling alone) by imposing an
adjustment factor—the column stability factor,
C,. This factor will be nearly 1.0 for short
columns that fail by crushing, but will be
smaller for long, slender columns. The column
stability factor first appeared in the NDS in the
1991 edition. Earlier editions, from 1977
through 1986, gave three equations for column
design—one each for short, intermediate, and
long columns. The intermediate formula (for

columns not extremely stocky or extremely
slender) was derived empirically at the Forest
Products Laboratory and presented in a 1930
technical bulletin (4). The intermediate formula
appeared in the 1947 NDS, but disappeared
from the specification for several years before
reappearing in 1977. During the interim, the
specification contained only the long-column
and short-column equations. It view of the series
of changes in design methods, it is fair to as-
sume that further changes will occur.

7-2. COLUMN DESIGN

Sections 3.6 through 3.10 of the National De-
sign Specification for Wood Construction (3)
deal with column design. NDS Appendices A,
G, and H can be especially helpful also.

‘We know that the deflected shapes of buckled
columns will differ depending on end support
conditions. In most cases the effective length
(distance between inflection points) will differ
from the actual unbraced length. Figure 7-2
shows both theoretical and recommended de-
sign values for coefficient of effective length,
K,. These coefficients can be multiplied by ac-
tual length or length between lateral supports to
obtain effective column length (K € = £). The
recommended values recognize that perfectly
fixed ends are impossible; therefore, the recom-
mended coefficients (for other than pinned ends)
are slightly larger than the theoretical values.

Actual support conditions seldom are equiva-
lent to one of these idealized end conditions
(fixed, pinned, or free). Given a column whose
ends are laterally supported but not rigidly fixed,
designers often assume that actual (unbraced)
length equals effective length. This assumption
(that K, equals 1.0) is conservative for columns
in which sidesway is prevented.

Research by Neubauer (5) shows that assum-
ing a K, equal to 1.0 is overly conservative for
flat-ended 2 X 4 studs. He first tested columns
with the squared ends pressed directly between
the upper and lower platens of the testing ma-
chine. Then he tested columns that had pointed
ends formed from steel channels and angles. For
intermediate and long columns with flat ends,
the maximum load carried was two to four times
as great as for pointed ends. Neubauer con-
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Fig. 7-2. Effective-length coefficients for compression members.

cluded that the increased strength should be rec-
ognized by a reduction in effective length.

Slenderness Ratio

Columns of all materials are classified by their
slenderness ratio. A slenderness ratio of a col-
umn is the ratio of effective unbraced length to
radius of gyration (€ /r). This ratio may differ
for the two principal axes of the cross section. If
so, the larger of the two slenderness ratios is the
critical one. Radius of gyration, 7 and cross-sec-
tional dimension, d, are proportional to each
other in a rectangular column (d = r \/ﬁ). Be-

{a)

cause most wood columns are rectangular, the
NDS classifies them, for simplicity, by €,/d ratio
rather than € /r ratio. A large slenderness ratio
indicates a greater instability and tendency to
buckle under lower axial load.

If the unbraced length of a column is the same
in both directions, the column will buckle about
the w-axis (Fig. 7-3a). In other words, its middle
will move in the s-direction. Because of the ten-
dency to buckle about the w-axis, this axis will
be called the weak axis, and the s-axis will be
called the strong axis.

There may be a different effective column
length for buckling about each axis. An example to

SHEATHING

(b)

Fig. 7-3.  Weak- and strong-axis buckling.
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illustrate this is a plywood-sheathed wood shear
wall like the one in Fig. 7-3b. The plywood is
nailed to the narrow faces of the studs along the en-
tire length of the stud. Therefore, the stud cannot
buckle about its weak axis and the effective col-
umn length for weak-axis buckling is essentially
zero. (Studs are the vertical members in a light-
frame wall, spaced at 16-24 in. on center and of
small cross section. See Fig. 1-1.) When the studs
are so braced, their controlling (larger) slenderness
ratio will be the one about their strong axis.

Design Equations for ASD

Wood columns are designed in the allowable
stress design (ASD) method by ensuring that the
compressive axial stress in the column does not
exceed the allowable adjusted compression
stress parallel to grain; i.e.,

f<F

c

(7-3)

Applicable adjustment factors for compression
stress parallel to grain are load duration, wet ser-
vice, temperature, size, and column stability. To
find the column stability factor, C,, one must first
find

F =K EI£1d)> (7-4)
In this equation K, is 0.3 for visually graded
lumber and machine-evaluated lumber, and
0.418 for products with COV,, < 0.11. Also, be
cautioned that E is never adjusted for load dura-
tion. After calculating the value of F  from Eq.
7-4, the designer then finds C, from the follow-
ing equation:

1+(E /)
=
- WELES | 2 EdEr
2¢ - c - (7'5)

In Eq. 7-5, the value of ¢ is 0.8 for sawn lumber,
0.9 for glued laminated timber, and 0.85 for
round timber piles. Also, F* in the equation is
the tabulated parallel-to-grain compression de-

sign value multiplied by all applicable adjust-
ment factors except C,.

Slenderness is limited by NDS by the require-
ment that the €, /d ratio cannot exceed 50, except
during construction, when it may be as large as 75.

Design Procedure

Column design is a trial-and-error procedure.
Worrying about what to use for a guess or esti-
mate will only waste time. Instead, time is saved
by making a quick estimate and then analyzing
that trial section to get a much better second es-
timate. Following are the necessary steps for de-
signing a solid column with axial load only (no
applied bending moment):

1. Estimate the allowable stress.

2. Use the estimate to solve for the required area
and select a trial section. Do not choose a sec-
tion with € /d > 50.

3. Decide whether or not the trial section is sat-
isfactory by either
a. comparing the actual stress f, for that sec-

tion to the adjusted allowable stress F'/, or
b. comparing the actual area of the trial sec-
tion to the required area using F com-
puted for the trial section.
A safe section has f, < F, or has actual area
greater than or equal to required area.
4. Try other sections and recycle.

After the section has been chosen, three other
checks may be necessary:

1. If the member has holes for split rings or
bolts, the compressive stress at the net sec-
tion must be computed to see that it does not
exceed the short-column stress, F*.

2. The column may have an end-bearing area
that is less than the column cross-sectional
area. In this case the designer must check the
bearing stress parallel to grain (end-grain
bearing stress). This check ensures that the
fibers at the end of the column do not crush or
broom. To prevent a bearing parallel-to-grain
failure,

f,<F! (7-6)



SELECTING SAWN-TIMBER COMPRESSION AND TENSION MEMBERS 135

Design values for bearing stress parallel to
grain can be found in Appendix Table B-9. Ap-
plicable adjustments to the tabular values are
load duration and temperature only. If the end-
grain bearing stress exceeds 75% of the ad-
justed allowable value, then a bearing plate of
metal or other rigid material must be used.
These design values are quite large, so it is un-
likely that end-grain bearing will control un-
less the column end has been reduced in cross
section for some reason, or the column bears
on a surface of lesser area than the column.

3. If the column or stud bears on a wood bottom
plate or sill, the bearing capacity of the plate
must be checked. The plate or sill may not be
strong enough in compression perpendicular
to the grain to support the load. Bearing ca-
pacity of certain grades of concrete floors (6)
should be checked also. The load on a col-
umn may have to be limited to the capacity of
the material the column must bear on.

All of the above assumes that the column is
straight. If there is significant initial crooked-
ness, the axial load will cause bending moment
and the member must be designed as a beam-
column. (Refer to Sections 7-6 and 7-7.)

Example 7-1

A column with pinned ends is to be designed from
No. 1 Douglas fir-larch. The unsupported length of
the column is 13 ft O in. The total load, which includes
snow load, is 75 kips (D = 40 k and § = 35 k). Find
the best square wood column.

Determine which loading condition controls.
40/0.9 = 44.4 for dead (permanent) load

75/1.15 = 05.2 for dead plus snow load
Controls :

A square section (5 in. X 5 in. or larger) is classi-
fied as P & T, and Appendix Table B-5 shows

F, = 1000 psi and £ = 1,600,000 psi

If C, = 1.0, then F, = C, X F, = 1.15 (1000)
= 1150 psi. Guess that the allowable is somewhat less
than 1150—say 1050 psi.

Then

A req = 75,000/1050 = 71.43 in.2
dreq = 8.45 in.

Try 10 X 10 nominal column with d = 9.5 in.

£,/d =12 X 13/9.5 =164

C,. is not applicable for compression for members
5 X 5 and greater.

F . = 0.3(1,600,000)/16.42 = 1785 psi

F* = 1.15(1000) = 1150 psi

Using ¢ = 0.8 inEq. 7-5, C, = 0.818

F! =(0.818)(1150) = 941 psi

£, =75,000/(9.5 X 9.5) = 831 psi < 941 psi
OK

The 10 X 10 is the smallest satisfactory section. It is
not necessary to recycle. The next smaller section is
an 8 X 8 with d = 7.5 in. It will have a slenderness
ratio greater than 16.4 and therefore F less than 941
psi. For the 8 X 8, f, = 75,000/7.5? = 1333 psj, so it
is obvious that the 8 X 8 would be too small.

Example 7-2

A steel column base (as shown in Fig. 7-4) for the col-
umn of Ex. 7-1 is to be designed. Find the minimum
value of dimension & based on bearing parallel to
grain.

From Appendix Table B-9,
F, = 1480 psi
f, = PIA ="5,000/(9.5 X b)
Setting equal and solving for b,
Minimum b = 5.3 in.

Example 7-3

A 10 X 16 No. 1 D. fir-larch column is 22 ft long.
About the strong axis it is braced only at its ends;

b

Fig. 7-4. Column base for Example 7-2.
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however, about the weak axis it is attached to a brac-
ing member at the 15-ft point. Two ¥s-in. bolts in-
stalled in %/5~in. diameter holes connect the brace to
the column, as shown by Fig. 7-5a. The total load is
111 kips with snow load controlling. Is the column
satisfactory for the design loads?

A 10 X 16 member is classified as Beam & Stringer
since 16 > 10 + 2. By Appendix Table B-5, F, = 925
psi and E = 1,600,000 psi. Load duration factor, C,,
is 1.15. Assuming pinned ends,

About the weak axis, [ /d = 12 X 15/9.5 = 18.9

About the strong axis, [,/d = 12 X 22/15.5 = 17.0

The larger ratio controls.

F = 0.3(1,600,000)/18.9% = 1344 psi
F* =1.15(925) = 1064 psi

Using ¢ = 0.8, Cp = 0.765

F! = 0.765(1064) = 814 psi

£, = 111,000/(9.5 X 15.5) = 754 psi < 814 psi
OK

M~~~

2BOLTS q

Fig. 7-5. Column for Example 7-3.

Check stress on the net section at the drilled holes
(Fig. 7-5b).

f; = P/Anet
= 111,000/[9.5 X 15.5 — 2(25/32)(9.5)]

= 838 psi < F¥ = 1064 psi OK

In this example, the holes are small relative to the size
of the cross section, so the short-column allowable,
F*, is not exceeded at the section containing the hole.
However, if the holes were larger, the strength at the
net section might control the design.

7-3. ROUND AND TAPERED COLUMNS

The strength of a round column, or of a round
column with bending, has historically been as-
sumed equal to that of a square member having
the same area of cross section. This simplifica-
tion is still allowed today because of ease of cal-
culation (NDS Section 3.7.3). Therefore, to de-
sign a round column, one may find the minimum
size of square column that would satisfy all re-
quirements and then provide a round shape of
equal area.

Alternatively (See NDS Appen. H, Sect. H.3),
the designer may replace d in Eq. 7-4 with
rV' 12, where r stands for the radius of gyration
of the round column. The first method gives an
adjusted allowable compressive stress 1-5%
greater. Therefore, the equivalent-square method
is only slightly in error, but on the unsafe side.

Tapered columns can be found in varieties
such as shown in Fig. 7-6. For tapered columns

Y
N1

—/

(a) (b) (c)
Fig. 7-6. Tapered column types.
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like those in the figure, a particular cross section
is assumed to be critical. The column is then de-
signed as if the entire column had this cross sec-
tion. However, one must also check to ensure
that the compressive stress at the smallest cross
section of the tapered column does not exceed
the allowable stress for a short column, F¥.

In each plane, the dimension, d, of the critical
cross section can be found from
d=d

min

+d _—d

max ‘nin

Na—015(1—4d_/d )]

min” " max

(7-7)

For simply supported columns the value of a is
taken as 0.50 if the column is tapered toward
one end only and as 0.70 if it is tapered toward
both ends (as in Fig. 7-6¢). Values of a for other
support conditions can be found in NDS Section
37.2.

Round sections are often tapered. Examples
are telephone poles or timber piles. Usually
round, tapered columns are designed as equiva-
lent square columns.

Example 7-4

A round column is to be designed for a rustic lodge
lobby. The wood to be used has E = 1,600,000 psi
and F, = 1000 psi. The column will be 17 ft long.
What diameter (to the nearest half inch) is necessary
to support a ten-year duration load of 65 kips, consist-
ing of 50 kips L (occupancy) and 15 kips D7 Assume
pinned ends. Use the equivalent square column
method.

Whenever a trial-an-error solution is required (as is
the case here), it is convenient to tabulate the solution.
(Advantages of the tabulated solution are that it is
compact and is easy for the designer or other person
to check.) Figure 7-7 shows a designer’s computation
sheet for this example. An 11-in.-diameter round col-
umn (untapered) would be the smallest satisfactory
section.

Example 7-5

Find the allowable axial load of a round, tapered col-
umn of length 20 ft. The column has a diameter of 12
in. at the base, tapering to 8 in. at the top. The column
has E = 1,600,000 and F, = 925 psi. The load will be
of more than ten years cumulative duration. Use the
equivalent square method.
Min. Diam. = 8 in.; min.

=VmD?/4 =7.09in.

d of equiv sq

Max. Diam. = 12 in.; max. d of equiv sq = 10.63 in.
Find d at critical section:

d=1709 +
(10.63 — 7.09)[0.50 — 0.15(1 — 7.09/10.63)]

d = 8.68 in.

F* = C, F, = 0.9 (925) = 832.5 psi

€/d = 12(20)/8.68 = 27.65

F . = 0.3(1,600,000)/(27.65)* = 627.8

cE
C, = 0.587
F! = 0587 (832.5) = 489 psi

Allow. P = (A)(F) = (8.68%)(489) = 36,800 1b
Check compressive stress at small end.

P/A = 36,800/m(4)? = 732 psi < F* = 832 psi
OK

Allow. P = 36,800 1b

Example 7-6

Rework Ex. 7-5 with the more accurate method, which
uses the properties of the actual circular cross section.

D = Diameter of crit. section
=8+ (12 — 8){0.50 — 0.15 (1 — 8/12)]
= 9.80 in.

(Note: This corresponds exactly to the location of
the critical section for the equivalent square
method.)

r=VI/A=D/4=980/4=245in.

Substitute 712 for d:
rV12 = 8.49 1n.

F., = 0.3 (1,600,000/(20 X 12/8.49)* = 600.7
* = 0.9(925) = 832.5

C,=0.570

F’ = 0.570(832.5) = 475 psi

Allow. P = 475 X 9.802m/4 = 35,800 Ib

This allowable load is about 97% of that found using
the equivalent square method.
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P=6¢5 K Cp =10
E =/,600,000 Ps/

Fo X Joop Psy

(204 /d)*
FOR cIRCULAR SECTION

o= /000 Psy: L =17
HINGED ENDS, ', =/702)= 204"
Feg = 630 600,000) _ 1.53d%= 1/, 535>

S (sie oF EQUIV. SQUARE) = /D4

TRY D= ERums A £g
9" 198" 6342 7342
o" 886" 7854 905
5" 13 857 Y
"n" 9.76" 9503 /076

Use 1" DIAMETER

CF Fc_' AREQ,
0517 S77 103 Ne
0,655 655 992 N&
Y3 TRA ] M. NG
0.722 722  90.0 oK

Fig. 7-7. Computation sheet for Example 7-4.

7-4. SPACED COLUMNS

Spaced columns are composed of two or more
individual members separated at the ends and
middle by blocking as shown in Fig. 7-8. The
end spacer blocks that separate the two (or more)
members of a spaced column provide increased
fixity of the individual pieces at the ends. This
increased fixity causes the distance between in-
flection points in the buckled column to be much
less than it would be for the elements acting as
independent columns. Therefore, the strength of
a spaced column of two members is not merely
twice that of a single member but, rather, may be
many times that of a single member.

Frequently, compression members of trusses
are spaced columns. In a truss the end spacer
blocks are often other web or chord members of
the truss. (See Chapter 10.)

A longer spacer block at the ends provides for
better fixity, thereby affecting the buckled
shape. (With the longer blocks, distance be-
tween inflection points in the buckled shape will
decrease.) Better fixity leads to a higher
strength; therefore, the code provides for two
end-fixity conditions. If the centroid of connec-
tors in the end block is within €/20 from the col-
umn end, this is known as condition a. If the
centroid of connectors is between €/20 and €/10
from the ends (better fixity), it is condition b. A
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CENTROID OF CONNECTORS/

SPACER BLOCK — |

N
]

%jﬁ‘

Spaced column.

Fig. 7-8.

factor K_for use in design formulas has a value
of 2.5 for condition @ and 3.0 for condition b.
The NDS assumes that the end spacer blocks
will be joined to the long individual column
members with split-ring or shear plate timber
connectors (see Chapter 9), rather than nails or
bolts. The British Standard Code of Practice (7)
allows for the spacer blocks to be joined with
nails, bolts, screws, timber connectors, or glue.
The British Code considers gluing to produce
the stiffest spaced columns and therefore allows
spaced columns joined by gluing to have a lesser
effective length than those joined by other meth-
ods. The NDS requires that when there is more
than one spacer block at midlength the connec-
tion be made with a timber connector; a single
middle block may be joined with bolts, nails, or
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timber connectors. Spacer blocks must be as
thick as or thicker than the individual pieces
composing the column.

To find the load on an end-block split-ring
connector, the designer chooses a value of
spacer-block constant from Table 7-1. The re-
quired connector capacity is the spacer-block
constant times the area of an individual column
element. To choose size and/or number of split
rings, this required capacity is then compared to
the split-ring design values in Table C-17. The
procedure is illustrated in Example 7-7.

The increased strength of a spaced column is
considered to be effective only for buckling in
the plane parallel to the small dimension, as in
Fig. 7-9a. The column is designed in this plane
as a spaced column. For buckling in the other
plane (see Fig. 7-9b) the column is designed as a
solid column. Therefore, every spaced-column
design requires considering two cases—one for
each plane of possible buckling—to see which
case controls the design. For each of these cases
the allowable load of an individual member is
determined first. The allowable load for the
spaced column is the product of the allowable
load for one member times the number of mem-
bers. Limits allowed for slenderness ratios in
spaced columns are (refer to Fig. 7-8):

80 for £ /d,
50 for £,/d,
40 for £./d,

Design Equations

For checking buckling as a spaced column, most
design equations are identical to those for an or-
dinary column. The exception is the equation for

Table 7-1. Shear Constants for Designing Spacer-Block Connections in Spaced
Columns.
Shear Constant per End per Plane
Ratio 4 /d, of Individual Element Species Grouping
of Spaced Column A B C D
11 or less 0 0 0
(INTERPOLATE for ratios between 11 and 60)
60 or above 468 399 330 261

(maximum ratio allowed = 80)
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(b)
Fig. 7-9. Spaced-column buckling about
two different axes.

(a)

F ., which now incorporates the connector fixity
constant, K . Eq. 7-4 is replaced with

F,.=K K_FE'/{,1d} (7-8)
It is a good idea to check spaced columns to see
that the short-column allowable compressive
stress, F¥, is not exceeded on the net area. Re-
moval of wood for the split-ring connectors

could cause the actual stress on the net area to
exceed this allowable value.

Example 7-7

Solve for the capacity of the spaced column shown by
Fig. 7-10 under a load of seven days cumulative dura-
tion. The two members are No. 1 & Btr Douglas fir-
larch 4 X 6s. Choose connectors.

Assume actual length equals effective length.

Load duration factor = C,, = 1.25. By Appendix
Table B-3, £ = 1,800,000 psi; F, = 1500 psi; For
compression, C,, = 1.1. Check end fixity class.

€/20 = 144/20 = 7.2 in.
6 in. < 7.2 in., so this is condition ¢ and K = 2.5

Check about a-a axis:
Treat as a spaced column for buckling about this axis:

IS

F--a

AN
ARMNNN

T
i
a
Fig. 7-10. Spaced column for Example 7-7.

€/d, = 144/35 = 41.14

F.p = 0.3(2.5)(1,800,000)/41.14> = 797.6 psi
F* = 1.25(1500) = 1875 psi

C,=0379

F! = 0.379(1875) = 711 psi

Check about other axis: Treat as a solid column for
buckling in this direction.

€,/d, = 144/5.5 = 26.18

F_; = 0.3(1,800,000)/26.18% = 787.9 psi
F* = 1875 psi as before

C,=0375

F! =0.375(1875) = 703 psi

The second axis checked controls.

Allow. P = 2(703)(3.5 X 5.5) = 27,100 Ib
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Check net area under P = 27,100 1b

Anet = 3.5 X 5.5 — A (bolt shank hole)
— A (ring groove)

=3.5 X 5.5 — (13/16)(3) — (0.5)(4.50)
(Assuming 4-in. split ring. See Fig. 9-19.)

= 14.56in.?
At the net section,

f,=127,100/14.56 = 1861 psi

F* = 1875 psi OK

Choose split rings:
€/d, = 41.14

For timber connectors, D. fir-larch is in group B
woods, so by interpolation on Table 7-1,

Spacer block constant = K = 245 psi
Connector capacity req. = (3.5 X 5.5)(245)
= 4716 1b on each plane

One 4-in.-diameter ring has capacity = 5260(1.25)
= 6575 Ib. Use one 4-in.-diameter split ring at each of
the four end-block joints.

7-5. BUILT-UP COLUMNS

Columns made by nailing or bolting two or more
pieces of wood together to form a solid column are
known as built-up or lavered columns. Sketches of
some of the many possible cross sections appear in
Fig. 7-11. Because of slip between adjacent sur-
faces as the fasteners deform, no built-up column
will be as strong as a solid (i.e., one-piece) column
of the same dimensions and quality of wood. Care
must be taken so that the pieces are adequately
spiked or bolted together. (Glued laminated
columns are made of several pieces of wood, but
they are not classed as built-up. Their glued sur-
faces allow for excellent transfer of shear, so that
the glulam column has the same capacity as a solid
column of the same quality of material.)

The percent of solid-column strength of a
built-up column has been found to be a function
of €/d ratio (8,9) as shown in Table 7-2. This
table is based on experiments on columns with
cover plates as in Fig. 7-11a or b and should be

- 777
T\
\) N ;§/ N
7

[

aaal

\

(©) (d)

Fig. 7-11.  Built-up column cross sections.
Table 7-2. Capacities of Built-up
Columns.

Percent of
¢/d Solid-Column Capacity
6 82
10 77
14 71
18 65
22 74
26 82

used only for columns with cover plates. Tests
by Dewell (2) indicated that built-up columns
without cover plates were far inferior to those
with cover plates. For columns without cover
plates he recommended using a built-up column
capacity of 80% of the mean (average) of the
strengths computed (1) as a solid column and (2)
as a summation of the capacities of the individ-
ual pieces composing the column.

Both of the guidelines concerning the strength
of built-up columns mentioned in the previous
paragraph were developed more than a half cen-
tury ago. The most recent and comprehensive
study of built-up columns was undertaken by
Malhotra and Van Dyer (10). Their theoretical
and experimental program applied to columns in
elastic and inelastic ranges and to columns of all
cross-sectional configurations, taking into ac-
count the effect of interlayer slip. The design
procedures resulting from the study have a more
rational basis than the method suggested by
Table 7-2, but are fairly complex.
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Because of its light weight and economy, two
researchers singled out the box column (similar
to Fig. 7-11b, except hollow) for study (11).
They found that strength varied directly with the
number of nails. The columns tested were
formed from 1 X 4 or 1 X 6 boards, using six-
penny ringed nails. With optimum nailing
(about 68 nails on an 8-ft-tall column composed
of four 1 X 6s), each column had strength equal
to or greater than that of a solid pinned column
of the same net cross-sectional area.

The only type of built-up column addressed
by the NDS is that of Fig. 7-11d. A built-up col-
umn of this type, if nailed according to NDS-
specified requirements, is considered to have
60% of solid column strength (if bolted, 75%).

Example 7-8

A one-story building has No. 2 hem-fir 4 X 8 interior
columns that are 10 ft 0 in. long. The building owner
wants to put an open-air restaurant on the roof, in-
creasing the load on the columns.

(a) What is the allowable ten-year duration load on
each existing column using the NDS?

(b) If each column were built up by adding 2-in.
nominal material on each face, as shown by Fig.
7-12, what ten-year duration load could then be
allowed? Assume that the elements would be well
nailed together.

(a) For No. 2 hem-fir, £ = 1,300,000 psi, F, = 1250
psi, and C,. for compression = 1.05.

£/d=12X 10/3.5 = 34.3
F,, = 0.3(1,300,000)/34.32 = 331.5 psi
F*=1.05(1250) = 1313 psi

10.25"

l 7.25" '

35"
6.5

Fig. 7-12.  Column cross section for Example
7-8.

C,= 0238
F! = 0.238(1313) = 312 pi

Find allowable load for the 4 X 8 column:

Allow. P = (F!)(A) = (312)(3.5 X 7.25)
=79201b

(b) The added material will be 2 X 8s (whole or
ripped) of the same grade as the original column. For
2 X 8s, Cis 1.05 as before, so F'* remains the same.

For the built-up member, €,/d = 12 X 10/6.5
= 18.5

F, = 0.3(1,300,000)/18.5% = 1140 psi
F*= 1313 psi (same)

C,=0.640

F! =0.640 (1313) = 840 psi

Find load allowed for a one-piece column of this size.
Allow. P = (840)(6.5 X 10.25) = 55,970 Ib

For the built-up column, using Table 7-2, this value
should be reduced to

Allow. P = 55,970(0.66) = 36,900 1b
Or, if the NDS reduction is used,
Allow. P = 55,970(0.60) = 33,600 1b

NDS does not address this pattern of built-up column,
but the authors believe the pattern of Fig. 7-11b may
be superior to that of Fig. 7-11d.

7-6. BEAM-COLUMNS

Many columns are subjected to bending in com-
bination with axial compression loads. In fact,
because of nonuniform bearing, misalignment,
or member crookedness, the load on many
columns probably does not pass through the
centroid of the cross section. This causes the
column to be stressed both in axial compression
and flexure. Some designers (12) even feel that,
because perfectly axial load is only a theoretical
possibility, all wood columns should be de-
signed for a minimum eccentricity.

Columns loaded in such a way that they must
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resist both compression and bending are called
beam-columns. The top chord of a truss support-
ing roof loads between panel points (from joists or
from roof sheathing nailed directly to the chord) is
one example of a beam-column. Another example
is an exterior column carrying vertical gravity
loads and also subjected to horizontal wind or
seismic loads. A column whose vertical load is ap-
plied onto a side bracket is also a beam-column.

P-A Effect or Moment Magnification

Bending moments in beam-columns can result
from either lateral forces, applied moment loads,
or eccentrically applied end loads. Whatever the
cause, these initial bending moments cause the
member to deflect, and additional bending mo-
ment occurs equal to the product of the end load,
P, and deflection A. Figure 7-13 illustrates the
cause of this P-A effect, also referred to as mo-
ment magnification. The result of this action is
an increase in bending moment and the flexural
stress, f,, that bending moment causes.

Beam-Column Design

Columns with bending moment as well as axial
load are designed using an interaction equation.

|
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Fig. 7-13. P-A effect.
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The designer uses trial and error to find a satis-
factory section. For axial compression combined
with uniaxial bending, the interaction equation is:

2
<f”—> + ——fb; <10 (79
F, B[l = (. / F.p)]

In this equation, F , of the denominator is com-
puted using the larger cross-section dimension
(called d ) when bending is about the strong axis,
but is computed using the smaller cross-sectional
dimension, d, when bending is about the weak
axis. The magnification factor 1/(1 — f/F ) in
Eq. 7-9 accounts for the P-A effect.

Special provisions exist for very light truss
members (2 X 4 or smaller) that are subjected to
combined bending and compression. If such a
member is stiffened by plywood nailed to its
narrow face, it is allowed an increase in stress,
These special provisions (NDS Section 4.4.3)
will be covered in Chapter 10.

Sometimes bending about both axes (biaxial
bending) is present either alone or in combina-
tion with axial compression. In that case the in-
teraction equation is:

<f_cr)2 + _ fbx
Fc Fbx[l_(fc/FcEx)]
+ = 2
Fby[l - (fc/FcEy) - (f;;x/FbE)z]

(7-10)

The bending stresses in Egs. 7-9 and 7-10 are
those due to bending moment due to transverse
(side) loads or to end moments from frame ac-
tion. When the bending moment is the result of
eccentricity of load, a different interaction equa-
tion should be used. That equation is

(‘L‘)Z + fbx +fbex[]' + 0234(fc /FCEX)]
F, Fyll = (f,/ F.p,)]
+ {fy, + [l + 0.234(£/F )
+ (0.234/ F2)(f,,+ 1.1}
F{F11 = (fIF,)
— (ot fo W1}

(7-11)

where f,, = Pe/S is the bending moment due to
eccentricity of load. As this equation shows, the
portion of the bending stress that is due to ec-
centricity of load has a larger magnification than
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the remainder of the bending stress. In general,
however, the increase is only around 4%.

Example 7-9

A roof truss with top-chord slope 4:12 supports snow
load and dead loads due to decking, roofing, ceiling,
and insulation. The top chord of the truss receives a
uniform vertical load applied to the narrow face.
Therefore, this chord has to carry both axial and bend-
ing loads. The top chord is continuous over three
sloping 5-ft 7-in. spans, and the most heavily loaded
of the three carries a compression load of 4300 1b and
a uniform load of 125 Ib per horizontal foot. Will a
2 X 6 of D. fir-larch, No. 2 (placed with its 1.5-in. di-
mension horizontal) be sufficient for this member?

Assume, conservatively, that coefficient of effective
length k. = 1.

For bending, C,, = 1.3 and F, = 875 psi

For compression, C,, = 1.1 and F_ = 1300 psi

E = 1,600,000 psi
The horizontal distance between panel points is 5.58
X (12/12.65) = 5.29 ft.

Bending: Decking nailed to the top (narrow) face
prevents lateral buckling, so that the allowable bend-
ing stress need not be adjusted for instability using C,.
Also note that if it were known that the trusses were at
24-in. centers or closer, the repetitive member factor,
C_, would have been used.

F, = C,C,F, = 1.3(1.15)(875) = 1308 psi
M = 0.1w€? (Table A-8)
M = 0.1(125)(5.29)* = 349.8 ft-Ib

f, = 12(349.8)/7.56 = 555 psi
Axial Compression: To find F! the £ /d ratio we will
use will be for column buckling in the strong direc-
tion. Because of the nailed decking, the member is not
able to buckle in the weak direction.

€ /d = 5.58(12)/5.5 = 12.2

F . = 0.3(1,600,000)/12.22 = 3225 psi = F
F* = 1.1(1.15)(1300) = 1645 psi

By Eq.7-5, C, = 0.864

F! = 0.864(1645) = 1421 psi

f,=4300/(1.5 X 5.5) = 521 psi

Substituting in interaction Eq. 7-9:

( 521 )2 . 555
1421 1308[1 — (521 / 3225)]

OK

=0.64<1.0

Based on combined stresses, a 2 X 6 is sufficient for
the entire top chord, because the span analyzed was
the most heavily loaded portion of the chord. If this
truss used bolts or split rings as connectors, it would
be necessary to check the stress at the net section. The
axial load divided by net area would need to be com-
pared to the allowable short column stress, F*.

Example 7-10

An 8 X 8 No. 2 hem-fir (P&T, WWPA graded) mem-
ber, 12 ft long, has simply supported ends and carries
vertical load of 3.2 k dead and 4.2 k snow, applied at
the face of the column. Is it satisfactory?

Appendix Table B-5 shows for this member, F, = 375
psi, F, = 525 psi, and E = 1,100,000 psi. 3.2/09 <
7.4/1.15, so the load combination that included both
D and S controls.

As a column,

€.1d=12X12/7.5=19.2

F . = 0.3(1,100,000)/19.2% = 895 psi
F* = 1.15(375) = 431 psi
C,=0873

F! =0.873(431) = 376 psi
f.=7400/7.5% = 132 psi

As a beam,

Sinced = b, C;, = 1.0
Since d < 12in., C, = 1.0
F, = (1.0)(1.0)(1.15)(525) = 604 psi

The eccentric load causes M = Pe = 7400(7.5/2)
= 27,750 in.-1b

fy = PelS = 27,750/70.3 = 395 psi

Substituting into Eq. 7-11,
<Q)z " (395)(1 + 0.234(132 / 895))
376 (604)(1 — (1327 895))
= 0.123 + 0.654(1.213) = 0.92< 1.0

OK
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Note that in this case the bending stress was magni-
fied by 21.3%.

Example 7-11

An 8 X 12 column of No. 1 (B&S) Douglas fir-larch,
graded under WCLIB rules, is used to carry a vertical
floor load of 18 kips (ten-year duration) placed 4 in.
off center, as shown by Fig. 7-14. In addition, the col-
umn is subject to a uniform wind load of 400 Ib/ft
from the attached exterior wall system. Assuming the
wall system does not provide lateral support, is the
member satisfactory as a beam-column?

Reactions to the eccentric vertical load and wind load
are computed first, and are shown by Fig. 7-14b. Then
the shear diagram is used to solve for the maximum
bending moment of 13.02 ft-k, shown by Fig. 7-14d.
Of this 13.02 ft-k, 3.45 ft-k = (0.428)(8.07) is due to
eccentric load and 9.57 ft-k is due to transverse load.

The column must be analyzed (a) for action as a
beam-column under combined dead, live, and wind
loads; and (b) for action as a beam-column under ec-
centric vertical load alone.

Case a:

F, = 1350 psi, F, = 925 psi, E = 1,600,000, and
C,=16

As a column,

Larger €, /d = 14(12)/1.5 = 22.4

F,,, = 0.3(1,600,000/22.42 = 957 psi
F* = 1.6(925) = 1480 psi

P=18K 2.800 18K

0.428 J
y —-Q) —_

2.372K

M:l:_‘ \
et

+

"
=14

EEEEESREEREEN

n

4

4

2.800

+0.428

—
3.228 KA

18K

(a) (b)
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C,=0528
F! = 0.528(1480) = 781 psi
Actual f, = 18,000/(7.5 X 11.5) = 209 psi

As a beam,

(Note that both wind and eccentric vertical load
cause strong-axis bending.)

€,/d=14(12)/11.5 = 14.6 > 14.3

£, = 1.84(14 X 12) = 309.1 in.

R =309.1(11.5)/7.5> = 63.2

F,. = 0.438(1,600,000)/63.2 = 11,090 psi
C.=10

F}¥ = (1.0)(1.6)(1350) = 2160 psi
Substituting in Eq. 6-4, C;, = 0.988

F, = 0.988(2160) = 2130 psi

Due to transverse load,
f, = M/S = 9570(12)/165.3 = 695 psi

Due to eccentric load,

f,, = 3450(12)/165.3 = 250 psi

The final item needed is F,,, computed using the

larger cross-sectional dimension, d = 11.5 in.

F ;. = 0.3(1,600,000)/(14 X 12/11.5)* = 2249 psi

2.372K
-— 6.0
FTK
T
2
n
13.02 FT-K
5
©
T 3228K
v M

(c} {d}

Fig. 7-14. Beam-column for Example 7-11.
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Substituting into interaction Eq. 7-11,

(@)2 . 695 + 250[1 + 0.234(209 / 2249)]
781

(2130)(1 — (209 / 2249))

=0.56<1.0 OK for Case a
Case b:
Load duration factor = 1.0 (Case b does not include
wind).

As a column,

F =957 (same), but F* = 1.0(925) = 925 psi
So C, = 0.703 and F, = 0.703(925) = 650 psi
f, = 209 psi (same)

As a beam,

F,. = 11,090 (same), but F ¥ = F, = 1350 psi
C, =0.993
F, =0.993(1350) = 1341 psi

If vertical load acts alone, maximum moment (at the
top end) is

Pe = (18k)(4/12 ft) = 6 ft-k
Stress f,, due to eccentric vertical load is
J5 = 6,000(12)/165.3 = 436 psi
Substituting into Eq. 7-11,
209)2
= +
650

=047<1.0

436(1 + 0.234(209 / 2249))
(1341)(1 — (209 / 2249))

Ok for Case b

Example 7-12

ANo. 1 D. fir-larch 8 X 12 (B&S), 16 ft long, is sub-
ject to an eccentric load at the top (¢ = 7 in.) of 10 k
causing uniform strong-axis bending and a side load
of 0.9 k at midheight, which causes weak-axis bend-
ing. Use C, = 1. The member has lateral support at
the ends only. Is the section satisfactory?

F, = 1350 psi; F, = 925 psi; E = 1,600,000 psi.
Axial compression:

Larger £,/d = 16(12)/7.5 = 25.6
F ;= 0.3(1,600,000)/25.6 = 732 psi = F,,,

F¥* =925 psi

C, = 0.605

F! = (0.605)(925) = 560 psi

£, =10,000/7.5 X 11.5 = 116 psi

Strong-axis bending:

£,/d =16(12)/11.5 = 16.7

€,=1.84] =353 in.

R} =353(11.5)/71.52 =722

F,; = 0.438(1,600,000)/72.2 = 9706 psi
C,=1.0

F} = 1350 psi

C, = 0992

F',, = 0.992(1350) = 1339 psi

Joee = PelS, = 10,000(7)/165.3 = 423 psi

Weak-axis bending:
F, = 1350 psi (C, = 1.0)

(Had this been a 2 X or 4 X member, an adjustment
for flatwise use would have been applied.)

M, = P/4 = (900)(16)/4 = 3600 ft-1b
Sy = M 1S, = 3600(12)/107.8 = 401 psi
Compute F

For strong axis, F , = 0.3(1,600,000)/(16 X
12/11.5)2 = 1722 psi

For weak axis, chy = 732 psi (as above)
Interaction equation:
Eq. 7-11 will be used. Note that the strong-axis bend-

ing stress is due to eccentric load and therefore has
larger magnification than the weak-axis bending

stress.
116\
—| +
560
401

+
1350(1 — (116 / 732))

423(1 + 0.234(116 / 1722))
1339(1 — (116 / 1722))

=0.74<1.0 OK
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7-7. COLUMNS OR BEAM-COLUMNS
WITH INITIAL CURVATURE

The preceding discussion of column design as-
sumes the member is initially perfectly straight.
Occasionally the designer may be called upon to
investigate the capacity of a column whose ini-
tial crookedness is not minor enough to disre-
gard. In this case, some results from structural
stability theory (13, 14) are of use.

A differential equation based on equilibrium of
the initially bent column can be solved for the total
deformation of the loaded column. Assuming that
the initial shape of a pinned-end column is a half
sine wave with midheight deflection of g, the total
mid-height deflection after load application is

a

Ap=——
T 1-pP/P,

(7-12)
In this equation, P is the applied load and P, =
Py, = WEI/{?. Inspection of the denominator
of Eq. 7-12 shows that as P approaches P, (the
Euler load), deformation becomes infinitely
large. A perfect column will remain straight up
to the Euler load; an initially deformed column
begins to deform further as soon as any load is
applied. The deformation is relatively insignifi-
cant at low loads, but increases rapidly as the ap-
plied load increases.

If the only load on the crooked column is an
axial load, then the magnified bending moment
due to initial crookedness is PA,.. The designer
can then use the interaction equation, Eq. 7-9,
with no magnification factor.

For analysis of the initially curved column
with eccentrically applied end loads, the de-
signer can use superposition. The eccentrically
applied end loads can be replaced by the equiv-
alent set of loads consisting of axial load P and
end moments Pe. The maximum deflection at
midheight of the beam-column is then

a m [P
AN, =——"——+tesec_ |[——e¢
1—-P/Pg 2V Py

(7-13)

where the first term is due to initial crookedness
and the second and third to eccentricity of load.
The maximum moment at midheight of the
beam-column is

M, =Ple+A

max)

a m [P
=P<4+esec~/ )
1—-P/Pg

2V P,
(7-14)

Similar expressions for bending moment can be
developed for other load types on initially
crooked columns.

Creep in Columns

For columns where dead load is a major portion of
the total load, creep may be of concern to the de-
signer. However, a study (15) shows that crooked-
ness, rather than creep, is the primary cause of sec-
ondary bending stress in columns. Column
curvature and material (modulus of elasticity)
variability were found to be much more signifi-
cant than creep. The study concluded that creep
could safely be ignored if the interaction equation
(rather than simple column equation) were used in
design with an estimate (say % in.) of expected
initial crookedness.

7-8. TENSION MEMBERS

Wood is required to resist tensile stresses when it
is used in trusses or in the tension flange of a ply-
wood-lumber beam. Other tension members are
the chords of horizontal and vertical diaphragms
(Chapter 12). In the design of a tension member,
the adjusted allowable tensile stress, ', must not
be exceeded. The tensile stress in the member is
calculated using the net area. This is the cross-
sectional area remaining after bolt holes or pro-
jected connector holes are subtracted from the
gross cross-sectional area of the member. Exam-
ple 5-15 shows a joint for a member stressed in
tension. This example points out that both the ca-
pacity of the wood in tension and the capacity of
the bolts in shear must be checked.

Adjustments that may apply to allowable ten-
sile stress are load duration, wet use, tempera-
ture, and size factor (the latter for dimension
lumber only).

Example 7-13

Because of poor soil conditions, a different support
system has been chosen for the sign of Problem 5-18
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and Fig. 5-21. Lateral bracing (dotted line in Fig. 7-
15a) prevents movement parallel to the sign. The sign
is continuously bolted to the upper part of the posts.
Normal to the sign, diagonal braces will be used as
shown in Fig. 7-15b. Design both the vertical and di-
agonal supports using D. fir-larch of No. 1 grade for
any dimension lumber members and Dense No. 1
grade for larger members. The vertical posts are at-
tached to concrete foundations.

Recall that the sign width is 16 ft and the wind speed
is 70 mph. For Exposure C the combined height, ex-
posure, and gust factor coefficient, C, is 1.06 for
heights of 0 to 15 ft, and increases linearly to 1.10 at
the 18-ft level (highest point of the sign). For simplic-
ity, conservatively use C, = 1.10 for the entire depth
of the sign. From Eq. 4-4,

p=CCql=(1.10) (1.4) (12.6) (1.0)

F, = wind force resisted by one post
= 19.4(10) (16/2) = 1550 1b

Sign wt = 1400 1b
Estimated post wt = (24 1b/ft)(18 ft) = 430 Ib

F, = 1400/2 + 430 = 1130 1b

Using a free body of the vertical post of Fig. 7-15b,

3M, =0=—F, (13) + 7F, V2
F

A
F,,=F,+F,JV2=1130 + 2880 = 4010 Ib

¢ = 4070 1b (tension)

The shear and bending moment diagrams for the post

= 19.4 psf are shown in Figs. 7-15¢ and 7-15d.
— (a)
T
I
10-0" ‘ Fi
[} Eaivvrirey
‘ (WIND)
1o l 9300 FT-LB
70"
1328 LB
v M
(b) (c) (d)

Fig. 7-15.

Sign support for Example 7-13.
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Design of diagonals AC:
F,. = 4070 Ib tension

Fora2 X 4, F} = C,C,F,= 1.5 (1.6) (675)
= 1620 psi

Net area req. = 4070/1620 = 2.51 in2

Assuming 2 rows of ¥s-in.-diam. bolts (hole
diam. = 0.81 in.),

Net area provided = (1.5) [(3.5) — 2(0.81)]
=2.82in2>2.51 OK

Tentatively use 2 X 4 diagonal
Check diagonal for wind reversal:

F,. = 4070 Ib comp.

£,/d = TV2(12)/1.5=179.2 > 50
Try3 X 8

NG

£,0d = TVZ(12)2.5 = 47.5

E = 1,700,000 psi; F, = 1450 psi; C, = 1.05;
Cc,=16

F ;= 0.3 (1,700,000)/(47.5)* = 226 psi
F* = (1.05) (1.6) (1450) = 2436 psi
C,=0.091
F! =0.091 (2436) = 222 psi
£, =4070/(2.5 X 7.25) = 225 psi
Since f, > F, we should increase the size of the

member; however, it is so close that many engineers
would say OK.

Design posts (beam-columns):

Try 6 X 8 (P&T). First check the bottom 7 ft of post
and then the top 11 ft. (Buckling of the lower portion
is about the weak axis. For the top part, the post can
buckle only about its strong axis.) For the bottom 7 ft,
assume that the ends are free to rotate, but not trans-
late, so the coefficient of effective length = 1.0.
Lower portion, as a column,

K 0/d = (1.0) (7) (12)/5.5 = 15.3
E = 1,700,000 psi; F. = 1200 psi

F,, = 0.3 (1,700,000)/(15.3)2 = 2180 psi
F* = (1.6) (1200) = 1920 psi
C,=0.733

F! = 0.733 (1920) = 1407 psi

f. = 4010/(5.5 X 7.5) = 97.2 psi
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Lower portion, as a beam,
£/d=T0017.5=112
€,=1.63(7 X 12)+3(7.5) =159 in.
RZ=(159) (7.5)/(5.5)* = 394
F,. = 0.438 (1,700,000)/39.4 = 18,900 psi
F3# = (1.6) (1400) = 2240 psi
C, = 0.993
F, = 0.993(2240) = 2224 psi
M = (5 + 1)F, = 6(1550) = 9300 ft-1b
S, = 9,300 (12)/51.6 = 2163 psi
F .. = 0.3(1,700,000)/(7 X 12/7.5)? = 4066 psi

Substituting in interaction Eq. 7-9,

(97.2 )2 2163
1407/ " 2224(1 — 97.2 7 4066)

=1.0<1.0 Bottom part is OK

Check top:
Coeff. of effective length = 2.1 (Fig. 7-2)
K/tid=12.1(11X12)/7.5 =37.0
F_, = 0.3 (1,700,000)/(37.0)? = 373
F*=(1.6) (1200) = 1920 psi
C,=0.186
F! =0.186 (1920) = 357 psi
P = 1400/2 + (24 1b/ft) (11 ft) = 964 1b

(To assume P as an end load is conservative. Actually
it is distributed along the column length.)

f.=964/(5.5 X 1.5) = 23.4 psi
F| = 2224 psi (same as for bottom portion)

Jf, = 2163 psi (same as for bottom portion)

(Weak-direction buckling is not possible; the sign is
continuously bolted to the upper part of the columns.)
The interaction equation gives

(3_3_4)2 . 2163
357) 7 2224(1 — 23.4/ 4066)

=098<1.0 Upper part is OK

Use 6 X 8 for post (larger dimension normal to
plane of sign).
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7-9. COMBINED TENSION AND
BENDING

Occasionally wood members are stressed in
combined axial tension and bending. Combined
tension and bending might occur, for example,
when the bottom chord of a roof truss supports
the ceiling below directly. For combined tension
and bending, the NDS has the following two re-
quirements, the second of which is a lateral-sta-
bility criterion:

i’,+i’;—s1.o (7-15)
: B

Loty
F, (7-16)

In the second equation, F}* is the tabular bend-
ing stress multiplied by all applicable adjust-
ment factors except C, (which would apply only
to glued laminated timber).

In these interaction equations for combined
tension and bending, net section properties
should be used where the combined tension and
bending moment occur at a section reduced by
bolt holes or connector grooves. If the combined
tension and bending occur where these holes or
grooves are absent, use gross section properties.
In any case, also check for tension alone and
bending alone, using the appropriate section
properties (net or gross) where the maximum
values of tension or bending moment occur.

7-10. COLUMN DESIGN BY LRFD

The steps in load and resistance factor design of
columns are similar (but not identical) to those
of the allowable stress method. An adjustment
factor for column stability, Cp, is used, although
it has different form than in ASD. For a trial sec-
tion, the designer first finds the Euler load

P = mE  I(K()* (7-17)
Using this equation, both P, and P, need to be
found (unless it is obvious which is more criti-
cal), with the smaller controlling the design. The
modulus of elasticity referred to in the equation
is the adjusted fifth percentile value (i.e., the

value that 95% of the pieces exceed). E  is the
modulus of elasticity to be used for strength or
stability (buckling) calculations. A different
modulus (E"), which accounts for shear deflec-
tion, is used for deflection calculations. Refer-
ence 16 gives the following equation showing
the relationship between E , and E’.

E,; = 1.03E" (1 — (1.645)(COV))) (7-18)
For visually graded lumber, COV, = 0.25. For
glulams, COV,_ = 0.11 and the 1.03 in Eq. 7-18
is changed to 1.05.

Next in the design process, the designer com-
putes the resisting load, P, of a short (zero-
length) column as follows:

P, =AF*% (7-19)
where F*is the reference compression strength
multiplied by all applicable adjustments. In the
next design step, the ratio «_is computed, where

« =P, /MNP (7-20)
The resistance factor for stability is ¢, = 0.85
and for compression is ¢, = 0.90. Using the re-
sult of Eq. 7-20, the column stability factor, C,is
found from the following equation:

2
1—|— oc oc o
CP - c 1+ c _ c
2c 2¢ c

In Eq. 7-21, the constant ¢ has the same values
as in the ASD equation for column stability ad-
justment (Eq. 7-5). Finally, the trial section is
adequate if the factored load is less than the de-
sign resistance, where design resistance is the
product of adjusted resistance P’, resistance fac-
tor, ¢, and the time effect factor, A. In equation
form,

(7-21)

P, <\.P =N\.C,P;

c” p- 0

(7-22)
Combined Bending and Compression

for LRFD

Just as in ASD, an interaction equation is used
for combined axial compression and bending



SELECTING SAWN-TIMBER COMPRESSION AND TENSION MEMBERS 151

(either uniaxial or biaxial). That interaction
equation follows:

M
—® <10

B Y, M,
— | ey
)\d)cpl )\d)be )\d)bMy

(7-23)

Terms in the equation that have not been defined
elsewhere (or that need special explanation) are:

P’'—adjusted resistance for axial compression
acting alone (without moments) for the axis
with the larger KI/r ratio (i.e., the axis with
the larger (KI)*/I ratio). The column stabil-
ity factor should be included as one of the
adjustments.

M, M —adjusted flexural resistances for
strong and weak axes, respectively from
the procedure in Section 6-8 with C, = 1.0.

M, —magnified applied factored moment
about the strong axis. This moment must
include the P-A effect that was discussed in
Section 7-6. The simplest way to do this
(without using a computer program) is to
compute the magnified moment by M =

B.M, + B M_, where M,_is the factored
first-order moment from loads that result in
no appreciable sidesway, and M__ is the fac-
tored first-order moment from loads that do
cause sidesway.

M _—magnified applied factored moment

my

about the weak axis M,, = BM, +
BM,)
Finding the multiplier factors B, , B_, and so

on, requires information too lengthy to present
here. The definitions of these factors can be
found in the Standard for LRFD for Engineered
Wood Construction (16). The procedure for de-
signing a beam-column is illustrated in Example
10-4 of the chapter on trusses.

Example 7-14

A lower-story column, 18 ft long, receives load from
the roof as well as the floor above. Loads are: 60 k
snow, 45 k floor live load, and 20 k dead load. The
column will be No. 1 D. fir (P&T). By the LRFD
method, choose the best square column, assuming
pinned ends.

Load combinations (See Table 4-1):

1.4D = 1.4(20) = 28k

1.2D + 1.6L + 0.58 = 1.2(20) + 1.6(45) +
0.5(60) = 126k

1.2D + 1.65 + 0.5L = 1425k Controls

The last two combinations have identical time effect
factors, so the third combination controls, and time
effect factor (Table B-10) A = 0.8 The reference
strength for compression is F, = 2.40 ksi and E; =
970 ksi by Eq. 7-18. Other than column stability fac-
tor, C,, no other adjustments apply. Estimate that
C,=0.65.

P, =\ P
142.5 = 0.8(0.90)(2.40 X A X 0.65)
Approx req. A = 127 in.2
Trya 12 X 12 (A =132in?)
K€ =12(18) = 216 in.
P, = wE  JJ/(KL)
= w(970)(11.54/12)/(216)* = 299 kips
The resisting strength of a zero-length column is
P, =AF¥* = (11.5 X 11.5)(2.40) = 317.4 kips
o =dbP /(A Py
= 0.85(299.0)/(0.8 X 0.90 X 317.4) = 1.11

oo e |(lres, P,
716 \\ 16 0.8

= 0.726

P’ = CP,/ = 0.726(317.4) = 230 kips

Design Resistance = Ad_P' = 0.8(0.90)(230) =
166 k > Required strength of 142.5 k OK

Example 7-15

Solve Example 7-4 again, this time using the LRFD
method. Assume the reference resistance F, = 2.4 ksi.
(This is 2.16/b, = 2.16/0.90 times as great as the al-
lowable stress given in Ex. 7-4.) Recall that this prob-
Iem involves the design of a 17-ft-long round column.

Load combinations are
14D = 1.4(15) = 21k
1.2D + 1.6L = 1.2(15) + 1.6(50) = 98 k
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When divided by their respective time effect factors
(0.6 and 0.8) from Table 4-1, the latter gives the larger
quotient. So the latter load case controls and A = 0.8.

For visually graded lumber, the fifth-percentile
value of elastic modulus (by Eq. 7-18) is

E\ = 1.03E" (1 — (1.645) (0.25))

For our problem, E = 1600 ksi, so E ;; = 970 ksi
Try 11-in. diameter cross section.

K¢ = 12(17) = 204 in.

1= wD%64 = w(11)*64 = 719 in*
P,=m? E I/(K()
= @2 (970)(719)/(204)? = 165 kips

The resisting strength of a zero-length column is

P, = AF* = (m(11%)/4) (2.4) = 228 kips

o = &P /AP
= 0.85 (165)/ (0.8 X 0.90 X 228) = 0.854

By Eq. 7-21 (with ¢ = 0.85 for a pole),

C, = 0.661
P =CP,=(0.661) (228) = 151 kips
Design resistance = A P’ = 0.8(0.9) (151)

= 109 k > factored load of 98 k 0K

Example 7-16

Solve Example 7-9 again, this time using the LRFD
method. Assume that percentages of dead load and
snow load are 20% and 80% respectively. Recall that
this example involves a beam-column serving as the
top chord of a roof truss. Also recall that the total ser-
vice (unfactored) axial force is 4.3 kips compression
and total vertical service uniform load is 0.125 kips
per horizontal foot. Reference strength F, = (1.3
ksi)(2.16/0.90) = 3.12 ksi. Reference strength F, =
(0.875 ksi)(2.16/0.85) = 2.22 ksi.

The load case of 1.2D + 1.6S will be examined first.
Axial Compression:

The unfactored force consists of P, = 0.20(4.3)
=0.86kand P, = 0.80(4.3) = 3.44 k.

Total factored compression force

= P,=12(0.86) + 1.6(3.44) = 6.54 k

Substituting E = 1600 ksi (from Ex. 7-9) into Eq. 7-
18, the fifth-percentile value of E is E; = 970 ksi.

Weak-axis buckling is prevented by the decking, so
strong axis moment of inertia will be used for buck-
ling computations.
I, = (1/12)(1.5)(5.5)* = 20.8 in.*
K¢ = 12(5.58) = 67.0 in.
= T E I /(KE)?
= 7%970)(20.8)/(67.0)> = 44.4 kips

The resistance of a zero-length column is

P, =AF*= (15X 5.5)(C, X F.)
= (1.5 X 5.5)(1.1 X 3.12) = 28.3 kips
a, = &P, /NP
= 0.85(44.4)/(0.8 X 0.90 X 28.3) = 1.85

By Eq. 7-21, C, = 0.854
Adjusted compression resistance is

P' = C,P,= (0.854) (28.3) = 24.2 kips

Bending:

The uniform dead load (unfactored) = w, =
0.20(0.125) = 0.025 k/ft and wy = 0.80(0.125) =
0.100 k/ft. Total factored uniform load

=w, = 1.2(0.025) + 1.6(0.100) = 0.190 k/ft

M, = 0.1w,£? = 0.1(0.190) (5.29)> = 0.532 ft-k
Next the magnified moment (magnified for second-
order effects) must be found. Multiplier B, is

Bbx = me/(l - Pu/((bcPex))

= 1.0/(1 = 6.54/(0.90 X 44.4))

=1.20
(In the above equation, the value of C,, is 1.0, be-
cause the member is subjected to transverse load and

has pinned ends.)
The factored moment, including magnification is

M, =BM, =BM,

= (1.20) (0.532) = 0.638 ft-k = 8.86 in-k

Since decking provides lateral support to the truss
chord, C, = 1.0 and adjusted bending resistance is

M, =SF' =(156)(C, X F,)
= (7.56) (1.3 X 2.22) = 21.8 ink
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Interaction Equation for combined axial compression
and bending:

( Pu >2 + M"LK

AP/ AbM,

( 6.54 )2 N 8.86
(0.8)(0.90)(24.2)) ' (0.8)(0.85)(21.8)

=0.74<1.0 OK

(If analyzed for the load case of dead load alone, the
member would again be found to be satisfactory.)
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PROBLEMS

In the following problems, assume moisture content
in service to be less than 19% unless stated or implied
otherwise. When solving these problems, remember
that the lumber classification Beams and Stringers
(B&S) refers to lumber of thickness 5-in. nominal (or
more) with width more than 2 in. greater than thick-
ness and that Posts and Timbers (P&T) refers to
square or nearly square sections (nominal width not
more than 2 in. greater than thickness). Live loads are
normal (not over ten-year) duration unless noted.

7-1.

7-2.

7-3.

7-4.

7-5.

7-8.

A 6 X 8 hem-fir column, Select Structural
grade (P&T) is 12 ft long. It carries a dead
load of 20 k. Use is under wet conditions and
K, = 1.0. What snow load can it carry in ad-
dition to the 20 k dead load?

An 8 X 10 column, 13 ft long, of No. 2 D. fir-
larch (P&T) is laterally braced at midheight in
the weak direction. Assuming pinned ends,
what axial wind load can it carry in addition
to a dead load of 16 k? Assume pinned ends.
Find the allowable axial load for a 4 X 8 col-
umn, No. 2 D. fir-larch, overall length 18 ft,
with weak-way bracing (i.e., one-way only) at
midheight. Ends are pinned. Controlling load
combination is D + L + W. Use is wet.

A 10 X 12 column, 14 ft long, has one end
fixed and one end free. It is made of Select
Structural D. fir (P&T). What is the largest
service D + L + S load that it can carry?

A nominal 8-in.-wide (least cross-sectional
dimension) column, 9 ft long, is to be No. 1 D.
fir-larch. The coefficient of effective length,
K, = 1.0.If the load is 14 k dead load and 43
k live load, determine the column size. Make
your first trial using P&T, then if a larger sec-
tion is required, use B&S.

A No. 1 hem-fir nominal 10-in.-wide (least
cross-sectional dimension) column is 8 ft 4 in.
long. The coefficient of effective length, K =
1.0. The load on the column is 25 k dead and
57 k live load. Moisture content in use is ex-
pected to be 20%. Determine the column size.
Use P&T for your first trial.

Same as Problem 7-6, except K, is determined
as for a column that is fixed at one end and free
to both translate and rotate at the other end.
Design a square column (pinned ends) of No.
1 D. fir-larch, (P&T) 9 ft long. The loads are
D =25k and L = 56 k. Column will be in a
location of extreme humidity.

Design a square column (pinned ends) 23 ft
long of No. 1 D. fir-larch (P&T) to carry a
loadof D = 11kand L = 30k.
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7-10.

7-11.

7-12.

7-13.

7-14.

7-15.

7-16.

7-17.

7-18.

7-19.

7-20.

7-21.

Same as Problem 7-9 except moisture content
in service will be greater than 19%.

An 8 X 10 column of No. 1 D. fir-larch (P&T)
carries D = 10 k and L = 48 k. If the column
rests on a 3-in. by 7.5-in. steel plate at its bot-
tom end, is it satisfactory for end-grain bear-
ing? If not, what size plate is required?

If the column of Problem 7-11 is 9 ft long, as-
suming pinned ends, is it satisfactory for
buckling?

The column of Problem 7-11 will have a hole
for a 7/8-in. bolt (7.5 in. long) near the upper
end to connect it to a column cap. At the sec-
tion where the hole is located, is the stress
level acceptable? (The actual compressive
stress on the net area must not exceed F'*.)
The end of a 6 X 6 southern pine column car-
rying axial load of 9 k D plus 32 k Lrests on a
U-shaped steel bracket (post base). What
bearing area must the post base provide to the
bottom end of the column?

A 22-ft-long column (pinned ends) has axial
load of D = 13 k plus § = 34.5 k. It is laterally
braced in all directions at both ends and the
midheight. Choose the most economical square
column using No. 1 D. fir-larch (WWPA).

A 21-ft-long column (pinned ends) has least
cross-sectional dimension of 6 in. nominal.
The member must carry dead load of 19 k plus
occupancy live load of 24 k. The column is
braced at the midheight in the weak direction.
Choose the column of least area using No. 1
D. fir-larch (WWPA). (Caution: Allowable
stresses for P&T and for B&S are different.)
The column in Problem 7-3 has 2.85 in.? of
wood removed to install a split ring. Is the
column satisfactory for compressive stress on
the net area?

A 10-ft-high stud wall carries an axial load
due to D + S. Studs are 2 X 4 No. 3 D. fir-
larch at 16 in. c/c. They are supported about
the weak axis by sheathing nailed to the nar-
row face. Find the allowable load per foot of
wall.

An 8-in.-diameter round column is to be 12 ft
long. The column has E = 1,600,000 psi and
F_ =950 psi. Assume pinned ends and a load
duration of seven days. Using the equivalent
square method, find the allowable concentric
load.

Same as the previous problem, except use the
alternate method.

A round column (pinned ends) is to be de-
signed for a ski lodge. The wood to be used

7-22.

7-23.

7-24.

7-25.

7-26.

7-27.

7-28.

7-29.

has £ = 1,300,000 psi and F, = 950 psi. The
column will be 20 ft long. What diameter (to
the nearest ' in.) is necessary to support a
load of § = 61 k and D = 20 k? Use the
equivalent square method.

Same as the previous problem, except use the
alternate method.

Design a round column to carry a load of D =
30 k and W = 95 k. Unsupported length is 12
ft and K, = 1.0. Neglect any taper. E =
1,600,000 psi and F, = 1100 psi. Use either of
the two methods.

A round, tapered column (pinned ends) 15 ft
long has a diameter at the bottom of 10 in., ta-
pering to 7 in. at the top. Conditions of use
will be wet. E = 1,400,000 psi and F, = 1000
psi. What service load can it carry if the dura-
tion of load is 2 months? F, = 1220 psi.

Find the allowable ten-year axial load for an
8-ft-long, hinged-end tapered column. (E =
1,600,000 psi and F, = 1000 psi.) The thick-
ness is a constant 5.5 in., but the width is 11.5
in. at the bottom, tapering to 5.5 in. at the top.
A square, tapered column with pinned ends is
12 ft long. The width of the column at the bot-
tom is 14 in., tapering to 10 in. at the top (ac-
tual dimensions). The wood to be used has E
= 1,400,000, F, = 950 psi, and F, = 1380
psi. Find the safe load the column can carry if
the load combination includes snow. Make
sure to check the column in parallel-to-grain
bearing at the top where the load is transferred
into the small end of the column.

A simply supported column tapers toward
both ends. In one plane, the column is a con-
stant thickness of 7.5 in. In the other plane,
the midheight of the column measures 13.5
in., tapering to 9.5 in. at each end. Wood prop-
erties are E = 1,600,000 psi, F, = 1000 psi,
and F, = 1480 psi. What ten-year-duration
service load can the column carry?

A column has a rectangular cross section
everywhere, but it is tapered so that it has a 4-
in. by 6-in. cross section at the small end and
6-in. by 8-in. cross section at the large end
(actual dimensions). Moisture content in use
is expected to be 20%. For €, = 10 ft, E =
1,500,000, and F, = 1100 psi, determine the
maximum permissible axial § + D load.

A spaced column consisting of two 3 X 8s is
to be 8 ft 6 in. long. Using No. 2 hem-fir and
connector condition b, compute the allowable
service load, P, assuming that snow is the con-
trolling load.
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7-32.

7-33.

7-34.

7-35.

7-36.

7-37.

7-38.

SELECTING SAWN-TIMBER COMPRESSION AND TENSION MEMBERS 155

For the column in the previous problem,
choose split-ring connectors to carry the load
you computed. How far from the end should
the connectors be placed? Check to determine
if net area is sufficient.

Solve for the capacity of a spaced column
consisting of two D. fir-larch 4 X 8s (No. 1)
under load of two months cumulative dura-
tion. Use is under wet conditions. The column
length is 12 ft and the centers of the connec-
tors are 12 in. from each end. (Assume that
the connectors are strong enough, whatever
the load you solve.)

Design the top chord of a truss (length = 6 ft
9 in.) as a spaced column. Compression load
is 12 k dead plus 28.6 k live, and K, = 1.0.
Use 3-in. nominal material of No. 2 D. fir. As-
sume connector condition a. Choose split-
ring connectors. Assume net area is sufficient.
Design a spaced column of overall length 10 ft
2in. (K, = 1.0)tocarry 19 k D plus 31 k L. As-
sume condition &. Use No. 1 & Btr hem-fir di-
mension lumber. Try to keep the ratio of width
to thickness of the individual members about 3
to 1. Choose split-ring connectors. Check net
area.

A built-up column, 9 ft long, like Fig. 7-11a,
is composed -of six 2 X 6s of No. 1 D. fir-
larch. Assuming it is properly connected,
what ten-year duration load can it safely sup-
port? What load could a 9-ft-long 6 X 6 solid
column of No. 1 D. fir-larch support?
Abuilt-up column, like Fig. 7-11d, consisting of
three 2 X 6s is nailed together with 30d com-
mon nails. The column is 8 ft 5 in. long and is
No. 1 hem-fir. Using NDS requirements, what D
+ S load can it support? If your instructor re-
quests, describe the required nailing pattern.
Design a built-up column, 8 ft long, like Fig.
7-11d, of No. 2 hem-fir. Use NDS require-
ments. The column will carry snow load of
3.3 k and dead load of 1.2 k. Use either 2 X 4s
or 2 X 6s, if possible. Assume nailing is suffi-
cient to develop built-up column strength.

A No. 1 hem-fir (WWPA) beam-column is 8
ft 2 in. long. The 40-kip, permanent-duration
end load is eccentric by 6 in. Find the most
economical square (P&T) section.

A nominal 10 X 12 No. 1 (WWPA) hem-fir
column is 8 ft 4 in. long. A 3-in. eccentricity at
each end of the 33-kip end load causes bend-
ing about the strong axis. There is also a cen-
tral side load of 1.5 k applied to the smaller
face. For ten-year duration of load, is this sec-

7-39.

7-40.

7-41.

7-42.

7-43.

7-44.

7-45.

7-46.

7-47.

7-48.

tion with pinned ends satisfactory? Draw the
bending moment diagram as part of your so-
lution.

Repeat the previous problem if the 33-kip
load is eccentric at the top end only. Draw the
bending moment diagram as part of your so-
lution.

A 17-ft-long column supports a vertical load
of D = 4.5 kplus S = 13.5 k as well as a uni-
form horizontal wind load of 175 Ib/ft. Chose
a square column (P&T) of No. 1 D. fir-larch.

A No. 1, 8 X 12 (B&S) D. fir-larch column
has an effective length of 12 ft. A 4-in. eccen-
tricity at each end of the 20-kip D + L load
causes bending about the strong axis. What
uniform wind load that also causes strong-
axis bending can be superimposed?

Repeat the previous problem, except the wind
load causes weak-axis bending.

Design a column (pinned ends) 14 ft long to
carry a concentric D + L load of 42 k and a
moment due to wind of 8.2 ft-k. Try 8-in.-
nominal (smallest cross-sectional dimension)
B&S of Dense Select Structural D. fir-larch.
If this proves inadequate, try 10-in. nominal.

Design a member 10 ft long to carry a con-
centric compressive force of 19.2 k and a
transverse force of 1.4 k at midheight. As-
sume ten-year load duration. Wood is Select
Structural Douglas fir-larch.

A 10 X 10 No. 1 (WCLIB) hem-fir beam-col-
umn supports an axial load P (dead plus live).
It also supports a uniform horizontal wind
load of 200 1b/ft. If the column is 20 ft long,
what is the allowable P?

Prove that the following beam-column is (or
is not) satisfactory: An 8 X 10 No. 1 (WWPA)
hem-fir member, 16 ft long, braced against
weak-axis buckling by attached plywood sid-
ing. The loads are uniform horizontal wind
load of 150 1b/ft and a concentric axial load
D+ L)yof20k.

A door header of 14-ft span is to be designed
using 2-in.-nominal members of No. 2 D. fir-
larch. It is expected that two or even three
members side by side will be necessary.
Bending loads are D = 64 Ib/ft and L = 120
1b/ft. In addition, there is a wind load of 7 k
axial tension. Choose the required members.

Find the allowable axial tension load (due to
wind) in a 2 X 8 member if there are two rows
of 3/4-in.-diameter bolts at the net section.
Lumber is No. 2 southern pine. Assume holes
1/32 in. larger than the bolt.
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7-49.

7-50.

A 2-in.-nominal tension member (No. 3 Dou-
glas fir-larch) carries a wind load of 5200 Ib.
Using Cj, = 1.6, choose the proper size mem-
ber if a single row of 1-in.-diameter bolts are
used. Bolt holes will be 1/16 in. larger than
the bolt diameter.
A 10 X 10 No. 1 D. fir-larch column has an
effective length of 28 ft. Assuming that we
wish to design for a minimum eccentricity of
0.5 in., what is the allowable load for the col-
umn?
(a) Use Eq. 7-11, assuming an end load that
is eccentric by 0.5 in.
(b) Use (f,/F.)* + f,/F, < 1.0, calculating f,
using the total deflection from Eq. 7-12.
(¢) What is the allowable load if e = 0.0?

7-51.  Same as Problem 7-50, except €, = 17 ft.
7-52. A 10 X 10 No. 1 D. fir-larch column has no

initial crookedness, but has end loads that are

eccentric by 8 in. in a direction causing

strong-axis bending only. Effective length is

25 ft.

(a) Using a computer, graph magnification
factor [1 + 0.234 (f./F )1 — (f./F )]
vs. P. (This is the magnification factor
from Eq. 7-11.)

(b) To the same scale, graph

sec | — |— | vs. P
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Glued Laminated Members

Glued laminated timbers were used as early as
the late 1800s. During and since World War II,
they have been used extensively. Casein adhe-
sives were the most frequently used until the
early 1970s, when they were generally replaced
by synthetic resins suitable either for exterior or
interior use. Glued laminated members (glu-
lams) have seen increasing use in both buildings
and bridges. Structures that would not have been
feasible using only sawn-timber members have
proved practical and successful using glulams.

8-1. GLULAMS

Structural glued laminated timber is defined by
the National Design Specification (1) as “an en-
gineered, stress-rated product of a timber lami-
nating plant, comprising assemblies of suitably
selected and prepared wood laminations bonded
together with adhesives.” Obviously, glulams
for reliable structural use are neither do-it-your-
self items nor items that can be manufactured at
the job site.

Requirements for the manufacture of glulams
are defined by the national consensus standard
ANSI/AITC A190.1-1991 (2). Two associa-
tions, the American Institute of Timber Con-
struction and Engineered Wood Systems, have
the responsibility for quality assurance and tech-
nical research. They help control quality of the
finished product by inspecting and approving
laminating plants and operations.

Most glulams are made by.gluing together the
wide faces of 2-in. nominal lumber, as shown by
Fig. 8-1. One-inch nominal is also used but
mostly for arches. In bending, glulams are most
effective when manufactured so that the wide
face of the laminations is parallel to the neutral

J. J. Stalnaker et al., Structural Design in Wood
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axis, that is, with the applied loads normal to the
wide face of the laminations, as in Fig. 8-1la.
They may also be used with the loads parallel to
the wide face of the laminations (Fig. 8-1b), al-
though the strength, stiffness, and economy ad-
vantages of glued laminated timber may be lost
when that is done. Glulams may also be used as
tension members or as compression members.
Laminations for members to be used primarily
for axial loading are selected by criteria differ-
ent from those for members to be used primarily
for bending.

The inner laminations of wide members may
consist of side-by-side pieces, ordinarily not
glued along their edges. When the edges are not
glued, the longitudinal joints of one lamination
must be staggered relative to those of adjacent
laminations, as shown by Fig. 8-1c, and the
transverse distance between such joints in adja-
cent layers must be at least equal to the lamina-
tion thickness. If the member will be subject to
torsion, however, the edge (longitudinal) joints
must be glued, since torsion will cause longitu-
dinal shear stresses along those joints.

The structural designer must know enough
about glulams to be able to select grade, size,
shape, and perhaps the species of the assembled
glulam member, but ordinarily is not required to
participate in selecting the lamination grades or the
makeup of the glulam cross section. That part of
the design is done by the laminator, who will pro-
duce members meeting the geometric and strength
requirements specified by the structural designer.
The laminator’s service may also include design
and manufacture of the hardware (connection ma-
terial) needed to install the members.

Members may also be made using very thin
laminations, much thinner than the thickness of

157
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Fig. 8-1. Glulam cross sections.

a nominal 1-in. board. These are called lami-
nated veneer lumber (LVL). Members of this
type are available in certain proprietary prod-
ucts, although the NDS does not yet give spe-
cific requirements for their design. They are not
considered to be glued laminated timber.

8-2. ADVANTAGES OF GLULAMS
OVER SAWN TIMBERS

Glulams were originally developed to produce
curved members such as large arches. Later they
were used to solve the problems faced in obtain-
ing sawn timbers of both large size and good
quality. Yet as those problems were solved, other
advantages were realized. Today we recognize
not only that glulams may be superior to sawn
timbers, but also that they provide for better uti-
lization of our timber resources. Glulams have
the following advantages over sawn timbers:

1. Greater strength: Lamination material is
carefully selected, so that a glulam member can
be of large size yet practically free from defects.
More importantly, those defects that are present
can be located (on the cross section) where they
will do the least damage and can be dispersed
along the length of the member. Thus, their ef-
fect at any given cross section is minimized and
a higher modulus of rupture is obtained than
would be possible in an equivalent size of sawn
lumber. The highest grade of wood is used in the
highest-stressed layers. In a beam, the tension
laminations are of highest quality, while those
near the neutral axis are of lower quality.

2. Larger cross sections: Glulams can be as-
sembled with larger section moduli and mo-

ments of inertia than are feasible with sawn tim-
bers. With the disappearance of virgin forests,
large sawn timbers are becoming more and more
difficult to find.

3. Longer spans: These are possible because
of the two above factors. For example, arched
roof structures with spans of up to 500 ft have
been built using glulams.

4. Freedom from warping and checking:
Large sawn timbers almost always develop se-
vere checks. These are caused by internal
stresses that are largely the result of nonuniform
drying. Large sawn timbers also are prone to
warp, especially in a twisting pattern. By com-
parison, individual laminations of a glulam are
generally only 2 in. in nominal thickness so that
they can be fairly uniformly dried. They tend to
remain straight and to have only minor check-
ing. In the assembled glulam member no single
lamination can warp independently, so the sur-
face of each lamination is restrained to conform
in shape with those to which it is glued.

5. Diversity of shapes: Glulams can be man-
ufactured to many outlines, making possible ar-
chitecturally attractive structures. Tapered
beams, curved beams, arches, and rigid frames
are all possible. Until glulams were developed,
these shapes were normally possible only in
structural steel or reinforced concrete (see Fig.
8-2).

6. Varying section properties: By tapering its
depth or by changing the grade of lamination
material used, the final member can be given a
strength capacity that varies along the length ac-
cording to the strength required.

7. Camber: Under dead load alone, a beam
may have objectionable deflection. With sawn
timbers, there is nothing that can be done to cor-
rect this. With glulams, however, it is a simple
matter during assembly to bend the laminations
before gluing, so that the resulting beam will
have a slight upward bend (camber) to offset the
downward deflection expected when the full
dead load is applied.

8. Fire resistance: The fire rating of large
glulam members is equal to that of heavy sawn
timbers, equaling or often surpassing the ratings
for structures of other materials. The fire resis-
tance of glulam members is far greater than that
of conventional light-frame construction, in



Fig. 8-2. Intersecting glulam highway bridges. (Photo-
graph by Mike Douglas.)

which most members are of 2-in. nominal thick-
ness.

9. Economy: Glulam members are often
more economical than similar members of struc-
taral steel or reinforced concrete. Glulams may
be more costly than sawn timbers (if timbers of
the required size are available at all), but the glu-
lams’ other advantages often outweigh a slight
increase in first cost. For a particular structure,
of course, the answer must be obtained by com-
parative designs and is influenced by factors
such as cost of transportation, erection cost, and
the need for fireproofing.

As compared to sawn timbers, glulams do
present some problems, but these are largely
problems of manufacture only and do not often
affect the structural designer. One such problem
is that of residual stresses. If the swelling and
shrinkage characteristics of adjacent lamina-
tions differ, then with changes of moisture con-
tent that may occur during use, the glulam can
develop internal residual stress. Similarly, the
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presence of abnormalities such as cross grain
and compression wood will cause unequal be-
havior by adjacent laminations and give rise to
residual stress. Solving this problem is a task of
the laminator’s engineers, but not of the struc-
tural designer who selects the size and grade of
glulam for a particular application.

Example 8-1

Compare the sizes of a glulam and a sawn-timber
beam to carry a normal-duration load of 800 Ib/ft on a
simple, laterally supported span of 25 ft. Disregard
self-weight and consider only flexural strength.

Maximum M = 800 (25%/8) = 62,500 ft-1b

For the glulam, assume visually graded western
species, combination 22F-V3. (The meaning of this
terminology will be explained later.) For this combi-
nation, the tabulated unadjusted allowable bending
stress is 2200 psi, as the combination name implies.
Among the adjustments that must be considered is the
volume factor (C ), which is similar to the size factor,
CF, for a sawn-timber beam.

Ignoring, for now, the volume factor,
Sreq. = 12 (62,500)/2200 = 340.9 in.?

From Appendix Table B-2, a glulam 5.125 in. wide by
21 in. deep has § = 377 in.> However, for this member
size and length, the volume factor (see Section 8-6) is

C, = K, (1292/Lbd)'*

in which x = 10 (specified for western species), L is
25 ft, b and d are width and depth of the cross section
(inches), and K is specified as 1.0 for uniformly dis-
tributed load.

C, = 1.0 (1292/(25 X 5.125 X 21)V1° = 0,929

When designing a glulam beam, the designer uses
whichever is smaller—C, or the beam stability factor
C,. In this example, C, is 1.0, so the adjusted allow-
able bending stress is

F, = 2200 (0.929) = 2044 psi.

The actual bending stress for the 5.125 in. by 21 in.
glulam is

12 (62,500)/377 = 1989 psi < 2044 psi allowed.
OK
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For the sawn timber, assume D. fir-larch, B&S, Select
Structural grade, which has a tabulated (unadjusted)
allowable flexural stress of 1600 psi. Ignoring the size
factor, the required S is 12 (62,500)/1600 = 468.8 in.?
To provide this would take a 6 X 24 or an 8 X 20 tim-
ber. Try the 6 X 24, since it has the smaller area. For
this member, the depth is 23.5 in. and the size factor is
0.928. The adjusted allowable stress is 0.928 (1600)
= 1485 psi. The required S is now 505 in. (vs. 506
provided). The 6 X 24 is still OK.

In this example, the next-to-top grades of each
were assumed. The comparison could be modified, of
course, by choosing other grades. That the glulam
should be the more costly is suggested by the amount
of wood consumed. The glulam is made by assem-
bling 14 pieces of 2 X 6, which are later reduced to
5' in. wide. The 2 X 6s measure less than their name
implies, but wood measuring a full 2 in. by 6 in. was
used to manufacture them. Assuming the beam’s
overall length to be 26 ft, the total amount of wood re-
quired initially to produce the glulam is

14 (2 X 6/12) (26) = 364 fom

The sawn 6 X 24, on the other hand, used only 312
fbm.

The glulam used more wood, and its cost is further
affected by the labor involved in its production. So,
selection of the glulam over the sawn timber must be
based on factors other than cost. For example, appear-
ance, availability, or freedom from warping could jus-
tify a higher initial cost.

8-3. GLULAM PRODUCTION

Glulams are made using various species of
wood, including the following:

Softwoods

Douglas fir-larch Southern pine

Douglas fir south ‘Western Woods

Hem-fir (Canadian softwood sp.)
Hardwoods

Ash, white QOuak, red

Beech Oak, white

Birch Poplar, yellow

Cottonwood, eastern Sweetgum

Elm Tupelo

Hickory

Of the species listed, Douglas fir and southern
pine are probably the most commonly used.
There is no reason why species other than those

listed above cannot be used. All that is needed is
to find suitable species and to develop appropri-
ate standards for production. Other species are
being experimented with and we may expect to
see the above list expanded in the future. One
reason that the list will expand is that good ma-
terial for tension laminations is becoming in-
creasingly difficult to find.

Researchers are seeking ways to increase the
strength and stiffness of glulams by improving
the material used for the lamination on the ten-
sion side of the member. One method under
study is that of building up a tension lamination
by gluing thin, clear (defect-free) strips of wood
along each edge of a wider piece of wood (3).
Thus far, it has been discovered that the edge
strips cause the resulting lamination to have sig-
nificantly higher strength than a single piece of
wood of the same total width. Apparently the
reason is that edge defects weaken a piece of
lumber more than interior defects. Clear edge
strips prevent having defects near the edges.

Another way of enhancing the strength and
stiffness is by using tension laminations of high-
strength, fiber-reinforced plastic. Developed at
Oregon State University, this method has been
used successfully on an Oregon Bridge (4).

Adhesives

Adhesives for glulams must be able to withstand
horizontal (longitudinal) shearing stresses due
to load, in combination with stresses from
causes such as shrinkage, swelling, or bending
to produce a curved member. To be effective the
glue must be stronger than the wood is in shear
and in tension perpendicular to the grain. Perfor-
mance requirements for glulam adhesives are
spelled out by reference 2.

The AITC specifications (5) permit either
dry-use adhesives or wet-use adhesives. Casein
adhesives are for dry use only. They should not
be used where the moisture content of the mem-
ber will exceed 16%, either repeatedly or for
long periods. Although permitted by the codes,
casein glues are not often used.

Phenol, resorcinal, or melamine base adhe-
sives are specified for wet use, but may be used
for dry situations also. They should always be
used where the glulam member will have over



16% moisture in service. This would include all
cases of exposed (outdoor) members. It would
also include members exposed to a moist envi-
ronment: swimming pools, laundries, and manu-
facturing buildings where the processes cause
high humidity.

Grades and Combinations

Wood for glulam laminations is graded under
special rules. Grading may be either visual or by
machine. Visual grading is based on the occur-
rence and spacing of defects such as knots and
cross grain. Most glulams today are made from
visually graded lumber. The trend will probably
be toward greater use of machine-graded lami-
nations, in which the strength is assumed to be a
function of measured modulus of elasticity, E.
Machine-graded lumber, of course, is also
graded visually for edge defects.

The first and perhaps most critical step in glu-
lam manufacture is to select the proper grades of
laminations. For a bending member, for exam-
ple, this involves finding a lamination of suit-
able tensile strength to serve as the outermost
lamination on the tension side of the member.
Normally this would be the bottom lamination.
Wood just above the bottom layer is not so
highly stressed. Thus the second layer need not
be of such high quality as the bottom one. Lay-
ers near the neutral axis need only provide suffi-
cient shear strength, the flexural stresses there
being minimal. Laminations near the top sur-
face, of course, must be strong enough to resist
the high flexural compressive stresses.

The laminations are stacked according to the
above reasoning, following criteria spelled out
by the AITC specifications. Where moment re-
versals occur, as in continuous beams, it may be
desirable to use those combinations that have
the same allowable tensile flexural stress on
both the top and bottom surfaces of the beam.
One example of such a combination is western
species 24F-V8.

Figure 8-3 shows the cross section of a typical
glulam beam and indicates the grades of lamina-
tions used. Such groupings of laminations by
strength are specified by the AITC specifica-
tions. These groupings are called combinations
and are designated by terms such as Combina-
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(COMPRESSION SIDE)

N.A.

{TENSION SIDE}

Je— L2
*—— L1-CLOSE GRAIN
[*—— L1-DENSE

COMBINATION 22F

Fig. 8-3. Typical glulam makeup.

tion 22F-V4. (Appendix Table B-7 shows some
of the combinations available for members sub-
ject primarily to bending.) In this system of
nomenclature, the numerals preceding the first
letter indicate the allowable flexural stress—the
22, for example, meaning 2200 psi. The letter V
indicates visual grading of the individual lami-
nation; a letter E is used to show machine grad-
ing. The 4 of the combination number indicates
the fourth combination in that series that has the
2200 psi bending strength.

Combinations for members subject to primar-
ily axial load are shown by Appendix Table B-8.
Glulam columns are designed exactly as solid
columns, except that F, and E are from Table B-8.

When specifying a particular combination
listed by the tables, the designer should verify
that such material is actually available. Older
publications listed allowable bending stresses as
high as 3000 psi, but the present NDS gives a
limit of 2400 psi for 24F—the strongest combi-
nation. If the designer specifies the allowable
stresses required, rather than specifying a partic-
ular combination, the member desired is often
easier to obtain.

Use of Mixed Species

In the interest of better utilization of the stronger
woods, glulams may be made using stronger
species for the outer laminations and weaker
species for the interior ones. The weaker woods
will have lower E-values than the stronger ones.
Thus, when the laminator’s engineers select
wood species and grades to use in a glulam sec-
tion, the effect of elastic properties, as well as
strength, must be considered. This can be done
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Fig. 8-4. Transformed section.

by the transformed-section method—a method
familiar to designers of reinforced concrete.
Figure 8-4a shows a glulam section made up
of woods of different values of modulus of elas-
ticity, E. In Fig. 8-4b, laminations having lower
E-values are replaced by lesser areas of wood
having the same E as the outer laminations. The
section shown by Fig. 8-4b is the transformed
section. Stresses in the outer laminations due to
bending may be computed using the moment of
inertia value of the transformed section in the
flexure formula, f, = Mc/I. To determine
stresses in weaker laminations, the answer given
by My/l, for the transformed section must be
multiplied by the ratio of E(inner)/E(outer).
This type of computation is made only by
those who design the makeup of the glulam sec-
tion to conform to a particular combination des-
ignation. It is not done by the designer who se-
lects a glulam section for a particular application.

End Joints

Laminations may be joined as needed to obtain
sufficient length or to change the grade of lami-
nation along the length of the member. Three
types of end joint are used, as shown by Fig. 8-5.

Butt Joint. The butt joint is cheap and easy
to make, but it is not a good structural joint. It
has no value whatever for transmitting tensile
stress. It can transfer up to 80% of the allowable
compression for the lamination, but if the butt
joint were used for compression laminations of a
glulam beam, there would be appreciable defor-
mation before the joint becomes effective. The
joint could be made more effective by careful

{a) BUTT JOINT

{b) SCARF JOINT

(c) FINGER JOINT
Fig. 8-5. Types of end joint.

fitting of a steel bearing plate between the abut-
ting ends. This would be a costly procedure,
however, and rarely justified. Consequently, butt
joints are not permitted in structural glued lami-
nated members.

Scarf Joint. The scarf joint of Fig. 8-5b can
come close to being a full-strength splice. The
efficiency of scarf joints varies with the slope of
the joint. For tension scarf joints in bending
members, the following efficiencies may be
used: slope of 1 in 12 or flatter, 90%; slope of 1
in 10, 85%.

Current standards from which glued lami-
nated members are produced require qualifica-
tion of the end joints to meet a strength criterion.

Finger Joint. The most commonly used
joint today is the finger joint, shown by Fig. 8-
Sc. The finger joint can carry an appreciable per-



centage of the tensile capacity of the spliced
lamination. The value of the joint factor depends
on the exact geometry of the joint and on the
manufacturing process. The long sloping edges
of the “fingers” act like miniature scarf joints,
but the ends of the fingers cannot be perfectly
sharp. Finger joints may approach (but do not
equal) the joint efficiency of well-made scarf
joints.

Despite the fact that they are not quite as effi-
cient as scarf joints, finger joints waste less lum-
ber and are easier to produce. The finger joint is
made by passing the pieces to be spliced though
a machine whose rapidly rotating cutters form
the ends to the overlapping finger pattern (see
Fig. 8-6). The members are coated with glue and
pressed together and the glue curing is acceler-
ated. All of this—cutting, gluing, fitting to-
gether, and initial curing—can be done as the
pieces move through the machine without stop-
ping. Proof-testing of the finger-jointed splice
may also be done as the lamination travels
through the machine, and this has become com-
mon practice (6).

If scarf or finger joints are used, the strength-
reducing effects of the knots are most often the
controlling factors in the strength of a lamina-
tion.

Fig. 8-6. Finger joint. Used to splice laminations tor glu-
lams. (Courtesy National Casein Co.)
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Fig. 8-7. Glulam irregularities (before planing).

Assembly and Gluing

After the laminations have been prepared, they
are glued, assembled in forms to provide the
proper curvature or camber, and clamped to-
gether until the glue is sufficiently cured to allow
handling of the member. After gluing and clamp-
ing, the edges of the member are irregular, as
shown in Fig. §-7. The irregularities are caused
by glue squeeze-out, width tolerances, and lat-
eral crookedness of the laminations. To remove
the irregularities, the members are smoothed by
planing each side surface. The finished glulam
will have smooth, planed sides, and its top and
bottom surfaces will be the original smooth,
wide faces of the boards used.

8-4. STANDARD SIZES OF GLULAM

Glulam laminations are made from standard
widths of sawn lumber. Wider widths of lamina-
tion are harder to force into alignment with each
other; thus greater irregularity is expected after
gluing wide glulams than narrower ones. Conse-
quently, a greater amount must be removed (by
planing or by sanding) from the sides of wider
glulams to obtain the desired straight, smooth
side surfaces.

Table 8-1 shows the standard widths for fin-
ished glulams made in the United States. Note
that the widths for southern pine glulams differ
slightly from those for western species. Also,
glulams manufactured prior to about 1970 may
be 1/8 inch wider than those of today.

Glulam depths today are multiples of the lam-
ination thickness, that is, multiples of either 1.5
inches or 3/4 inches (multiples of 1.375 inches
for southern pine).

A glulam is specified by its actual finished di-
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Table 8-1. Standard Widths
of Glulams.
Standard Actual Widths .
Nominal
Western Southern Width of
Species Pine Laminations
2-1/2 — 3in.*
3-1/8 3 4
5-1/8 5 6
6-3/4 6-3/4 8
8-3/4 8-1/2 10
10-3/4 10-1/2 12
12-1/4 — 14
14-1/4 —_ 16

* Made by splitting a sawn 2 X 6.

mensions. Although a 2 X 6 piece of $4S lum-
ber does not measure 2 in. by 6 in., a 6-3, X 15
glulam does measure what its name implies, 6%,
in. by 15 in.

Different degrees of side smoothness may be
obtained by specifying an appearance grade.
Standard appearance grades are Industrial, Ar-
chitectural, and Premium Architectural. Tex-
tured side surfaces may also be specified, and
these may reduce the width somewhat, giving
slightly smaller area, section modulus, and mo-
ment of inertia. The manufacturer of the glulam
should be consulted to determine how much
width will be removed to obtain the textured
surface.

8-5. LIMITS OF CURVATURE

Glulams are produced without softening the
wood laminations to permit easy bending. To
avoid damaging the laminations as they are bent,
the curvature must be limited. Thicker lamina-
tions cannot be bent as sharply as thinner ones.
Curvature must also be limited so that high
residual stresses are not present in the finished
member. Residual stresses may also result from
drying. Whatever their cause, residual stresses
reduce the bending capacity of the member,
since the residual stresses and those due to bend-
ing moment from the beam’s loads are additive.

AITC (7) recommends that the minimum ra-
dius of curvature, measured to the inside of the
curve, be limited as follows: For 2-in. nominal
lamination thickness (1.5-in. actual) of all
species, not less than 27 ft 6 in. For 1-in. nomi-

nal (3/4-in. actual), not less than 9 ft 4 in. for
southern pine, or less than 7 ft 0 in. for western
species.

However, NDS requires that in no case shall
the ratio of lamination thickness to inside-face
radius of curvature, #/R,, exceed 1/100 for hard-
woods or southern pine, or 1/125 for other soft-
woods.

8-6. ALLOWABLE STRESSES AND
ADJUSTMENTS

Appendix Table B-7 gives allowable stresses for
glulam members stressed primarily in bending.
The table shows values for both visually graded
and E-rated material, and for both western
species and southern pine. The lumping of vari-
ous species under a single name is justified by
the fact that the laminations themselves are
stress graded; thus the strength of the assembled
glulam timber depends solely on the combina-
tion of lamination grades used and on the com-
patibility of mixed species for gluing.

The design values for glulams shown by
Table B-7 were developed following procedures
now given by ASTM Standard D-3737-91 (8).
These procedures involve adjusting the strength
of clear (defect-free) lumber to assess the weak-
ening effects of features such as knots, cross
grain, member size, and number of laminations.
The same design values are accepted by the
NDS.

To use Table B-7, one must first find the por-
tion of the table that covers the species and type
of grading to be used (visually graded western
species, for example). The combinations that
may be available are listed under this classifica-
tion. As explained earlier, the numeral at the be-
ginning of the combination, when multiplied by
100, shows the allowable tensile flexural stress.
However, the allowable is to be used only at lo-
cations where the tensile flexural stress is on the
same side of the member as the tension lamina-
tion. An example of such designation would be
20F-V4, in which the letter V indicates visually
graded lamination material. For this combination
the table shows an allowable flexural stress of
2000 psi, provided the tensile bending stress is
on the same face as the tension lamination. If the
beam is continuous, so that somewhere along its



length flexural tensile stresses are on the oppo-
site side (top rather than bottom, for example),
the allowable tensile flexural stress at that loca-
tion is only 1000 psi. Reading to the right in the
table, various other allowable stresses are shown.

The table also gives allowable stresses for
bending about the YY-axis. Notice that the allow-
ables for bending about this axis are lower than
those for the XX-axis. The reason is that, for bend-
ing about the YY-axis, even the lower-strength
inner laminations are at the extreme fiber, where
they are subject to the maximum flexural strains.
For bending in this direction, most of the strength
advantage of the glulam is lost.

Appendix Table B-7 gives UBC’s values for
allowable stress for shear. However, in 1995 the
NDS raised all F,_ values of 165 psi to 190 psi.

The right-hand portion of Appendix Table B-
7 gives allowable stresses due to axial loads.
These allowables should be used for members
that were graded primarily for bending but also
have some applied axial load. For members
whose loads are primarily axial, rather than
bending, glulams graded for that type of use
(Table B-8) should be specified.

Reference 9 shows values of allowable stress
for various hardwoods. Before specifying hard-
wood glulams, the designer should make certain
that there are hardwood laminating plants in the
locality.

Adjustments

As for sawn timber members, the tabulated de-
sign values are unadjusted allowable stresses.
The adjustment factors that apply to glulams
are:

Load duration factor

Wet service factor

Temperature factor

Volume factor (instead of size factor)
Beam stability factor

Flat use factor

Curvature factor

Column stability factor

Bearing area factor

000000000

o

Two of these, C, and C,, are for glulams only.
Except for the flat use factor and wet use factor,
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all others have the same values as for sawn tim-
ber members.

Volume Factor. For glulam design, a vol-
ume factor is used rather than the size factor, as
for sawn timbers. The volume factor applies to
the allowable bending stress only, and is given
by NDS as

C, = K, (21/L)"* (12/d)¥ (5.125/b)", but not
> 1.0

Obviously, this reduces to

C, = K, (1292/Lbd)" (8-1)
In either of the above two equations, L is the
length (feet) between points of zero bending
moment, d is the member depth (inches), b is the
finished width (inches) of the widest piece used
to make the glulam, x is 21 for southern pine and
10 for all other species, and K, is a loading-
condition coefficient as shown below.

Values of K, for beams of single span are as
follows:

With one concentrated midspan load ~ 1.09
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