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TIMBER AS A BRIDGE MATERIAL

1.1 INTRODUCTION

The age of wood spans human history. The stone, iron, and bronze ages
were dramatic interims in human progress, but wood-a renewable re-
source-has adways been at hand. As a building material, wood is abun-
dant, versatile, and easily obtainable. Without it, civilization as we know it
would have been impossible. One-third of the area of the United States is
forest land. If scientifically managed and protected from natural disasters
caused by fire, insects, and disease, forests will last forever. As older trees
are harvested, they are replaced by young trees to replenish the wood
supply for future generations. The cycle of regeneration, or sustained
yield, can equal or surpass the volume being harvested.

Wood was probably the first material used by humans to construct a
bridge. Although in the 20th century concrete and steel replaced wood as
the major materials for bridge construction, wood is still widely used for
short- and medium-span bridges. Of the bridges in the United States with
spans longer than 20 feet, approximately 12 percent of them, or 71,200
bridges, are made of timber. In the USDA Forest Service alone, approxi-
mately 7,500 timber bridges are in use, and more are built each year. The
railroads have more than 1,500 miles of timber bridges and trestlesin
service. In addition, timber bridges recently have attracted the attention of
international organizations and foreign countries, including the United
Nations, Canada, England, Japan, and Australia.

Timber’'s strength, light weight, and energy-absorbing properties furnish
features desirable for bridge construction. Timber is capable of supporting
short-term overloads without adverse effects. Contrary to popular belief,
large wood members provide good fire resistance qualities that meet or
exceed those of other materials in severe fire exposures. From an eco-
nomic standpoint, wood is competitive with other materials on a first-cost
basis and shows advantages when life cycle costs are compared. Timber
bridges can be constructed in virtually any weather conditions, without
detriment to the material. Wood is not damaged by continuous freezing
and thawing and resists harmful effects of de-icing agents, which cause
deterioration in other bridge materials. Timber bridges do not require
special equipment for installation and can normally be constructed without
highly skilled labor. They also present a natural and aesthetically pleasing
appearance, particularly in natural surroundings.

1-1



The misconception that wood provides a short service life has plagued
timber as a construction material. Although wood is susceptible to decay
or insect attack under specific conditions, it is inherently a very durable
material when protected from moisture. Many covered bridges built during
the 19th century have lasted over 100 years because they were protected
from direct exposure to the elements. In modern applications, it is seldom
practical or economical to cover bridges; however, the use of wood pre-
servatives has extended the life of wood used in exposed bridge applica-
tions. Using modem application techniques and preservative chemicals,
wood can now be effectively protected from deterioration for periods of
50 years or longer. In addition, wood treated with preservatives requires
little maintenance and no painting.

Another misconception about wood as a bridge materia is that itsuseis
limited to minor structures of no appreciable size. This belief is probably
based on the fact that trees for commercia timber are limited in size and
are normally harvested before they reach maximum size. Although tree
diameter limits the size of sawn lumber, the advent of glued-laminated
timber (glulam) some 40 years ago provided designers with several com-
pensating alternatives. Glulam, which is the most widely used modem
timber bridge material, is manufactured by bonding sawn lumber lamina-
tions together with waterproof structural adhesives. Thus, glulam members
are virtually unlimited in depth, width, and length and can be manufac-
tured in a wide range of shapes. Glulam provides higher design strengths
than sawn lumber and provides better utilization of the available timber
resource by permitting the manufacture of large wood structural elements
from smaller lumber sizes. Technological advances in laminating over the
past four decades have further increased the suitability and performance of
wood for modem highway bridge applications.

1.2 HISTORICAL DEVELOPMENT OF TIMBER BRIDGES

The history and development of timber bridges can be divided into four
periods: (1) prehistory through the Middle Ages (to 1000 A.D.), (2) the
Middle Ages through the 18th century (1000-1800), (3) the 19th century
(1800-1900), and (4) the 20th century (1900 to present). The definition of
these periods is based on the sophistication of timber bridge design and
construction, and the periods closely parallel human cultural and industrial
evolution. From prehistoric times through the Middle Ages, our ancestors
adapted available materials, such as logs and vines, to span crossings.
From the end of the Middle Ages through the 18th century, scientific
knowledge developed and influenced the design and construction of
timber bridges. In the 19th century, the sophistication and use of timber
bridges increased in response to the growing need for public works and
transportation systems associated with the industrial revolution. With the

1-2



PREHISTORY THROUGH
THE MIDDLE AGES

20th century came major technological advances in wood design, laminat-
ing, and preservative treatments.

In prehistorical times, bridges were built using adaptable materials within
the environment. Where trees abounded, the first timber bridge was
probably a tree that fell across a waterway. The first humanmade timber
bridge is assumed to have been built by a Neolithic human who felled a
tree across a chasm with a hand-fashioned stone axe circa 15,000 B.C."
|deas for prototype suspension bridges probably came from hanging vines
or stems. In subtropical parts of central Asia, palms with lengthy stems
were used for constructing suspension bridges. In areas where plants with
woody stems grew, native residents could build rope bridges constructed
of twisted vines. Bridges of this type ranged in complexity from two or
three stretched ropes to more sophisticated configurations employing
severa ropes to support afloor of tree limbs and branches (Figure 1-1).

Figure 1-1.—Early highway type of rope bridge. This example is from the island of Java
and has an apparent span of approximately 100 feet (photo courtesy of the American
Society of Civil Engineers: © 1976. Used by permission).

Many timber bridges were probably built in the last 800 years B.C. by the
Persians, Babylonians, Greeks, Romans, and Chinese, although there is
little available literature describing specific designs. One of the oldest
bridges on record was 35 feet wide and 600 feet long, built in 783 B.C.
over the Euphrates River in Babylon. ™It is theorized that most prehistoric
timber bridges in remote areas remained virtually unchanged in design at
least to the period of Julius Caesar (100-44 B.C.). One such prehistoric
bridge, used by the Gauls in the hills of Savor in Italy, was viewed by
Julius Caesar, who described it as follows.”

It is atimber bridge or empilage, piled together rudely, not con-
structed by art. It needs no carpentry.... On each bank of the
stream a rough foundation of water-worn boulders was laid, about
fifteen feet square; upon this a criss-cross of the tree trunks was
built so that the logs in the direction of travel, in the alternative
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layers, were made to jut out farther and farther over the water,
narrowing the gap to be bridged later by a few logs serving as
beams.

A particular Roman bridge, known as Caesar’s Bridge, was built about
2,000 years ago to carry the Roman army into Germany. This bridge was
documented by the Venetian architect Palladio (1518-1580), who made an
exhaustive study of the remains of the Roman empire. In his treatise
Architecture, Palladio describes the bridge and renders a drawing of his
interpretation of its configuration (Figure 1-2). The structure consisted of a
series of beams and inclined struts that fit together in notches so that the
bridge could be erected and removed quickly. The imposed weight of the
structure and of passing loads served to make the joints tighter. It is rather
doubtful, however, that the actual structure utilized timbers as square and
smooth as Palladio’s drawing indicates.

Approximately one century after Caesar’s Bridge (104 A.D.), Roman
history mentions one of the most noteworthy works ever undertaken by
the Romans. Trgjan’'s Bridge across the Danube River reportedly rested on
20 timber piers, 150 feet high and 170 feet apart. The bridge spans be-
tween the piers were circular timber arches. During the same period,
evidence shows that builders were concerned with extending the life of
wood in structures. A book by a Roman architect covered various means
of preserving trees after they were cut, gave remedies to protect against
disorders, and included recommendations that (1) fresh cut timber be
covered with ox dung to protect it from rapid drying, (2) wood be anointed
with Lees of Oil to preserve it from al manner of worms, and (3) pitch
was the best defense against deterioration caused by water.”
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Figure 1-2.—Caesar's Bridge according to Palladio (photo courtesy of the American
Society of Civil Engineers: © 1976. Used by permission.)
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MIDDLE AGES THROUGH
THE 18TH CENTURY

During the period from the Middle Ages to the end of the 15th century,
literature documenting timber bridges is limited and incomplete. No
significant developments are found until the 16th century, when Palladio
composed Architecture around 1550. In his work, Palladio provides
several timber bridge designs, or inventions as he called them, including a
timber arch and the first illustration of a framed truss (Figure 1-3). The
arches were apparently capable of spans of approximately 100 feet, while
the framed truss was used for spans in the range of 50 to 60 feet. Although
they were meaningful contributions to timber bridge evolution, Palladio’s
bridges attracted little attention, and there was no further development of
timber bridges in Europe until the middle of the 18th century.

The 18th century was a period of rapid progress in which attention focused
on the development of public works projects, including bridges. It was the
period when civil engineering became recognized as a profession. In
Europe, the French excelled in engineering developments and constructed
numerous timber bridges in spans ranging from 65 to 150 feet. Most
French designs were characterized by level floors and flat arches and were
built from layers of planks that were clamped together. Covered or roofed
bridges were not a common feature in European construction, although
several such bridges were constructed by the Grubenmann brothers in
Switzerland. The most notable of these bridges was the Schaffhausen
Bridge constructed across the Rhine River in 1758 (Figure 1-4). This
bridge was built in two spans (171 feet and 193 feet) and was top heavy
with a needless amount of timber in the roof system.”It was destroyed by
the French in 1799. Several other notable timber bridges were constructed
in Europe during the 18th century, including a single-span crossing of

390 feet at Wittingen, Germany. However, the most significant timber
bridge progress in the latter part of the century was made in the United
States and Russia.”

o “3; - e =
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Figure 1-3.—Patiadio's design for a framed truss, dated about 1550 (photo courtesy of the
American Society of Civil Engineers; © 1976. Used by permission).
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Figure 1-4.-The Schaffhausen Bridge constructed in 1758 over the Rhine River in
Swﬂz_erland) (photo courtesy of the American Society of Civil Engineers; 8 1976. Used by
permission).

In the United States, most timber bridges built before the 18th century
were pioneer bridges with short spans. During the mid-18th century,
longer spans were made with trestle bridges consisting of timber beams
placed between closely spaced pile piers. The first may have been con-
structed in 1761 over the York River at York, Maine, by Samuel Sewall.
This bridge was 270 feet long, 25 feet wide, and supported on four-pile
bents spaced approximately 19 feet apart. It also included a draw span to
alow boat passage under the structure. The timber bents, including the
pile cap and bracing, were completely assembled and driven as a unit,
which was quite an engineering achievement in itself."Pile driving was
accomplished by hoisting the butt ends of large logs (with their tips fas-
tened to the previously driven bent) and letting them fall with considerable
impact on the cap. This bridge is noteworthy because it is the first on
record to be built from a design based on a survey of the site.

The earliest timber bridge to provide clear spans greater than could be
negotiated with a single log or beam was completed by Colonel Enoch
Hale in 1785, 2 years after the end of the Revolutionary War. It was
constructed over the Connecticut River at Bellows Falls, Vermont, and
was a 365-foot-long, two-span structure with center support provided by a
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19TH CENTURY

natural rock pier (Figure 1-5). This was the first bridge over the Connecti-
cut River at any point, and residents reportedly looked on it as a foolhardy
experiment. “ After it was constructed, the bridge was widely noted and
considered a remarkable feat of construction. It stood until about 1840."

One of the most ingenious and famous bridge builders of the late 18th
century and early 19th century was Timothy Palmer (1751-1821), a distin-
guished civil engineer from Newburyport, Massachusetts, In 1794, Palmer
built the Piscatagua Bridge, 7 miles north of Portsmouth, New Hampshire.
The bridge was 2,362 feet long and 38 feet wide. Approach spans were
pile trestles that led to three arched trusses, the largest of which had a span
of 244 feet. This bridge was considered a wonder of its time and became
known as the Great Arch. The arch ribs were made from crooked timbers
so that the grain was nearly in the direction of the curves. In 1794 Palmer
built asimilar bridge at Haverhill, Massachusetts. It consisted of three
arches, each 180 feet long, and included a short 30-foot draw span on one
end (Figure 1-6). Ten years later, from 1804 to 1806, Palmer built the first
American covered bridge over the Schuylkill River in Philadelphia.” This
was a continuous three-span arch truss consisting of two 150-foot spans
and one 195-foot span. It is recorded that the city bridge committee in-
sisted that the heavy timbers be covered with a roof and siding to preserve
and protect the structure from weathering. The bridge thus became known
as the Permanent Bridge.

With the 19th century came a tremendous demand for bridges in the
United States both for highway use and, beginning in about 1830, to meet
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Figure 1-5. Hale’s bridge at Bellows Falls, Vermont, built about 1785. This is a sketch
from an oil painting of the locality, showing the original structure, or a successor to it. The
date of the painting is unknown (photo courtesy of the American Society of Civil Engineers;
8 1976. Used by permission).
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Figure 1-6.- Palmer's arch bridge built at Haverhill, Massachusetts, in 1794 (photo
courtesy of the American Society of Civil Engineers; 8 1976. Used by permission).

the demands of the railroad boom. During this period, truss and arch
bridges became predominant in timber bridge design. Although both
arches and trusses were adapted by Palmer in the late 18th century, large-
scale application of these structures did not take place until the turn of the
19th century. In the early 1800's, bridge builders strived not only to fulfill
design requirements, but also to make their designs bolder and superior to
any before. The U.S. Patent Office issued 51 patents for timber bridges
between 1797 and 1860.” Insistence on careful protection from weather
for most of these bridges inaugurated the distinctly American covered
bridge (Figure 1-7). An estimated 10,000 covered bridges were built in the
United States between 1805 and 1885. Wernwag, Burr, Town, and Long
were the four men who led the pioneering efforts during the first four
decades of this period. A brief summary of some of the major American
bridge accomplishments from 1785 to 1868 is shown in Table 1-1.
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Figure 1-7.- Typical example 'c;f ah American covered bridge. An estimated 10,000 coVered
bridges were built in the United States between 1805 and 1885.
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Table 1-1.-Some major American timber bridges built between 1785 and

1868.

Enoch Hale’s braced-stringer bridge, at Bellows Fails, VT ......cccoveriieninieeceesseseens 1785
Timothy Palmer's Essex Mermimac BrUGE ..........ccccoeereireieieieeiciee e, 1792
Timothy Palmer's Piscataqua and Haverhill BRGQES ..........ccccoeiviiveiiceiceeee e, 1794
Timothy Palmer's Georgetown, Washington, DC, BHAGE ........cccccvveverieiierccseseese s 1796
Timothy Palmer's Permanent Bridge, at Philadelphia, PA ..., 1804-06
Timothy Palmer's Easton, PA, BHAGE ..........cccoeveeveiieieceeeee e, 1805-06
Graves' (second) Connecticut River Bridge at Hanover, NH ...........ccccoocovvvveinrcevceeseesesieae 1796
Windsor, VT, Bridge, contemporary with the Graves' Bridge .........cccocoveoveierierieeiesessienieene, 1796
Theodore Burr's Waterford, NY, BrAGE .....c.ccvvveieerieeiceeseses s 1804
Theodore Burr's Trenton, NJ, BrAGE ........cccccvvvevieiceeceeee e, 1806
Theodore Burr's Mohawk RIVEr BHAGE ...........cccoevevvveieieieesese e, 1808
Theodore Burr's Harrishurg, PA, BHAGE ....cveeveeeieeieeiceee et 1816
Lewis Wernwag's Colossus Bridge at Philadelphia, PA .........cccccoiveveiiieieicceseseees 1812
Lewis Wernwag's New Hope, PA, BIHAGE .........cc.coovveveieeee e 1813-14
Lewis Wernwag's ECONOMY BHAGE ......ccevvevvevrcieiieeieeieiessiese s 1810
Earliest lattice-truss bridge of which there is @ record ..........ccovereveieneisiieeeesesse e 1813
Ithiel Town’s plank-lattice truss, PAENEA .........ccvririrrriiieee s 1820
Truss of Stephen H. Long, PAENEA .........ccovviverireiiieesre s 1830
[thiel Town's timber-lattice truss, PAENtEd .........cccooeverereiririe s 1839
Wernwag's Cheat RIVEr Bridge, WV ........ccoiuiviniriesneeesee e 1834
Wernwag's Camp Nelson Bridge, near Lexington, KY (Standing in 1933 after 95 years.

In both these bridges the arch is on the center line of the truss.) .......c.cccevvvevrerrviennns 1838
The Ramp Creek Bridge, IN, Burr trusses (Renovated and in service, 1933, after 96 years.)...1837
The Raccoon Creek Bridge, IN, Burr trusses (Still in use, 1933, after 95 years.)..........ccccoeuvennee 1838
Brunel's experiments with preservatives in England ..........c.cccoeveveeneiniieecenesseneneene, 1835
Wooden lattice bridges on British railways after Ithiel Town's visit about 1840 (before 1846) ....1846
William Howe's patent for the HOWE frUSS .........c.oveimriverininiiiesereeeesseeeesee s 1840
William Howe's Connecticut River Bridge, at Springfield, MA ..., 1840
The Tucker Bridge, at Bellows Falls, VT, plank [atliCe. ........ccovvvrriririiieiiriecseees 1840
The trusses of Thomas W. and Caleb Pratt, patented.........ccocveverrerenenineiereneseeeeene, 1844
Typical Burr truss railroad bridge (framed with white pine),

at White RIVEr JUNCHON, VT ..o 1848
Howe truss bridge with double arches, at Bellows FallS, VT ..., 1850
The unclassified truss of Nicholas Powers, North Blenheim, NY .........cccccocoeviviniinnienerienienns 1855
First bridge across the Mississippi River, five spans, Howe trusses with double arches,

At ROCK ISIANM, 1L +.vevevieeiecietce ettt et s 1853-56
Second historic bridge at Rock Island, IL, Howe trusses with curved upper chords and

No arches, Some time DEFOrE ..o e 1868
The Ledyard Bridge, at Hanover, NH, timber [atiCe ........ccccvirrvrvinrreiieesereeeseeene 1859
Howe truss bridge with double arches (12 spans) at Havre de Grace, MD .........ccccoeuvvneee. 1862-66

Adapted from Fletcher and Snow.“8 1976. Used by permission.



In his bridge building career of 27 years, Lewis Wernwag (1770-1843)
built atotal of 29 timber bridges in the States of Pennsylvania, Maryland,
Virginia, Kentucky, Ohio, and Delaware. His most noteworthy accom-
plishment was the Colossus Bridge built in 1812 over the Schuylkill River
in Pennsylvania (Figure 1-8). This bridge was composed of five parallel
arched trusses, each with arise of 20 feet, that spanned a clear distance of
340 feet. The design, which was not patented until 1829, used iron tension
rods, which also served as points of adjustment for joints in each panel.
Other major bridges built by Wernwag include the Economy Bridge and
the New Hope Bridge. The Economy Bridge was a timber cantilever
structure built in 1810 across the Nashammony River in Pennsylvania. It
incorporated provisions for tipping the center panel to alow passage of
masted vessels and, according to Wernwag, could be used to advantage for
spans up to 150 feet. The New Hope Bridge was built during 1813-14 over
the Delaware River, at New Hope, Pennsylvania (Figure 1-9). It consisted
of a parallel-chord truss arrangement with six arch spans of 175 feet. It
was Wernwag's practice to saw all timbers through the heart in order to
detect unsound wood and allow seasoning. He used no timbers greater
than 6 inches thick and separated all arch timbers with cast iron washers to
dlow free ar circulaion.7

Figure 1-8.- Wernwag’s Colossus bridge built over the Schuylkill River at Upper Darby,
Pennsylvania, in 1812 (photo courtesy of the American Society of Civil Engineers; 8 1976.
Used by permission).

W eEs AR !
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BRIDGE erecizd nmrl de DEL AWARE

NEW HOPE.
__!il;iii;[ by I_qu'?:i ".:?'ernura;g,

Figure 1-9.- Wemwag's New Hope bridge built over the Delaware River at New Hope,
Pennsylvania, in 1814 (photo courtesy of the American Society of Civil Engineers; o 1976.
Used by permission).
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Theodore Burr is credited with building many famous timber bridges in
the first two decades of the 19th century. His designs were based primarily
on the combination of parallel-chord trusses with one or more reinforcing
arches projecting from the supports, below the point of truss bearing. The
first was a 176-foot span crossing the Hudson River between Waterford
and Lansingburgh, New York, in 1804 (Figure 1-10). In 1817, Burr was
granted a patent based on this Waterford design, which became widely
used and known as the Burr truss. Another good example of a Burr bridge
was built over the White River at White River Junction, Vermont, in 1848
(Figure 1-11). Constructed as a railroad bridge, it was as strong and
serviceable after 54 years of service as when it was built.” Although it
was capable of much longer service, it was removed in 1890 and replaced
with an iron bridge. Hundreds of highway bridges, based to some degree
on the Burr principle, were built in various parts of the East, Midwest, and
New England States. Most were over 50 feet in span and were constructed
as covered bridges of naturally durable white pine. Their longevity has
been remarkable, with many providing service in excess of 100 years.

Ithiel Town (1784-1884) was a New Haven architect who recognized the
need for a covered bridge truss that could be built at a low cost by good
carpenters. In 1820, he was granted a patent on a plank-lattice bridge
truss design that represented a first step toward modern truss form.
Town'’s bridge included a web of light planks, 2 to 4 inches thick and 8 to
10 inches wide, that were criss-crossed at a 45 to 60-degree angle
(Figure 1-12). The webs were fastened together at their intersections with
wooden pins (trunnels). Town lattice trusses could be built for spans up to
220 feet, were lightweight and inexpensive, and could be assembled in a
few days. They generally used sawn lumber with uniform sections
throughout. Although this feature is often criticized as being wasteful of
material, such waste was more than offset by the simplicity of framing and
construction. A great number of covered Town lattice trusses were built
for highway and railroad traffic in many parts of the United States where
wood was abundant (Figure 1-13). Town was a promoter and salesman
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Figure 1-10.- Burr bridge built in 1804 over the Hudson River between Waterford and
Lansingburgh, New York (photo courtesy of the American Society of Civil Engineers;
8 1976. Used by permission).
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Figure 1-11.- Burr bridge built in 1848 over the White River at White River Junction,
Vermont. This photo was taken as the bridge was being removed in 1890, to be replaced by
an iron brigge (photo courtesy of the American Society of Civil Engineers; 8 1976. Used by
permission).

rather than a builder.”He sold rights to build his design and published
advertising pamphlets.

Many bridges built during the 19th century were designed using a trial-
and-fail method by local carpenters. In 1910, more than 100 bridges of
this type were in existence on the Boston and Maine Railroad system.
Although built without any knowledge of stresses and strains, many of
these bridges provided satisfactory service for the trains using them. Not-
withstanding several common defects resulting from a lack of scientific
design, it is remarkable how well the trial-and-fail method served.

In 1830, Brevet-Lieutenant Colonel Stephen H. Long patented a parallel-
chord truss bridge that was modified in 1836 and again in 1839. The truss
was of the panel type with crossed timbers between wooden posts. His
1830 patent drawing a so included braces extending to the first and second
panel points for an assisted truss arrangement (Figure 1-14). Connections
were made by framing parts together or by using wooden keys or treenails
(treenails are wooden pins, pegs, or spikes driven in holes to fasten lumber
together). Although Long's bridges did not become widely popular, many
highway and railroad bridges that were hybrids of his design were built by
local carpenters. Most of them were for clear spans well over 150 feet.

1-12



:‘r_.__l,_ ; T % - __:_,1__._%_J._.|F._. T
e e e e E. —-F——h—wm
T T = I TRy Sl
e R N = 2 1,-:—1_—_._-!—_;':-_}.—;— =T i
e Eae T
1@l .Pum ar CHDMGS S [ﬁ-_—“h—"“-
z \m&ummm ==
/, ‘@mnm:mu‘ftﬁ;ﬁﬁi“ lii

I { L0

14t FLDOR AND ROQF
LT ILTA

Fey
-'(w.. -l

L_{J-ll'll

e &

-y H
N
Sp ma

) LWL R CHERD COUPLING

- ;.-1

L—fi-'

(rh LATTICE AMD FLOOR DETAILE

Figure 1-12.-Town'’s lattice truss patented in 1820 (photo courtesy of the American
Society of Civil Engineers; 8 1976. Used by permission).

The 1840's marked a turning point for timber bridge development. Until
this time, most timber bridges, including those of Wernwag, Burr, Town,
and Long, were built ailmost totally from wood. Iron components, when
used, were limited to small fasteners or other hardware that could be
forged by blacksmiths. From 1830, rapid railroad expansion provided
great motivation for bridge development, and cast iron bridges were
introduced. Although wood continued to be used as a primary bridge
material, iron became a structural component for timber bridges, and the
so-called combination bridges were born. It is obvious that until 1840, the
development of timber bridges was empirical. The concepts of earlier
designs were often used as a basis for developing newer bridge types.
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Figure 1-13.-Typical Town lattice truss covered bridge.
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Figure 1-14.--Drawing of Long's truss bridge as patented in 1830 (photo courtesy of the
American Society of Civil Engineers; 8 1976. Used by permission).
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Although many pioneer builders may have considered the use of mathe-
matical rules when determining structural elements for their bridges, no
substantiating records of this exist.

After the Long trusses, no significant timber bridge developments oc-
curred until William Howe of Massachusetts patented his bridge in 1840.
The Howe truss was a parallel-chord truss design that used two systems of
web members (Figure 1-15). The chords and diagonal braces were made
of timber and the vertical web-tension members were made of round cast-
iron rods. This was the first design to use iron as an essentia structural
element of a timber truss system. Howe's patent was also the first to
include a complete stress analysis of the design by mathematical practices
then in use. In 1840, Howe, in company with Amasa Stone (who bought
the Howe patent in 1841), built the great bridge over the Connecticut
River at Springfield, Massachusetts. This bridge was constructed to carry
the new Western Railroad and consisted of seven spans, each measuring
190 feet, measured from the center of one pier to the center of the other
pier (Figure 1-16). After a number of years, severad modifications were
made to the original Howe design to more accurately reflect the actual
stresses the members sustained. The design continued to be widely used
for railroads and highways and became the most popular truss for the last
half of the 19th century.

In 1844, shortly after the Howe truss became popular, Thomas W. Pratt
and Caleb Pratt patented their truss design. The Pratt truss was a panel

type parallel-chord truss that used vertical timber posts in compression and
crossed iron diagonals in tension, just the reverse of the Howe design
(Figure 1-17). The advantage of the Pratt truss was that it used timber web
members in the simplest and most efficient manner, by confining them to
the verticals. The disadvantages were that the truss required a large quan-
tity of expensive material and needed awkward angle blocks for the
diagonals. Although numerous timber Pratt trusses were built, the design
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Figure 1-15.- Howe truss bridge patented in 1840 (photo courtesy of the American Society
of Civil Engineers; 8 1976. Used by permission).
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Figure 1-16.- Howe truss built over the Connecticut River at Springfield, Massachusetts, in
1840 (photo courtesy of the American Society of Civil Engineers; 8 1976. Used by
permission).
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Figure 1-17.- Pr%tt truss as patented in 1844 (photo courtesy of the American Society of
Civil Engineers; 6 1976. Used by permission).

was not well suited for the joint use of wood and iron, and it never
achieved the popularity of the Howe truss. However, it did become a
favored form for constructing totally iron bridges, and thus was a major
step in the development of American bridges.

For the remainder of the 19th century, there were other timber bridge
builders and designs, but they were relatively minor in comparison to
those previously discussed. For most of the century, bridges were con-
structed of untreated wood, and builders relied mainly on the use of
naturally durable species and covers to provide long service lives. The first
major development that improved timber bridge performance was the
introduction of pressure preservative treatments. The fast pressure creo-
soting plant in the United States was built in Somerset, M assachusetts,
in 1865. The number of plants increased steadily to 70 by 1910.” Thus,
by the end of the 19th century timber bridges could be built with
preservative-treated wood without the covers that had been traditionally
used for protection.

In the latter half of the 1800's, iron bridges became increasingly popular
and began to compete strongly with timber. In 1859, Howard Carroll built
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20TH CENTURY

the first all-wrought-iron railroad bridge. In the last decade of the 19th
century, steel took the place of iron as the most popular bridge material.
Although timber continued to be used for bridges, its use began to decline
as new materials were introduced.

Technology in the steel industry developed rapidly in the early part of the
20th century, leading to a more expanded and economical use of steel asa
bridge material. Until about 1890, timber lattice bridges could be built
with spruce lumber (then costing about $18 per thousand board feet) for
one-half the cost of iron bridges. ” Twenty years later (1910), steel bridges
could be built as economically as those of wood. By the mid-1930's, steel
was less expensive than wood on a first-cost basis and took the lead as the
primary bridge material. Also during the early 20th century, the popularity
of reinforced concrete increased and became a primary material for bridge
decks.

During this rapid technological development of other bridge materials,
progress in timber bridge development slowed. Although there was sub-
stantial progress in the areas of wood fasteners and preservative treat-
ments, it was not until the mid-1940’s that the biggest single advancement
in timber bridges occurred with the introduction of glulam as a bridge
material. In the 1960’'s and 1970’s, glulam continued to develop and
became the primary material for timber bridge construction. In the 1980's,
new glulam bridge designs have evolved, and the innovative concept of
stress-laminated lumber has been introduced. As aresult, thereisare-
newed interest in timber as a bridge material and a corresponding increase
in the number of timber bridges constructed each year. A more complete
description of the types of timber bridges currently in use in the United
States is given in Chapter 2.

1.3 THE FUTURE OF TIMBER AS A BRIDGE MATERIAL

Deterioration of the Nation’s infrastructure has been well publicized in
recent years. Despite this recognition, bridge deterioration continues at an
alarming rate. Over the next two decades, the role of timber in bridge
applications has the potential to increase significantly, not only in the
construction of new timber bridges, but also in the rehabilitation of exist-
ing structures constructed of timber, steel, and concrete. According to the
1987 Federal Highway Administration’s national bridge inventory,”there
are 575,607 bridges in the United States with spans of 20 feet or more.
Among them, 304,307 are off the Federal aid system on city, county, and
township roads. Of these bridges, 95,241 or 33.4 percent are classified as
structurally deficient, and 71,542 or 27.4 percent are classified as func-
tionally obsolete. A 1987 summary of substandard bridges by State is
shown in Table 1-2.
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Table 1-2.-- 1987 Summary of substandard bridges by State.

, Tolnl Total . Combined
Intersiaie & Tats Cliy/County/ : Total Total All Total

S1ate State Bridges Substandard Township Bridges Substandard Bridges | Substandard

Alabama 5.273 2.014[37 5%) 10,090 £.372(63.2%) 15463 ¢ B.986(54 2%)
Alaska T4 Ta(10.6%) g0 25031.2%) 784 100{12.7%)
Arizona 3,936 117 2.9%) 1691 172010.3%) 5627 289¢ 5 %)
Arkansas | 6.64d 1,786(26.9%) 5,307 4.175(66.2%) 12,851 586146 [%)
Canhfarria i 11,848 931 B.0%) 11,661 423636 0%) 23 509 5,169(22 0%
Colorado 3577 470[13 1% 4040 2,194(54.3%) 7517 2 BE4(A5 D%)
Connechcut 2 565 548(21.0%: 1.208 422(35.0%) 3773 G70126 0%
Wastingion, D¢ e 60{20.00%) 13 5138.5%) 220 65(29 5%
Delaware 716 1BOLZS 1%) 7 2{28 6% 733 182125 2%
Flarida 5618 B6(11 §%) 4482 1,477{33.1%) 10080 | 2,146(21 3%)
Geargia 6.308 1,275(20.7%) 8242 3,262(39.6%) 14,550 4 537(31 2%)
Hawan 691 | 14821 4%} 415 131{31 5%) 1106 278(25 2%}
Idahg 1347 308122 9%} 2,458 T 1.044(42 5%) 3808 | 1.352(35 5%)
Hhinas 110 - 1675120 7%) 17,255 P 5846033 9%) 25,365 7.525(29 7%)
Indiana : 5279 2.819(53 %) 12.408 7.382159 5%) 17 687 10.211(57 7%j
lowa ' 3B59 912123 6%} 22,462 12207t543%) | 26321 | 13.119(49 8%)
Kansas 5.095 1356026 6% 20,781 12, 187(58.6%) , 25877 13.543(52 3%j
Kentughy B.273 425051 d%) 4 464 3.773(B4.6%) 12737 ¢ 8.025(83 0%
Lowisiana 7.720 2.323({30.1%] 6,972 4.487(64.3%) 14692 | B810{46.3%)
Maine ! 1,900 400(21.1%) 488 A73[T6.4%) 2,388 | TTHIZ A%
Maryiand 2529 1,036{40.8%;) 2,509 1.087{42.3%) 5008 | 2123042 1%)
Massachusetts : Jza0 SE0{16.9%) 1,685 G75{d0.0%) 5005 | 1,235{24 T%]
Micrigan . 4133 320¢ 7. 7% §.452 2813(429%) | 10585 . 3.13329 6%)
Minnesata 2 860 420(14.7%) 10,012 J086(30B%) | 12872 3,506{27 2%)
Mississipp : 4,715 2.036{43.2%) 12,420 B.49B(6A 4%) | 17135 10.534(E1.5%)
Missaun [ a9 3731(39.9%) ' 14,308 | 12,269(85.7%) 23.659 16.D00(B7 §%)
Mortana C 2860 123246 M%) | 2,063 1349465 3%) 4723 2.581(54 8%)
Mebraska 3.085 743i24 1%) 12,918 B H38(68 4%) 16,003 9 551159 9%
Mevaga BOS 131 1 4%) 230 31{13 4%} 1128 441 3 B
MNew Hampshire 1,453 A72125 6%) 1,062 B21(77.3%]) 2.515 1,993{47 4%
Mew Jersey 229 | 492(21 5%) 3.725 P 1.260(338% | 6016 | 1.752{29 1%)
Mew Mexico 3048 413(13.6%) 479 22045 9%, 3525 633017 8%
Mew York 7.264 2.687(36.9%) 12,290 6.330(51.5%] 18,554 8.017(46.1%)
Morth Carsima 16,831 8.992{53.4%) 556 272(48.9%) 17.387 | 9.264(53 3%
North Dakota | 1,432 287(20.0%) 4,129 2 670(54. 7% 5561 2.892(52 0%
Cho 11,384 1.918{16.9%) 18,780 4.462(23 %] 30,144 B.380121.2%)
Ciklahoma : 6729 2,554(37.9%) 15,935 10517(65.9%) | 22885 | 1307157 T%)
Sregon | 2.550 240 G 4% 4,030 FB2(19.4%) | 6,580 1.022(15 5%)
PanAsylvanid i 15812 5.315(336%) | E518 2.9053(43.9%) 22,4310 B 218(35 6%)
RRode Islang ! 530 £6(12 8%) 195 72(36.9%) ‘728 140(19.3%)
South Carahna I 7969 1.187{15.0%) 9RG 630(63 7 %] 8958 1.827(20.4%)
South Dakala | 1,759 179 9 .9%) 5,094 2,035(59.6%) 6.853 | 321446 00
Tennessee | 6807 2.695{39 {(®0) 11,456 B, 263{55.0%) 18363 B 95A140 0%)
Texas 31,243 5841(18.7%) 15,069 10}, 4BE{69 6%:) 46312 - i6.327035 3%)
Utah 1.803 81f 3.8%) 260 251026 1%) 2,563 32012 2%)
Vermont 1.238 399 (29. 2%) 1.401 A5A(61.2%) 2737 1.245145 §%)
Virgimia b11481 3.702(32.3%) BS3 192(21 5%) 12,354 3895(31.5%)
Washingion _ 3.034 1.107 {36 5%} 4264 85720, 1%} 7.298 196426 9%)
Wes! Virginia L 6.869 4.082(62 5%) 177 103{58.2%) 7.046 4.395(62.4%)
Wiscansin 443 1.862(42 0% B.477 4213149 7o) 12908 | 60O7T5{47.1%)
Wyoming 1,694 102( 5.4%) 933 ST4[61.5%) 2827 BF6(23.9%;)
Totals 271.125 T7.173(28.4%) 315 555 166.201{52. 7%} SB6.600 | 243380041 5%)

*Includes local railroad bridges.
Numbers vary slightly from those published by the Federal Highway Administration?® due to differences in survey techniques.
From an exclusive survey conducted by Better Roads Magazinez; © 1987. Used by permission.
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Over the past four decades, properly designed and preservative-treated
timber bridges have demonstrated good performance with long service
lives, given proper maintenance. Over the same period, timber has contin-
ued to be economically competitive with other bridge materials, both on a
first-cost basis and a life-cycle basis. Despite these beneficial attributes,
there has been a marked hesitation on the part of bridge designers to use
timber, although this has been changing since the 1970's. Perhaps the
biggest obstacle to the acceptance and use of timber has been a persistent
lack of understanding related to design and performance of the material.
Although well educated about other materials, such as steel and concrete,
most bridge designers lack the same level of knowledge about wood. The
following perspective on why wood has not received the same recognition
as other materials was presented by Ken Johnson.”

The practice of engineering, as it evolved over the years, has been
shaped by the persuasive efforts of the steel and cement industries.
This persuasion has been beneficial, in some ways, in that it pro-
duced and distributed good technical information about the design
and the use of their respective products. In fact, many engineering
schools use industry produced textbooks in their curriculum. That
advantage has led to an increase in the reliance, use, prestige and
position of those materials and to a corresponding decline, in the
same factors, for other construction materials from those industries
that have not provided the same level of technical information.

The timber industry is one of those industries that has not made a
substantial unified effort to generate and distribute technical
information. This has been interpreted by some engineers as a
reflection on the suitability of the material itself, and not as an
indictment of the industry for failing to provide the information.
The reason the timber industry has not met the challenge is quite
obvious once one looks at the respective industries.

The methods by which basic materials are produced provide the
answers as to why steel and cement provide technical information
and why timber has not. The basic difference between steel/cement
and timber is the ability of steel/cement to form single industry-
wide intitutions to do the necessary research and to publish the
results. This is possible because of the relatively small number of
companies actually producing the product. The production of only
three steel companies account for about ninety percent of the steel
produced in the United States. The number of companies produc-
ing cement is somewhat larger, but still relatively small when
compared to the timber industry.

The timber industry, by contrast, consists of a multiplicity of
sawmills, both large and small, resource based companies and
many other independent operations such as treating plants. The
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production is then further diversified by different species. Each of
these entities is fiercely independent. The task to organize all of
these independent operations is something akin to trying to organ-
ize al the farmers. However, the fact that the farmers do not have a
single voice does not make their choice beef and Durham wheat
less acceptable as steak and bread.

Given the potential market and the economic and performance advantages
of wood, the future success of timber in bridge applications depends
primarily on (1) the education of engineers on the basic design and per-
formance characteristics of timber, (2) continued coordinated research to
develop new bridge systems and improve existing ones, and (3) develop-
ment of an effective technology transfer system to disseminate current
design, construction, and maintenance information to users. Over the past
severa years, the Forest Service, in cooperation with the timber industry
and other public and private agencies, established an Industry-Federal
Government Cooperative Program on timber bridge technology to meet
needs in these three areas. “One of the efforts of this program is to prepare
and distribute information that provides engineers and educators with
state-of-the-art information on timber bridges. This manual is one step in
providing such information.
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CHAPTER 2

TYPES OF TIMBER BRIDGES

2.1 INTRODUCTION

Timber bridges are seen today in many types and configurations. Some of
these bridges evolved from designs developed many years ago, while
others have developed as a result of modem technological advances in
timber design and fabrication. Regardless of the specific configuration, al
timber bridges consist of two basic components, the superstructure and the
substructure (Figure 2-1). The superstructure is the framework of the
bridge span and includes the deck, floor system, main supporting mem-
bers, railings, and other incidental components. The five basic types are
the beam, deck (slab), truss, arch, and suspension superstructures. The
substructure is the portion of the bridge that transmits loads from the
superstructure to the supporting rock or soil. Timber substructures include
abutments and bents. Abutments support the two bridge ends, while bents
provide intermediate support for multiple-span crossings.

The brigge supersiruciure supports
iraftic and forms jhe bridge spans

The bridge substruciure supports the superstruciure and
transmits koads to the underying reck or soil

Figure 2-1.- Basic components of a timber bridge.

This chapter provides an introduction to the many types of timber bridges
currently used in the United States. Superstructures are discussed first,
followed by decks and substructures. Although decks are technically part
of the superstructure, they are addressed separately because of their varied
application on many superstructure types.
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2.2 BEAM SUPERSTRUCTURES

LOG BEAMS

Longitudinal beam superstructures are the simplest and most common
timber bridge type (in bridge design, the longitudinal direction is meas-
ured in the direction of the traffic flow). Longitudinal beam superstruc-
tures consist of a deck system supported by a series of timber beams
between two or more supports. Bridge beams are constructed from logs,
sawn lumber, glued-laminated timber, or laminated veneer lumber (LVL).
Individual beams may be termed stringers or girders, depending on the
relative size of the member. Girders are larger than stingers, however,
there is no clear-cut definition for either. For clarity, the word beamis
used here to collectively define al longitudinal beam elements, including
stringers and girders.

The simplest type of timber bridge is the log beam or native timber bridge.
It is constructed by placing round logs alternately tip to butt and binding
them together with steel cables. A transverse (perpendicular to traffic
flow) distributor log or needlebeam is normally attached to the bridge
underside at centerspan to aid in load distribution. The deck for log beam
bridges is formed by spiking sawn lumber planks across the log tops
(Figure 2-2), or by placing soil and rocks on the logs (Figure 2-3).

Figure 2-2.-Log beam bridge with a transverse plank deck.
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Figure 2-3.- Log beam bridge with a gravel deck. The two large “brow” logs along each
side serve to delineate the roadway and function as a type of railing.

The span of log beam bridgesis limited by the available species and the
diameter and length of trees. Clear spans of 20 to 60 feet are most com-
mon; however, spans approaching 100 feet have been built that support
off-highway trucks weighing in excess of 100 tons. Log bridges are
generally not treated with preservatives and are primarily used as
temporary structures. Service life typicaly ranges from 10 to 20 years,
depending on log species and local conditions of use. Although log beam
bridges may appear to be rather crude, they have proven to be very func-
tional. Hundreds of these bridges are currently in use in the United States
and Canada, primarily on logging and other low-volume roads. The basic
concept has been adapted into many configurations, some of which are
quite sophisticated.

SAWN LUMBER BEAMS Sawn lumber beam bridges are constructed of closely spaced lumber
beams that are commonly 4 to 8 inches wide and 12 to 18 inches deep
(Figure 2-4). Solid timber blocking or lumber bridging is placed between
beams for alignment and lateral beam support. Sawn lumber beam bridges
are limited in span by the availability of lumber beams in the required
sizes. They are most commonly used for clear spans of 15 to 25 feet with
a practical maximum for highway loads of approximately 30 feet
(Figure 2-5). Longer crossings are achieved by using a series of simple
spans with intermediate supports.
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Figure 2-4.- Underside of a sawn lumber beam bridge showing the characteristic close
beam spacing. This photo is of the center bent of a two-span crossing, where beams from
the two spans overlap at the support.

Figure 2-5.- Typical sawn lumber beam bridge. Most lumber beam bridges of this type
span 25 feet or less, but longer spans have been built where large beams are available.
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GLUED-LAMINATED
TIMBER BEAMS

Sawn lumber beam bridges have been built in the United States for gen-
erations. They are economical, easy to construct, and well suited to secon-
dary and local roads where long clear spans are not required. The service
life of lumber bridges treated with preservatives averages about 40 years.
Although their use has declined significantly since the introduction of
glulam, many of the sawn lumber beam bridges built in the 1930's and
1940's are still in service.

Glulam bridges are constructed of glulam beams manufactured from
1-1/2- or 1-3/8-inch-thick lumber laminations that are bonded together on
their wide faces with waterproof structural adhesive. The beams are
available in standard widths ranging from 3 inches to 14-1/4 inches, with
beam depth limited only by transportation and pressure-treating size
considerations. Because of the large size of glulam beams, glulam beam
bridges require fewer beams and are capable of much longer clear spans
than conventional sawn lumber beam bridges (Figure 2-6). They are most
commonly used for spans of 20 to 80 feet, but have been used for clear
spans over 140 feet (Figure 2-7). The length of the beams, and thus the
bridge, is normally limited only by transportation restrictions for moving
the beams to the construction site.

Figure 2-6.- Underside of a glulam beam bridge. Because glulam beams are manufactured
in a wide range of sizes, glulam bridges typically have larger beams and a greater beam
spacing compared to conventional sawn lumber beam bridges (photo courtesy of
Weyerhaeuser Co.).
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LAMINATED VENEER
LUMBER BEAMS

Figure 2-7.- Glulam beam bridge over Dangerous River, near Yukatat, Alaska. This bridge
consists of three 143-foot spans, each of which is supported by four glulam beams that
are 91-1/2 inches deep (photo courtesy of the Alaska Department of Transportation and
Public Facilities).

The first glulam beam bridges were built in the mid-1940's. Since that
time, they have become the most common type of timber bridge in both
single- and multiple-span configurations. Glulam beam bridges are com-
pletely prefabricated in modular components and are treated with pre-
servatives after fabrication. When properly designed and fabricated, no
field cutting or boring is required, resulting in a service life of 50 years or
more.

Laminated veneer lumber, a subcategory of new wood products called
structural composite lumber, is arelatively new materia for use in bridge
construction. It is made from sheets of thin veneer that are glued together
to form structural members. The veneer laminations are approximately
1/10 inch to 1/2 inch thick and are oriented verticaly, instead of horizon-
tally, asin glulam beams (Figure 2-8). Although LVL is made from
veneer, it is more like glulam than like plywood because the grain direc-
tions of adjacent plies are parallel rather than at right angles. The advan-
tages of LVL are its high strength, stiffness, and excellent treatability with
wood preservatives.
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Figure 2-8.- End section of an LVL beam; LVL beams are manufactured by gluing together sheets of veneer. The grain direction
of the veneer layers is oriented in the same direction, parallel to the direction of the beam span.
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The only LVL beam bridge constructed to date is made of press-lam, a
type of LVL developed at the USDA Forest Service, Forest Products
Laboratory (FPL). This prototype structure, jointly sponsored by the
Forest Service and the Virginia State Highway Department, consists of a
3-1/8-inch deck supported by 4-1/2- by 20-inch press-lam beams, spaced
30 inches on center (Figure 2-9). Design requirements and stresses for
LVL are not included in current bridge design specifications, but they may
be adopted in the future. Additional information on construction and
performance of the press-lam demonstration bridge is given in references
listed at the end of this chapter. ****

Figure 2-9.- Press-lam LVL bridge built in 1977 on the George Washington National Forest
in Virginia. The bridge spans 20 feet and carries a 26-foot-wide roadway.

2.3 LONGITUDINAL DECK SUPERSTRUCTURES

Longitudinal deck or slab superstructures are constructed of glulam or
nail-laminated sawn lumber placed longitudinally between supports, with
the wide dimension of the laminations vertical. The deck is designed to
resist all applied loads and deflection without additional supporting mem-
bers or beams, however, transverse distributor beams are usually attached
to the deck underside to assist in load distribution. Glulam longitudinal
deck bridges are constructed of panels that are 6-3/4 to 14-1/4 inches deep
and 42 to 54 inches wide (Figure 2-10). Sawn lumber bridges use 2- to
4-inch-wide lumber, 8 to 16 inches deep, that is nailed or spiked together
to form a continuous surface (Figure 2-11). Longitudinal deck bridges are
economical and practical for maximum clear spans up to approximately
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36 feet. Longer crossings are achieved with multiple spans. The low
profile of these bridges makes them desirable when vertical clearance
below the bridge is limited.

Figure 2-10.- Longitudinal glulam deck bridge over Au Train Creek on the Hiawatha
National Forest. This bridge is 58 feet long over three spans and supports a 26-foot
roadway width.

Figure 2-11.- Sawn lumber longitudinal deck bridge. Note the transverse distributor
beams attached to the deck underside between bents (photo courtesy of Wheeler
Consolidated, Inc.).
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2.4 TRUSSES

Trusses are structural frames consisting of straight members connected to
form a series of triangles. In bridge applications, a typical truss
superstructure consists of two main trusses, a floor system, and bracing
(Figure 2-12). These superstructures are classified as deck trusses or
through trusses, depending on the location of the floor system or deck. For
deck trusses, the deck is at or above the level of the top chord. For through
trusses, the deck is near the bottom chord. When the height of a through
truss is insufficient for overhead bracing, it is referred to as a haf-through
or pony truss.

Timber trusses are constructed in many geometric configurations
(Figure 2-13). Two of the most popular are the bowstring truss and parallel-
chord truss (top chord and bottom chord parallel). In the bowstring truss,

Tgp strul Uppﬂl' Iateral
bracing

Sway Irame

End Lower |ateral
post bracing
Deck Diagonal

Bottom chord

Stringer
Floor beam

Through tnuss Paony iniss Dack truss

figure 2+ 12— Truss bridge nomenclzture and olassifications.
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the top chord is constructed of curved glulam members or a series of
straight sawn [umber members (Figure 2-14). As a pony truss, bowstrings
are generally the most economical of all truss types for spans up to 100
feet."For longer spans, the bowstring is designed as a through truss.
Parallel-chord trusses are constructed in various through-truss or deck-
truss configurations for spans up to approximately 250 feet. As a deck
truss, parallel-chord designs are practical when vertical clearance is suffi-
cient for the truss depth and arc especially economical for deep crossings
where reduced bent height can result in substructure savings (Figure 2-15).

PAAN

King post Quaean past Multiple king post
200N TN
Pratt Howe Long
l'f ]
Bum Ar¢h Town lattices Bowslring

Figure 2-13-—Typical truss configurations for timber bridges.

Figure 2-14.- Lumber bowstring truss over Dinkey Creek on the Sierra National Forest in
Central California. This truss spans 90 feet and was built in 1934 (photo courtesy of Raul
Gonzalez, USDA Forest Service).
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2.5 TRESTLES

Figure 2-15.- A multiple-span parallel-chord deck truss bridge.

Timber trusses were used extensively for vehicle bridges through the late
1950's, but their popularity has declined because of the high cost of truss
fabrication and erection. Trusses are also more costly to maintain than
many other bridge superstructures because of the large number of mem-
bers and joints. Most timber trusses are built today for aesthetic reasons or
when the light weight and relatively small individual members make them
advantageous for transportation or erection.

A trestle is a series of beam, deck, or truss superstructures supported on
timber bents (Figure 2-16). Trestles are used for long crossings when
lengthy clear spans are unnecessary, impractical, or not economical.
Superstructure support for trestle bridges is provided by bents constructed
of timber piles or sawn lumber frames (Section 2.10). The spacing be-
tween bents is controlled by the span capability of the superstructure. The
most common trestle configuration is a series of simply supported sawn
lumber beams spanning 20 to 30 feet. Longer spans can be achieved with
trusses or glulam beams.
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Figure 2-16.- Sewall's bridge is a timber trestle vehicle bridge in York, Maine. The bridge
was built in 1933 using the same design features of the original bridge, built in 1761, that it
replaced. This bridge became a designated landmark of the American Society of Civil
Engineers in 1986 (photo courtesy of the American Society of Civil Engineers; Used by
permission).

Trestle bridges have been used in the United States since the mid-1700's.
Most were constructed as railroad bridges between 1900 and 1950
(Figure 2-17). In the mid-1950's, approximately 1,800 miles of timber
trestles were in service on the Nation’s railroads. Trestles were used for
vehicle bridges through the 1950’s, but their use has since declined be-
cause of the high cost of bent construction and the longer clear-span
capabilities of glulam. With an average service life of 40 years or more,
many treated-timber trestle bridges remain in service today.

2.6 GLULAM DECK ARCHES

The versatility of glulam in bridge construction is perhaps best demon-
strated by glulam deck arch bridges. These structures are constructed of
glulam arches manufactured in segmental circular or parabolic shapes and
can be used for clear spans in excess of 200 feet. Two basic arch types are
used, the two-hinge arch and the three-hinge arch (Figure 2-18). Two-
hinge designs are practical for short spans of approximately 80 feet or less.
Three-hinge designs are more appropriate for longer spans and are most
common for vehicle bridges. The roadway for deck arch bridges is sup-
ported by glulam post bents connected to the arches with steel gusset
plates.
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Figure 2-17.- Early railroad trestle on the Verona, South Park, and Sunset Steam Railroad. Many long-span timber trestles of
this type were built for railroad use, requiring large volumes of wood for the complex bent substructures (photo from the Forest
Service Collection, National Agriculture Library).
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Two-hinge arch is hinged at reactions only.

Three-hinge arch is hinged at reactions and at the arch apex.

Figure 2-18.-Glulam arch configurations used for bridges.

The first glulam deck arches for vehicles were constructed in Oregon in
the late 1940's (Figure 2-19). They have since been used in many applica-
tions, including the highly publicized Keystone Wye interchange in South
Dakota (Figure 2-20). The design is most practical in applications where
considerable height is required and where foundations can be constructed
to resist horizontal end reactions. It is particularly suitable for deep
crossings where savings in substructure costs over other bridge types
make it economically competitive.

2.7 SUSPENSION BRIDGES

Timber suspension bridges consist of atimber deck structure suspended
from flexible steel cables (or chains) that are supported by timber towers
(Figure 2-21). They are capable of long clear spans (over 500 feet) and are
normally used only when other bridge types are impractical because of
span requirements or when the use of intermediate bents is not feasible.
Most timber suspension bridges in the United States have been constructed
for pedestrian or trail crossings. Although timber suspension bridges have
been built for vehicle traffic, their number is small in relation to other
timber bridge types.
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Figure 2-19.-- The Loon Lake Bridge is a three-hinge glulam deck arch design, built near
Roseburg, Oregon, in 1948. The bridge spans 104 feet and supports a 20-foot roadway.

Figure 2-20.- Three-hinge glulam deck arch bridge at the Keystone Wye interchange off
U.S. Highway 16, near Mount Rushmore, South Dakota. The arch spans 155 feet and
supports a 26-foot-wide roadway (photo courtesy of Wheeler Consolidated, Inc.).
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2.8 DECKS

Figure 2-21.- Typical timber suspension bridge designed for vehicle traffic.

SAWN LUMBER PLANKS

The deck is the portion of the bridge superstructure that forms the roadway
and distributes vehicle loads to supporting elements of the structure. The
type, thickness, and material of the deck are based on the weight and vol-
ume of traffic it must support. Timber decks are typically constructed of
one of three materials: sawn lumber planks, nail-laminated lumber, and
glulam. Composite timber-concrete decks are also used on timber super-
structures in some applications.

Sawn lumber plank decks are the oldest and simplest type of timber deck.
They are constructed of lumber planks, 3 to 6 inches thick and 10 to 12
inches wide, that are placed flatwise and spiked to supporting beams. The
planks are generally laid in the transverse direction and are attached
directly to closely spaced timber beams with spikes (Figure 2-22). They
are also used longitudinally on transverse floorbeams. Plank decks are
most practical on low-volume or special-use bridges. They are not water-
tight and afford little protection to supporting members from the effects of
weathering. Asphalt paving is not practical on plank decks because of
large deck deflections that cause asphalt cracking and deterioration.
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NAIL-LAMINATED LUMBER

Figure 2-22.- Sawn lumber plank decks (A) in a transverse orientation and (B) in a
longitudinal orientation.

Nail-laminated lumber decks are constructed of sawn [umber laminations
that are generally 2 inches thick and 4 to 12 inches deep. The laminations
are placed with the wide dimension vertical and are nailed or spiked
together to form a continuous surface (Figure 2-23). Nail-laminated decks
are most commonly used in a transverse orientation on sawn lumber or
steel beams spaced 2 to 6 feet apart. They are also used longitudinally over
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Figure 2-23.- Nail-laminated lumber deck as viewed from (A) the deck top and (B) the
deck edge.

transverse floorbeams in a manner discussed for longitudinal deck super-
structures (Section 2.3).

Nail-laminated lumber decks were the most commonly used type of
timber deck from the 1920’ s through the mid-1960's. Their use has
declined significantly since the introduction of glulam. Although many
nail-laminated decks have provided satisfactory performance for over
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GLUED-LAMINATED
TIMBER

COMPOSITE TIMBER-
CONCRETE

40 years, the design is generally not suitable unless supporting beams are
closely spaced. As beam spacing increases, deflection of the deck and
dimensiona changes, from variations in moisture content, cause delamina
tion or loosening of the deck, reducing structural integrity and service life.

Glulam decks are constructed of glulam panels that are normally 5-1/8 to
8-3/4 inches thick and 3 to 5 feet wide. They are used in both transverse
and longitudinal orientations on glulam or steel beams.

The design criteria for glulam deck panels were developed in the mid-
1970's at the FPL. They are the most common type of timber deck and

are used in two basic configurations, noninterconnected and doweled
(Figure 2-24). Noninterconnected panels are placed edge to edge, with no
connection between adjacent panels. Doweled panels are interconnected
with steel dowels to improve load distribution and reduce differential dis-
placements at the panel joints. Doweled panels are more costly to fabricate
and construct but can result in thinner decks and better performance for
asphalt wearing surfaces.

Glulam decks are stronger and stiffer than conventiona plank or nail-
laminated decks because of the homogeneous bond between laminations
and the dispersion of strength-reducing characteristics of glulam. Glulam
panels can be constructed to form a watertight surface and afford protec-
tion for supporting beams and other components. Because of their in-
creased stiffness, glulam decks also provide a firm base for asphalt pave-
ment, which is frequently used as the wearing surface. Panels are com-
pletely fabricated and drilled for deck attachment prior to preservative
treatment, producing estimated service lives of 50 years or more.

A composite timber-concrete deck consists of a concrete slab rigidly
interlocked to supporting timber components so that the combination
functions as a unit. On single, simple spans, the concrete resists compres-
sion, while the timber carries tension. At intermediate supports of continu-
ous spans, the opposite is true. There are two basic types of composite
timber-concrete decks: T-beam decks and slab decks (Figure 2-25).
Composite T-beam decks are constructed by casting a concrete deck,
which forms the flange of the T, on a glulam beam, which forms the web
of the T. Composite action between the timber and concrete is devel oped
by shear connectors along the beam tops. Numerous T-beam composite
decks have been constructed in recent years, but they are not widely used
because of the high cost of beam fabrication and the cost of in-place
casting of concrete (Figure 2-26).

Composite slab decks are constructed by casting a concrete layer on a
continuous base of longitudina nail-laminated sawn lumber. The lumber
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Figure 2-24.- Glued-laminated timber deck in the (A) noninterconnected and (B) doweled
configurations.

is placed edgewise in the direction of traffic flow, with alternate lamina-
tions raised 1-3/8 to 2 inches to form grooves in the base. Composite
action between the timber and concrete is most commonly achieved
through the use of triangular steel shear developers driven into the
grooves. Composite slab decks were first built in 1932 and were used
mostly during the 1930's and 1940’s. They are not commonly used today.
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Figure 2-25.- Types of composite timber-concrete decks.

2.9 STRESS-LAMINATED TIMBER

Stress-laminated timber is a relatively new concept for timber bridge
applications. Using this system, vertical sawn lumber laminations are
clamped together on their wide faces by high-strength steel stressing rods.
These stressing rods are placed on the outsides of the laminations (exter-
nal) or through the laminations (internal), depending on the type of struc-
ture (Figure 2-27). For both configurations, the stressing pressure is
transferred to the timber through bearing plates located along the outer
laminations. This pressure develops sufficient friction between the lamina-
tions to cause them to perform structurally as a unit, in a manner similar to
the performance of glulam.

Stress-laminated timber has been used successfully in bridge construction
and rehabilitation. In new construction, it is used primarily for longitudinal
decks (Figure 2-28), but it has also been applied to other superstructure
types (Figure 2-29). Stressing is also practical for rehabilitating nail-
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Figure 2-26.- Composite glulam-concrete T-beam bridge located in northern California.
Although numerous bridges of this type have been built, they are not common.
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Figure 2-27.- Typical rod configurations for stress-laminated timber bridges.
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laminated decks where load distribution characteristics of the deck have
been reduced by delamination. The clamping action produced by the
stressing rods restores deck integrity, increases load capacity, and substan-
tially extends service life.

Figure 2-28- Stress-laminated deck bridge built near State College, Pennsylvania, in 1987.
The bridge is 28 feet wide and was constructed from 4-inch-wide by 16-inch-deep lumber
laminations.

Figure 2-29.- Stress-laminated deck bridge with stress-laminated slant-leg supports, built
near Espanola, Ontario, Canada, in 1981. The bridge spans approximately 55 feet and
supports two traffic lanes (photo courtesy of the Ontario Ministry of Transportation).
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Stress-laminated timber for bridges was originally developed in Ontario,
Canada, and adopted for use in the Ontario Highway Bridge Design Code
in 1976. Although it has been successfully used in Canada, the systemis
relatively new in the United States and is not currently included in bridge
design specifications. Research on stress-laminated timber, including the
construction of several prototype structures, has been completed by the
Forest Service in cooperation with the University of Wisconsin and West
Virginia University. It is expected that the stress-laminated timber bridge
system will be adopted in United States design specifications in the near
future.

2.10 TIMBER SUBSTRUCTURES

ABUTMENTS

BENTS

The substructure is the portion of the bridge that supports the superstruc-
ture and transfers |loads to the supporting soil or rock. The type of sub-
structure used depends on the site conditions, quality of foundation mate-
rial, and magnitude of the loads it must support. Timber bridges are
adaptable to virtually any type of substructure constructed of timber, steel,
or concrete. Discussions in this section will be limited to abutments or
bents constructed of timber piles, sawn lumber, or glulam.

Abutments support the bridge ends and contain roadway embankment
material. The simplest timber abutment is a sawn lumber or glulam spread
footing placed directly on the surface of the embankment (Figure 2-30).
This type of abutment is used only when foundation material is of suffi-
cient quality to support loads without excessive settlement, erosion, or
scour. Another type of footing abutment is the post abutment (Figure
2-31). On post abutments, the superstructure is supported on sawn lumber
or glulam posts connected to a spread footing located below the ground
surface. Post abutments are used to elevate the superstructure and are
provided with a backwall and wingwalls for retaining fill embankment.

When the quality of the foundation is not sufficient to support footings,
pile abutments may be used (Figure 2-32). These abutments are con-
structed of timber piles driven to sufficient depth to develop the required
load capacity by end bearing, or through friction between the pile surface
and surrounding soil. The superstructure is connected to the piles by a
continuous cap attached to the piles and to the superstructure at the bear-
ings. Pile abutments are typically provided with backwalls and wingwalls
to retain the embankment material.

Bents are intermediate supports between abutments for multiple-span
crossings. They are constructed of timber piles or sawn lumber frames,
depending on required height and the suitability of foundation material.
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Figure 2-30.- Surface bearing spread footing constructed of glulam (photo courtesy of
Tim Chittenden, USDA Forest Service).

Pile bents are practical when foundation material is suitable and the
required bent height, including pile penetration, is within the available
length of timber piles (Figure 2-33). Frame bents are used for higher ele-
vations or when rock or other foundation materials are not suitable for
piles (Figure 2-34). Frames may be supported on footings or piles,
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Figure 2-32.- Timber pile abutment.

Figure 2-33.- Timber pile bents.
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Figure 2-34.- Sawn lumber frame bent.

depending on the quality of the foundation. For both pile and frame bents,
bracing is provided between members to provide stability and resist lateral
loads. Superstructure bearing is on heavy timber caps fastened to the tops
of the piles or frame posts.
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CHAPTER 3

PROPERTIES OF WOOD AND STRUCTURAL WOOD PRODUCTS

3.1 INTRODUCTION

Wood differs from other construction materials because it is produced in a
living tree. As aresult, wood possesses material properties that may be
significantly different from other materials normally encountered in
structural design. Although it is not necessary to have an in-depth knowl-
edge of wood anatomy and properties, it is necessary for the engineer to
have a general understanding of the properties and characteristics that
affect the strength and performance of wood in bridge applications. This
includes not only the anatomical, physical, and mechanical properties of
wood as a material, but also the standards and practices related to the
manufacture of structural wood products, such as sawn lumber and
glulam.

In the broadest terms, trees and their respective lumber are classified into
two general classes, hardwoods and softwoods. Hardwoods normally have
broad |eaves that are shed at the end of each growing season. Softwoods
have needlelike leaves that normally remain green year round. The classi-
fication as hardwood or softwood has little to do with the comparative
hardness of the wood. Several species of softwoods are harder than many
low- to medium-density hardwoods. With few exceptions the structural
wood products used in bridge applications throughout North America are
manufactured primarily from softwoods. Although hardwoods are not
widely used at this time, structural grading procedures for hardwoods have
been developed recently, and their use isincreasing in some regions of the
country.

This chapter discusses the structure of wood, its physical and mechanical
properties, and the manufacturing and grading processes for sawn lumber
and glulam. The scope of coverage is limited to softwood species, al-
though many of the general characteristics are applicable to hardwoods.
Additional information on wood properties and characteristics is given in
references listed at the end of this chapter.

3.2 STRUCTURE OF WOOD

To fully understand and appreciate wood as a structural material, one must
first understand wood anatomy and structure. This can be considered at
two levels: the microstructure, which can be examined only with the aid of
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amicroscope, and the macrostructure, which is normally visible to the
unaided eye.

MICROSTRUCTURE The primary structural building block of wood is the wood cell, or tra-
cheid. When closely packed, these wood cells form a strong composite
system that is often compared to a bundle of drinking straws (Figure 3-1).
As a unit, the straws (wood cells) weigh very little, but if restrained from
lateral buckling, they will support a substantial load in compression
paralel to their longitudina axis. If the straws are loaded in compression
perpendicular to their longitudina axis, they will yield under relatively
light loads. Using this analogy, it is easy to visualize the superior strength-
to-weight ratio of a cellular composite such as wood. Y et, each individual
wood cell is even more structurally advanced because it is actually a
multilayered, filament-reinforced, closed-end tube rather than just a
homogeneous, nonreinforced straw (Figure 3-2).

MACROSTRUCTURE The cross section of atree can be divided into three basic parts. bark,
cambium, and wood (Figure 3-3). Bark is the exterior layer and is com-
posed of an outer layer of corky material with athin inner layer of living

@

U
1

Figure 3-1.- Simplified depiction of the structure of wood, comparing it to a bundle of
thin-walled drinking straws. (A) Parallel to their longitudinal axis, the straws (wood cells)
can support loads substantially greater than their weight. (B) When loaded perpendicular to
their longitudinal axis, the straws yield under much lower loads.
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Figure 3-2.- Drawing of the magnified structure of a softwood.

cells. It functions to protect the tree and to conduct nutrients. The cam-
bium is a thin, continuous ring of reproductive tissue located between the
wood and the bark. It is the only portion of the tree where new wood and
bark cells are formed and is usually only one to ten cells thick, depending
on the season of the year. All material inside the cambium layer is wood,
which conducts and stores nutrients and provides the tree with structural
support. At the center of the wood, where tree growth began, is the pith or
heart center.

Wood is divided into two general classes, sapwood and heartwood. The
sapwood consists of both active and inactive cells and is located on the
outside of the tree, next to the cambium. It functions primarily in food
storage and the transport of sap. The radia thickness of sapwood is com-
monly 1-1/2 to 2 inches for most species, but it may be 3 to 6 inches thick
for some species. Heartwood, which was once sapwood, is composed
mostly of inactive cells that differ both chemically and physicaly from
sapwood cells. The heartwood cells do not function in either food storage
or sap transportation. In most species, the heartwood contains extractive
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Figure 3-3.- Tree cross section showing elements of the macrostructure that are normally
visible without magnification.

substances that are deposited in the cell during the conversion from sap-
wood to heartwood. These deposits frequently give the heartwood a much
darker color than sapwood; however, in several species the heartwood is
not dark and looks virtually the same as sapwood. The extractives also
serve to make the heartwood of several species more resistant to attack by
decay fungi and insects. Because al heartwood was once sapwood, there
is generaly little difference in their dry weight or strength.

Growth in wood cells varies between cells that are formed early in the
growing season, earlywood cells, and those formed late in the growing
season, latewood cells. Earlywood cells are usually formed during the first
or second month of the growing season and have relatively large cell
cavities and thin walls. Latewood cells are formed later in the growing
season and have smaller cell cavities and thicker walls. The contrast
between the earlywood and latewood cells forms the characteristic growth
rings common to most species (Figure 3-4). These growth rings vary in
width, depending on species and site conditions. In many species of
softwood, such as Douglas-fir and Southern Pine, there is a marked con-
trast between the earlywood and latewood, and growth rings are plainly
visible. In other species, such as spruces and true firs, the change from
earlywood to latewood is less obvious, and rings are more difficult to see.
Environmental conditions can aso affect growth rings. Rings formed
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Figure 3-4.- Cross section of a pine log showing growth rings. Light bands are earlywood,
dark bands are latewood. A growth ring is composed of the earlywood ring and the
latewood ring outside it.

during short or dry seasons are narrower than those formed under more
favorable growing conditions.

3.3 PHYSICAL PROPERTIES OF WOOD

Physical properties describe the quantitative characteristics of wood and
its behavior to externa influences other than applied forces. Included are
such properties as moisture content, density, dimensional stability, thermal
and pyrolytic (fire) properties, natural durability, and chemical resistance.
Familiarity with physical properties is important because those properties
can significantly influence the performance and strength of wood used in
structural applications.
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DIRECTIONAL PROPERTIES Wood is an orthotropic material with unique and independent properties in

MOISTURE CONTENT

different directions. Because of the orientation of the wood fibers, and the
manner in which a tree increases in diameter as it grows, properties vary
along three mutually perpendicular axes: longitudina (L), radia (R), and
tangentia (T). The longitudinal axisis parallel to the grain direction, the
radial axisis perpendicular to the grain direction and normal to the growth
rings, and the tangentia axis is perpendicular to the grain direction and
tangent to the growth rings (Figure 3-5). Although wood properties differ
in each of these three directions, differences between the radial and tan-
gentia directions are normally minor compared to their mutual differences
with the longitudinal direction. As a result, most wood properties for
structural applications are given only for directions paralel to grain
(longitudinal) and perpendicular to grain (radial and tangential).

Longitudinal Tangential

Figure 3-5- The three principal axes of wood with respect to grain direction and growth
rings.

The moisture content of wood (MC) is defined as the weight of water in
wood given as a percentage of ovendry weight:

moist weight — ovendry weight
ovendry weight

MC = (3'1)

x 100 percent

In living trees, water is required for growth and development, and water
constitutes a major portion of green wood. Depending on the species and
type of wood, the moisture content of living wood ranges from approxi-
mately 30 percent to more than 250 percent (two-and-a-half times the
weight of the solid wood material). In most species, the moisture content
of the sapwood is higher than that of the heartwood (Table 3-1).
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Table 3-1 .-Average moisture content of green wood.

Moisture content (percent)
Species Heartwoud Sapwood
Western redcedar 58 249
Douglas-fir {coast) ar 115
White fir 93 160
Waestarn hamlock 85 170
Easterm hemlock a7 119
Larch {westem) 54 110
Leblolly pine 33 119
Ponderosa pine 40 148
Sitka spruce 41 142
Average of 27 softwood spacies 55 149

From Wood Handbook. »

Water exists in wood as bound water, which is molecularly bonded within
the cell walls, and as free water, which is present in the cell cavities
(Figure 3-6). When moist wood dries, free water separates first and at a
rate faster than bound water. The moisture content at which the cell walls
are saturated with water, but at which virtually no free water exists in the
cell cavities, is called the fiber saturation point. The fiber saturation point
for most woods averages about 30 percent, but may vary by a few percent-
age points among different species.

Moisture content in

1 the living tree
Free
Water waler
misture content _ _ .
| } Bound Moo=~ Fiber saturation point (FSP)
# water A Equilibrium moisture coment (EMGC)
1 H.'f ‘| ' Zero moisture conent
1-
u"U
Solicd wood bﬂ
ho L
} Lk
'I.IL.‘J'lII

Figure 3-6.- Diagrammatic representation of wood moisture content.
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Wood is a hygroscopic material that absorbs moisture in humid environ-
ments and loses moisture in dry environments. Therefore, the moisture
content of wood is a result of atmospheric conditions and depends on the
relative humidity and temperature of the surrounding air. Under constant
temperature and humidity conditions, an equilibrium moisture content
(EMC) is reached. The equilibrium moisture content represents a balance
point where the wood is neither gaining nor losing moisture and isin
equilibrium with the environment. In bridge applications, wood moisture
content is almost always undergoing some changes as temperature and
humidity conditions vary. These changes are usually gradual, short-term
fluctuations that influence only the wood surface. Over a period of time,
however, the wood will approach an equilibrium moisture content related
to the environment. The time required to reach the equilibrium moisture
content depends on the size and permeability of the member, the tempera-
ture, and the difference between the initial moisture content of the wood
and the eventual equilibrium moisture content for the environment. The
relationship between equilibrium moisture content, relative humidity, and
temperature is generally independent of species and is shown in Table 3-2.

Table 3-2.- Moisture content of wood in equilibrium with stated dry-bulb temperature and relative

Moistura conient at varigus relative humidities (percent}

20 30 40 0 60 7 80 90 93 9a

45 63 78 85 113 135 165 210 243 269
46 63 Y9 895 113 135 165 210 243 268
46 63 Y9 95 112 135 1865 209 243 269
46 62 78 94 111 133 162 207 241 288
45 62 77 92 1@ 131 160 205 229 265
44 6.1 76 91 108 129 157 202 238 263
43 58 74 89 105 126 154 158 223 280
42 SB 72 BY 103 123 151 185 2289 256
40 58 70 84 100 120 147 1871 224 252
3 54 68 82 97 117 144 186 220 247

humidity.

Temperature

{dry-bulb) 10

30 286

40 28

50 2B

B0 25

70 25

80 24

90 23

100 23

10 22

120 2.1

From Wood Hanchook ®

DIMENSIONAL STABILITY

Wood is dimensionally stable when the moisture content is above the fiber
saturation point. Below the fiber saturation point, wood shrinks when
moisture is lost and swells when moisture is gained. This susceptibility to
dimensional change is one of the few wood properties that exhibit signifi-
cant differences for the three orthotropic axes. In the longitudinal direc-
tion, average shrinkage values from green to ovendry conditions are
between 0.1 and 0.2 percent, which is generally of no practical concern. In
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Figure 3-7.- Approximate wood shrinkage relationships below the fiber saturation point

for the three orthotropic axes (adapted from the Canadian Wood Council *). Used by
permission.

the tangential and radial directions, however, shrinkage is much more
pronounced (Figure 3-7).

Wood shrinkage is approximately a linear function of moisture content,
and dimensional changes below approximately 24 percent can be deter-
mined with reasonable accuracy. An example of shrinkage calculations
based on the values given in Figure 3-7 is shown in Example 3-1. More
accurate methods for computing shrinkage are given in the Wood Hand-
book. * Although formal shrinkage calculations are normally not required
in structural design, the designer must be aware that wood is not a static
material and that dimensiona changes occur.

39



Example 3-1- Wood shrinkage from a decrease in moisture content

Determine the approximate changes in depth and width occurring when
the wood member shown below dries from an initial moisture content of
28 percent to an equilibrium moisture content of 18 percent.

|-(—|1—5-1.f2"

Annual rings \
15-1/2°
Cimensions at 28% MC

Solution

The orientation of the annual rings is approximately parallel with the
narrow face of the member. Therefore, shrinkage in the tangential direction
will affect member width, while shrinkage in the radial direction will affect
member depth.

Approximate dimensional changes between two moisture contents are
obtained from Figure 3-7. In the radial direction, shrinkage from fiber
saturation to 28-percent moisture content is approximately 0.2 percent. At
M-percent moisture content, the change is approximately 1.4 percent. The
percent shrinkage in the radial direction between 28-percent and 18-percent
moisture content is the difference between the two vaues:

Percent radial shrinkage = 1.4% - 0.2% = 1.2%

Applying the percentage shrinkage to the dimension at 28-percent moisture
content gives the shrinkage in inches:

Radial shrinkage = 0.012(15.5in.) =0.21in.

Shrinkage in the tangential direction is determined in the same manner.
From fiber saturation, tangential shrinkage is approximately 0.3 percent at
28-percent moisture content and 2.1 percent at 18-percent moisture
content:

Percent tangential shrinkage = 2.1% - 0.3% = 1.8%
Tangential shrinkage = 0.018(5.5in.) = 0.1 in.

In summary, the member will shrink about 0.2 inch in depth and 0.1 inch in
width.
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DENSITY

The effects of uneven drying plus shrinkage differences in the tangential
and radial direction can cause wood pieces to distort or warp (Figure 3-8).
In addition, the uncontrolled drying or seasoning of wood frequently
causes lengthwise separations of the wood across the annual rings, com-
monly known as checks (Figure 3-9). Most checks are not of structural
significance; however, when checking extends from one surface to the
opposite or adjoining surface (through-checks) the strength and other
properties of the piece may be affected.

Figure 3-8.- Characteristic shrinkage and distortion of wood as affected by the direction of
the growth rings. Such distortion can result in warp, which is generally classified as bow,
twist, crook, and cup.

The density of a material is defined as the mass per unit volume at some
specified condition. For a hygroscopic material such as wood, density
depends on two factors, the weight of the basic wood substance and the
weight of the moisture retained in the wood. Wood density varies with
moisture content and must be given relative to a specific condition in order
to have practical meaning. Values for density are generally based on the
wood weight and volume at one of three moisture conditions: (1) ovendry,
where the moisture content is zero; (2) green, where the moisture content
is greater than 30 percent; or (3) in-use, where the moisture content is
specified between ovendry and green.
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SPECIFIC GRAVITY

THERMAL EXPANSION

Checks

?V

/

Figure 3-9.- Checks are lengthwise separations of the wood, perpendicular to the growth
rings, caused by uncontrolled shrinkage in the tangential direction.

The density of ovendry wood varies within and among species. While the
density of most species is between 20 and 45 Ib/ft’, the range in densities
extends from approximately 10 lb/ft’ for balsa to more that 65 Ib/ft*for
some imported woods. Average densities for green wood and wood at
different moisture contents are given in several reference publications. **
For bridge applications, a density of 50 Ib/ft’is normally used as an aver-
age density for all species and moisture contents (Chapter 6).

Specific gravity provides a relative measure of the amount of wood sub-
stance contained in a sample of wood. It is a dimensionless ratio of the
weight of a volume of wood at a specified moisture content to the weight
of an identical volume of water at 62.4 |b/ft’. For example, a volume of
wood with a specific gravity of 0.50 at some moisture content would have
a density of 31.2 Ib/ft’(0.50 x 62.4 Ib/ft’). In most applications, specific
gravity is either reported on the basis of ovendry weight and green volume
or ovendry weight and volume at 12 percent moisture content. For engi-
neering purposes, specific gravity is normally based on the ovendry
weight and the volume at 12 percent moisture content.

Thermal expansion of dry wood is positive in all directions; it expands
when heated and contracts when cooled. The linear expansion coefficients
of dry wood parallel to grain are generally independent of species and
specific gravity and range from approximately 0.0000017 to 0.0000025
per degree Fahrenheit. The expansion coefficients perpendicular to grain
are proportional to density and range from five to ten times greater than
parallel to grain coefficients. Wood is a good insulator and does not
respond rapidly to temperature changes in the environment. Therefore, its
thermal expansion and contraction lag substantially behind temperature
changes in the surrounding air.
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COEFFICIENTS OF
FRICTION

ELECTRICAL
CONDUCTIVITY

Wood that contains moisture reacts to temperature changes in a manner
different from that of dry wood. In most cases, thermal expansion and
contraction are negligible compared to the expansion and contraction from
moisture content changes. When moist wood is heated, it tends to expand
because of normal thermal expansion and to shrink because of moisture
loss from increased temperature. Unless the initial moisture content of the
wood is very low (3 to 4 percent), the net dimensional change on heating
IS negative. Wood at intermediate moisture contents of approximately 8 to
20 percent will expand when first heated, then gradually shrink to a
smaller volume as moisture is lost in the heated condition. In most bridge
applications, the effects of thermal expansion and contraction in wood are
negligible.

The coefficients of friction for domestic softwoods vary little anong
species and depend on wood moisture content and roughness of the sur-
face. On most materials, friction coefficients for dry wood increase as
moisture increases to the fiber saturation point. Above the fiber saturation
point, friction coefficients remain fairly constant until considerable free
water is present. When the surface is flooded with water, the coefficients
of friction decrease. The dliding coefficient of friction for wood is nor-
mally less than the static coefficient and depends on the speed of dliding.
Sliding coefficients vary dlightly with speed when the moisture content is
less than approximately 20 percent. At higher moisture contents, sliding
coefficients decrease substantially as speed increases. Coefficients of
diding friction for smooth, dry wood against a hard smooth surface aver-
age from 0.3 to 0.5. At intermediate wood moisture contents, values range
from 0.5 to 0.7 and increase to 0.7 to 0.9 as the moisture content nears
fiber saturation. Average coefficients of friction for severa conditions are
givenin Table 3-3.

Table 3-3.- Average coefficients of friction for wood.

Average
coefficient of friction
Waad condition Fricticn against Statie Slidingl_
Dry Unpolished stesl 0.70 0.70
Graen Unpolished steel 0.40 Q.15
Ory, smooth Dry, smooth wood 0.60 —_
Green, smooth Grean, smooth wood 0.83 —

1 Based on a relative movement of 13 f/sec.

Dry wood is a good electrical insulator and exhibits only minor variations
in conductivity relative to variations in species and density, but significant
alterations in conductivity can be related to variations in grain orientation,
temperature, and moisture content. The conductivity of wood is approxi-
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PYROLYTIC PROPERTIES

mately twice that for parallel to grain than for perpendicular to grain, and
generally doubles for each 18 °F increase in temperature. Although electri-
cal properties generally have little effect on bridge design, the correlation
between the electrical conductivity and moisture content is the basis for
electrical resistance-type moisture meters that are commonly used in
bridge inspection and other activities related to product manufacturing
(Chapter 13).

The pyrolytic or fire properties of wood are perhaps the most misunder-
stood of all wood properties. Because wood burns, it is intuitively
assumed that the performance of wood under fire conditions must be poor.
In fact, the heavy wood members typically used in bridges provide afire
resistance comparable to, or greater than, that of other construction
materials.

When wood is exposed to fire, the exterior portions of the member

may ignite. If enough energy is focused on the member, sustained, self-
propagating flaming will occur. The wood beneath the flame undergoes
thermal decomposition and produces combustible volatiles that sustain the
flame. However, as the wood burns, a char layer is formed that helps
insulate the unburned wood from engrossing flames (Figure 3-10). As the
surface char layer increases, the amount of combustible volatiles released
from the uncharred wood decreases, and the rate of combustion slows. The
depth of the char layer under constant fire exposure increases at a rate of
approximately 1- 1/2 inches per hour for Douglas-fir, but varies for other
species and fire exposure conditions.

Char layar
Char base

Pyrolysis zone
Pyrolysis zone bage

Normal wood

Figure 3-10.- Degradation zones in a wood section exposed to fire.
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NATURAL DURABILITY

Although wood burns, its low specific gravity and thermal conductivity,
combined with the insulating char layer, result in a slow rate of heat
transmission into the solid, unburned wood. The surface chars, but the
undamaged inner wood below the char remains at arelatively low tem-
perature, thereby retaining its strength. As a result, the member will
support loads equivalent to the capacity of the remaining uncharred sec-
tion. It isthis charring that allows wood to retain residual strength with
surface temperatures of 1,500 °F or more. In addition, wood does not
appreciably distort under high temperatures as most other materials do.
When steel is subjected to elevated surface temperatures, its high mass
density and thermal conductivity transport heat relatively quickly through-
out the member. At temperatures of 1,500 °F, the yield strength of stedl is
less than 20 percent of that at room temperature.” Thus, under fire expo-
sure, a steel member reaches its yield temperature and fails rapidly under
structural load. A classic example of this scenario is shown in Figure 3-11.

Figure 3-11.- Damage resulting from a large building fire. Steel members yielded by the
heat are supported by a charred wood beam.

The natural durability of wood, or its resistance to decay and insect attack,
is related to species and anatomical characteristics. In general, the sap-
wood of all species has little resistance to deterioration and fails rapidly in
adverse environments. When heartwood is considered, natural durability
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CHEMICAL RESISTANCE

depends on species. Since the time of the Phoenicians, carpenters have
known that the heartwood of some species exhibits greater durability in
ground or marine environments. As discussed earlier, heartwood forms as
the living sapwood cells gradually become inactive. In some species,
sugars and other extraneous materials present in the cells are converted to
highly toxic extractives that are deposited in the wood cell wall. In addi-
tion, some heartwoods contain interna crystalline deposits that inhibit
attack by marine borers and insects. There are many species of wood in
the world that provide durable heartwood, but few are found in North
America. Baldcypress (old growth), cedars, and redwood are three North
American commercia species that are recognized as naturally durable;
however, durability varies within a tree and among species (Table 3-4).
Because of this variahility, it is unreliable to depend on natural durability
for protection in structural applications, although many electric utilities
continue to use untreated cedar polesinstalled in the 1930’s. To ensure
uniform performance, wood used in bridge applications is treated with
wood preservatives that protect the structure from decay and deterioration
for many years (Chapter 4).

Table 3-4.- Grouping of some domestic species according to approximate
relative heartwood decay resistance.

Resistant or Moderately Slightly or

very resistant resistant nonresistant

Baldcypress Baldcypress Hemlocks

(old growth) (young growth) Pine (other than

Cedars Douglas-fir longleaf, slash,

Redwood Western larch eastern white)
Eastern white pine Spruces
Longleaf pine True firs (western
Slash pine and eastern)
Tamarack

From Wood Handbook.®

Wood is resistant to many chemicals. In the chemical processing industry,
it is the preferred material for processing and storing chemicals that are
very corrosive to other materials. In isolated cases, the presence of strong.
acids or bases can cause wood damage. Strong bases attack the hemicellu-
lose and lignin, leaving the wood a bleached white color. Strong acids
attack the cellulose and hemicellulose, causing weight and strength losses.
Chemical resistance is normally not a concern in bridge applications with
the exception of de-icing chemicals that are used in some parts of the
country. Because wood is resistant to these chemicals, it has a marked
advantage over more vulnerable materials, such as steel and concrete.
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3.4 MECHANICAL PROPERTIES

ELASTIC PROPERTIES

Mechanical properties describe the characteristics of a material in re-
sponse to externally applied forces. They include elastic properties, which
measure resistance to deformation and distortion, and strength properties,
which measure the ultimate resistance to applied loads. Mechanical prop-
erties are usualy given in terms of stress (force per unit area) and strain
(deformation per unit length).

The basic mechanica properties of wood are obtained from laboratory
tests of small, straight-grained, clear wood samples free of natural growth
characteristics that reduce strength. Although not representative of the
wood typically used for construction, properties of these ideal samples are
useful for two purposes. First, clear wood properties serve as a reference
point for comparing the relative properties of different species. Second,
they may serve as the source for deriving the allowable properties of
visually graded sawn lumber used for design (Chapter 5).

Elastic properties relate a material’s resistance to deformation under an
applied stress to the ability of the material to regain its original dimensions
when the stress is removed. For an ideally elastic material loaded below
the proportional (elastic) limit, all deformation is recoverable, and the
body returns to its original shape when the stress is removed. Wood is not
ideally elastic, in that some deformation from loading is not immediately
recovered when the load is removed; however, residua deformations are
generally recoverable over a period of time. Although wood is technically
considered a viscoelastic material, it is usually assumed to behave as an
elastic material for most engineering applications, except for time-related
deformations (creep), discussed later in this chapter and in Chapter 5.

For an isotropic material with equal propertiesin all directions, elastic
properties are described by three elastic constants: modulus of elasticity
(E), shear modulus (G), and Poisson’sratio (1). Because wood is
orthotropic, 12 constants are required to describe elastic behavior: 3
moduli of elasticity, 3 moduli of rigidity, and 6 Poisson’s ratios. These
elastic constants vary within and among species and with moisture content
and specific gravity. The only constant that has been extensively derived
from test data, or is required in most bridge applications, is the modulus of
elagticity in the longitudinal direction. Other constants may be available
from limited test data but are most frequently developed from material
relationships or by regression equations that predict behavior as a function
of density. General descriptions of wood elastic properties are given below
with relative values for a limited number of speciesin Table 3-5. For
additional information, refer to the references listed at the end of the
chapter. **
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Table 3.5. - Elastic ratios for selected species.

Modulus of

gtasticly (E) Shear medulus (G) Polsson's ratlos (1)
Species EJE,  G/E G, /E Gu/E M, My Mey Syy Hyg My
Coast Douglas-firt 068 084 078 007 29 45 39 37 04 03
Sitka Spruce? 078 064 .0B1 003 37 47 44 24 D4 02
Loblolly Pine® A13 081 0BT 013 33 29 3 3 9 — —
Longleaf Pine? Aoz 071 061 012 33 37 3 M4 - -

wumrndw hmlﬂa gld'n'll.j' 'i.ll U.DU Udb‘;-".l on U'I";-'II.I]' H";-'H_-jl il &nd

. I 13

1-
* Approximate specific gravily of 0.38 based on ovendry weight and w:lume at approximately 12 percant. From Wood Handbook®
£ Approximate specific gravity ol 0.42 based on weight and voluma al approximalely 13 percent moisture contenl. From Bodig and

Goodman.™

4 Appmmmate specific gravity of (.46 based on weight and volume at approximately 12 percent moisture content. From Bodig and

[ i

LILICHEH I-d.H

STRENGTH PROPERTIES

Modulus of Elasticity

Modulus of elasticity relates the stress applied along one axis to the strain
occurring on the same axis. The three moduli of elasticity for wood are
denoted E,, E,, and E;to reflect the elastic moduli in the longitudinal,
radial, and tangential directions, respectively. For example, E,, which is
typically denoted without the subscript L, relates the stress in the longitu-
dinal direction to the strain in the longitudinal direction.

Shear Modulus

Shear modulus relates shear stress to shear strain. The three shear moduli
for wood are denoted G,,,, G;and G, for the longitudinal-radial, longitu-
dinal-tangential, and radial-tangential planes, respectively. For example,
G,qis the shear modulus based on the shear strain in the LR plane and the
shear stressinthe LT and RT planes.

Poisson’s Ratio

Poisson’s ratio relates the strain parallel to an applied stress to the accom-
panying strain occurring laterally. For wood, the six Poisson’s ratios are
denoted 1., Mo Hen Mo, ad W. Thefirst letter of the subscript refers
to the direction of applied stress, the second letter the direction of the
accompanying lateral strain. For example, | . is Poisson’sratio for stress
along the longitudinal axis and strain along the radial axis.

Strength properties describe the ultimate resistance of a material to applied
loads. They include material behavior related to compression, tension,
shear, bending, torsion, and shock resistance. As with other wood proper-
ties, strength properties vary in the three primary directions, but differ-
ences between the tangentia and radial directions are relatively minor and
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are randomized when a tree is cut into lumber. As a result, mechanical
properties are collectively described only for directions parallel to grain
and perpendicular to grain, as previously discussed.

Compression

Wood can be subjected to compression paralel to grain, perpendicular to
grain, or at an angle to grain (Figure 3-12). When compression is applied
paralel to grain, it produces stress that deforms (shortens) the wood cells
along their longitudinal axis. Recalling the straw analogy discussed in
Section 3.2, each cell acts as an individua hollow column that receives
lateral support from adjacent cells and from its own internal structure. At
failure, large deformations occur from the internal crushing of the com-
plex cellular structure. The average strength of green, clear wood speci-
mens of coast Douglas-fir and loblolly pine in compression parallel to
grain is approximately 3,784 and 3,511 Ib/in’, respectively.’

Comprassion parallel to grain tends 1o
shorlen wood cells along thefr

longiudinal axes.

Comprassion perpendicular to grain
compressas lhe wood cells
pemandicular to their longitudinal axes.

pompression atl an angle o grain resufts
in eompression acting both parallel and
perpendicular to grain.

Figure 3-12.- Compression in wood members.

When compression is applied perpendicular to grain, it produces stress
that deforms the wood cells perpendicular to their length. Again recalling
the straw analogy, wood cells collapse at relatively low stress levels when
loads are applied in this direction. However, once the hollow cell cavities
are collapsed, wood is quite strong in this mode because no void space
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exists. Wood will actually deform to about half itsinitial thickness before
complete cell collapse occurs, resulting in alossin utility long before
failure. For compression perpendicular to grain, failure is based on the
accepted performance limit of 0.04 inch deformation. Using this conven-
tion, the average strength of green, clear wood specimens of coast
Douglas-fir and loblolly pine in compression perpendicular to grain is
approximately 700 and 661 Ib/in’, respectively.’

Compression applied at an angle to grain produces stress acting both
parallel and perpendicular to the grain. The strength at an angle to grain is
therefore intermediate to these values and is determined by a compound
strength equation (the Hankinson formula) discussed in Chapter 5.

Tension

The mechanical properties for wood loaded in tension parallel to grain and
for wood loaded in tension perpendicular to grain differ substantially
(Figure 3-13). Parallel to its grain, wood is relatively strong in tension.
Failure occurs by a complex combination of two modes, cell-to-cell
dippage and cell wall failure. Slippage occurs when two adjacent cells
slide past one another, while cell wall failure involves a rupture within the
cell wall. In both modes, there is little or no visible deformation prior to
complete failure. The average strength of green, clear wood specimens of
interior-north Douglas-fir and loblolly pine in tension parallel to grain is
approximately 15,600 and 11,600 Ib/in’, respectively.”

Tension paralie! to grain
stretches wood calls parallgl to
their longitudinal axes,

Tansien parpendicular to grain
lends to separate wood calls
perpendicular to their axes where
resistance is low. Situations that
induce this 1ype of siress should be
avoided in deasgign.

Figure 3-13.- Tension in wood members.
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In contrast to tension parallel to grain, wood is very weak in tension
perpendicular to grain. Stress in this direction acts perpendicular to the cell
lengths and produces splitting or cleavage along the grain that signifi-
cantly affects structural integrity. Deformations are usually low prior to
failure because of the geometry and structure of the cell wall cross section.
Strength in tension perpendicular to grain for green, clear samples of coast
Douglas-fir and loblolly pine averages 300 and 260 Ib/in’, respectively.”
However, because of the excessive variability associated with tension
perpendicular to grain, situations that induce stress in this direction must
be recognized and avoided in design.

Shear

There are three types of shear that act on wood: vertical, horizontal, and
rolling (Figure 3-14). Vertical shear is normally not considered because
other failures, such as compression perpendicular to grain, amost always
occur before cell walls break in vertical shear. In most cases, the most
important shear in wood is horizontal shear, acting parallel to the grain. It
produces a tendency for the upper portion of the specimen to dide in
relation to the lower portion by breaking intercellular bonds and deform-
ing the wood cell structure. Horizontal shear strength for green, small
clear samples of coast Douglas-fir and loblolly pine averages 904 and
863 Ib/in’, respectively.’

Vertical shear tends to deform
wood cells perpendicular to their
longitudinal axes. This type of
shear in normally not considered
for wood because other types of
failures will occur before failure in
vertical shear.

Horizontal shear produces a
tendency for wood cells to separate
and slide longitudinally. It is
normally the controlling type of
shear for wood members.

Rolling shear produces a tendency
for the wood cells to roll over one
another, transverse to their
longitudinal axes. This type of
shear is normally not a
consideration for solid or laminated

Figure 3-14.- Shear in wood members.
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In addition to vertical and horizontal shear, a less common type called
rolling shear may also develop in wood. Rolling shear is caused by loads
acting perpendicular to the cell length in a plane parallel with the grain.
The stress produces a tendency for the wood cells to roll over one another.
Wood has low resistance to rolling shear, and failure is usually preceded
by large deformations in the cell cross sections. Test procedures for rolling
shear in solid wood are of recent origin and few test values are available.
In general, rolling shear strength for green, clear wood specimens average
18 to 28 percent of the shear strength parallel to grain.

Bending

When wood specimens are loaded in bending, the portion of the wood on
one side of the neutral axisis stressed in tension parallel to grain, while
the other side is stressed in compression parallel to grain (Figure 3-15).
Bending also produces horizontal shear parallel to grain, and compression
perpendicular to grain at the supports. A common failure sequence in
simple bending is the formation of minute compression failures followed
by the development of macroscopic compression wrinkles. This effec-
tively results in a sectional increase in the compression zone and a section
decrease in the tension zone, which is eventually followed by tensile
failure. The ultimate bending strength of green, clear wood specimens of
coast Douglas-fir and loblolly pine are reached at an average stress of
7,665 and 7,300 Ib/in’, respectively.’

Compression

Figure 3-15.- Bending in wood members produces tension and compression in the
extreme fibers, horizontal shear, and vertical deflection.

Torsion

Torsion is normally not a factor in timber bridge design, and little infor-
mation is available on the mechanical properties of wood in torsion.
Where needed, the torsiona shear strength of solid wood is usualy taken
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as the shear strength parallel to grain. Two-thirds of this value is assumed
as the torsional strength at the proportional limit.”

Shock Resistance

Shock resistance is the ability of a material to quickly absorb, then dissi-
pate, energy by deformation. Wood is remarkably resilient in this respect
and is often a preferred material when shock loading is a consideration.
Several parameters are used to describe energy absorption, depending on
the eventual criteria of failure considered. Work to proportional limit,
work to maximum load, and toughness (work to total failure) describe the
energy absorption of wood materials at progressively more severe failure
criteria.”

3.5 FACTORS AFFECTING THE STRENGTH AND OTHER PROPERTIES OF WOOD

ANATOMICAL FACTORS

Prior to this point, discussions of wood properties have been based on
small, clear, straight-grain wood without strength-reducing characteristics.
Clear wood properties are important, but they by no means represent the
characteristics or performance of wood products used in structural applica
tions. Because wood is a biological material, it is subject to variationsin
structure or properties or both resulting from (1) anatomical factors related
to growth characteristics, (2) environmental factors related to the environ-
mental conditions where wood is used, and (3) service factors related to
applied loads or chemical treatments.

Anatomical factors involve variations in wood structure caused primarily
by natural processes or growth influences. They include specific gravity,
slope of grain, knots, abnormal wood, compression failures, and shake and
pitch pockets.

Specific Gravity

The strength of clear wood is generaly related to the relative weight of
wood per unit volume, or specific gravity. The higher the specific gravity,
the more wood material per unit volume and the higher the strength.
However, because specific gravity depends on the amount of water in the
wood, comparisons have no practical meaning unless measured at the
same moisture content. In addition, specific gravity can be misleading in
some specimens because gums, resins, and extractives increase specific
gravity but contribute little to mechanical properties. In general, the
specific gravity of wood is directly proportional to the amount of late-
wood. Therefore, the higher the percentage of latewood, the higher the
specific gravity and strength of the specimen.
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Slope of Grain

Slope of grain or cross grain are terms used to describe the deviation in
wood fiber orientation from a line parallel to the edge of the specimen
(Figure 3-16). It isexpressed asaratiosuchaslin6or 1in 14 andis
measured over sufficient distance along the piece to be representative of
the general slope of the wood fibers. Slope of grain has a significant effect
on wood mechanical properties, and strength decreases as the grain devia-
tion increases. Specimens with severe cross grain are al'so more suscep-
tible to warp and other dimensional deformations because of changes in
moisture content. Two common types of cross grain are spiral grain and
diagona grain (Figure 3-17).

Length paraliel to mamber in which a devialion geours

Devialion of grain

Figure 3-16.- Slope of grain measurement in wood members.

Knots

As atree grows, buds develop and branches grow laterally from the trunk.
The branches produce deviations in the normal wood growth patterns that
result in two types of knots when the wood is cut, intergrown knots and
encased knots (Figure 3-18). Intergrown knots are formed by living
branches, while encased knots result from branches that have died and
subsequently have been surrounded by the wood of the growing trunk.

Knots reduce the strength of wood because they interrupt the continuity
and direction of wood fibers. They can also cause localized stress concen-
trations where grain patterns are abruptly altered. The influence of a knot
depends on its size, location, shape, soundness, and the type of stress
considered. In general, knots have a greater effect in tension than in
compression, whether stresses are applied axially or as a result of bending.
Intergrown knots resist some kinds of stress but encased knots or knot-
holes resist little or no stress. At the same time, grain distortion is greater
around an intergrown knot than around an encased knot of equivaent size.
As aresult, the overall effects of each are approximately the same.

3-24



Abnormal Wood
Several growth characteristics or influences can lead to the formation of
abnorma wood, which differs in structure and properties from normal

wood. The most important abnormal wood formations are associated with
reaction wood and juvenile wood.

Reaction Wood
Reaction wood is abnormal wood produced by atree in response to ir-
regular environmental or physical stresses associated with a leaning trunk

N

m

E

Figure 3-17- Schematic views of wood specimens containing straight grain and cross
grain to illustrate the relationship of fiber orientation (O-O) to the axes of the piece.
Specimens A through D have radial and tangential surfaces; E through H do not. A through

E contain no cross grain. B, D, F, and H have spiral grain. C, D, G, and H have diagonal
grain.
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Figure 3-18.- Types of knots. (Top) encased knot and (bottom) intergrown knot.

and crooked limbs. Its growth is generally believed to be a response by the
tree to return the trunk or limbs to a more natural position. In softwoods,
reaction wood is called compression wood and is found on the lower side
of aleaning tree or limb (Figure 3-19). It is denser and generally weaker
than normal wood and exhibits significant differences in anatomical,
physical, and mechanical properties. The specific gravity of compression
wood is frequently 30 to 40 percent greater than normal wood, but when
compared to normal wood of comparable specific gravity, compression
wood is weaker. Compression wood also exhibits abnormal shrinkage
characteristics from moisture loss, with longitudinal shrinkage up to 10
times that of normal wood.

Juvenile Wood

Wood cells produced by atree in the first years of growth exhibit vari-
ations in wood cell structure distinct from cell structure in wood that
develops in later years. This wood, known as juvenile wood, has lower
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Figure 3-19.-(A) Eccentric growth about the pith in a cross section containing compres-
sion wood. The dark area in the lower third of the cross section is compression wood.

(B) Axial tension break caused by excessive longitudinal shrinkage of compression wood.
(C) Warp caused by excessive longitudinal shrinkage of compression wood.

strength properties and an increased susceptibility to warpage and longitu-
dinal shrinkage. The duration of juvenile wood production varies for
species and site conditions from approximately 5 to 20 years. In large-
diameter, old-growth trees, the proportion of juvenile wood is small, and
its effects in structural applications have been negligible. However, juve-
nile wood has recently become a more prevalent consideration within the
wood industry because of the trend toward processing younger, smaller
diameter trees as the large-diameter, old-growth trees become difficult to
obtain.

Compression Failures

Extreme bending in trees from environmental conditions or mishandling
during or after harvest can produce excessive compression stress

paralel to grain that results in minute compression failures of the wood
structure. In some cases, these failures are visible on the wood surface as
minute lines or zones formed by the crumpling or buckling of the cells
(Figure 3-20 A). They may also be indicated by fiber breakage on the end
grain (Figure 3-20 B). Compression failures can result in low shock
resistance and strength properties, especialy in tension where strength
may be less than one-third that of clear wood. Even slight compression
failures, visible only with the aid of a microscope, can seriously reduce
strength and cause brittle fractures.
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Figure 3-20.--(A) Compression failure is shown by irregular lines across the grain.
(B) End-grain surface showing fiber breakage caused by compression failures below the
dark line.

Shake and Pitch Pockets

Two natural characteristics in wood structure that can affect strength are
shake and pitch pockets (Figure 3-21). A shake is a separation or plane of
weakness between two adjacent growth increments. It is thought to occur
because of excessive stresses imposed on the standing tree, or during
harvest, and can extend a substantial distance in the longitudinal direction.
Pitch pockets are well-defined openings that contain free resin. They
extend parallel to the annual growth rings and are usually flat on the pith
side and curved on the bark side. Pitch pockets are normally localized and
do not extend far in the longitudinal direction. In bending specimens,
shakes can severely reduce shear strength but usually have little effect on
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ENVIRONMENTAL
FACTORS

specimens subjected only to tension or compression. Pitch pockets gener-
aly have no significant effect on strength, but a large number of pitch
pockets may indicate the presence of shake and a lack of bond between
annual growth layers, which may result in some strength loss, particularly
in shear.

A pitch pocket is a well-defined A shake is a separation or plane of
opening that contains free resin. weakness between growth

Pitch pockets are usually localized increments that may extend a

and do not extend far in the substantial distance in the longitudinal
longitudinal  direction. direction.

Figure 3-21.-Drawing of a pitch pocket and a shake.

Environmental factors are related to the effects of the surroundings on the
performance and properties of wood. They include moisture content,
temperature, decay and insect damage, and ultraviolet degradation.

Moisture Content

The strength and stiffness of wood are related to moisture content between
the ovendry condition and the fiber saturation point.” When clear wood is
dried below the fiber saturation point, strength and stiffness increase.
When clear wood absorbs moisture below the fiber saturation point,
strength and stiffness decrease. Wood properties in both directions are
recoverable to their origina values when the moisture content is restored.
The approximate middle-trend effects of moisture content on the mechani-
cal properties of clear wood are shown in Table 3-6.

When wood contains strength-reducing characteristics (primarily knots),
wood properties are currently assumed to be linearly related to moisture
content for specimens up to 4 inches thick. However, recent research
indicates that the effects of moisture content are not linear.” In wood with
small strength-reducing characteristics, properties increase linearly with
decreasing moisture content. In wood with large strength-reducing charac-
teristics, however, there may be no increase in strength as the wood dries
because the potential strength increases are offset by losses from shrinkage
and seasoning defects. Although these effects have not yet been recog-
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Table 3-6.- Approximate middle-trend effects of moisture content on the mechanical properties of clear

wood at about 68 °F.
Relative change in property
from 12% moisture content
At 6% At 20%
Property moisture content moisture content
Modulus of elasticity parallel to grain +9 -13
Modulus of elasticity perpendicular to grain +20 -23
Shear modulus +20 -20
Bending strength +30 -25
Tensile strength parallel to grain +8 -15
Compressive strength parallel to grain +35 -35
Shear strength parallel to grain +18 -18
Tensile strength perpendicular to grain +12 -20
Compressive strength perpendicular to grain
at proportional limit +30 -30

From Wood Handbook. *

nized in existing codes and standards, it is likely that they will be incorpo-
rated in the near future.

Temperature

In general, the mechanical properties of wood decrease when it is heated
and increase when it is cooled. This temperature effect is immediate and,
for the most part, recoverable for short heating durations as long as wood
is not exposed to temperatures higher than 150 °F for extended periods. A
permanent reduction in strength results from degradation of the wood
substance if exposure to temperatures higher than 150 °F occurs. The
magnitude of these permanent effects depends on the moisture content,
heating medium, temperature, exposure time, and, to a lesser extent,
species and specimen size. " In most cases, temperature is not a factor in
bridge design (Chapter 5).

Decay and Insect Damage

Under certain conditions, wood may be subject to deterioration from
decay or insect damage. Decay effects on strength can be many times
greater than visual observation indicates, with possible strength losses of
50 to 70 percent for a corresponding weight loss of only 3 percent. Insects
that use wood as food or shelter can also remove a substantial portion of
the wood structure and severely alter strength and other properties. Fortu-
nately, wood preservatives have been developed that protect wood from
decay and insect attack (Chapter 4). Additional discussions on the agents
of wood deterioration and decay effects on strength are in Chapter 13.
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SERVICE FACTORS

Ultraviolet Degradation

Wood exposed to ultraviolet radiation in sunlight undergoes chemical
reactions that cause photochemical degradation, primarily in the lignin
component. This produces a characteristic grayish wood color in a process
commonly known as wesathering (Figure 3-22). As the wood surface
degrades, cells erode and new wood cells are exposed, continuing the
process. However, because this degradation is very slow, occurring at an
estimated rate of only 1/4 inch per century, its impact is mainly one of
aesthetics without serious effects on mechanical properties. Most wood
preservative treatments (except waterborne preservatives discussed in
Chapter 4) and opague and semitransparent finishes inhibit weathering,
which is normally not a concern in structural applications.

-—Original Size -

j
T e
il

Figure 3-22.- Artist's rendition showing the weathering process of round and square
timbers. Cutaway shows that interior wood below the surface is relatively unchanged.

Service factors are related to the loading and chemical treatment of wood.
They include duration of load, creep, fatigue, and treatment factors.

Duration of Load

Wood exhibits the unique property of carrying substantially greater maxi-
mum loads for short durations than for long periods. The shorter the
duration of load, the higher the ultimate strength of the wood. Long-term
tests have also shown that a series of intermittent loads produces the same
cumul ative effects on strength as a continuous load of equivalent dura-
tion.” For example, a load applied for aternating years over a 50-year
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period would have the same effect as the same load applied continuously
for 25 years. For structural applications, wood strength values are based
on an assumed normal load duration of 10 years (Chapter 5). Based on this
assumption, the relationship of strength to duration of load is shown in
Figure 3-23.

Creep

Duration of load affects the deformation of wood specimens subject to
bending. For loads of relatively short duration, wood deflects elastically
and essentially recoversits origina position when the load is removed.
Under sustained loading, however, wood exhibits an additional time-
dependent deformation known as creep, which is not recoverable when the
load is removed. Creep develops at a slow but persistent rate that increases
with temperature and moisture content. Creep is discussed in more detall
in Chapter 5.

Fatigue

Fatigue is the progressive damage that occurs in a material subjected to
cyclic loading. The fibrous structure of wood is resistant to fatigue failure.
At comparable stress levels relative to ultimate strength, the fatigue
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strength of wood is often several times that of most metals.”* The poten-
tial for fatigue-related failures in wood is generally considered to be
minor, provided the stress cycles in bending do not exceed the propor-
tional limit in bending. Fatigue is not normally a consideration in bridge
design.

Treatment Factors

During the manufacturing process, wood may be treated with preserva-
tives or fire-retardant chemicals to improve its performance and longevity
in adverse environments (Chapter 4). Applied chemicals or treatment
processes can affect the properties of wood in some situations. When
wood preservatives are considered, oil-type preservatives do not react with
the cell wall components, and no appreciable strength loss from the chemi-
cals occurs.”When waterborne preservatives are used, the preservatives do
react with cell wall components, and strength can be affected.” The only
strength reduction currently recognized for waterborne preservatives is
related to load duration increases for members treated with heavy reten-
tions required for saltwater use (see Chapters 4 and 5); however, research
isin progress to investigate additional effects of some waterborne chemi-
cals on wood strength and ductility. For both oil-type and waterborne
preservatives, significant reductions in strength and other wood properties
can occur when treatment processes exceed the temperatures or pressures
alowed by treating specifications. When proper preservative treatment
procedures and limitations are followed, no significant alteration in wood
properties is found.

In contrast to wood preservatives, treatment with fire-retardant chemicals
can have a marked effect on wood strength and other properties. With fire
retardants, the chemicals react with the cell wall components and cause
substantial strength reductions.” As a generd rule, fire retardants are not
used in bridge applications. When they are, strength values must be re-
duced accordingly (Chapter 5).

3.6 PROPERTIES OF SAWN LUMBER

Square or rectangular lengths of wood that are cut from logs are called
sawn lumber. Sawn lumber is the product of a sawmill and planing mill
and is usually not manufactured beyond sawing, resawing, passing length-
wise through a standard planing machine, crosscutting to length, and
matching. Sawn lumber is the most widely used of all timber products and
is a primary material for timber bridge construction. Millions of board feet
of lumber are produced each year from sawmills located in all parts of the
United States.

As lumber is cut from a log, its quality and properties vary. To enable
users to purchase the material that suits their particular purposes, sawn
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PRODUCT STANDARDS

lumber is graded into categories of quality or appearance or both. Gener-
aly, the grade of a piece of lumber is based on the number and type of
features that may lower the strength, durability, or utility of the lumber.
Sawn lumber categories and grades are intended for a variety of purposes.
For bridges and many other structural uses, sawn lumber categorized as
stress-graded structural lumber is used amost exclusively. Structural
lumber is graded primarily to provide design values in strength and stiff-
ness. Further discussions in this section are limited to structural lumber
only.

Prior to the early 1900’s, the manufacture and grading of sawn lumber was
comparatively simple because most sawmills marketed their [lumber
locally, and grades had only local significance. As new timber sources
were developed and lumber was transported to distant points, the need for
some degree of standardization in lumber size, grade characteristics, and
grade names became necessary. The U.S. Department of Commerce, in
cooperation with lumber producers, distributors, and users, formulated a
voluntary American Softwood Lumber Standard. The current version of
that standard is the American Softwood Lumber Standard PS 20-70
(ALS)." The ALS serves as the basic product standard for structural lum-
ber produced in the United States. When lumber conforms to the basic
size, grading, labeling, and inspection provisions of the ALS, it may be
designated as American Sandard Lumber.

The objective of the ALS isto provide areliable level of product stan-
dardization, yet allow enough flexibility for more specialized products on
aregional basis. To accomplish this with structural lumber, the ALS
provides for a National Grading Rule (NGR). The ALS and the NGR
prescribe the ways in which stress-grading principles can be used to
formulate grading rules said to be American Standard. Specificaly, they
contain information and standards related to lumber sizes, grade names,
and grade descriptions. A grade description denotes the maximum number
and location of strength-reducing characteristics that are allowed in a
particular grade of lumber, and places limitations on other non-strength-
reducing characteristics. All American Standard Lumber that is less than
5 inches thick must conform to the NGR and its requirements for standard
sizes, grade names, and grade descriptions. For lumber that is 5 inches or
more in thickness, the ALS specifies standard sizes, but grade names and
grade descriptions are written, published, and certified by independent
industry groups called grading rules agencies. Although grade names and
descriptions for these lumber grades basically follow the NGR, there are
minor differences among different grading rules agencies. Grade names
and descriptions written by the grading rules agencies must be certified by
the American Lumber Standards Committee before they can be considered
as American Standard Lumber. A listing of the United States agencies that
are currently certified to write grading rulesis given in Table 3-7.
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LUMBER MANUFACTURE

Lumber production starts when merchantable timber is felled, limbed, cut
into logs, and transported to a sawmill for conversion into lumber. At the
sawmill, the first step in lumber manufacture is generally log debarking,
after which the logs are sawn into lumber (Figure 3-24). Softwood [umber
can be cut from alog in two ways. tangent to the growth rings to produce
flat-grain lumber or radially to the rings to produce edge-grain lumber. In
commercia practice, most lumber falls somewhere in between, and [um-
ber with rings at angles of 45 to 90 degrees to the wide face is considered
edge-grain lumber, while lumber with rings at angles less than 45 degrees
to the wide face is considered flat-grain lumber (Table 3-8). After cutting,
lumber can be surfaced (planed) and shipped green, or dried and surfaced
later. Most lumber 2 inches thick or less is either air-dried or kiln-dried
before it is surfaced. For larger lumber sizes, it isimpractical to dry the
lumber, and it is generally shipped green.

Figure 3-24.-A log being sawn into lumber at a modern sawmill (photo courtesy of Frank
Lumber Co.).

Lumber Species

Lumber is manufactured from a great variety of species. The commercia
names of these species may vary from the official tree names adopted by
the USDA Forest Service. In addition, some species with approximately
the same mechanical properties are marketed together in species groups.
The commercia designation Southern Pine, for example, is actually a
species group comprised of loblolly pine, shortleaf pine, longleaf pine,
dlash pine, and others. Standard lumber names adopted by the ALS are
shown in Table 3-9. Information regarding species and species groups not
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Table 3-7.- U.S. grading rules agencies certified to write grading rules.

Agency

Lumber type

Northeastern Lumber Manufacturers
Association (NELMA)

272 Tuttle Road

P.O. Box 87A

Cumberland Center, ME 04021

Northern Hardwood and Pine Manufacturers
Association (serviced by NELMA)

272 Tuttle Road

P.O. Box 87A

Cumberland Center, ME 04021

Redwood Inspection Service (RIS)
591 Redwood Highway, Suite 3100
Mill Valley, CA 94941

Southern Pine Inspection Bureau (SPIB)
4709 Scenic Highway
Pensacola, FL 32504

West Coast Lumber Inspection Bureau
(WCLIB)

Box 23145

6980 SW. Varns Road

Portland, OR 97223

Western Wood Products Association (WWPA)
1500 Yeon Building
Portland, OR 97204

Aspen, balsam fir, beech, birch,

eastern hemlock, eastern white

pine, red pine, black spruce, white spruce,
red spruce, pitch pine, tamarack,

jack pine, northern white cedar,

hickory, maple, red oak, white oak

Aspen, cottonwood, balsam fir,
eastern white pine, red pine,
eastern hemlock, black spruce,
white spruce, red spruce, pitch pine,
tamarack, jack pine, yellow poplar

Redwood

Longleaf pine, slash pine,
shortleaf pine, loblolly pine,
Virginia pine, pond pine,
pitch pine

Douglas-fir, western hemlock,
western redcedar, incense-cedar,
Port-Orford-cedar, Alaska-cedar,
western true firs, mountain
hemlock, Sitka spruce

Ponderosa pine, western white pine,
Douglas-fir, sugar pine, western
true firs, western larch, Engelmann
spruce, incense-cedar, western
hemlock, lodgepole pine, western
redcedar, mountain hemlock,

red alder, aspen

From Wood Handhook.”

listed in this table should be obtained from the appropriate grading rules
organizations (Table 3-7).

Lumber Sizes

Structural lumber is manufactured in many sizes depending on use re-
quirements. Lengthwise, it is normally produced in even, 2-foot incre-
ments. In width and thickness, common sizes vary from 2 to 16 inches,
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Table 3-8.- Some relative advantages of flat-grain and edge-grain lumber.

== [

e, \

Flat-grain plank; rings form an angle less

Edge-grain plank; rings form an angle of
than 45° with 1he wide surlace,

45" 1o 50° with the wide surlace.

Round or oval knots that may occur in
flat-grain lumber affect the surface
appearance less than spike knots that
may occur in edge-grain lumber. Also,
lumber with a round or oval knot is

not as weak as lumber with a spike knot.

Edge-grain lumber shrinks and swells
less in width.

It twists and cups less.

It surface-checks and splits less in

seasoning and in use.

Shakes and pitch pockets, when present,
extend through fewer pieces from the
same log.

It wears more evenly.

It does not allow liquids to pass into

It is less susceptible to collapse in drying. or through it so readily in some species.

It shrinks and swells less in thickness.
The sapwood appearing in lumber is at
It may cost less because it is generally the edges and its width is limited
easier to obtain. according to the width of the sapwood
in the log.

From Wood Handbook.”

athough larger sizes are obtainable for some species. Because available
lumber sizes vary with species and locations, it is advisable to confirm
size availability with local suppliers.

Lumber Size Classifications

During the evolution of stress grading in the United States, lumber size
served as a guide in anticipating the final use of the piece. As aresult,
lumber came to be categorized into size classifications based on thickness
and width. The three size classifications for structural lumber are Dimen-
sion Lumber, Beams and Stringers, and Posts and Timbers (Table 3-10).
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Table 3-9.- Nomenclature of commercial softwood lumber.

Standard lumber
names under ALS *

Official Forest Service
tree name

Standard lumber
names under ALS *

Official Forest Service
tree name

Cedar
Alaska
Eastern red
Incense
Northern white
Port Orford
Southern white
Western red
Cypress
Red (coast type),
yellow (inland type),
white (inland type)
Douglas-fir
Fir
Balsam

Noble
White

Hemlock
Eastern
Mountain
West Coast
Juniper, western

Larch, western

Pine
Alaska-cedar Idaho white
Eastern redcedar Jack
Incense-cedar Lodgepole
Northern  white-cedar Longleaf yellow”
Port-Orford-cedar

Atlantic white-cedar Northern white

Western redcedar Norway
Ponderosa
Baldcypress Southern (Major)
Douglas-fir
Southern (Minor)
Balsam fir
Fraser fir
Noble fir
California red fir
Grand fir Sugar
Pacific silver fir Redwood
Subalpine fir Spruce
White fir Eastern
Eastern hemlock
Mountain hemlock Engelmann

Western hemlock

Alligator juniper Sitka
Rocky Mountain juniper Tamarack
Utah juniper Yew, Pacific
Western juniper

Western larch

Western white pine
Jack pine
Lodgepole pine
Longleaf pine
Slash pine

Eastern white pine
Red pine
Ponderosa pine
Longleaf pine
Shortleaf pine
Loblolly pine

Slash pine

Pitch pine

Pond pine

Sand pine

Table mountain pine
Virginia pine
Sugar pine
Redwood

Black spruce

Red spruce

White spruce

Blue spruce
Engelmann spruce
Sitka spruce
Tamarack

Pacific Yew

“The commercial requirements for longleaf pine are that it be produced from the species Pinus elliottii and P. palustris and that each piece

must average either on one end or the other not less than 6 annual rings per inch and not less than 1/3 latewood. Longleaf pine lumber is
sometimes designated as pitch pine in the export trade.

From Wood Handbook®
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Table 3-10.- Lumber size classifications.

Nominal dimensions Typical
Name Symbol Thickness Width sizes
Dimension Lumber
Light Framing LF 2t04in. 2t04in. 2x4, 4x4
Joist and Plank J&P 2t04in. 5 in. and wider 2x6, 2x12,
4x12, 4x16
Decking® 210 4in. 4 in. and wider 2x6, 2x10
4x10, 4x12
Beams and Stringers B&S 5in. and thicker More than 2 in. 6x10, 6x14
greater than thickness 8x16, 10x18
Posts and Timbers P&T 5 in. and thicker Not more than 2 in. 6X6, 10X12

greater than thickness 10x10, 12x14

*Decking sizes are the same as those designated for Light Framing and Joist and Plank. Decking is intended for flatwise use while LF and
J&P are intended for edgewise use.

1. Dimension Lumber islumber that is 2 to 4 inches thick and 2 or
more inches wide. This classification is further divided into a
number of subcategories, the most common of which are Light
Framing (LF), Joists and Planks (J&P), and Decking. LF and J&P
are graded primarily for edgewise loading, while Decking is
graded primarily for use in the flatwise orientation.

2. Beamsand Stringers (B&S) are rectangular pieces that are 5 or
more inches thick, with a width more than 2 inches greater than
the thickness. B& S are graded primarily for use as beams, with
loads applied to the narrow face.

3. Postsand Timbers (P& T) are pieces with a square or nearly
square cross section, 5 by 5 inches and larger, with the width not
more than 2 inches greater than the thickness. Lumber in the P& T
size classification is graded primarily for resisting axial loads
where strength in bending is not especially important.

An important point to understand about lumber size classifications is that
they are based on the most efficient anticipated use of the member, rather
than the actual use. The classifications are relevant to grading, which will
be discussed later, but there are no restrictions on actual use for any size
classification, provided the design stresses are within the stresses allowed
for the grade.

3-39



Lumber Dimensions

Lumber dimensions for thickness and width, including those for defining
size classifications, are traditionally recorded in nomina dimensions.
These dimensions are usualy in 2-inch increments such as 2 by 4 or 8 by
12. The nominal dimensions are normally greater than the actual net
dimensions of the piece. In timber design, structural calculations must be
based on the net lumber dimensions for the anticipated use conditions.
These net dimensions depend on the type of surfacing, whether dressed,
rough-sawn, or full-sawn (Figure 3-25).

Nominal size
,/ , Standard drassed size

A
i

el

Dressad lumbar is smaller than 1he staled nominal size.
ALS standard dressodd sizes ars shawn in Table 3-11.

N

r-—
i
I
|
I

\\\

Actual size
Standard dressed size

Rough-sawn lumber is approximately 1/87 largar than
the slandard dressed size.

iz

Mominaf and actual size

,.r"/'
Full-gawn lumber |5 the same size as the stated neminal

7

T i

Figure 3-25.- Dressed, rough-sawn, and full-sawn lumber sizes.

Dressed lumber is surfaced on al four sides (S4S) at the time of
manufacture to a minimum net dimension that is standardized by the ALS
(Table 3-11). Lumber in the B&S and P& T size classifications, collec-
tively referred to as Timbers, are normally surfaced green, and only green
sizes are specified by the ALS. Dimension lumber may be surfaced green
or dry at the prerogative of the manufacturer; therefore, both green and dry
standard sizes are given. The green sizes are dightly larger in anticipation
that the piece, asit dries, will shrink to the standard dry size. The ALS
definition of dry lumber is lumber with a moisture content of 19 percent or
less. For design purposes, the minimum dry dressed dimensions are used

3-40



for structural calculations regardliess of the moisture content at the time of
manufacture or in use. For example, section properties for a standard
dressed 2 by 6 are based on a section 1-1/2 inches by 5-1/2 inches, while
for astandard 8 by 12, dimensions are 7-1/2 inches by 11-1/2 inches.
Tables of section properties for standard dressed lumber are given in
Chapter 16.

Table 3-11.- American Standard Lumber sizes for structural lumber.

Thickness (in.) Face width {in.}
Minimum Minimum
Size Neminal dressed dimension Nominal dressed dimenslon
classiication dimension dry green dimaasion dry green
Dimension Lumber 2 1-1/2 1-9716 2 1-1/2 1-9f16
2-1/2 e 2-1116 3 2172 2-8/16
3 2-112 2-91% 4 3112 3-8/16
3-112 3 3-i116 5 4-172 4-5/8
4 3-172 3916 3 5172 5-5/8
4-112 4 4-1/16 L 7-1/4 7-112
10 g-1/4 a-if2
12 14 1112
14 1314 1312
16 514 15112
Beams and Stringers 5 and 112 less S and 112 less
and Posts and Timbers greater than greater than
nominal nominal

From Wood Handbook,™

LUMBER GRADING

Rough-sawn lumber is normally about 1/8 inch larger than standard dry
dressed sizes. Full-sawn [umber, which is not widely used, is cut to the
same dimensions as the nominal size. In both cases, thickness and width
dimensions are variable depending on the sawmill equipment. It isimprac-
tical to use rough-sawn or full-sawn [umber in a structure that requires
close dimensiona tolerances. For more accurate dimensions, surfacing can
be specified on one side (S1S), two sides (S25), one edge (S1E), two
edges (S2E), combinations of sides and edges (S1S1E, S2S1E, S1S2E), or
al sides ($4S). When designing with either rough-sawn or full-sawn
lumber, the applicable moisture content and dimensions used in design
must be clearly noted on the plans and material specifications.

When lumber is cut from alog, the properties of the individual pieces vary
considerably in strength and stiffness. To have practical use in engineering

341



applications, the lumber must be graded into categories for which reliable
engineering properties can be assigned. Stress grades for lumber are
characterized by one or more sorting criteria, a set of engineering proper-
ties, and a unique grade name. For each species or species group in each
grade and size classification, the information related to sorting criteria and
design values is contained in the grade description. Based on the informa-
tion in the grade description, values for structural lumber are established
for the following:

Modulus of elasticity

Tensile stress parallel to grain

Compressive stress parallel to grain

Compressive stress perpendicular to grain

Shear stress parallel to grain (horizontal shear)
. Bending stress

O WD

Lumber grading is accomplished using visua grading criteria or non-
destructive measurement using mechanical grading equipment. Grading
for most lumber takes place at the sawmill. Generally, the grade of a piece
of lumber is based on the number, character, and location of features that
lower the strength, stiffness, or durability of the piece. Among the more
common features that are evaluated during grading are knots and slope of
grain, but many potential strength-reducing characteristics are considered.

Visual Stress Grading

Visual stress grading is the oldest and most widely used lumber grading
method. It is based on the premise that the mechanical properties of
lumber differ from those of clear wood because of growth characteristics
that can be judged by the eye. After the lumber is sawn and surfaced
(when required), each piece is examined by alumber grader who is certi-
fied by one of the grading agencies (Figure 3-26). If the piece of lumber
meets the grade description requirements for a particular grade, it is
assigned that grade and the associated mechanical properties. If the piece
does not meet requirements for one grade, it may qualify for a lower
grade, or be rejected.

As previoudly discussed, al grades for dimension lumber are standardized
by the NGR. However, grade names and descriptions for lumber in the
B&S and P& T size classifications are not standardized and may vary
among different grading rules agencies. There are many visua grades of
structural lumber for the species groups and size classifications. Some of
the typical grade names for Douglas Fir-Larch are shown in Table 3-12.

The engineer need not have an in-depth knowledge of al grade descrip-
tions and the specifics of how they are derived. If a piece of lumber is
graded, the tabulated values for that grade (discussed in Chapter 5) can be
used for structural computations. It is beneficial, however, to have abasic
understanding of how various grade requirements and tabulated design
vaues are derived to better understand wood as an engineering material.
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Figure 3-26.- Sawn lumber being visually graded and marked at a sawmill (photo courtesy
of Funk Lumber Co.).

The process of establishing design properties for visually graded lumber is
addressed in detail in ASTM D 245, Standard Methods for Establishing
Structural Grades and Related Allowable Properties for Visualy Graded
Lumber.’A brief summary of the process is as follows:

L

The mechanical properties for each lumber grade may be
established by adjusting test results conducted on small, clear
green wood specimens of the species or species group (small,
clear procedure), or by testing a representative sample of full-size
members (in-grade procedure). The mechanical properties of
virtually all lumber currently used in the United States have been
derived using the small, clear procedure outlined in ASTM

D 2555, Standard Methods for Establishing Clear Wood Strength
Values 7. A comprehensive re-evaluation based on in-grade
testing is currently in progress, and it is anticipated that
mechanical properties will be based on test results from full-size
specimens in the next few years.”

Based on the small, clear procedures, large numbers of clear wood
specimens are tested for each species or species group to
determine ultimate stress and stiffness values. These values then
serve as the starting point for deriving tabulated design values for
lumber grades in that species. The ultimate stress is based on the
5-percent exclusion limit for the sample of small, clear specimens.
Thisvalueis established from a statistical analysis and indicates
that out of all clear wood samples tested, 95 percent would be
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Table 3-12.- Typical grade names for visually graded structural lumber.

Dimension Lumber Beams and Stringers Posts and Timbers
Structural Light Framing (LF)
Dense Select Structural Dense Select Structural Dense Select Structural
Select Structural Select Structural Dense No. 1 Select Structural
Dense No. 1 No. 1 Dense No. 1
No. 1 Dense No. 2 No. 1
Dense No. 2 No. 2 Dense No. 2
No. 2 No. 2
No.3
Appearance
Stud

Joists and Planks (J&P)
Dense Select Structural
Select Structural
Dense No. 1
No. 1
Dense No. 2
No. 2
No. 3
Appearance
Stud

Decking
Select Decking
Commercial Decking

The grade names in this table are for Douglas Fir-Larch graded to Western Wood Products Association (WWPA) rules. Other species and
grading rules agencies have similar names.

expected to fail at or above the 5-percent exclusion limit, while
less than 5 percent would be expected to fail below the limit. For
modulus of elasticity, the small, clear value is based on the
average of all sample values, rather than the 5-percent exclusion
limit.

2. Clear wood properties are next adjusted for strength-reducing
characteristics by strength ratios for strength properties and
quality factors for modulus of elasticity (Table 3-13). Strength
ratios are factors that reduce clear wood strength properties to
compensate for such growth characteristics as knots, slope of
grain, shake, pitch pockets, and other defects. An individua piece
of lumber will often have severa characteristics that affect a
particular strength property. The characteristic that gives the
lowest strength ratio is used to derive the estimated strength.
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Strength ratio values vary for lumber grades, depending on the
maximum number and location of strength-reducing
characteristics permitted for the grade. For example, high-strength
grades have higher strength ratios because they have more
restrictive requirements on the number, type, and location of
defects. Lower grades are less restrictive on strength-reducing
characteristics and have lower strength ratios. For modulus of
elagticity, the clear wood average value is multiplied by
empiricaly derived quality factors to represent the reduction that
occurs in lower lumber grades. The value of the quality factor for
each grade is based on the value of the strength ratio for bending
for that grade.

Table 3-13.- Strength ratios and quality factors for some visual grades described in the National Grading

Rule.
Lumber size
classification Grade name Strength ratio Quality lactor
Light Framing Select Structural 0.67 1.0
{2 1o 4 in. thick, No. 1 0.55 10
2 to 4 in. wide) No. 2 0.45 090
No. 3 0.26 0.80
Joists and Planks Select Structural 0.65 1.0
{2 to 4 in. thick, No. 1 0.55 1.0
g in. and wider) No. 2 045 080
No. 3 {1.26 080

Sizes shown are nomingl,
From Wopd Hanobook ™ and ASTM D 25557

In addition to strength-reducing characteristics, engineering
properties for small clear samples are adjusted to compensate for
differences between sample test conditions and those for the
actua lumber. Specific adjustments may be made for (1) moisture
content, which equates strength and modulus of elasticity for the
green samples to the actual moisture content of the lumber at the
time of manufacture; (2) duration of load, which equates the short
5-minute load duration used for clear sample testing to an
equivalent load duration of 10 years; and (3) size adjustments for
bending strength, which equate the size of the sample to the actual
lumber size. In addition, each strength property except
compression perpendicular to grain is adjusted by a factor of
safety. Because the modulus of elasticity is judged primarily by
performance criteria rather than safety criteria, a factor of safety is
not applied.
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For visual lumber grades, two points deserve additional emphasis. With
the exception of dimension lumber (less than 5 inches thick), grade de-
scriptions are not standardized and may vary among grading rules agen-
cies. It is therefore possible to have lumber with the same grade name and
size classification, but different tabulated strength and stiffness values.
Grading also differs among different size classifications, even though the
grade name may be the same. For example, lumber graded No. 1 in the
B& S size classification may have more restrictive requirements for edge
knots, since that classification is graded with respect to bending. For a
piece graded No. 1 in P&T, edge knot requirements may be less restrictive
because this size classification is graded with respect to axial loading. Asa
result, the bending stressfor aNo. 1 P& T could be lessthan aNo. 1 B&S
for the same species.

Mechanical Stress Grading

Mechanical stress grading, commonly called machine stress rating (MSR),
has been used as a method of lumber grading for more than 25 years. It is
based on an observed relation between modulus of elasticity (E) and the
bending strength of lumber. The sorting criterion, E, is measured for
individual pieces of lumber by mechanical devices that operate at high
rates of speed (Figure 3-27). The E used as a sorting criterion can be
measured in a variety of ways, but is usualy an apparent E based on
deflection. Because lumber is heterogeneous, the apparent E depends on a
number of factors, including the lumber span length, orientation, mode of
test, and method of loading. Any apparent E can be used, so long as the
grading machine is calibrated to assign the appropriate design property.
Most grading machines in the United States are designed to detect the
lowest flatwise bending stiffness that occurs in any approximate 4-foot
span. Although the machine-measured E is the primary sorting criterion in
this grading process, MSR lumber is also subject to visua override be-
cause the size of edge knots in combination with E is a better predictor of
strength than E alone. Maximum edge knots are limited to a specified
proportion of the cross section, depending on the grade level. Other visual
restrictions also apply to checks, shakes, splits, and warp.

Bending strength is derived by correlations with modulus of elasticity
determined by the machine rating process. Assigned properties in tension
and compression parallel to grain are estimated from bending strength,
athough some procedures estimate tension directly from E. Strengths in
shear parallel to grain and in compression perpendicular to grain are
assigned the same values as the equivalent species of visua lumber
grades.

In the United States, the number of machine stress grades available re-
flects specific market needs that have developed for MSR lumber. Grade
designations for MSR lumber differ from visual grades and include the
tabulated strength in bending and modulus of elasticity. For example,
the MSR grade 2100 F-1.8E designates a tabulated bending strength of
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QUALITY CONTROL AND
MARKING
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Figure 3-27.- Schematic diagram of a continuous lumber tester (CLT) used for machine
stress grading lumber (courtesy of the Western Wood Products Association; used by
permission).

2,100 Ib/in‘and a modulus of elasticity of 1.8 million Ib/in?, both in an
edgewise orientation. Additional MSR grades are discussed in Chapter 5.

Quality control and marking reguirements for American Standard Lumber
are established in the ALS PS 20-70. The ALS aso includes provisions for
lumber inspection and reinspection in cases where a dispute arises be-
tween buyer and seller. Responsibility for grading accuracy and certifica-
tion is with the grading rules and inspection agencies that are certified by
the American Lumber Standards Committee. These agencies are required
to conduct regular grading inspections and spot checks at the mill to
ensure grading efficiency and conformity to all established rules. When
the lumber is graded in accordance with the specific grade requirements,
each piece is marked to certify that the lumber conforms to the size, grade,
and seasoning provisions of the rules under which it is graded. The ALS
requires that these grade marks include specific information, including:

1. The lumber grade description (e.g., No. 1 for visually graded
lumber or 2100f-1.8E for MSR lumber)

2. The commercial name of the lumber species or species group
(e.g., Douglas Fir-Larch or Southern Pine)

3. Theidentification of the grading rules agency under whose rules
the lumber was graded (e.g., WCLIB or SPIB)

347



MATERIAL
SPECIFICATIONS

4. The registered symbol of the certified inspection agency, when the
inspection agency is different from the grading rules agency

5. The lumber moisture content at the time of surfacing: SDRY
when lumber is surfaced at a moisture content of 19 percent or
less; S-GRN when lumber is surfaced at a moisture content in
excess of 19 percent; KD-15 or KD-19 when the lumber is kiln
dried and surfaced at a moisture content of 15 or 19 percent or
less, respectively; MC-15 when the lumber is either kiln dried or
dried by other means and surfaced at a moisture content of 15
percent or less

6. The designated mill number or mill name

Examples of typical lumber grade marks are shown in Figure 3-28.

...p————- Mill numbar
Cerilied
inspection ———w= I CONST Grade
agency @ 3 Gﬂ" —=——— Moisiure confent

IEH Fik WCLA RULES

GGrading rules
Spﬂciﬂﬁ agancl;rg

Vsually Graded Lumber

MILL ]0-———— Millnumber

s (V) 21001 1.8E--<

nsp:-::mn MSR

ey ® HEM-FIR  S-DR
i -DRY

\‘— Muoisture conlant

Species
MS5R Lumber

Figure 3-28.- Typical lumber grade marks.

Accurate specifications are critical for obtaining the proper lumber for the
required use. They must contain all applicable information related to the
manufacture, grade, size, moisture content, and species for the required
lumber. To some degree, this information must be obtained from tables of
tabulated values, which are discussed in Chapter 5. The following is a
summary of the some of the requirements and recommendations for
specifying lumber:
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1. Manufacturing Standard. All structural lumber shall be
American Standard Lumber, manufactured and graded in
accordance with the latest edition of the ALS PS 20-70. Each
piece shall contain a grade mark conforming to the requirements
of that standard and those of the applicable grading rules agency.

2. Species. Lumber species or species group must be clearly stated.

3. Grade. Grade designations must include the commercial grade
name, size classification, and the grading rules agency under
which the lumber is graded.

4. Size. Lumber thickness and width are specified in nominal
dimensions. The length in feet may be specified on the basis of
the nominal average length, limiting length, or single uniform
length. For some lumber, random lengths can be specified when
uniform lengths are not required. In this case, upper and lower
limits should also be specified.

5. Surfacing. Lumber surfacing is specified as dressed (surfaced all
sides), rough-sawn, or full-sawn. When partial surfacing is
required on one or more sides or edges of rough-sawn or full-
sawn lumber, the abbreviations previously discussed are used
(lumber abbreviations are also given in Chapter 16).

6. Moisture Content. When moisture content at the time of
surfacing is important, lumber may be specified as surfaced green,
surfaced dry, or kiln-dried using the same definitions described
for quality control and marking.

3.7 PROPERTIES OF GLUED-LAMINATED TIMBER (GLULAM)

Glulam is an engineered, stress-rated product of a timber-laminating plant.
It consists of selected and prepared lumber laminations that are bonded
together on their wide faces with structural adhesive (Figure 3-29). Glu-
lam has been used successfully as a structural material in Europe since the
early 1900's. In the United States, it has been used with excellent perform-
ance in buildings since approximately 1935 and in bridges since the mid-
1940's. An important point about glulam isthat it is an engineered timber
product rather than simply wood glued together. Laminated beams made
with pieces of lumber that are nailed and glued together should not be
confused with glulam.
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PRODUCT STANDARDS

Figure 3-29.-A glulam bridge beam in the final stages of fabrication. The beam, which
measures 12-1/4 inches wide, 71-1/2 inches deep and 103 feet long, required 12,800
board feet of structural grade Douglas-fir and 500 pounds of glue.

Glulam is a very versatile materia that provides distinct advantages over
sawn lumber. Because it is a manufactured product, glulam can be pro-
duced in awide range of shapes and virtually any size. Most of the glulam
used in bridges involves straight or slightly curved members, but curved or
tapered members are used in some applications. Glulam aso provides
increased strength over sawn lumber because the laminating process
disperses strength-reducing characteristics throughout the member
(Figure 3-30). A knot in sawn [umber, for example, may substantially
reduce the section and strength of a member. In glulam, the knots are
distributed among the laminations so their effect at any section is mini-
mized. Glulam also provides better dimensional stability because it is
manufactured from dry lumber as compared to most large sawn [umber
members, which are sawn green and seasoned after installation.

Glulam is available from a number of manufacturers strategically located
across the United States. A partial listing of manufacturersis given in
Chapter 16.

The national product standard for glulam is the American National Stan-
dard for Wood Products-Structural Glued Laminated Timber, ANSI/AITC
A190.1."This standard, which was approved by the American National

3-50



Strength-reducing
characteristics in sawn lumber
can occupy much of the cross
section and substantially
reduce strength.

Laminating disperses
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Figure 3-30.- Relative effects of strength-reducing characteristics on sawn lumber and
glued-laminated timber.

Standards Institute (ANSI) in 1983, contains nationally recognized re-
quirements for the production, inspection, testing, and certification of
structural glulam. It also provides material producers, suppliers, and users
with a basis for a common understanding of the characteristics of glulam.
The requirements in ANSI/AITC A190.1 are intended to allow the use of
any suitable method of manufacture that will produce a product equal or
superior in quality to that specified, provided the methods of manufacture
are approved in accordance with requirements of the standard.

The sponsor of ANSI/AITC A190.1 is the American Institute of Timber
Construction (AITC), which is the national technical trade association of
the structural glued laminating industry. I1ts members manufacture, fabri-
cate, assemble, erect and/or design wood structural systems and related
wood products for construction applications. AITC publishes standards
related to the design, manufacture, and construction of glulam that are
incorporated by reference in ANSI/AITC A190.1.

Glulam can be manufactured from any softwood or hardwood [umber
provided it meets necessary grading and stiffness requirements. In prac-
tice, most glulam is manufactured from two commercial species groups,
western species (primarily Douglas Fir-Larch and Hem-Fir) and Southern
Pine. The laminations are selected from stress-graded sawn [umber, but
the lumber must be regraded using additional criteria before it can be
laminating stock for glulam."Lamination regrading is accomplished using
either visual grading or E-rating criteria (E-rated laminations are regraded
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for stiffness and edge knots as previously discussed for MSR [umber).
ANSI/AITC A190.1 specifies that the moisture content of the laminations
at the time of gluing not exceed 16 percent; however, moisture contents
lower than 16 percent or up to 20 percent can be specified depending on
the anticipated moisture content of the componentsin service.

The maximum lamination thickness permitted for glulam is 2 inches. The
actual thickness of the laminations depends on the species of the lamina-
tions and the shape of the member. Industry standard practiceis to use
2-inch nominal lumber to produce straight or slightly curved members of
the type normally used for bridge construction. This results in a dressed
lamination thickness of 1-1/2 inches for western species and 1-3/8 inches
for Southern Pine. When sharp radius curves are required, nomina 1-inch-
thick lumber (3/4-inch dressed thickness) is generally used. Lamination
thickness has a significant effect on glulam economics because manufac-
turing costs are related to the required number of glue lines in the member.
Thus, the thinner the laminations the higher the relative cost of
manufacture.

Standard Glulam Sizes

Glulam is most efficiently and most economically manufactured when
standard dressed lumber is used for laminations. As aresult, standard
glulam sizes are related to the dressed sizes for sawn lumber, but are
dlightly lessin width to account for surfacing after the material is glued.
Standard glulam widths are available in increments from 2-1/8 inches to
14-1/4 inches based on nominal lamination widths of 3 to 16 inches
(Table 3-14). Note that the net widths for nominal 4-, 6-, 10-, and 12-inch
laminations are different for western species and Southern Pine. Glulam
depth is equal to the lamination thickness times the number of laminations,
or 1-1/2 inch multiples for western species and 1-3/8-inch multiples for
Southern Pine. Unlike sawn lumber, the sizes specified for glulam are the
actual dimensions of the member, rather than the nominal size.

Table 3-14.- Standard widths of glulam.

Western species Southern Pine

Nominal net finished net finished
width (in.) width (in.) width (in.)

3 2-1/8 -

4 3-1/8 3

6 5-1/8 5

8 6-3/4 6-3/4

10 8-3/4 8-1/2

12 10-3/4 10-1/2

14 12-1/4 -

16 14-1/4 -
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Glulam members can hypothetically be manufactured to any depth or
length by simply adding more laminations. From a practical standpoint,
however, the size of the member must be limited because of handling and
transportation considerations. In bridge applications, another primary
consideration related to member size is the size capacity of the cylinders
used for pressure treatment with preservatives. Because size capabilities
vary among treaters, it is recommended that the designer verify treatment
capabilities prior to requiring glulam depths in excess of 60 inches or
lengths in excess of 80 feet.

Glulam dimensions may vary slightly because of minor variations in
manufacturing processes. Dimensional tolerances permitted at the time of
manufacture are as follows:’

1. Width: £1/16 inch

2. Depth: +1/8 inch. per foot of specified depth; -1/16 inch per foot
of specified depth, or -1/8 inch, whichever is greater

3. Length: £1/16 inch for lengths up to 20 feet and+1/16 inch per
20 feet of length for lengths over 20 feet, except where length
dimensions are not specified or critical

4, Squareness. the cross section must be square within +1/8 inch per
foot of specified depth unless a specially shaped section is
specified

5. Straightness: +1/4 inchfor beamsup to 20 feet in length and
+1/8 inch per 20 feet or fraction thereof for beams greater than
20 feet in length, but not greater than atotal of +3/4inch;
tolerances intended for straight or slightly cambered beams only,
not for curved members such as arches

Adhesives

Laminations for glulam are joined together with structural adhesives that
are capable of developing shear strength in excess of the wood capacity.
Two types of adhesives are permitted, dry-use adhesives and wet-use
adhesives. Dry-use adhesives (usualy casein) are allowed only when the
glulam moisture content in service will not exceed 16 percent. These
adhesives set or cure by the dissipation of water in the adhesive to the
surrounding air and wood. Wet-use adhesives, which cure by chemical
polymerization, are required for exposed uses where moisture content may
exceed 16 percent in service, as in bridge applications. Wet-use adhesives
are also required when laminations are chemically treated with wood
preservatives before or after gluing. In practice, the wet-use adhesive
phenol-resorcinol is used amost exclusively for al glulam. This adhesive
can withstand severe exposure conditions and offers a manufacturing
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advantage of rapid curing rates. All adhesives for glulam used in bridge
applications must be wet-use adhesives.

Joints

In most cases, the size of glulam members substantially exceeds the size
of available lumber, and laminations must be spliced with end joints or
edge joints or both. End joints are used to splice laminations longitudinally
before assembly into a glulam member. The two most common types of
end joints are scarf joints and finger joints (Figure 3-31). In scarf joints,
the ends of the laminations are cut at opposing slopes of 1:8 to 1:12 and
are glued together on the sloping surfaces. For finger joints, ends are cut
with horizontal or vertical fingers that are glued and mated together. In
practice, finger joints are used almost exclusively because they require
less material and are self-aligning during the gluing process.

-
R WS

Scarf joint Yarical linger joim Horizontal tinger joint

Figure 3-31.- Types of lamination end joints used in glulam.

Edge joints are required when the width of the glulam member is greater
than available laminations. The most common edge joint configuration
uses a staggered layup with edge joints offset between adjacent lamina-
tions (Figure 3-32). Edge joints may be glued or unglued depending on the
type of member and applied stresses; however, because joint strength
influences shear capacity, reduced design values for shear are required
when edge joints are not glued (Chapter 5). When unglued edge joints are
used for bridge members, it is recommended that edge joints in the top

face be glued to prevent water and debris from becoming trapped in the
joint.
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GRADES OF GLULAM

Edge joints on exterior surtaces should be glued to

~ s&al the sudace.

Interior edge joinls may be glued or ungluad.
- LUnplued joints reduce shear capacity.
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Figure 3-32.- Edge joints in a glulam member manufactured with a staggered layup.

Appearance

Glulam is available in three appearance grades. industrial, architectural,
and premium. Appearance grades apply to the glulam surface and include
considerations related to growth characteristics, void filling, and surfacing
operations. They do not address surface treatments, stains, or varnishes,
and do not alter member strength or manufacturing controls. In bridge
applications, glulam is normally finished to an industrial appearance
grade. An architectural grade may be used in exceptional cases where an
improved appearance is required. A more complete description of appear-
ance grades is given in AITC 110, Standard Appearance Grades for
Structural Glued-Laminated Timber, which can be found in the AITC
Timber Construction Manual.

Glulam is not graded in the same manner as sawn lumber. Rather, mem-
bers are identified by a combination symbol that represents the combina
tion of lamination grades used to manufacture the member. These combi-
nation symbols are divided into two general classifications consisting of
bending combinations and axial combinations. The classifications are
similar to lumber size classifications because they are based to some
degree on the anticipated use of the member. Bending combinations
anticipate that the member will be used as a beam, while the axial combi-
nations anticipate the member will be used as a column or tension mem-
ber. These anticipated uses are based on criteria for the most efficient and
economical use of material rather than restrictions on actual use. For both
types of combinations, members may be used in any loading situation or
configuration provided the resulting stresses are within allowable limits
for the specific combination symboal.
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Bending Combinations

Glulam bending combinations were developed to provide the most effi-
cient and economical section for resisting bending stress caused by loads
applied perpendicular to the wide faces of the laminations. The quality and
strength of the laminations are varied over the member depth to provide a
wide range of strengths to accommodate different loading conditions
(Figure 3-33). For example, alower grade of lamination is used for the
center portion of the member where bending stress is low, while a higher
grade of material is placed on the outside faces where bending stress is
relatively high. Bending combinations may also be used for axial loading
or for bending applied parallel to the wide face of the laminations. In these
cases, however, the strength of the member is controlled by the lower
grade center laminations, and the higher strength outer laminations pro-
vide little benefit. The axial combinations normally provide the most
economical member for these loading conditions.

Migh gqualily laminaticns where
bending strass is highest

Lower quality laminations where
bending stress is lower

Figure 3-33.-Glulam bending combinations are intended primarily for applications where
loads are applied perpendicular to the wide face of the laminations. The quality of the
lumber laminations is varied over the member cross section to provide higher strength
where bending stress is highest.

Combination symbols for bending combinations are specified by a series
of numbers and letters that indicate the tabulated bending stress and the
basis for lamination regrading. For a typical combination symbol such

as 24F-V 4, the 24F indicates a tabulated design stress in bending of

2,400 Ib/in’, Following the F, the letter V or E indicates if the combination
Is manufactured from visually graded or E-rated lumber, respectively.
More detailed information on combination symbols and their associated
design stresses is provided in Chapter 5.
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QUALITY CONTROL AND
MARKING

Axial Combinations

Glulam axial combinations were developed to provide the most efficient
and most economical section for resisting axial forces and bending stress
applied parallel to the wide faces of the laminations (Figure 3-34). Unlike
bending combinations, the same grade of lamination is used throughout
the member. Axial combinations may also be loaded perpendicular to the
wide face of the laminations, but the nonselective material placement
often results in aless efficient and less economical member than the
bending combination. Combination symbols for axial combinations are
unrelated to strength or lamination grading and consist of a numerical

value only. Examples include combination symbol 1 and combination
symbol 47.

F

i

The same quality ol L
laminglign is used for Ay
the entire membear *

P

Figure 3-34.- Glulam axial combinations are intended primarily for applications where
loads are applied parallel to the wide face of the laminations. The same quality of lumber
lamination is used for the entire member.

ANSI/AITC A190.1 requires that each glulam manufacturer maintain a
strict quality control program for the production of glulam. This program
must include continuing inspection and evaluation in areas related to
manufacturing procedures, material testing, and quality control records.
The inspections must be supervised by an independent third party to the
manufacturer that meets specific qualification requirements outlined in the
standard. The AITC operates a continuing quality program for its
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MATERIAL
SPECIFICATIONS

members; however, any independent inspection agency may be used,
provided it meets the requirements of the ANSI/AITC standard.

To indicate compliance with quality control requirements, each glulam
member must be distinctively marked. Marking requirements are given in
ANSI/AITC A190.1 for two types of glulam products, custom products
and noncustom products. Custom products, which are used almost exclu-
sively in bridge applications, are manufactured to specific specifications
for aknown use. Noncustom products are manufactured in accordance
with ANSI/AITC A190.1, but are not intended for a particular use (they
are usudly stock members maintained by a supplier for any applicable
use). Marking for custom and noncustom products must include (1) identi-
fication that the glulam was manufactured in accordance with the require-
ments of ANSI/AITC A190.1, (2) identification of the qualified inspection
and testing agency, and (3) identification of the laminating plant. Marking
for noncustom products must aso include additional information outlined
in ANSI/AITC A190.1 (Figure 3-35). For dl glulam, ANSI/AITC A190.1
also requires that a certificate of material conformance be issued when
requested by the purchaser. It is recommended that such a certificate be
required for all bridge members, because treatment of the member with
preservatives often makes the quality mark difficult or impossible to read.

In addition to quality marks, straight or dlightly curved glulam beams must
be stamped TOP at both ends to indicate the proper orientation of the
beam. Because the bending strength of glulam beams is often different for
the tension and compression zones, this marking is important to ensure
that the member is correctly placed.

Glulam can be specified by combination symbol or by minimum required
values for strength and stiffness (bending, shear, compression, and so
forth). In both cases, familiarity with available combination symbols,
tabulated design values, and modification factors is required. These items
are discussed in detail in Chapter 5, as are glulam specification examples.
At this point, however, it isimportant that the designer understand the
basics of glulam specification summaized as follows:

1. Manufacturing Standard. Materials, manufacture, and quality
control for glulam shall be in conformance with the latest edition
of ANSI/AITC A190.1, Structural Glued Laminated Timber.

2. Laminating Combinations. It is recommended that combination
symbols requiring E-rated laminations be specified only after
availability is verified. Visually graded material should be
specified with an E-rated substitution permitted when material is
available.
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Figure 3-35.- Typical glulam quality marks for custom and noncustom products. These
marks are issued through the AITC quality program. Other types of marks with the same
information may be used by other agencies (photo courtesy of the American Institute of
Timber Construction; used by permission).

3. Lamination Species. The species or species group of lamination
must be specified because the same combination symbol may be
applicable to both western species and Southern Pine.

4. Size. Glulam members are specified by the actual member size
rather than the nominal size commonly used for sawn lumber.
Section properties for standard glulam sizes are given in
Chapter 16.
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3.8 SELECTED REFERENCES

5. Adhesives. All glulam manufactured for bridge applications shall

use wet-use adhesives.

6. Moisture Content. The moisture content of glulam at

manufacture is 16 percent or less. In arid regions where the
equilibrium moisture content in service is expected to be
significantly less, alower glulam moisture content (as low as
10 percent) can be specified to minimize the potential for
checking in service.

7. Appearance. Glulam shall be manufactured to industrial

appearance unless aesthetic considerations warrant an improved
surface condition.

8. Quality Marks and Certificates. Glulam members shall be

marked with a quality mark and provided with a certificate of
conformance to indicate conformance with ANSI/AITC A190.1,
Structural Glued Laminated Timber.
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PRESERVATION AND PROTECTION OF TIMBER BRIDGES

4.1 INTRODUCTION

Wood has been successfully used as a bridge material for thousands of
years, but before the early 1900's most structures were built of untreated
timber. Protection from decay and deterioration was afforded by using the
heartwood of naturally durable species or by covering the structure to
protect it from weathering. Although many bridges constructed of un-
treated timber performed well (some lasting longer than 100 years), the
use of untreated timber declined as naturally resistant North American
wood species became unavailable in the quantities and sizes necessary for
bridge construction. Additionally, it became economically and function-
aly impractical to cover timber bridges for protection. In spite of the at-
tractiveness of using naturally durable wood, modem timber bridges must
be preservatively treated to obtain adequate performance.

Wood will last for centuries if kept dry. However, if it is used in an unpro-
tected environment, it becomes susceptible to attack by living and nonliv-
ing agents capable of degrading the wood structure. Nonliving or physical
agents, including heat, abrasion, ultraviolet light, and strong chemicals,
generally act slowly to decrease wood strength. Although these physical
agents may be significant in some applications, the greatest hazard to
timber bridges results from living or biotic agents, such as decay fungi,
bacteria, insects, and marine borers. These agents can cause serious dam-
age to untreated wood in a relatively short period in a variety of environ-
ments (see Chapter 13 for more detailed discussions on the agents and
processes of deterioration).

Most of the biotic agents that enter and decay untreated wood require four
basic conditions for survival: (1) moisture levels in the wood above the
fiber saturation point, (2) free oxygen, (3) temperature in the range of 50
to 90°F, and (4) food, namely the wood. Although most biotic agents can
be controlled by limiting moisture, oxygen, or temperature, it is often
difficult or impractical to control these conditions. As a result, the most
common method for controlling deterioration in adverse environments
involves removing the food source by introducing toxic preservative
chemicals into the wood cells using a pressure treatment process.

This chapter was coauthored by Michael A. Ritter and Jeffrey J. Morrell,
Ph.D., Associate Professor, Department of Forest Products, Oregon State
University, Corvallis, Oregon.
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Wood preservatives are toxic chemicals that penetrate and remain in the
wood structure. They should not be confused with protective coatings,
such as paints or stains, which do nothing to kill or prevent the spread of
biotic agents. A wood preservative must have the ability to penetrate the
wood and persist in sufficient quantities for long periods. The degree of
protection depends on the type of preservative used, the treatment process,
the species of wood, and the environment to which the structure will be
exposed. Applied correctly, wood preservatives can increase the life of
timber structures by as much as five times or more.

A complete approach to the preservation and protection of timber bridges
involves many considerations related to materials, preservative treatments,
design details, and construction practices. This chapter addresses design
requirements and considerations related to preservative treatments, includ-
ing types of preservatives, treatment processes, design specifications, and
quality assurance. Additional information related to design details and
construction practices is presented in subsequent chapters.

4.2 TYPES OF WOOD PRESERVATIVES

Wood preservatives are broadly classified as oil-type or waterborne pre-
servatives. These classifications are based on the chemical composition of
the preservative and the type of solvent or carrier employed in treating.
Oil-type preservatives are generally used in petroleum solutions ranging
from heavy oils to liquefied petroleum gas. Waterborne preservatives are
water soluble and are applied in solutions with water. The advantages and
disadvantages of each type of preservative/solvent system depend on the
specific characteristics of the preservative and solvent and on the environ-
mental conditions to which the treated wood will be exposed.

To adequately protect wood, conventional preservatives must be toxic to
the intended targets, be they fungi, insects, or animals. Unfortunately, the
same characteristics that make a preservative effective can, at higher
levels, render it unsafe for humans. With the exception of one preserva-
tive, copper naphthenate, all the preservatives addressed in this section are
restricted-use pesticides and can be obtained and used only by licensed
applicators. Use of wood treated with these chemicals is not restricted,
athough it must be accompanied by a consumer information sheet that
describes proper handling procedures and precautions (see Chapter 16).
While current environmental concerns have stimulated the search for new,
less toxic wood preservatives, most of these formulations are till in the
evaluation process and are severa years away from commercial service.
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OIL-TYPE PRESERVATIVES  The three oil-type preservatives used in bridge applications are coal-tar
creosote (creosote), pentachlorophenol (penta), and copper naphthenate.
The characteristics of these preservatives vary significantly depending on
the specific type of preservative and the carrier or solvent in which they
are mixed. With the exception of some solutions of penta, oil-type pre-
servatives generally leave the surface of the wood with an aily, un-
paintable surface that may exude or bleed preservative. This bleeding can
be minimized or eliminated when appropriate precautions are observed.

For bridge applications, oil-type preservatives are used almost exclusively
for treating such structural components as beams and decks. They provide
good protection from decay and other deterioration, are noncorrosive, and
generally afford good physical protection of the wood surface from the
effects of weathering. Because most oil-type preservatives can cause skin
irritations, they should not be used for applications that require repeated
human or animal contact, such as handrails.

Creosote

Creosote, which was first patented in 1831, ushered in the age of effective
wood protection. It isablack or brownish oil consisting of a complex
mixture of polynuclear aromatic hydrocarbons. Creosote is derived either
from the destructive distillation of coal to produce coke (a byproduct of
steel production) or by distillation of oil shale. Although creosote can be
manufactured from other materials, such as wood or oil, all creosote used
for commercial wood treatment is derived from coal tar. Because it is not a
primary product, the composition of creosote has varied widely over the
years. However, more restrictive requirements now ensure the availability
of relatively uniform creosote. Because it is a complex mixture of nearly
300 compounds, the toxic mechanisms and migration of creosote from
wood are still poorly understood more than 150 years after the chemical
was patented.

Creosote has along record of satisfactory use as a wood preservative, with
many case histories documenting more than 50 years of proven perform-
ance in both railroad and highway use. This chemical has performed well
in amost every environment except in areas where marine borer hazards
are high because of attack by Limnoria tripunctata (this species of borer is
capable of attacking creosoted wood in warmer marine saltwaters). Creo-
sote provides the added advantages of protecting the wood from the
effects of weathering and retarding the checking and splitting associated
with changes in moisture content.

At one time, creosote was the most commonly used wood preservative for
timber products, but an increased desire for clean surfaces, coupled with
complaints about handling creosoted wood, has led to a gradual decline in
the percentage of wood treated with this chemical. Today, creosote is
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frequently used to treat bridge components, utility poles, marine piling,
and railroad ties. All these applications involve minimal human contact
with the treated wood. Recently, a clean creosote with reduced surface
deposits has been devel oped that leaves the wood a light brown color and
has a reduced risk of preservative exudation on the wood surface.

As awood preservative, creosote is commonly available in both its undi-
luted or straight form, and also as a blend in solvents. The following
paragraphs discuss the various creosote preservatives and their use in
timber bridge applications.

Coal-tar creosote in its straight or undiluted form is the most commonly
used creosote preservative for sawn lumber, glulam, piling, and poles.
This form of creosote preservative is preferred for bridge applications.

Creosote/coal-tar solutions are a blend of creosote and coal tar. There are
four creosote/coal-tar solutions. Types A, B, C, and D. The percentage (by
volume) of coal-tar distillate (creosote) in each type of solution is 80, 70,
60, and 50 percent, respectively. Creosote/coal-tar solutions have been
used with some success for treating poles and piling in marine exposures.
They are not commonly used in bridge applications because the high level
of insolubles in the solutions can produce excessive bleeding of the treat-
ment from the timber surface, contributing to environmental concerns. The
number of creosote/coal-tar solutions available in the future is expected to
decline because of the expense required to meet Environmental Protection
Agency (EPA) requirements.

Creosote/petroleum-oil solutions consist of a blend of not less than

50 percent creosote (by volume) in a solution of petroleum oil. Although
this type of preservative performs well in bridge applications when a
minimum 50-percent volume of creosote is in the solution, there is cur-
rently no method of determining the percentage of creosote in the mixture
after the creosote and oil are blended. There have been cases where treat-
ments of this type contained insufficient quantities of creosote to ade-
quately protect wood from deterioration. Until analytical or other methods
are developed that ensure the level of creosote in oil solutions, this treat-
ment is not recommended for bridge applications unless blending of the
creosote and oil is observed and verified by the purchaser or a designated
representative.

In addition to the preservatives mentioned already, creosote has been
blended with naphthalene, penta, copper naphthenate, and sulfur. While
some of these chemicals were effective in preventing wood deterioration,
technical problems or costs have precluded their use.

Pentachlorophenol
First patented in 1935, penta was among the first of many synthetic pesti-
cides that revolutionized the way people dealt with pests. Because penta
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could be easily synthesized by chlorinating phenol, there were few vari-
ations in the product, and the supply could meet demand. As a result, oil-
borne penta and the waterborne pentachlorophenate salt became two of
our most important biocides. As awood preservative, pentais a highly
effective inhibitor of oxidative phosphorylation, which prevents the
affected organism from obtaining energy. However, penta is not effective
against marine borers and is not recommended for marine use.

Although pentais still widely used, the presence of trace contaminants
known as dioxins has led to increased pressure to ban this preservative,
and EPA has placed penta on its list of restricted-use chemicals (the
dioxins present in penta are not the more highly toxic tetrachlorodioxins).
Restricted-use chemicals can be used only by applicators who have passed
atest on pesticide safety in their respective States; however, use of wood
treated with this chemical is not restricted. In addition to these restrictions,
EPA has placed limits on the permissible levels of dioxins present in
penta. This combination of regulations should reduce the hazard of using
penta. In spite of these restrictions, penta is used on approximately

30 percent of the wood treated each year, primarily for poles, posts, and
timbers.

Penta is generally applied a solution of approximately 5 to 9 percent (by
weight) in one of four hydrocarbon solvents, Type A, B, C, or D. The use
of penta preservatives is characterized by the type of solvent.

Type A solvent is an oil solvent that is generally referred to as heavy oil.
It is commonly used to treat sawn lumber, poles, and glulam after gluing.
This s the preferred solvent for most bridge applications because the oil
provides some protection from weathering, resulting in reduced checking
and splitting in members. It is not paintable and should not be used in
applications subject to human or animal contact.

Type B solvent is a liquefied petroleum gas (butane) that evaporates from
the wood to leave a clean, paintable surface. It is used (with limited availa-
bility) to treat sawn lumber and lumber laminations for glulam, and may
also be used to treat small glulam members after gluing. Pentain Type B
solvent can be used in bridge applications for treating handrails and

floors on pedestrian crossings. It is not recommended for main structural
components or members subjected to ground contact because it provides
no surface protection from weathering.

Type C solvent is alight petroleum solvent that gives the wood a light
color that can be painted. For bridge applications, pentain Type C solvent
IS the preferred treatment for lumber laminations in glulam that must be
treated before gluing. Although the light petroleum does provide some
initial protection against weathering, its effectiveness diminishes with
time.
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WATERBORNE
PRESERVATIVES

Type D solvent is methylene chloride that provides a treatment similar to
that produced by Type B solvent; however, the solvent recovery process
for this treatment may result in raised grain and checking of the wood.

In addition to these oil-type solvents, efforts have been made to develop
waterborne penta formulations (Type E solvents); however, these formula-
tions are currently approved only for aboveground use. Stake tests are now
underway to determine appropriate ground contact levels for waterborne
penta formulations.

A considerable body of literature has accumulated to suggest that the
solvent used to deliver penta to the wood has a significant impact on
preservative performance. This effect is most notable with penta treat-
ments using the gaseous solvents (Types B and D). Because penta must
enter the target organism to be effective, the solvent must permit the
preservative to come in contact with the target organism. Types B and D
solvents apparently limit the ability of penta to move in this manner, and
there are several reports of surface decay in poles treated with these
formulations. Studies are now underway to better understand the nature of
this effect.

Copper Naphthenate

In addition to creosote and penta, a third oil-type preservative, copper
naphthenate, has received increased attention and use in the past few
years. Originally developed in the 1940's, copper naphthenate is produced
by complexing copper with napthenic acid derived from petroleum. As
with penta, it can be blended with several types of oil solvents and has
performed well in long-term stake tests. Its primary advantage is that it is
considered an environmentally safe preservative and is not currently
included on the EPA list of restricted-use pesticides. Although the use of
copper naphthenate has been limited in the past because of its high cost
relative to other preservatives, its future use will undoubtedly increase as
environmental considerations become more restrictive for other oil-type
preservatives.

Waterborne preservatives include formulations of inorganic arsenical
compounds in a water solution. These chemicals leave the wood surface
relatively clean with a light green, gray-green, or brown color, depending
on the type of chemica used. Unlike most oil-type preservatives, water-.
borne formulations usually do not cause skin irritations and are suitable
for use where limited human or animal contact is likely. After drying,
wood surfaces treated with these preservatives can also be painted or
stained.

The first waterborne preservatives were developed in the late 1800's;
however, most of those formulations were susceptible to leaching from the
wood and performed poorly in service. In the late 1930's, several water-
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borne formulations were developed that employed chromium along with
copper and arsenic. The chromium bonds strongly with the wood to
prevent leaching of the preservative system. The first of these formula
tions, chromated copper arsenate (CCA), was approved for wood use in
the late 1940’s, but did not receive extensive usage until the 1960's, when
demand for clean and paintable wood increased. As CCA was being ap-
proved for use on wood, a second formulation, ammoniacal copper arse-
nate (ACA), was developed and approved for use on wood in 1953. Am-
moniacal copper arsenate is the preferred waterborne preservative for
difficult-to-treat species, such as Douglas-fir, because it penetrates the
wood more effectively. A number of other waterborne formulations have
also been developed, including acid copper chromate (ACC), ammoniacal
copper zinc arsenate (ACZA), and chromated zinc chloride (CZC).

Of the numerous waterborne preservatives, CCA, ACA, and ACZA are
most commonly used in bridge applications. Each of these preservativesis
strongly bound to the wood, thereby reducing the risk of chemical leach-
ing. Chromated copper arsenate is generally used to treat Southern Pine,
ponderosa pine, and red pine, while ACA and ACZA are for refractory
(difficult to treat) wood species, such as Douglas Fir-Larch; however,
large quantities of western wood species, such as Hem-Fir, are treated
with CCA. There are reports of incomplete penetration of Douglas-fir
treated with CCA, and this matter is under study by the American Wood
Preservers Association. There are aso reports that CCA and ACA are
corrosive to galvanized hardware. However, the tendency for corrosion
seems to vary with the wood species, preservative formulation, treatment
conditions, and the service conditions to which the wood is exposed. Such
corrosion has not been reported to be a problem for hot-dipped galvanized
hardware commonly used for bridges.

While the treatment processes for ACA and ACZA use combinations of
steam in higher temperature solutions to sterilize wood during the treat-
ment process, CCA treatments are ambient temperature processes that do
not result in wood sterilization. While this poses little problem in dimen-
sion lumber, failure to sterilize larger material during treatment can permit
fungi already established in the central core to continue decaying the
wood. Where CCA treatments are used on larger wood members with a
high percentage of heartwood, the use of high-temperature kiln cycles to
heat the center of the wood to at least 155 °F for 75 minutes to eliminate
established decay fungi is highly recommended.

Waterborne preservatives are used most frequently for railings and floors
on pedestrian sidewalks or other areas that may receive human contact. In
some situations, they are also used to treat laminations for glulam before
gluing. Waterborne preservatives are also very effective in treating piling
for marine exposures where borer hazards are high. Test results based on
seawater exposure have shown that a dual treatment of waterborne pre-
servatives followed by creosote is possibly the most effective method of

47



protecting wood where marine borer hazards are extremely high. Water-
borne preservatives are not recommended for large glulam members
because the wetting and drying process associated with treatment can
cause dimensional changes as well as warping, splitting, or cracking of
members. Additionally, they provide little resistance to weathering, which
may result in more pronounced checking and splitting from moisture
changes than would occur with oil-type preservatives.

4.3 PRESERVATIVE TREATMENT

MATERIAL FACTORS
AFFECTING TREATMENT

Preservative treatment of wood involves the introduction of chemical
preservatives into the wood structure. To be effective, the treatment must
provide sufficient preservative penetration (the depth to which the pre-
servative enters the wood) and adequate retention (the amount of preserva
tive chemicals remaining in the wood after treatment). In the direction
paralel to grain, fluids flow relatively easily, and adequate penetration is
usualy not difficult to achieve. In the directions perpendicular to grain,
however, movement is much more restrictive and pressure processes are
normally required to force the preservatives into the wood structure. Even
with effective wood preservatives, adequate performance cannot be
achieved without sufficient preservative penetration and retention.

The degree of protection provided by preservative treatment depends not
only on the protective value of the preservative chemicals but also on the
material properties of the wood, the manner in which it is prepared, and
the treating process used to apply the preservative. Each of these factors
can have an effect on preservative penetration and retention, and thus on
the service life of the component being treated.

There are severa factors related to the material character of wood that can
affect its ability to accept preservatives. The most significant of these
factors are the wood species, geographic source, moisture content at the
time of treatment, harvest-treatment interval, and storage conditions before
treatment.

Wood Species and Source

Wood species vary considerably in their ability to accept preservative
treatments. In general, the sapwood of any species is much more receptive
to treatment than heartwood, which in many cases is nearly impenetrable
(Figure 4-1). Unfortunately, not all commercia species have large quanti-
ties of sapwood. This poses a major challenge to treaters faced with
treating species characterized by high percentages of difficult-to-treat
heartwood (Table 4-1). Such species as Southern Pine, ponderosa pine,
and red pine have a high percentage of sapwood and are relatively easy to
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Figure 4-1.- Cross section of a coastal Douglas-fir pile treated with creosote. Note that the
preservative treatment penetrates the outer sapwood ring but stops at the less permeable

heartwood.

Table 4-1.- Relative treatabilitv of selected domestic species.

Heartwood least
difficult to penetrate

Heartwood moderately

difficult to penetrate

Heartwood
difficult to penetrate

Heartwood very
difficult to penetrate

Bristlecone pine
Pinyon pine
Redwood

Baldcypress
California red fir
Douglas-fir (coast)
Eastern white pine
Jack pine

Loblolly pine
Longleaf pine
Ponderosa pine
Red pine
Shortleaf pine
Sugar pine
Western hemlock

Eastern hemlock

Engelmann spruce
Grand fir

Lodgepole pine
Noble fir

Sitka spruce
Western larch
White fir

White spruce

Alpine fir

Corkbark fir

Douglas-fir (Rocky Mtn.)
Northern white-cedar
Tamarack

Western redcedar

From Gjovik and Baechler.’
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treat. Other species, such as Douglas-fir, have alow percentage of sap-
wood and are more difficult to treat. The amount of sapwood can aso
affect the rate at which wood must be processed after harvesting. Southern
Pine has a high percentage of decay-susceptible sapwood and must be
rapidly processed to prevent decay in the warm, humid southeastern
climate. Conversely, such species as Douglas-fir have a lower percentage
of sapwood and can be air-seasoned for long periods with relatively little
degradation.

The effects of wood species and sapwood percentage on treatability differs
for round material, such as piles and poles, and for sawn lumber. For
round material, the sapwood of many species is treatable, resulting in a
well-treated sapwood shell surrounding an untreated heartwood core.
When some of the same species are sawn into lumber, however, many
pieces contain little or no sapwood and are untreatable. Lodgepole pine,
for example, has a treatable sapwood ring when used for piles or poles, but
as sawn lumber, it may be totally untreatable.

Another species-related factor affecting treatment involves the elevation at
which the wood is grown. Wood grown at higher elevations appears to be
more difficult to treat than that grown at or near sea level. While this poses
few problems in the eastern half of the country, a large percentage of
western species are harvested from high-elevation stands. In one particular
study,” it was found that treatability of Douglas-fir was highest in wood
from the Oregon coastal range and steadily declined until the wood from
trees grown east of the Cascade Mountains was classified as refractory, or
untreatable (Figure 4-2). Although studied to a lesser extent, there are also
reports that lodgepole pine, ponderosa pine, and many of the true firs
(Abies sp.) are also affected in this manner. This variation in treatability
places added importance on the need to adequately select the species and
origin of wood to be treated and is recognized in national treating stan-
dards, which differentiate treatments for coastal Douglas-fir and inter-
mountain Douglas-fir.

Moisture Content

In addition to wood species and source, moisture content at the time of
treatment has a significant impact on preservative penetration and reten-
tion. Excessive moisture can result in incomplete penetration or areas
totally void of treatment. It is generally accepted that wood must be below
the fiber saturation point before treatment. Methods for reducing the
moisture content of wood or conditioning before treatment are discussed
under mechanical preparation.

Harvest-Treatment Interval

In the interim between harvesting and preservative treatment, wood is
susceptible to attack by a variety of stain and decay organisms. Stain
fungi generally attack the sapwood of freshly cut wood and cause discol-
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MATERIAL PREPARATION

Il Largely permeable
Intermediate
[E Almost all refractory

Figure 4-2.- Heartwood permeability of Douglas-fir varies with geographic source.
Generally, coastal sources are permeable, Cascade Mountain sources are moderately
impermeable, and intermountain sources are impermeable (refractory). From Morrell,
Helsing, and Graham."

oration, increased permeability to liquids, and reduced wood toughness
(Chapter 13). Increased permeability can improve the treatability of diffi-
cult-to-treat species, but it can also result in bleeding of preservative from
the wood after treatment. Stain prevention can be accomplished by drying
the wood as quickly as possible or by dipping the freshly cut or peeled
wood into fungicidal chemicals immediately after cutting. When wood is
inspected before treatment, care should be taken to ensure the absence of
stain, because this defect may indicate improper handling procedures.
Where feasible, wood should be processed as soon as possible after cut-
ting. Thick sapwood species should not be air seasoned for long periods,
and care should be taken to ensure that all air-seasoned wood is sterilized
during the treatment process. Species with thin sapwood are less suscep-
tible to decay and stain fungi.

The length of time between harvest and treatment also seems to affect
treatability. Although no detailed studies have been performed, treatability
seems to decrease in Douglas-fir with increased length of air seasoning
below the fiber saturation point.

In addition to the need to choose treatable material that is free of defects,

there are a number of mechanical processes that can substantially improve
preservative treatment. These processes, which include debarking, prefab-
rication, incising, radia drilling, through-boring, kerfing, and pretreatment
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conditioning, are intended to enhance the penetration and retention of
preservatives to provide maximum protection.

Debarking

One of the first processing steps in preservative treatment involves re-
moval of the bark. This zone contains cells that are extremely resistant to
fluid flow and can leave untreated, decay-susceptible sapwood pockets
near the wood surface. In addition to the effect on treatability, many
insects require the presence of bark to infest the log. Removing the bark
before the insect larvae hatch and burrow into the wood can limit this type
of damage.

Debarking of round logs is usually accomplished by mechanically rotating
shavers, wheels, or drums (Figure 4-3). These devices also remove some
sapwood, and care must be taken to ensure that thin sapwood species are
not overpeeled. For most sawn timber products, bark is removed in this
manner before sawing or is removed during the sawing process. Sawn
lumber should be inspected before treatment for the presence of bark on
the edges. When this materid is present, it should be removed before
treatment.

Prefabrication

One of the most damaging, yet common, practices in the construction of
timber bridges is field fabrication of treated wood (for example, attaching
connectors or other wood members). Preservative treatment creates an
envelope of protection around the wood. Any field fabrication involving
cutting or drilling after treatment breaks this envelope, exposing untreated
wood to attack by decay fungi and insects (Figure 4-4). Decay potentia in
field-drilled holes and sawn surfaces can be reduced by field treatment of
the cut surfaces during construction; however, wood treated by superficia
field methods (Chapter 12) is less resistant to decay than wood treated by
pressure processes. A more effective prevention method involves com-
plete fabrication (cutting and boring) prior to preservative treatment. This
practice results in thoroughly protected wood, reducing the risk of decay,
minimizing potential maintenance costs, and reducing the time required
for field erection. The latter benefit can reduce the cost of construction and
make timber more competitive as a material. All timber members should
be fabricated before preservative treatment.

Incising

The sapwood of most speciesis easily penetrated by liquids, but adequate
penetration of species containing mostly heartwood can pose much diffi-
culty. Because fluids move more easily through end-grain, one approach
to improving the preservative penetration of these species is to increase
the amount of cross-sectional area exposed to the fluid. This can be ac-
complished by cutting or boring a series of dlits or holes into the wood.
This practice, called incising, is required for the adequate treatment of
many wood species and results in a deeper, more uniform treatment.
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Figure 4-3.- Removing bark is an important part of the treating process. In this photo,
logs are debarked by rotating wheels prior to being sawn (photo courtesy of Kevin
Rockwell, Southern Pine Inspection Bureau).

Figure 4-4.- Decay can originate in field-bored holes that are made after the wood is
treated with preservatives. In this member, a hole drilled after treatment exposed untreated
wood and eventually led to decay at the center of the member (the horizontal split across
the bolt hole was made as the member was removed). Preboring holes prior to pressure
treatment can prevent this damage.
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Incising practices vary considerably, depending on the commaodity being
treated and the wood species. Current standards for preservative treatment
of incised wood are results oriented. That is, incised material must meet
preservative requirements for penetration and retention, but there is no
standard incising pattern. While this approach poses little problem in large
timbers used for railroad ties and other nonstructural applications, the
effect of incising on wood strength can be considerable for smaller dimen-
sion lumber. *©

Incising is most commonly performed by pressing teeth into the wood
surface to a predetermined depth, generaly 1/4 to 3/4 inch (Figure 4-5).
The teeth are spaced to give the desired distribution of preservative with
the minimum number of incisions. Studies are under way to develop other,
less destructive incising methods. To date, needle incising, water-jet
incising, and laser incising have been or are being explored. Although
none of these has yet proven commercially feasible, the results of prelimi-
nary work in these areas is promising.

Incising improves preservative penetration and retention and is required
for treating most species. It is not normally required for Southern Pine,
ponderosa pine, or red pine. With some species, such as coastal Douglas-
fir, western hemlock, eastern white pine, and many of the true firs grown
at lower altitudes, incising can greatly improve preservative penetration
and retention. With other more refractory species, such as western larch,
intermountain Douglas-fir, and lodgepole pine, the effects of incising are
beneficial but less pronounced. With the exception of Southern Pine,
ponderosa pine, and red pine, incising is an important part of the treating
process and should not be waived for a lack of incising equipment at a
treating plant. When large, glued-laminated members exceed the size
capacity of incising equipment, individual laminations should be edge
incised before gluing, or the entire member manually incised after gluing.

Radial Drilling

In some applications, incising can be replaced by radial drilling. In this
process, a series of small-diameter holes are drilled into the sapwood to
the desired depth of treatment. Radial drilling is required by many utilities
for the treatment of electric transmission poles in high-decay-hazard areas.
It also may be used for the treatment of piling but is not commonly used
for sawn lumber or glued-laminated timber. As with incising, radial
drilling decreases the cross-sectional area of the wood and may have some
effect on strength.

Through-Boring

In addition to incising and radial drilling, preservative penetration and
retention can be greatly improved by through-boring. This process, which
Is used by some utilities to reduce the decay hazard in poles at the
groundline, involves drilling a series of angled holes through the wood
approximately 4 feet above and below the theoretical groundline
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Figure 4-5.-(A) The most common method of incising involves pressing small metal teeth
into the wood surface. (B) The openings in the wood improve the penetration and retention
of preservatives in many difficult- to-treat species.

(Figure 4-6). When performed properly, through-boring results in nearly
complete preservative penetration of the heartwood. Although there is a
reduction in strength associated with through-boring (approximately

5 percent in bending strength in utility poles), it is a feasible method for
providing maximum protection for poles and piling in areas of severe
decay hazard.
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Face of pole

Elevation Section A-A

Figure 4-6.- Through-boring in areas of high decay hazard can result in nearly complete
preservative penetration.

Kerfing

Most large wood members cannot be fully dried before preservative
treatment. As a result, the wood continues to dry in service, resulting in
splitting and checking from shrinkage. These checks penetrate beyond the
preservative-treated shell of the wood member, providing avenues of entry
for decay organisms. One method for limiting check development isto
saw a narrow, longitudinal kerf to the center of the wood before preserva-
tive treatment (Figure 4-7). The kerf serves to allow some movement and
relieve stresses from dimensional changes (shrinkage) that would other-
wise cause the wood member to check. Although not commonly used in
bridge applications, kerfing seems to work equally well in round or sawn
timbers. While kerfing may reduce wood strength, the presence of a deep
split has the same effect and, with kerfing, the location of the split can be
controlled to minimize strength effects.

Conditioning

Conditioning is the process used to reduce the moisture content of wood
before to preservative treatment. Although there are many methods of
conditioning, the four most common methods are air drying, kiln drying,
steaming, and Boulton drying. Air drying and kiln drying are often em-
ployed to process sawn lumber products for both treated and untreated
uses. In contrast, steaming and Boulton drying are performed in a treating
cylinder and are used exclusively as a method of conditioning wood
before treatment. None of the conditioning methods completely dry large
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Figure 4-7 —Herting 12108 wopd members, Such as s pole, can reduce the potential for
£ReCking I Sanvice.

members, which would be uneconomical, but they do adequately dry the
zone to be treated. As aresult, large sawn lumber members may continue
to dry and check after they are placed in service.

Air Drying

Air drying is the least intensive drying method and is extensively used for
large western conifers and eastern hardwoods (Figure 4-8). Generdly, the
species must exhibit some resistance to decay to prevent fungi from
causing damage during the conditioning period. Air-drying periods vary,
ranging from as short as 6 months to as long as 3 years or more, and in
most cases the wood is colonized by decay fungi during the process.
While these fungi do not seem to cause damage if the seasoning period is
limited, their presence places added importance on the need to adequately
sterilize the wood during the treatment process.

Kiln Drying

In kiln drying, sawn lumber or timbers are placed in an enclosed structure
and subjected to elevated temperatures and forced ventilation until the
desired moisture content is achieved (Figure 4-9). The process increases
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Figure 4-8.- Sawn lumber stacked for air drying. Note the thin wood strips or “stickers”
placed between the lumber to permit free air circulation.

Figure 4-9.- Sawn lumber stacked for drying in a dry kiln (photo courtesy of Kevin
Rockwell, Southern Pine Inspection Bureau).

the drying rate considerably over air drying and is commonly used for
dimension lumber. The temperatures for conventional kiln drying typically
range from 110 to 180°F, although high-temperature drying may reach
temperatures in excess of 212°F. Drying time depends on the wood spe-
cies, initial moisture content, lumber size, and the temperature maintained
in the kiln. For 2-inch material dried to 19-percent moisture content at
conventional temperatures, average times vary from approximately
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METHODS OF APPLYING
PRESERVATIVES

41 hours for Southern Pine to approximately 72 hours for Douglasfir. In
the South and, at an increasing level, the West, kiln drying is the preferred
method for reducing moisture content of dimension lumber before
treating.

Steaming

In steam conditioning, green wood is placed in atreating cylinder and
heated by steam to temperatures up to 245°F for several hours. After the
steaming process is complete, a vacuum is applied to the cylinder, reduc-
ing the boiling point of water and causing the moisture in the outer zone of
the wood to evaporate. The steaming and vacuum generally reduce the
moisture content of the wood dlightly, and the elevated temperature of the
wood significantly facilitates preservative penetration. A sufficient steam-
ing period also will sterilize the wood and exterminate decay fungi.
Steaming is used primarily for conditioning wood that will be treated with
waterborne preservatives, but steaming is not used when the planned
treatment will be with CCA.

Boulton Drying

Boulton drying is a process developed in the 1870's that involves heating
wood in oil under vacuum. Boulton drying is extensively used in western
species, especialy Douglas-ir, to condition green or partially air-seasoned
timber before pressure treatment with oil-type preservatives. The Boulton
drying period lasts from 24 to 48 hours and employs temperatures of 180
to 220°F. It permits seasoning of green, freshly cut, or peeled material to
treatable moisture levels, with a minimal impact on wood strength. Al-
though the Boulton process is still extensively used, it is under increasing
scrutiny because the moisture removed from the wood is contaminated by
trace amounts of wood preservative. Because of this, the wastewater,
which can approach 5,000 gallons from a single charge, must be used to
make up new solution or be disposed of. This adds to the expense of using
this energy-intensive process and may ultimately preclude its use.

There are two basic types of methods for applying preservative treatment
to wood, nonpressure methods and pressure methods. Nonpressure meth-
ods include brushing, soaking, dipping, and the thermal process. With the
exception of the thermal treatment of western redcedar and lodgepole
pine, nonpressure processes are not used to any significant extent to
initially treat wood used in bridge construction. Brushing and soaking are
used to protect field cuts and bore holes made after pressure treatment
(Chapter 12).

Wood used in bridges and other exposed environments is treated by using
processes involving combinations of vacuum and pressure in a confined
cylinder (retort) to deliver a specified amount of chemical into the wood
(Figure 4-10). These pressure processes date back to 1836, and with few
exceptions, the basic processes used today were patented before 1904.
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Figure 4-10.-(A) Treatment cylinders (retorts) for pressure-treating wood. (B) As vie wed
from the inside of a cylinder, wood ready for treating is loaded on carts that are rolled into
the cylinder on steel tracks.
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Although there have been many process variations to improve chemical
penetration and fixation, or to reduce exudation of chemical from the
wood, the overall treatment processes have remained fairly stable since the
1950's.

The objectives of the pressure processes are to kill any fungi that may be
growing in the wood and ensure that a sufficient amount of preservativeis
delivered to the proper depth in the wood. The two types of pressure
processes are the full-cell process and the empty-cell processes. The
names full-cell and empty-cell are somewhat representative of the results
of the respective treating processes. In the full-cell process, wood pre-
servative coats the wood cell walls and, to various degrees, fills the
empty-cell cavities. In the empty-cell processes, the cell walls also are
penetrated, but the cell cavities are left relatively empty of preservative.

Full-Cell Process

The full-cell (or Bethell) process uses an initial vacuum in the treating
cylinder for 30 minutes or longer to remove as much air as possible from
the wood. Following this vacuum, preservative is added to the cylinder
and pressure is applied up to 150 Ib/in’. Once a sufficient amount of
chemical has been forced into the wood, the pressure is released and the
preservative is withdrawn (Figure 4-11 A). At this point, a vacuum may be
introduced in the cylinder, or the wood may be steamed to hasten recovery
of excess preservative and to clean the wood surface.

The full-cell process produces the maximum solution retention for a given
depth of penetration and is most often used for treatments with waterborne
preservatives and for treating marine piling with creosote. For waterborne
preservatives, solution strength can be varied to achieve the desired reten-
tion. With the exception of wood members in ground contact in areas of
high decay hazard, the full-cell process is not recommended for wood
bridge members treated with creosote or other preservatives in oil carriers
(unless the required retention cannot be provided by empty-cell processes
discussed below). High retentions of oil-type preservative in cell cavities
can result in excessive bleeding of preservatives on the wood surface.

Empty-Cell Processes

The empty-cell processes, which include the Lowry and Rueping pro-
cesses, do not use the initial vacuum treatment employed in the full-cell
process (Figure 4-11 B). In the Lowry process, the preservative solution is
admitted into the cylinder containing the wood, and the pressure on the
solution is gradually increased. This pressure is held until a sufficient
amount of solution is forced into the wood. As the pressure is released, air
that was compressed into the wood forces out excessive preservative in a
process termed kickback, resulting in a lower preservative retention for a
given depth of penetration. At the end of the pressure period, the cylinder
is drained, and afinal vacuum is generally applied to remove any surplus
preservative from the wood.
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Figure 4-11- Diagrammatic representations of the full-cell and empty-cell processes for
pressure-treating wood.

In the Rueping process, the cylinder containing the wood is initially pres-
surized at 25 to 100 Ib/in*for 30 to 60 minutes before the preservative
solution is added. After this period, preservative is forced into the cylin-
der, causing air in the cylinder to escape into an equalizing or Rueping
tank at a rate that keeps the pressure constant in the cylinder. When the
treating cylinder is filled with preservative, additional pressure is applied,
and the treating process is completed in the same manner as the Lowry
Process.

Both the Lowry and Rueping processes are widely and successfully used
in the treating industry. One advantage of the Lowry process is that it uses
the same treating equipment used for the full-cell process. The Rueping
process requires an equalizing tank and additional equipment to force the
preservative into the pressurized cylinder.

Empty-cell processes are used for oil-type treatment of sawn lumber,
glulam, piling, and poles. The objective of the processes is to achieve deep
penetration with arelatively low net retention. As aresult, the potential for
substantial surface bleeding of preservative is less than with a full-cell
process. It is recommended that empty-cell processes be used for al
bridge treatments involving oil-type preservatives, provided retention re-
quirements can be met.
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POSTTREATMENT
CLEANING

Modified Pressure Processes

One variation in the pressure processes is the use of solvents that carry the
preservative into the wood but vaporize after the pressure is released,
leaving dry chemical deposited in the wood cell wall. Two such processes,
the Dow and Cellon processes, use methylene chloride and butane, respec-
tively, to dissolve penta. Because the solvents have a high vapor pressure,
they rapidly volatilize from the wood, leaving the penta behind. The main
advantage of these processes is the absence of surface oils that make
painting difficult or mar the appearance. One disadvantage seems to be an
increased susceptibility to the development of surface decay when the
wood is used in ground contact.

At the conclusion of the pressure period, some treaters heat wood in oil-
type preservatives for several hours to force out excess preservative.
Steaming also can be used to clean the wood surface after the pressure
process. These heating or steaming periods reduce the amount of excessive
preservative and decrease the potential for unsightly bleeding in service.

4.4 SPECIFYING TREATED TIMBER FOR BRIDGES

SPECIFICATIONS AND
STANDARDS

Although properly used preservative treatments will provide along service
life for wood products, the manner in which a commodity is specified can
have a significant impact on its performance. Factors related to treatment
preparation, processes, and results must all be carefully considered and
specified, not only to ensure performance, but also to protect the buyer
against inferior products. This section discusses treatment specifications,
standards, and design considerations related to timber bridge applications.
Methods of specifying treated timber, including typical specifications, also
are addressed.

Specifications and standards for the preservative treatment of wood are
maintained by the American Wood Preservers' Association (AWPA), the
American Association of State Highway and Transportation Officials
(AASHTO), the American Institute of Timber Construction (AITC), and
the Federal Government. The AWPA standards’the most widely used
and most comprehensive standards and are the recommended source of
specifications and treating process procedures for sawn lumber, glulam,
piling, and poles used for timber bridges. The AASHTO (M133), AITC
(AITC 109), and Federal standards directly reference or closely paralel the
AWPA standards.

The AWPA standards are prepared by technical groups that consist of
wood treaters, users, and general interest parties who assemble technical
information to develop recommendations for the use of treated wood in
specific environments. They contain requirements for the composition of
preservatives and solvents, penetration and retention for various species
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and uses, and analytical procedures to ensure that treatment requirements
are met. Also included are limits for pressures, temperatures, and exposure
times during conditioning and treatment to avoid conditions that adversely
affect strength or other wood properties. The standards are results oriented
and are generally stated as minimums or acceptable levels over a desig-
nated range of values. This flexibility is intended to permit the purchaser
and treater some latitude in meeting treatment requirements for specific
applications without damaging the wood.

A book of AWPA standards is published annually and is available at
nominal cost from AWPA (see Table 16-10 for address). The book is
divided into five basic categories consisting of (1) preservative standards
(P-standards), (2) commodity standards (C-standards), (3) analytical
methods (A-standards), (4) miscellaneous standards (M-standards), and
(5) conversion factors and correction tables (F-standards). The standards
in these five groups are cross referenced and address a wide variety of
timber products, many of which are not related to bridge applications. A
list of those most applicable to timber bridges is given in Table 4-2.
Although the standards may seem confusing at first glance, they contain a
wealth of information and, with experience, are relatively simple to use. It
is important that the designer obtain a current copy of these standards and
become familiar with the contents prior to specifying treated timber.

Many of the design and performance considerations required for specify-
ing treated timber for bridge applications were discussed in the preceding
sections of this chapter. There are, however, several topics that continue to
cause concern and deserve further emphasis before discussing treatment
specifications. These topics include dimensional stability, surface appear-
ance, and some special considerations for glulam.

Dimensional Stability

The primary purpose of wood preservatives is to protect timber members
from decay and other deterioration. In addition to providing this protec-
tion, severd of the oil-type preservatives, including creosote, creosote in
petroleum oil, and penta or copper naphthenate in oil (Type A), provide
added protection against the effects of weathering. Unlike waterborne
preservatives or oil-type preservatives in volatile solvents, which afford
little or no protection from moisture penetration, these heavier oil-type
preservatives provide a water-resistant barrier on the wood surface.”
Although they will not prevent splitting in members because of initial
drying, they do reduce the susceptibility of the member to fluctuating
moisture contents and associated dimensional changes and can reduce
splitting and checking in service. Thisis an important consideration in
timber bridges because checks provide avenues of entry for decay fungi
and insects that would substantially reduce the service life of the structure.

The benefits of heavy oil preservatives are most pronounced in glulam
members because of their large size. Glulam members are generaly
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Table 4-2. -Summary of AWPA Commodity Standards most applicable to bridges.

Preservative (P) Standards

Crensote .. e-aeataiaiatatatara e e e R £ttt et en b e rararererenn e e e eeenrnsnene o
Creasnle and Greusule Sa!utmns PSS ORRRTTRUUTUUUPN .
Creosole-Petroleum Cil Solution ... P3
Petrgleum Oil for Blending with Grausule LR R e e rn e s e st an e tasnsmmantns et nsnr s s s aasactraresasereres PO}
Waterborne Preservalives ... Pﬁ
Creosole for Brush or Spray Treatmentfcr Fueld Guis VO OO oF |
Qil-Borne Preservatives ... PB
Standard for Solvents for Organlc Preservative Systems OO OO USROS ORPRAOUTRUTOION .
Creosole-Pentachlorophengl Wood Preservative Sulutmn .................................................................................. P11
Creoscle/Ceal-Tar Solution for Use in Treatmenl of Marine (Coastal Waters) Piles and Timbers ...................P12
Coal-Tar Crecsate for Use in Treatment of Marine {Coastal Walers) Piles and Timbers ..., P13

Commoditly (C} Standards

All Timber Products, Pressure Treatment [General ReqUiremenis} .........oo s e @1
Lumber, Timbers, Bridge Ties, and Ming Ties, Pressure Traatment . ... cssss v v sererescese e G2
Piles, Pressure Trealment (13
Polas, Prassule TRBAIMENL. ..o et rmssi s s sn s e saant st e emt st en s st re e oe o O
Posts, Pressure Treatment ... VU TONOTOTFORTSRN '
Waod for Highway Cunstructmn PIESSUIE TIBAUNT -ooroossorr s 14
Material in Marine Conslruction, Pressure Treatment ... UUTOTPNE 3 )
Structural Gued-Laminated Members and Laminations Sefore Glumg. Pressure Treatment irenrenrerarnsesenrnraers G20

Analysis Metheds (A Standards)

Analysis of Creosote and Oil-Type Preservatives .. SRR OUUTUIUTOTIURY &
Analyses of Waterbome Preservalives and Fire Hetardant anulahms SR . .
Determining Penelration of Prasenvatives ... AS
Sarmpling Wood Presenvalives.. e s, R L e T
Analyses of Oil-Borne Prasenatives ..o ceeesesese s s mes e heirteeee e aia e e R ea AR et e e et AL
Determination of Water and Qil-Type Presenvatives in Wood ... eeecee e e S AB
Wet Ashing Procedurs for Preparing Wood for Chemical Analysis ... - S . ¥
Qualitative Recuvary of Creosote or Crecsote/Goal- Tar Salution frcrm Frashl;-r Traated Firas Pnles

or Timber {Squeeze Mathod) ... SRR .
Analysis of Treated Wood and Treanng Snlutmns tr,r X Flay EITIISS-I'DI"I Spectmscopy SRR . |
Analysis of CCA Treating Solutions and CCA Treated Wood by Colorimetry ... Y Y 0
Analysis of Treated Wood and Treating Solutions by Atomic Absorplion Spectm&mpy U .y

Miscellaneous (M} Standards

Purchase of Treated Wood Protuats . .o eresmses e e ere s e s mmsmemmneres st esssssssmsnssseneseepteeeerenns W1
Inspection of Treated TimbEr PrOOUCIS ... s essse s snese s s s s vssitetetesvesrermsseee e reneeeeseeese s M2
Care of Prossure-Treated Wood PrOUGIS ..o e reermseresvsesssssssssssssss e ssnestesssnssesesesesesanaemsesssmrererssenseses W4
Glossary of Tarms Used in Wood PreSBmvalion........... ... eioireresrerssessresesesesesrermseresesesasesesasesssseseses M5
Brands Used on Forest Products ... iaierra ettt e e ens s ma s e e s aa sttt e berenrararens WD
Guideling for tha Physical Inspe-cnnn nf Pules |n Sewlca UV C SO PY TR .|
Miscellaneous Methods, Procedures and INFIMENON ... et e e e ssrsenessssnsneee e M T

From AWPA Book of Standards. ©1986. Used by pemigsion.
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installed at arelatively low moisture content (less than 16 percent), and
splitting and checking of the member because of initial moisture losses are
minimal. However, without some protection to retard moisture absorption
into the wood, members may split and check in service. Treatment with
waterborne preservatives or pentain volatile solvents can lead to signifi-
cant performance problems in glulam, as shown in Figure 4-12. With the
exception of handrails or other components that may be subject to human
or animal contact, or wood members that must be treated before they are
glued, it is recommended that all bridge components be treated with
creosote, creosote in petroleum oil, or penta or copper naphthenate in
heavy ail (Type A) for best performance.

When waterborne treated members are used, the moisture content of the
member after treating can also have an effect on dimensional stability.
When timber is treated with waterborne preservatives, the wood becomes
saturated with water, increasing the probability that seasoning checks and
splits will develop as the member dries. It is recommended that all mem-

Figure 4-12.- Large glulam bridge members treated with waterborne preservatives (before
or after gluing frequently check and split in service. With the exception of members that
are subject to human or animal contact, all glulam used in bridge applications should be
treated with oil-type preservatives.
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bers treated with waterborne preservatives be dried after treatment. In
most cases, drying to a moisture content of 19 percent is sufficient, but in
very arid regions, lower moisture contents may be desirable. A number of
recent studies have shown a significant posttreatment effect to be a direct
result of the redrying after treatment. While stiffness has not been shown
to be affected, some strength properties have been reduced. Recent modifi-
cations to the AWA standards for sawn lumber have restricted the
posttreatment redrying temperature to no more than 190°F to minimize
this potential problem.

Surface Appearance

In the past, users of treated wood were most concerned with performance,
and there was less concern for such amenities as surface appearance. The
recent environmental emphasis has changed this perspective, and the
surface appearance and exudation or bleeding of oil-type preservatives
have become important environmental issues. The most severe bleeding of
treated wood members generally occurs along exterior beams or other
components that are subjected to direct sunlight. The heating effect on
these members can cause bleeding of preservatives that would otherwise
not occur in shaded locations.

In most cases, the bleeding of oil-type preservatives in small quantities
poses no harmful effects; however, bleeding should be minimized or
eliminated whenever possible. Following are suggestions for improving
the cleanliness of oil-type preservatives.

1. Specify the correct preservative retentions recommended in the
appropriate AWPA standard for the type of material, use
condition, and preservative. Retentions in excess of these levels
increase the level of preservative in the wood, which may cause
bleeding, and do not increase service life.

2. Use of empty-cell processes rather than the full-cell treating
process for oil-type preservatives results in a lower level of
preservative in the wood cell cavities and should be specified
whenever possible. Empty-cell processes may not be feasible in
situations when retentions greater than or equal to 20 Ib/ft*for
creosote are required.

3. When using creosote, use of clean creosote containing lower
levels of xylene insolubles can reduce surface deposits.

4. Expansion baths (heating in preservative) at the conclusion of the
treatment cycle and combinations of vacuum/steaming periods
can reduce surface deposits and decrease bleeding once the wood
isplaced in service.
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In addition to the above considerations, surface cleanliness also is related
in some degree to the quality control and cleanliness of the treater. When
the treating plant cylinder and pipes are kept free of sludges, surface
residues and potential bleeding are reduced.

Special Considerations for Glulam

In most bridge applications, glulam is pressure treated after it is has been
laminated (glued). In some cases, large members, such as arches, will not
fit into treating cylinders after manufacture, and the individual laminations
must be treated before gluing. Glulam can be manufactured from treated
laminations when certain preservatives are used, specificaly the water-
borne preservatives or pentain light petroleum or volatile solvents

(Type B, C, or D). When bridge members are treated before gluing, penta
inlight petroleum (Type C solvent) is recommended. Although pentain
light petroleum is not as effective in protecting the member from moisture
as the heavy oil preservatives, it does give limited surface protection and
generally produces the best final results.

There recently has been some concern regarding glulam manufacture from
treated laminations. In a December 1986 statement issued by the AITC, a
policy was adopted by western laminators not to glue preservative-treated
western species. Although this policy does not involve al laminators and
does not affect Southern Pine species, the designer should verify industry
capabilities before issuing designs or specifications that require preserva-
tive treatment before gluing.

Treated timber must be properly and completely specified to obtain the
required treatment for the intended application. For al types of
treatments, specifications must include a preservative according to an
AWPA P-standard and a treatment requirement (including preservative
retention and penetration) in accordance with an AWPA C-standard. In
addition, requirements for mechanical preparation and treating conditions
may be desirable to ensure optimum preservative performance. These re-
quirements vary for different component types and preservatives and
generally include such items as pretreatment and posttreatment moisture
contents, incising, prefabrication, treating procedures, and posttreatment
steaming or cleaning.

The AWPA standards for treated timber in bridge applications are found
in Standard C14, Wood for Highway Construction-Preservative Treatment
by Pressure Process, and aso in Standard C28, Standard for Preservative
Treatment of Structural Glued Laminated Members and Laminations
Before Gluing of Southern Pine, Pacific Coast Douglas Fir, Hemfir and
Western Hemlock by Pressure Process. Both of these standards contain
information related to treating requirements and preservative penetration
and retention for various types of components, use conditions, and preser-
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vatives. Standard C14 gives specific requirements for sawn lumber, posts,
poles, and piling but relies mainly on other AWPA standards for specific
process requirements. Minimum preservative retentions from Standard
C14 are shown in Table 4-3. Note that the retention for each preservative
is specified for different components, such as sawn [umber, piles, and
posts. The right column of the table specifies AWPA standard that gives
additional treatment requirements for that type of component. For glulam,
AWPA Standard C28 gives treating requirements for members treated
before or after gluing. Retention requirements for glulam treated after
gluing are shown in Table 4-4. Note that preservative retentions are based
on the species of the laminations, not the type of component.

In most AWPA standards, minimum requirements for preservative reten-
tion are based on the type of material and the conditions where it will be
used: aboveground, in ground contact, or in marine environments with
exposure to borers. For wood used in bridges and other highway applica-
tions, aboveground conditions are generally not used and all components
other than those subject to marine borers are treated to ground contact
retentions. In Standard C14, one retention is specified regardless of
whether the component is in ground contact or not (these retentions are
approximately equal to ground contact requirements for sawn lumber
specified in AWPA Standard C2). In Standard C28, retentions are speci-
fied for aboveground and ground contact; however, for bridge applica-
tions, the retentions specified for ground contact are normally used to
provide retention levels comparable to those specified in Standard C14 for
sawn lumber. Although much of a bridge will be out of ground or marine
contact, it isimportant to recognize that some aboveground locations also
are high-decay hazard environments. This is particularly true in the critical
joint areas where moisture can collect and where decay is most likely to
develop.

AWPA Standards C14 and C28 are designed to achieve 50 or more years
of service life in most environments; however, additional requirements can
be imposed when warranted by the needs of severe service. When addi-
tional retention or penetration requirements are considered, it is best to
consult with specialists from a national treating organization, a university,
or the USDA Forest Service, Forest Products Laboratory to ensure that
such treatments are practical, safe, and worth the added costs. A listing of
national treated timber organizations that provide assistance to usersis
given in Chapter 16.

Typical Treatment Specifications for Bridges

All information required to properly specify treated wood is found in the
applicable AWPA standards. Additionaly, the standards indicate which
types of treatment are appropriate for various wood species and compo-
nent types. The following sample specifications illustrate the information
required to specify treated timber for several preservatives and commodity
products. Additional requirements are included for treatment procedures,
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Table 4-3.- Minimum preservative retentions for lumber, poles, and piling used for highway construction.

Pentachlord-
Croosoly- Cropsole- Peatachlore- phenal, P9 AWPA
Malarlal and Uzage Creosole’ Coal Tar' Petroleum  phenol®  Typa € alvert  ACE ACA ACZA GCA PAE  standards
Lumber for Bricies, Stroctuval Members, Oeckeng, Cribbimg, ang Culverts
Southern Fine, Coastal Douglas-fir, Weslem
Hemlack, and Western Larch 12.0 120 120 Q.50 NR® MR 0EQ 0&l T80 NB 2
Structvral Lumber in Saif Water
Southern Pine 25.0 250 NR NR NR MR 2.50 240 250 MR 2
Coastal Deupglas-fir, Hemback 25.0 HNR NR NR NR MR 250 250 250 NP c?
Structural Lumbar in Saftvatar-Dual Traatmant
Southern Pine
First treatment NR NR NR NR NA MR 1.50 150 1.50 HR ;2
Second treatment 200 2040 MR NR NR R NR NA NR 17} c2
Coastal Douglas-fir, Westem Hemlock
Firsi treatment NR NA NR NR NR NR 1.50 1.50 1.50 HR ;2
Second treatmenl 200 20.0 NR NAR NR NR NR |3 NR MR c2

Pies for Foundation, Land, ar Fresh-Water Uss
Southern Ping, Ponderosa Pine,
Jack Pine and Red Pina 120 120 120 060 WA NR 0.80 Q.80 Q.80 NR 03
Coastal Douglas-fir, Westam Larch,
Intermauntain Douglas-fir,
and Lodgepale Pine 17.0 170 170 083 NR MR 100 1.00 1.00 NR ca
Qak 5.0 6.0 60 0.30 NR NA NA NR MR HR ca
Posts, Fence, Guide, Sign, and Sight
All Softwood Species
Round, Hall-Reund, and Quanter Round® B0 8.0 8.0 .40 NR 050 0.40 0.40 0.40 NR G5
Sawn Four Sides 1000 100 100 050 NR a.62 0.50 n.s0 050 HR c2
Posts, Guardrall, Spacer Blocks'
All Sottwood Species

Round 10.0 100 100 {50 NR NR (.50 0.50 0.50 NR [
Sawn Faur Sides 120 20 120 a5 NR NP 0.60 Q&0 050 NR Cc?
Palgs, Lighting:
Southern Fine, Ponderasa Fine 153 MR MR 0.33 NR NR 0.60 050 060 MR C4
Red Ping 105 NB MR 053 NR NE 060 L Q.60 NR 4
Coastal Douglas-fir 88 NR NR 045 NR NR 050 060 050 MR &4
Jack Pine, Lodgspols Pine 120 NR NF QB0 NH NR ¢60 o0 050 MR c4
Westem Red Cedar, Western Larch,
Intermountain Douglas-fie 16.0 NR NR 0so NR NR 050 060 0.60 MR C4
Handrails and Guardrais {rot in cortact with ground or water)
All Softweod Species ap NR NR 040 DAD 0.25 025 025 0.25 0.40 G2

1 Whan these preservatives arg specified for materials to be used in saft waler, the creoscle-codl 1&r shall confanrm to AWPA S1andard P12, ang (he creosote shall canform 1o AWPA Standard P13,
Heterrlmn by lime ignition methoed, When copper pyridine method is used, multiply the resetts by 1.7 to convert 1o the kme ignitkan result,
Where permitted in AWPA Standard G5
4 | spacer blocks are treated with olher sawn material, the retantion of the eharge shall bs determined by assay of borings taken from the olher sawn material, unless pach is samgpled and
asw,red as an indradustl cominod ity.
% NR-Not recommended. Waterhg me preservatives or penlachlorephenol in suitable sobvents should be veed where a dry surface is raquired ar the material is to be painted.

From AWFA Book of Standards.® ©1388. Used by permission,



Table 4-4. Minimum preservative retentions for glued-laminated timber treated after manufacture.

Retention by assay (Ib/ft’), minimum

Pacific coast
Douglas-fir, hemfir, or

Southern Pine western hemlock
Above- Ground Above- Ground
Treatment ground contact ground contact
Creosote 6.0 12.0 6.0 12.0
Creosote/Coal-Tar Solution 6.0 12.0 6.0 12.0
Creosote Petroleum NR NR 6.0 12.0
Pentachlorophenol 0.30 0.60 0.30 0.60

NR = Not recommended.

Refer to AWPA Standard C28 for table footnotes and requirements related to assay and penetration requirements.
From AWPA Book of Standards."8 1986. Used by permission.

surface cleanliness, and moisture content for waterborne preservatives.
These additional requirements are recommended but may be changed to
meet specific design applications. For materials or use conditions other
than those noted, sample specifications should be modified in accordance
with AWPA Standards C14 and C28, and the applicable P-standards
(preservative) listed in Table 4-2. For additional information on specifying
treated timber, refer to AWPA Standard M1, Standard for the Purchase of
Treated Wood Products.’

Creosote Treatment for Sawn Lumber

Sawn lumber shall be pressure treated using an empty-cell process with
creosote conforming to AWPA Standard P1 to a minimum net retention of
12 Ib/ft’in accordance with AWPA Standard C14. All members shall be
fabricated before treatment and shall be free of excess preservative and
solvent at the conclusion of the treating process.

Note: The same specification applies to glulam treated after gluing when
AWPA Standard C14 is replaced by AWPA Sandard C28.

Creosote Treatment for Douglas-Fir Foundation Piling in Land or Freshwater
Use

Timber piling shall be incised and pressure-treated with creosote conform-
ing to AWPA Standard P1 to a minimum net retention of 17 Ib/ft’in the
assay zone in accordance with AWPA Standard C14.

Note: Refer to AWPA Sandard C14 for treating retentions for other
species and piling used in salt water.

Creosote/Petroleum-Oil Treatment for Sawn Lumber

Sawn lumber shall be pressure treated using an empty-cell process with
creosote/petroleum-oil solution conforming to AWPA Standard P3 to a
minimum net retention of 12 Ib/ft’in accordance with AWPA Standard
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C14. All members shall be fabricated before treatment and shall be free of
excess preservative and solvent at the conclusion of the treating process.

Note: The same specification applies to glulam treated after gluing when
AWPA Sandard C14 is replaced by AWPA Sandard C28.

Penta in Petroleum-Oil (Type A) Treatment for Glulam Treated After Gluing
Glulam shall be pressure treated using an empty-cell process with pen-
tachlorophenol conforming to AWPA Standard P8 in hydrocarbon solvent,
Type A, conforming to AWPA Standard P9 to a minimum net retention of
0.60 Ib/ft’in accordance with AWPA Standard C28. All members shall be
fabricated before treatment and shall be free of excess preservative and
solvent at the conclusion of the treating process.

Penta in Petroleum-Oil (Type C) Treatment for Laminations for Glulam
Treated Before Gluing

Lumber laminations for glulam shall be pressure treated with pentachloro-
phenol conforming to AWPA Standard P8 in hydrocarbon solvent,

Type C, conforming to AWPA Standard P9 to a minimum net retention of
0.60 Ib/ft’in accordance with AWPA Standard C28.

CCA Treatment for Southern Pine Sawn Lumber Deck Planks

Sawn lumber planks shall be pressure treated with CCA conforming to
AWPA Standard P5 to a minimum net retention of 0.60 Ib/ft’in accor-
dance with AWPA Standard C14. All members shall be fabricated before
treatment and dried to a moisture content of 19 percent or less after
treatment.

Note: CCA is used extensively for Southern Pine but is not recommended
for Douglas-fir and other refractory species. These species are normally
treated with ACA or ACZA.

ACZA Treatment for Douglas-Fir Sawn Lumber Guardrail Posts

Sawn lumber for guardrail posts shall be pressure treated with ACZA
conforming to AWPA Standard P5 to a minimum net retention of

0.60 Ib/ft’in the assay zone in accordance with AWPA Standard C14. All
members shall be incised and fabricated before treatment and dried to a
moisture content of 19 percent or less after treatment.

ACA Treatment for Western Hemlock Sawn Lumber Handrails

Sawn lumber for handrails shall be pressure treated with ACA conforming
to AWPA Standard P5 to a minimum net retention of 0.25 Ib/ft’in accor-
dance with AWPA Standard C14. All members shall be incised and
fabricated before treatment and dried to a moisture content of 19 percent
or less after treatment.
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4.5 QUALITY CONTROL AND CERTIFICATION

While proper specifications help ensure proper treatment, wood is a
variable material that does not always treat evenly. Inspection and quality
control before, during, and after the treating process ensure that the mate-
rial is suitable for the intended application. This inspection generally
begins before treatment, when the untreated or white wood is inspected for
grade, moisture content, stain or decay, and proper manufacture (cutting,
boring, incising). Pieces with defects are rejected by the inspector based
on end-use specifications. This point in the inspection is one of the most
important because many defects are more easily seen in the white wood.

During the treatment procedure, the treater routinely removes samples of
the treating solution for analysis to ensure adequate solution strength. In
addition, the treating process is monitored by gauges to ensure compliance
with the applicable AWPA standard. Following treatment, the material is
again visually inspected to ensure that inadequate material did not slip
through the white wood inspection. The inspector then removes a series of
increment cores, at selected locations (depending on the commodity), from
pieces in the charge. The depth of preservative penetration is measured
either visualy or by using chemical indicators to ensure that penetration
requirements are met. Generally, a percentage of cores in each charge
(usually 90 percent) must meet the requirements. If this does not occur,
then all pieces in the charge are bored, and pieces not meeting the require-
ment must be retreated or rejected. The increment cores also are collected
and returned to the laboratory where they are analyzed for preservative
retention. Once again, failure to meet the retention requirement will lead
to rejection of the charge.

Inspection of treated timber can be performed internally through a regular
inspection staff or by contract through a third party. Many government
bodies that purchase large quantities of treated wood maintain inspection
staffs; however, the quantity of timber purchased by most usersis usually
not sufficient to justify a full-time staff. In these cases, the use of inde-
pendent third-party inspection can provide reliable quality control at a
reasonable cost. The treating industry has developed a quality control and
certification program for treated products to assist users in obtaining
properly treated material. The program is administered by the American
Wood Preservers Bureau (AWPB), which acts as an independent third-
party organization that licenses a number of inspection agencies to provide
in-plant and field inspections of wood treaters and their products. Agency
inspectors are highly qualified technicians who qualify individual treating
plants for participation in the program. They train personnel for internal
quality control programs and independently collect samples of pressure-
treated wood; samples are sent to the agency or bureau laboratory for
analysis of preservative retention and penetration. Treaters participating in
the program who maintain their product quality are authorized to certify
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ABC WOOD PRESERVING

Year of treatment

American Wood Preservers Bureau trademark or
trademark of the AWPB caditied agency

The preservalive used for treatment

The applicable American Wood Preservars
Bureau quality standard

Trademark of the AWPB certified agency

Proper exposure conditions

Fraating company andg plant location

Dry or KDAT A applicable

EZ|mTmm =20 0 =

Figure 4-13.- Typical quality mark and nomenclature for wood treated in accordance with
AWPB quality standards (courtesy of the American Wood Preservers Bureau). Used by
permission.

their products with an AWPB quality mark (stamp or tag), which indicates
that the product meets the specified standard (Figure 4-13). Additional
information, including participating treaters and certified inspectors, may
be obtained from AWPB at the address given in Table 16-10.

Although the AWPB is the largest nationwide organization for inspecting
and certifying treated material, there are other qualified organizations and
individuals that perform this service. For example, the Southern Pine
Inspection Bureau administers an inspection and certification program for
Southern Pine dimension lumber treated with waterborne preservatives.
Regardless of the inspection organization or individual used, the user
should aways require that each piece of treated material be legibly ink
stamped (waterborne preservatives only), branded, or tagged as evidence
of inspection to certify compliance with treating standards. Examples of
brands used for this purpose are given in AWPA Standard M6, Brands
Used on Forest Products.’
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Tahble 5-5. Typical tabulated vatues for glulam axial combinations.

Aoally Loaded Bending about Y-Y Axi Bonding About X-X Audz
Tenson |  Compres- Loaded Parallsl Loadsd Y
Paralml 2N to Wide Fadas Porpendicular
(] Paraled ol Laminalions ¥ to Wida :@
Grain, .I'-‘r to Grain, F‘ Fams of
Laminalions ¥
Compras- Exreme Fiber in Bending', £, Horizontal Shear, F Extreme Fioer |, -
el by, vy in Bandina " F Huefizontal
Modukzs | Perpen- M P | Shoas, 0
Combi- e dicular | 2or 4w 4o 4 or Mote Lams. dov Zlams. | 4of F.,
alion Elagiicity | foGrain, | More | More | 2o Kare {For mombers wih | Mare 3 2 le15in. | More [Zof Mome
Symboi | Species? | Grade® E F,a | Lams | Lams. J3lams. | lamg | 3tams | 2ELams.|mubiple plece ams|™ | Lams, | Lams. | Lams. | Deep' |lams 19| Lams,
$0'psi]  psi psf psl ] psi pii pet psi psi psi pei pl pai ps
1 Z 3 4 ] 6 1 g 9 10 11 12 13 14 15 16 17 18
Visueity Graded Western Spacles
1 L3 15 560F | oop | 1550 1200 1450 1750 1000 75 145 135 125 1250 1500 165
2 L2 17 560" | 1250 1900 1600 1800 1600 1300 5 145 135 125 170 2000 [1iL]
3 =0 18 Bal 1450 2330 1850 2100 1859 1550 75 145 135 125 2000 2300 165
4 LGl 19 sont | 1400 2100 1500 el ¢} 2000 1850 75 145 135 125 1900 | 165
3 Lt 20 650 1600 2400 2100 2400 2100 1800 5 145 135 125 2200 2400 165
E oF MG 14 470 350 Brs £50 850 50 550 B0 120 115 105 450 - 140
7 MM 1.5 50 800 1550 FiLi) 1450 1250 1000 [ 145 135 125 L -_— 16%
8 b 1E 560" | 1000 1550 1150 1600 1550 1300 Fis 145 135 125 1354 1600 165
L] WD 18 &850 11503 1800 1250 1850 1800 1500 Fi 145 135 125 1600 1850 165
10 M1 18 550 k 1300 1950 1450 1950 1750 1500 75 145 135 125 1750 2100 165
11 N1D 20 650 154 ¥ 1700 2300 2100 1750 ] 145 135 125 2100 2400 165
12 &5 18 60k [ 1400 1850 1650 2100 1950 1650 72 145 125 125 800 2200 165
13 S8D 20 650 1600 s ln g 1950 2400 a0 1950 75 145 135 105 200 2400 165
14 L3 1.3 ars* B0a 1100 978 1200 1050 L] 70 13 10 HE 1100 130G 156
15 L2 1.4 ars* 1050 1350 1300 1500 1350 1100 Ta 135 123G 115 1450 1700 1558
16 L1 15 arsk 1200 1500 1450 1750 1550 1300 K+ 135 130 115 160G 1900 155
17 HF LD 1.7 500 1400 1750 1700 2000 1850 1550 10 135 130 115 1900 200 155
18 H3 13 375 425 w0 575 o 7o Tl 10 135 1% 115 &5 - 155
19 N2 14 ars* 850 1300 o5 1384 1300 1100 10 135 13 115 1150 1350 1ER
20 Hi 16 arst a75 1450 1250 1550 1500 1250 10 1% 130 115 1250 1550 155
21 55 18 a5t | 1o 1450 1350 1750 1650 1400 70 135 130 115 | 1500 1750 155
i L2 1.¢ 2557 ) 850 &75 L1k 4] o S50 60 ¥ 120 115 105 ) 5] 140
23 N2 10 255° | 27 625 450 450 450 450 il 120 115 105 400 — 140
..} W h2 11 259 | 550 900 700 000 B7S 725 B¢ 120 115 105 75 000 149
25 N1 12 25° | 850 | 1000 BTS | M50 ! 1000 850 80P 1260 145 105 875 | 1050 140
26 25 12 2551 i) 1000 1000 1150 1100 425 goF 120 115 i 1008 1150 140
53 13 i1 500" BO0 1400 1050 1200 1050 &850 i 145 135 125 1050 1259 165
80 DFS 2 1.3 g0 1 1nse 1750 1400 1750 1550 1150 75 145 135 125 1450 1700 165
&1 L1 15 650 1350 2200 1850 2000 1800 1500 5 145 135 125 1850 Z20) 165
it L3 1.3 470 ol 1150 1150 1000 ars o 8 165 160 140 1006 1150 190
TG AG Lz 14 £70 100G 1450 1550 1250 1100 9es BG 165 1680 140 13680 1550 180
2 L1k 1.7 560 1250 1900 2050 1650 1800 1250 BG 165 160 40 1700 2000 190
12 L1s 1.7 i 1250 150 050 1850 1500 1260 86 165 160 140 1700 2000 190

Reler to the latest odition of AITC 117—Design Ior 2 complele and current listing of tabulated vakues and footnate axplanations. From AIYC 117—Design; * 1987 Used by permission




Table 5-10.- Fire-retardant treatment factor for structural lumber.

Property C.
Extreme fiber in bending 0.85
Tension parallel to grain 0.80
Horizontal shear 0.90
Compression perpendicular to grain 0.90
Compression parallel to grain 0.90
Modulus of elasticity 0.90
Fastener design loads 0.90

From the NDS; “8 1986. Used by permission.

Size Factor (C,)

Tabulated bending stresses are based on a square or rectangular member
12 inches deep in the direction of applied loads. For member depths
greater than 12 inches, F,must be adjusted by C., as computed by

()

where d is the member depth in inches.

For sawn lumber, C.does not apply to MSR lumber or to visually graded
lumber 2 to 4 inches thick used edgewise. For glulam, the C, value com-
puted by the above equation is based on a uniformly distributed load on a
simply supported beam with a span to depth ratio L/d = 21. In most bridge
applications, these assumptions result in reasonable accuracy as variations
in loading and L/d result in relatively small deviations in the size factor. In
cases Where greater accuracy is warranted, C.may be adjusted for other
L/d ratios or loading conditions by the percentagesin Table 5-11.

The effect of the size factor for both sawn lumber and glulam is to reduce
the tabulated bending stress for members more than 12 inches deep. For
members less than 12 inches deep, footnotes to design tables allow an
increase in bending stress for sawn lumber members 2 to 4 inches thick
used flatwise,“and glulam members loaded parallel to the wide faces of
the laminations.”C.is generally cumulative with other modification
factors, but is normally not cumulative with the lateral stability of beams
factor, C,(see Sections 5.4 and 5.7).

Equation 5-1, used for computing size factor, is being reevaluated for
glulam, and aternate forms of the equation are being considered by
severa industry-related technical committees. Thus, the designer should
be aware of the potential for future revisions and refer to the latest editions
of the NDS and AITC 117-Design for current requirements.
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5.4 BEAM DESIGN

Table 5-11. —Adjustments to C, for varigus span-ta-gepth ratios and
loading conditions.

Span-to-depth ratic (L/d) % change
7 +6.3
id4 +2.3
21 0
28 —1 B
35 -2.8
Leading conditlon for simply supported beams % change
Single concantrated load +78
Uniform load 0
Third point load 3.2

" Use straight ling imespolation for other Lid raios.
From AITC 117—Design:* € 1887, Used by permissian.

Lateral Stability of Beams Factor (C)

The lateral stability of beams factor, C, is applied to some bending mem-
bers where the compressive stress in bending must be limited to prevent
lateral buckling. Additiona details on the use of C are discussed in
Section 5.4.

Form Factor (C)

Tabulated bending stresses are based on members with a square or rectan-
gular cross section loaded normal to one or more faces. For other member
shapes, specifically round or diamond sections, stresses must be modified
by the form factor, C.. C,does not apply to rectangular or square members
and is not commonly used in bridge applications. Refer to the NDS for
additional information on the use of C.

Lateral Stability of Columns Factor (C,)

The lateral stability of columns factor, C., is applied to some compression
members where the compressive stress must be limited to prevent lateral
buckling. Additional details on the use of C.are discussed in Section 5.6.

A beam is a structural component with loads applied transversely to the
longitudinal axis. In bridge design, beams are the most frequently used
structural components. The three most common bridge beams are girders,
stringers, and floorbeams. Girders are large beams (normally glulam) that
provide primary superstructure support, most often in beam-type super-
structures. Stringers are longitudinal beams that support the bridge deck.

S>-17



DESIGN FOR BENDING

They are generally smaller than girders, but there is no clear size defini-
tion for either. Floorbeams are transverse beams that directly support the
bridge deck or support longitudinal stringers that support the deck. In
addition to girders, stringers, and floorbeams, other bridge components are
designed as beams, including components of the deck and railing systems.

Beam design involves the analysis of member strength, stability, and
stiffness for four basic criteria: (1) bending (including lateral stability),
(2) deflection, (3) horizontal shear, and (4) bearing. Of these four criteria,
bending, deflection, and shear can directly control member size, while
bearing will influence the design of supports. Initial beam design is nor-
mally based on bending, then checked for deflection and shear. After an
appropriate beam size is determined, bearing stresses are checked at
supports to ensure sufficient bearing area.

Beam design requirements discussed in this section are limited to straight
or dlightly curved (cambered) solid rectangular beams of constant cross-
sectional area. Refer to the NDS for design requirements for other beam
configurations and shapes and for beams with notches or cutouts. The
design of beams loaded in combined bending and axial tension or com-
pression is discussed in Section 5.7.

Beam design must consider the strength of the material in bending and the
potential for lateral buckling from induced compressive stress. For posi-
tive and negative bending, compression stress occurs in the top and bottom
portions of the beam, respectively. Single, simple spans are subjected to
positive bending moments only, while multiple continuous spans and
cantilevers will be subjected to both positive and negative moments. This
distinction is particularly important for stability considerations, and also
when the allowable stresses for positive and negative bending are differ-
ent, as in some combination symbols of glulam beams.

Initial beam design is somewhat of a trial-and-error process. A beam size
isfirst estimated, and applied stress is computed and checked against the
alowable stress in bending. After a suitable beam is determined from
strength requirements, it must be verified for lateral stability.

Applied Stress
Applied bending stress in timber beams is determined by the standard

formulas of engineering mechanics assuming linear elastic behavior.
Stress at extreme fiber in bending, f,is computed by

= Kl (5-2)
where M = moment due to applied loads (in-1b), and

5 = sechon modulus of the beam (in™).
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Section modulus values for standard sizes of sawn lumber and glulam are
given in Chapter 16.

Lateral Stability and Beam Slenderness

Beams develop compressive stress from induced bending forces. If com-
pression areas are not restrained from lateral movement and rotation, the
member may buckle laterally at a bending stress considerably lower than
that normally allowed for the material. The potential for lateral buckling
depends on the magnitude of applied loads, beam dimensions, and the
effectiveness and frequency of lateral restraint. Lateral stability is most
critical in long slender beams with a high depth-to-width ratio. It is not
critical in beams where the width of the beam exceeds its depth.

One of the primary factors affecting beam lateral stability is the distance
between points of lateral support along the beam length. In bridge applica
tions, lateral support is generaly provided by cross frames, solid wood
diaphragms, or framing connections that prevent beam rotation and lateral
displacement (Figure 5-1). The distance between such points of |ateral
support is termed the unsupported length, or £ . When the compression
edge is continuously supported along its Iengt'h,eu is zero. For all other
configurations, £, is simply the distance between cross frames, dia-
phragms, or bracing that prevent beam rotation and lateral displacement.

The basis for stability design in beams is the beam slenderness factor C,
given by

L

C, = f;f <56 (53
where £ = effective beam length (in.),

d = beam depth (in.), and

b = beam width (in.).
The effective beam length £, in Equation 5-3 depends on the beam con-
figuration and loading condition (Figure 5-2). For a single-span beam with
a concentrated load at the center, £, iscomputed by

£ =131 +3d (5-4)

For a single-span beam with a uniformly distributed load, £, is computed
by

{,=1.63¢ +3d (5-5)
For a single-span beam, or cantilever beam, with any load, £, is computed

by
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Figure 5-1. - Cross frames fabricated from steel angles are commonly used to provide
lateral support for large glulam bridge beams.

¢=184¢ when £/d> 14.3 (5-6)
£ =163¢ +3d when £/d < 14.3 (57)

Equations for computing £, for other beam configurations and loading
conditions are given in the NDS. For single-span or cantilever beams,
Equations 5-6 and 5-7 give dlightly conservative results for any loading
condition and are often used in bridge applications where several concen-
trated loads are positioned on the span.

Example 5-1 - Beam slenderness factor

A 10-3/4- by 48-inch glulam beam spans 60 feet and supports the three
concentrated loads shown below. Lateral beam support is provided by
transverse bracing located at the beam ends and at the third points. Com-
pute the beam slenderness factor, C..

I |
3 ]

R L = 6 R

v R

Lateral support at beam ends and at third point
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Lacation of lateral beam
suppor! whera transverse
movement and rolalion
are prevenied by cross
frames or diaphragms

b

Single-span beam with concentrated load at center

£, = 1842, ife, id 14.2
£,=1631,+3d ife id<143

I""/..E”

Single-span or cantilever beam with any loading condition

Figure 5-2~—~Fflective beam feng, £, for various foaifing condiions on single-span
beams. Rafar to the NOS ™ for equations for other beam foads and configurations.

Solution

Lateral support is equally spaced along the beam, giving an unsupported
length £ of 20 feet. Because the beam is loaded with three concentrated
loads, the effective beam length ¢ will be computed by Equation 5-6 or
5-7, depending on the ratio of the Unsupported length to the beam depth:

L _20(12 in/fi)

5 28 =50

5.0 < 14.3, 50 Equation 5-7 applies:

.= 163+ 34 = (1.633(20)(12 in/ft) + (3)(48) = 535.20
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The slenderness factor is computed by Equation 5-3:

c =\[t‘£d _ 535.2(43}:14_955[]
: Bt (10.75)

This example illustrates a typical case where transverse bracing is equally
spaced and the value of C_appliesto all portions of the beam. In cases
where the distance £, varies substantially along the beam length, C_should
be checked for each unsupported length. With few exceptions, however,
C.for the center portion of the beam, where bending stress is highest, will
normally control.

Allowable Stress

The allowable bending stress in beams is controlled either by the size fac-
tor C., which limits bending stress in tension zone, or by lateral stability,
which limits bending stress in the compression zone. Adjustments for the
size factor and lateral stability are not cumulative. Therefore, the designer
must compute allowable bending stress based on both criteria separately,
and the lowest value obtained is used for design. In most bridge beams,
alowable bending stress is controlled by C.rather than stability. In addi-
tion, beam stability cannot be evaluated until an initial member sizeis
selected. Therefore, it is most convenient and practical to assume that the
size factor controls allowable bending stress and to initially design the
beam based on the allowable stress given by

F'=FCCLLC, (5-8)

Vaues of C.are normally included in tables of section properties for
glulam bending combinations (see Tables 16-3 and 16-4). In addition,
most glulam tables include C.as a noted adjustment to the section
modulus. This adjusted value, SC,, is included for convenience and
facilitates design by adjusting for C.during initial member selection (see
Example 5-3).

After a satisfactory beam size and grade are determined based on the
alowable bending stress given by Equation 5-8, the beam must be
checked for lateral stability. Criteria for allowable bending stress related to
lateral stability are based on beam slenderness for the following three
ranges.

0« C, 210 Short Beam
10 <C <C, Intermediate Beam

C,<C <350 Long Beam
where C,is a denderness factor defined later for intermediate beams.
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Short Beams

In short beams with C,of 10 or less, capacity of the member is controlled
by the wood strength in bending rather than by lateral stability. In this
case, the size factor is the controlling modification factor, and the allow-
able bending stress computed by Equation 5-8 is used for design.

Intermediate Beams
Intermediate beams have C_greater than 10, but less than C, determined

by
C, =0.811JE/F" 5.9)

where €, =the largest value of C_ at which the intermediate beam
equation appliss,

E'= EC,C,C, (Ibfin?), and

F\"=F C.C CLC, {bfin?).
In intermediate beams, failure can occur in bending or by torsiona buck-
ling from lateral instability. The controlling mode is indicated by the
lateral stability of beams factor C given by

_|_yfey
CL—ll 3[ C}H (5-10)

If C.islessthan C,, bending stress is controlled by stability, and C, is the
controlling modification factor. The allowable bending stress is computed

by
F =F,C,CCCC {5-11)

E-DTMTRETITL
If C.is greater than C., bending stress is controlled by strength, and the
alowable stress computed by Equation 5-8 is used for design.

Equation 5-9 for lateral stability was developed from theoretical analyses
and beam verification tests and is based on the modulus of elasticity of the
member. For visualy graded sawn [umber, tabulated E values are based
on the average modulus of elasticity for the grade and species of material
and represent a coefficient of variation of approximately 0.25. For glulam
with six or more laminations, the coefficient of variation is 0.10 (less than
haf that for visually graded sawn [umber). To account for this reduced
variability, the NDS allows the designer to use the following modified
equation for C, (Equation 5-12), which more accurately reflects the char-
acteristics of glulam:

C, =0.956,/E/E," (5-12)
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This equation provides the same factor of safety at the 5-percent exclusion
value for glulam that is provided for visualy graded sawn lumber with a
0.25 coefficient of variation. Although use of Equation 5-12 is optional,

it represents a more realistic approach to glulam beam design and is rec-
ommended for bridge applications. For additiona information on low-
variability equations for glulam beams, refer to Appendix O of the NDS ™
and the AITC Timber Construction Manual.’

Long Beams

Long beams have a slenderness ratio greater than C,, but less than or equal
to 50. In long beams, bending stress is controlled by lateral stability rather
than strength, and the allowable stress is computed using

,_ 0.438F" -
e S 513

For glulam beams, the following low-variability equation may be used in
lieu of Equation 5-13:

_ 0.609E (5-14)
T

Example 5-2- Beam design based on bending; sawn lumber beam

A sawn lumber beam spans 15 feet center-to-center of bearings and sup-
ports a uniform load of 350 Ib/ft in addition to its own weight. The beam is
laterally supported by blocking placed at the beam ends and at 5-foot
intervals along the beam length. Determine the required beam size based
on bending, assuming the following:

1. Normal load duration under wet-use conditions (lumber moisture
content will exceed 19-percent in service); adjustments for
temperature (C) and fire-retardant treatment (C,) are not required.

2. The beam is surfaced ($4S) Douglas Fir-Larch.

E_u EENNERENEY
R L=15" -.t

A

Solution

Beam design is somewhat of a trial-and-error process that starts with either
an estimated beam size or a selected lumber species and grade. In this
example, Douglas Fir-Larch, visualy graded No. 1 in the Joist and Plank
size classification is initially selected. The tabulated bending stress and
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modulus of elasticity for this species and grade are obtained from
Table 4A of the NDS:

£, =1,500 Ib/in®
£ = 1,800,000 1bfin?

Aninitial section modulus based on applied moment and tabulated bend-
ing stress is computed as follows:

_wit (350)15)
8 8

Rearranging Equation 5-2,

M =9.844 ft-1b

_M _(9.848)12in/ft)
F, 1,500

From lumber section properties in Table 16-2, a nominal beam sizeis
selected with a section modulus slightly greater than the required 78.8 in”.
The closest standard nominal size appears to be 4 inches by 14 inches with
the following properties:

b=35in.

d=1325 in.

S=10241in’

Beam weight = 16.1 Ib/ft (based on a unit weight for wood of 50 Ib/ft))

5 =78.% in’

The allowable bending stress is computed using the applicable modifica-
tion factors given in Equation 5-8. The size factor, C.is not applicable
because it only applies to sawn lumber beams that are more than 4 inches
thick. In this case, Equation 5-8 becomes

F =FC,
From Table 5-7, C,= 0.86, and
F'=FC, = 1500(0.386) = 1,290 Ibfin?
Next, the applied bending stress is revised to reflect the beam weight of

16.1 Ib/ft:

M= wLll _ (350+16.1Y15)°

8 8
By Equation 5-2,

_ M _ (10,297 f-1b)(12in/ft) _ -
fi= i 0241103 = 1,207 lbfin

=10,297 ft-1b
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f = 1,207 Ib/in’< F,' = 1,290 Ib/in’, so the initial beam is satisfactory in
bending. The beam must next be checked for lateral stability.

For lateral support at 5-foot intervals,
£=5ft=60in,
By Equation 5-5 for a single-span beam with a uniformly distributed load,

£, = 1.63¢, + 3d = (1.63)60) + (3)(13,25) = 137.55

By Equation 5-3,
,z d _ {{137.55){13.25)
=,|-4== =12.20
L= (3.5

The value C = 12.20 is greater than 10, so further stability calculations are
required. From Table 5-7, C,, for modulus of elasticity is 0.97, and

E' = EC, = 1,800,000(0.97) = 1,746,000

By Equation 5-9,

r E (1,746,000
=L _— =151 | — = 20 54
Ci=081 F" 031117500 (0.86)

10 < C,=12.20 < C,= 29.84, so the beam is classified in the intermediate
denderness range. By Equation 5-10,

4 4
¢, =1-1[& =1_l(},§ﬂ) = 0.99
3G 3\ 2084

The allowable bending stress based on lateral stability is computed by
Equation 5-11 using the modification factor C:

F, = F,C,C, =1,500(0.86)(0.99) = 1,277 Ibfin®

f = 1,207 Iblin’< F,' = 1,277 Ib/in’, so the beam size, species, and grade
are satisfactory in bending.

Summary

Based on bending only, the beam will be a nominal 4-inch by 14-inch
surfaced Douglas Fir-Larch beam, visualy graded No. 1 in the Joists
and Planks (J&P) size classification. The applied bending stress, f,, is
1,207 Ib/in’. The allowable bending stress, F,', is 1,277 Ib/in“and is con-
trolled by lateral stability.
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Example 5-3 - Beam design based on bending; glulam beam

A glulam beam spans 50 feet center-to-center of bearings and supports a
moving concentrated load of 20,000 pounds. Determine the required beam
size based on bending for cases where: (A) the beam is laterally supported
at the ends and at the third points, and (B) the beam is |aterally supported
at the ends only. The following assumptions apply:

1. Normal load duration under wet-use conditions (glulam moisture
content will exceed 16-percent in service); adjustments for tem-
perature (C) and fire-retardant treatment (C,) are not applicable.

2. The glulam beam is manufactured from visually graded Southern
Pine, combination symbol 24F-V2.

20,000 h

Moving load

: ]

R L = 50"

L

A

Case A: Lateral support is provided at beam ends and

at third points
Case B: Lateral support is provided at beam ends only

Solution
Thefirst step in the design process is to determine the required beam size

based on bending stress, adjusted by the size factor, C.. The suitability of
the initial beam size is then checked for each of the two conditions of

lateral support.

Tabulated values for bending and modulus of elasticity are obtained from
AITC 117-Design. Respective values for the moisture content modifica-
tion factor are obtained from Table 5-7:

F,, = 2,400 Ib/in? C, = 0.80
E, = 1,700,000 lbfin? ¢, =0833

The maximum applied moment is computed with the moving load
positioned at the span centerline:

20,000 Ib

l
L -
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Aninitial beam size is determined using procedures similar to those
used for sawn lumber beam design. For glulam, however, the size factor,
C., isincluded as a noted adjustment to the section modulus (SC;) in
Table 16-4. By Equation 5-8,

F'=F C.C,

Assuming that the applied bending stress equals the allowable bending
stress, Equation 5-2 is rearranged to compute the required value of SC.
directly:

. A M
f=F =FCC=2 o SC=
[} -] BT M TR SI I F FC

By M

Based on the moment from the concentrated load only, an initial value of
SC.is computed:

SO o M _ (250000012 in/f) _

= 1,563 in’
F,.C,  (2400(0.80)

From Table 16-4, an initial beam size is selected that provides an SC.
value dlightly greater than 1,563 in’. It is usually most convenient to
find the closest SC, to that required, then increase the beam depth by
one or two laminations to account for the beam dead load. In this case, a
6-3/4-inch by 41-1/4-inch beam is chosen with the following properties:

SC.=1,668.9in’
Beam weight = 96.7 lb/ft (based on a unit weight of 50 Ib/ft’)

Moment from the beam weight is computed and added to that from the
concentrated load:

Beam M < W& _ 96.7(50)"
8

= 30,219 fi-1b

M = 250,000 + 30,219 = 280,219 ft-Ib
The required SC.value is revised:
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(280,219)(12 in/ft) L,
= =1,751
3G =2 4000.80) .

From Table 16-4, a revised beam size of 6-3/4 inches by 42-5/8 inches is
selected with the following properties:

S=2,044in’
C.=0.87
Beam weight = 99.9 Ib/ft (based on a unit weight of 50 Ib/ft))

Moment from beam weight is revised and the applied bending stressis
computed:

wi’ _ 99.9(50)’
]
M =250,000 + 31,219 = 281,219 ft-1b

foM_ 281209012 i/ft) _ | oo s
3 2,044

z

Beam M =

=31,219 ft-1b

Allowable bending stress is computed by Equation 5-8:

F,=F, C,C, =2400(0.80)(0.87) = 1,670 Ib/in®
f.= 1,651 Ib/in< F,' = 1,670 Ib/in’, so the beam is satisfactory in bending,
assuming that the size factor controls. The beam is next checked for lateral
stability.

Case A: Lateral support at beam ends and at third points

For lateral support at the beam ends and at the third points, the unsup-
ported beam length is equal to one-third the span length:

L= 5—?? =16.67 ft=200in.

Because the maximum moment is produced with the moving load at
midspan, the effective beam length is computed using Equation 5-4:

£ = 1372 +3d=137(200) + 3(42.63) = 401.89 in.

By Equation 5-3,
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CFJ::,::: 4{:1.39(422,63}:19_3?
b (6.75)

The value of C.is greater than 10, so lateral stability must be checked
further. By equation 5-12 for low-variability material,

E' =EC, =1,700,00000.83) = 1,416,100 Ib/in®

F,'=F,C, = 2.400(0.80) = 1,920 lb/in*

E_ 0.956 1,416,100

F 1,920

C.=19.39 < C,= 25.96, so the beam is in the intermediate beam slender-
Ness range.

¢, =0956 =25.96

By Equation 5-10,

4

1{C 1£19.39%*

C,=1—=|=t| =1—-| =" =0.90
: 3[(::*] 3(25,96]

C,=0.90 > C.= 0.87, s0 the size factor reduction is more severe and
controls the allowable bending stress. The selected beam size is therefore
satisfactory in bending.

Case B: Lateral support at beam ends only

With lateral support at the beam ends only, the unsupported beam length
equals the span length:

£, =50 ft = 600 in.
By Equation 5-4,
£ =137 1 +3d = 130600 + 3(42.63) = 949.89 in.

By Equation 5-3,

=29.81

C = £,d _ [949.89 (42.63)

R s (6.75)
The previously computed value C, = 25.96 is unchanged. In this case,
however, C = 25.96 < C,= 29.81, so the beam is in the long-beam slen-
derness range and lateral stability controls design. By low-variability
Equation 5-14,
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_0.609E' _ 0.609(1,416,100)
(c,y (29.81)*

F =970 1b/in?

f,= 1,651 Ib/in°> F,' = 970 Ib/in’, so the beam must be redesigned. Using
amodified form of Equation 5-2, with the previously computed moment
(based on the previous beam size):

_ M 281219 (12in/ft) —3.479 0"
F, 970

S,

From Table 16-4, a revised beam size of 8-1/2 inches by 50-7/8 inchesis
selected with the following properties:

S=3,666.7 in’
Beam weight = 150.2 Ib/ft (based on a unit weight of 50 Ib/ft’)
Moment from beam weight is revised and bending stress is computed:

2 1
e 150-23(5'33 = 46,938 ft-Ib

M = 250,000 + 46,938 = 296,938 ft-1b

M 296,938 (12in/ft) _ .,
f,,—s = 3.666.7 =972 1b/in

Beam M =

F,' = 970 Ib/in"< f,= 972 Ib/in’, but the difference of 2 Ib/in®, or approxi-
mately 0.20 percent, is insignificant and the beam size is acceptable.

Summary
Based on bending only, the required size and bending stress for 24F-V2
Southern Pine beams are as follows:
Case A: With lateral support at beam ends and at third points
Beam size = 6-3/4 in. by 42-5/8 in.
f,= 1,651 Ib/in’
F,' = 1,670Ib/in’
Case B: With lateral support at beam ends only
Beam size = 8-1/2in. by 50-7/8 in.

f.= 972 Ib/in’
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DESIGN FOR DEFLECTION

F.' = 970 Iblin’

This example illustrates the effect of lateral support on beam size require-
ments. When support along the span is eliminated, the required beam size
increases substantially. Additiona requirements on the placement and
design of lateral support for bridge beams are discussed in Chapter 7.

Deflection is the relative deformation that occursin a beam asit is loaded.
Deflection in timber beams results from bending and shear, but shear
deformations are small in comparison to bending deformations and are
normally not considered. Deflection does not serioudly affect the strength
of a beam, but it can affect the serviceability and appearance of bridge
members and the performance of fasteners.

The length of time aload acts on a member influences its long-term
deflection. When loads of relatively short duration are applied, deforma-
tion occurs immediately and remains at a relatively constant level for the
duration of loading. When the load is removed, the member recovers
elastically to the original unloaded position. For permanent loads (dead
loads), initial elastic deformation is immediate, but members also develop
an additional time-dependent, nonrecoverable deformation. This time-
dependent deformation, known as creep, develops at a slow but persistent
rate and is more pronounced for members seasoned in place or subject to
variations in moisture content and temperature. Creep does not endanger
the safety of the beam, but it can influence the performance, serviceability,
and appearance of a structure when it is ignored in design. Thus, the two
types of deflection considered in timber bridge design are: elastic deflec-
tion, and inelastic deflection, or creep.

Deflection Equations

Timber beam deflections are computed by the same engineering methods
used for isotropic, elastic materials. Standard equations based on these
methods are available in many engineering textbooks and manuals for
numerous beam configurations and loading conditions.”” Two of the
most commonly used equations for simple beams are given below in
Equations 5-15 and 5-16. Additional equations for more specific bridge
applications and loads are discussed in Chapters 7, 8, and 9.

For a simply supported beam with one concentrated load at the center of
the span:

F
. * .
e 0 -
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Asm—

T 4RE'[ (5-15)
For a simply supported beam with a uniform load:

w

Yttt 1t ¥t YtFFOFCYCEY
= a4

e - .

A= Swi! (5-16)
AB4L"f

where P = magnitude of a single concentrated load (Ib),
w = magnitude of uniform load (Ib/in),
L = beam span (in.),
E' = EC,CC.(Ib/in%), and
| = moment of inertia about the axis of bending (in”).

Note that the modification factor for duration of load, C,, does not apply
to E.

Deflection equations such as 5-15 and 5-16 can be used to accurately
predict elastic beam deflections. For permanent load deflections,

however, it is necessary to increase computed values to compensate for
the long-term effects of creep. The magnitude of the increase depends on
the type of material and the moisture content of the member at installation.
A 50-percent increase in dead load deflection is normally sufficient for
glulam and seasoned sawn lumber, while a 100-percent increase is more
appropriate for unseasoned lumber (refer to Appendix F of the NDS for
additional discussions on dead load deflection increases for creep).

Deflection Criteria

AASHTO specifications do not give deflection criteria for timber bridge
members, and selection of an appropriate deflection limit is a matter of
designer judgment. The acceptable deflection for a member will depend
on specific use requirements and may vary among beam types within the
same structure. Deflections in bridge members are important for servicea-
bility, performance, and aesthetics and should not be ignored. From a
structural viewpoint, large deflections cause fasteners to loosen and brittle
materials, such as asphalt pavement, to crack and break. In addition,
members that sag below a level plane present a poor appearance and can
give the public a perception of structural inadequacy. Deflections from
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moving vehicle loads also produce vertical movement and vibrations that
annoy motorists and alarm pedestrians.

Bridge deflection is normally expressed as a fraction, the denominator of
which is obtained by dividing the beam span in inches by the computed
deflection in inches. A deflection of L/500, for example, indicates a
deflection equal to one five-hundredth of the beam span. The larger the
denominator, the smaller the deflection. A brief literature search of bridge-
related specifications and publications produced maximum recommended
applied-load deflection values ranging from L/200 to L/1,200. For general
beam design discussed in this chapter, the recommended maximum deflec-
tions for timber beams are as follows:

1. For applied (short-term) loads, the maximum deflection should
not exceed L/360.

2. For the combination of applied loads and dead load, the maximum
deflection should not exceed L/240, where the portion of the total
deflection from dead load is increased to account for creep.

Additional considerations and recommendations for deflection in timber
bridge components are discussed in more detail in Chapters 7, 8, and 9.

Camber

Camber is circular or parabolic upward curvature built into a glulam beam,
opposite to the direction of deflection. It is intended to offset dead |oad
deflection and creep and is introduced during the manufacturing process.
It is not feasible to camber sawn lumber beams. The amount of camber for
bridge beams depends on the length and number of spans. For single spans
shorter than approximately 50 feet, camber should be a minimum of 1.5 to
2.0 times the immediate (elastic) dead load deflection, plus one-half the
applied load deflection.”For single beam spans equal to or longer than

50 feet and multiple-span beams of any span, camber should be a mini-
mum of 1.5 to 2.0 times the immediate dead load deflection (multiple-span
bridge beams are normally cambered for dead loads only to obtain accept-
able riding qualities for vehicle traffic).

Camber is specified by the designer as a vertical centerline offset to the
horizontal line between points of bearing (Figure 5-3). The glulam manu-
facturer will determine an appropriate radius of curvature based on offset
distances and fabrication limitations. On multiple-span continuous beams,
camber may vary aong the beam and should be specified for each span
segment. More specific information on cambering practices and limita-
tions can be obtained from glulam manufacturers and the AITC.
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Figure 5-3.- Camber for glulam beams is specified as an upward vertical offset at the span
centerline.

Example 5-4- Beam deflection and camber

For the glulam beam of Example 5-3, Case A, determine the deflection
from the 20,000-pound moving load and the camber required to offset
deflection from the beam weight. The beam spans 50 feet, measures
6-3/4 inches by 42-5/8 inches, and is manufactured from visually graded
Southern Pine, combination symbol 24F-V2.

20000 b
17 Moving load
L =50 4

A, A

Solution:
The tabulated modulus of elasticity for a 24F-V2 Southern Pine beam is
obtained from AITC 117-Design:

E, = 1,700,000 Ib/in’

The alowable modulus of elasticity is computed using the applicable C,
value from Table 5-7:

E' = E,C, = 1,700,000(0.833) = 1,416,100 lb/in’
From Table 16-4 for a 6-3/4-inch by 42-5/8-inch Southern Pine beam:
| =43,562.8 in’
Beam weight = 99.9 Ib/ft (based on a beam weight of 50 Ib/ft’)

Deflection for the 20,000-pound moving load is computed with the load at
midspan by Equation 5-15:
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DESIGN FOR SHEAR

20000 b

!
2 - -

2 =
R, d R

_pr_ 20,000[50(12in/ft)]
48 E'), 48(1,416,100)(43,562.8)

=146 1n,

Expressing the deflection as a ratio of the bridge span,

_ L L
A= _ =
[S0ft{12in/f1)]1.46in. 411

L4111 < L7360, su deflection is acceptable.

For the beam weight of 99.9 Ib/ft, deflection is computed by
Equation 5-16:

IRFEEEEEREEEED
h H
Swii 5(99.9)[50 (12 in/f1)] =0.23in.

A= =
384 E'1 384(1,416,100)(43,562.8)(12 in/ft)

Camber of approximately 1/2-inch will be specified at centerline, which is
approximately twice the beam dead load deflection.

Beams develop internal shear forces that act perpendicular and parallel to
the longitudinal beam axis. In timber beams, horizontal shear rather than
vertical shear will always control design. As discussed in Chapter 3,
horizontal shear forces produce a tendency for the upper portion of the
beam to dide in relation to the lower portion of the beam, with shear
stresses acting parallel to the grain of the member. The maximum intensity
of horizontal shear in rectangular beams occurs at the neutral axis and is
proportional to the vertical shear force, V. In bridge applications, horizon-
tal shear generally controls beam design only on relatively short, heavily
loaded spans.
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Shear requirements in AASHTO and the NDS apply at or near the sup-
ports for solid beams constructed of such materials as sawn lumber,
glulam, or mechanically laminated lumber. Shear design for built-up
components containing load-bearing connections at or near supports, such
as between aweb and chord, must be based on tests or other techniques.

Applied Stress

The applied stress in horizontal shear depends on the magnitude of the
vertical shear and the area of the beam. Applied stress in square or rectan-
gular timber beams is computed by Equation 5-17:

feas = 517)
where f,= unit stress in horizontal shear (Ib/in%),
V = vertical shear force (Ib),
b = beam width at the neutral axis (in.),
d = beam depth (in.), and
A = beam cross-sectional area (in’).

Equation 5-17 does not apply (1) at notches or joints, (2) in regions where
the beam is supported by fasteners, or (3) when hanging loads are located
at or near the supports. For these conditions, refer to AASHTO and the
NDS.

The magnitude off, given by Equation 5-17 is based on the value of the
vertical shear force, V. Unlike the situation in other construction materials,
where the maximum vertical shear is computed at the face of the supports,
in timber beams the maximum intensity of horizontal shear is produced by
the maximum vertical shear force occurring at some distance from the
support. This distance depends on the type of applied loading; different
distances are used for moving loads and for stationary loads.

Current AASHTO requirements (AASHTO 13.3.1) specify that horizontal
shear in beams from moving (vehicle) loads be computed from the maxi-
mum vertical shear (V) occurring at a distance from the support equal to
three times the beam depth (3d, or the span quarter point (L/4), whichever
is less (Figure 5-4). The moving loads are positioned on the beam to
produce the maximum vertical shear at this location (Chapter 6). For
stationary loads (such as dead load), vertical shear is computed at a dis-
tance from the support equal to the beam depth, d, and all loads occurring
within the distance d from the supports are neglected. For sawn lumber,
shear design requirements given in the NDS vary somewhat based on the
beam configuration, loading condition, and wood species. Refer to the
latest edition of the NDS for additional shear criteria for sawn lumber.

5-37



l‘/-j Maowing loads
oo i
3dorlid

For moving loads, the loads are positioned to produce the maximum vertical
shear at the lesser of 3d or L/4 from the support

iii:l‘iiiriiriiiiii{'iiiitt/é

(s - -

d

For stationary loads, such as dead load, the maximum vertical shear is computed
at a distance d from the supports and all loads occurring within a distance d from
the supports are neglected

Figure 5-4.- Locations for determining the maximum vertical shear (V) for timber beams.

Although the bases for shear design requirements are widely accepted,
specific requirements for computing V are somewhat controversial and
vary among design specifications. Research is currently under way to
develop more accurate design criteria for shear, and the designer should
remain familiar with the most current requirements and the potential for
future revision.

Allowable Stress
The alowable stress in horizontal shear is computed by

F' =FC,C,CC, (5-18)
Individual sawn lumber members have a much higher potential for
strength-reducing characteristics that reduce the ability of the member to
resist horizontal shear. In glulam, most strength-reducing characteristics
are excluded at fabrication and any that remain are dispersed throughout
the individual laminations in the section. For sawn lumber, strength-
reducing characteristics are not dispersed, and members are more suscep-
tible to the development of checks and splits caused by variationsin
moisture content. As a result, tabulated values of F,for sawn lumber are
considerably lower than those for glulam because they are based on the
worst-case assumption that members are split for their entire length. In
situations where the length of split, or size of check or shake, can be
estimated with reasonable certainty, the tabulated horizontal shear stress
can be increased by the shear stress modification factors given in footnotes
to the NDS Table 4A (Table 5-12). Application of this factor to specific
design situations and materials is left to designer judgment, but the 2.0
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increase is commonly used for mechanically laminated lumber and dimen-
sion lumber with loads applied perpendicular to the wide face. Additional

information on application of the shear stress modification factor is dis-
cussed in Chapters 7 and 8.

Table 5-12.- Shear stress modification factor for sawn lumber.

Lengih of spilt on
wide face of Multiply tabulated
2" lumber (hominalj: “F," value by:
HO S i e 2.00
2 wide a8 . 1.67
A Wil TACE . oo e e e 1.50
T s [ T T - 1.33
1- 12 X wide 1ace ormore ..........cooccevieenees 1.00
Length of split on
wide face of 3" and Multiply tat:ulated
thicket lumber {(nominal): “F," value by:
L [ Tt o] PN 2.00
12 X naAmowW Ta80E .. e 1.67
1 X DArTW A0E i 1.23
112 xnarmow face Or more i, 1.00
Size of shake®
in 3" and Muhiply tabutated
thicker lumber {nominal): “F," value by:
NOShAKE .. 2.00
176 X NATOW Fa0E i e e 1.67
143 NAMOW TACE e vcrrre e 1.33
12 narow face of Mmore ..., 1.00

B shake is measured at the and batween linas enclosing The shake and paralle! 1a1he
wide face.

Specific honzontal shear values may be established by Use of this table when the length
of split, or size of chegk or shake is known and no increasa Inthem is antlcipated. Far
Caliomia Redwaod, Southam Pine, Virginia Pine-Pand Pina, and Yellow Poplar, mtfer to
tha NDS for specilic values ol FH lar which thase ad|rsimants apply.

From the NDS; 2 © 1386. Used by permission,

Example 5-5- Horizontal shear in a sawn lumber beam

Determine the adequacy of the beam in Example 5-2 for horizontal shear.
The beam measures 4 inches by 14 inches and is surfaced Douglas Fir-
Larch, visually graded No. 1 in the J& P size classification. It spans 15 feet
and supports a uniform load of 350 |b/ft.

Solution
Tabulated horizontal shear stress for No.1 Douglas Fir-Larch is obtained

from Table 4A of the NDS (note that the tabulated shear stress for lumber
2 to 4 inches thick is the same for al grades):
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w = 350 It

TNRREERRENREEE

La1¥

x

F,= 95 Ib/in’

Allowable shear stress is computed by Equation 5-18 using the C,value
obtained from Table 5-7,

€, =097
F, =FC, =95(0.57) = 92 Ibjin*

The alowable stress in horizontal shear could be increased by the shear
stress modification factor (Table 5-12) if the beam were free of shake,
splits or checks, or if the length of such characteristics was known. For
lumber bridge beams of this type, it is common for some beam checking to
occur, however, its magnitude cannot be accurately predicted. Therefore,
no adjustment by the shear stress modification factor will be used.

From Example 5-2, the beam weighs 16.1 Ib/ft and has actua dimensions
of 3.5 inches by 13.25 inches. The total load acting on the beam is equal to
the 350 Ib/ft applied load plus the beam weight of 16.1 Ib/ft, for a total of
366.1 Ib/ft. For a uniformly distributed load, the maximum vertical shear
force, V, is computed at a distance from the support equal to the beam
depth, d, and al loads acting within a distance d from the supports are
neglected:

O LT T

L 15 13.25
var =w(Z_a)=3661| 2 BB 2340
¢ w(z ] [z {umm}]
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Horizontal shear stress is computed by Equation 5-17:
A=(35in)(13.25in.) = 46.38in’

LSV 1.5(2,342)

= =76 Ib/in’
A 6,38 -

£,

f=761bin°< F' =92Ibfin’, so horizontal shear is acceptable

Example 5-6- Horizontal shear in a glulam beam.

Check the adeguacy of the glulam beam in Example 5-3, Case A, for hori-
zontal shear. The beam measures 6-3/4 inches by 42-5/8 inches and is
manufactured from visually graded Southern Pine, combination symbol
24F-V 2. It spans 50 feet and supports a moving concentrated load of
20,000 pounds.

20,000 Iy

5 , L

R R

L H

The tabulated stress for horizonta shear for a 24F-V 2 beam is obtained
from AITC 117--Design,

F_, =200 lbfin?

Allowable shear stress is computed by Equation 5-18 using the applicable
C, value obtained from Table 5-7:

C,= 0.875
F. = F,C, = 200(0.875) = 175 Ib/in’

In this case the beam supports two loads; the uniform load from the beam
weight and the moving concentrated load. Maximum vertical shear from
the uniformly distributed beam weight is computed at a distance from the
support equal to the beam depth, d, and all loads acting within a distance d
from the supports are neglected. For the moving concentrated |oad, maxi-
mum vertical shear is computed at a distance from the support equal to
three times the beam depth, 3d, or the span quarter point, L/4, whichever
is less.

For the uniformly distributed beam weight of 99.9 Ib/ft and a beam depth
of 42.63 inches,
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DESIGN FOR BEARING

= T T rj‘

! L = 50
A, "
L 50 42.63
V=R = (——d]=9‘9.9 e — | =2,143 |h
=2 [z [llinfft)]

For the moving concentrated load of 20,000 Ib,

42.63 L 5
3d=3 =10} = =12
(IZinH’tJ 0.66 f 4 4 12.50 f

3d < L/4, so the maximum vertical shear from the 20,000-pound load is
computed at a distance of 10.66 feet from the support:

20,000 Ib
I" 10.68 39.34' "'|
R, L=50 R,
VeR, = zﬂ,mﬂjésmat} 15736 1b

From Table 16-4, the cross-sectiona area of a 6-3/4-inch by 42-5/8-inch
Southern Pine glulam beam is 287.7 in". Applied stress is computed by
Equation 5-17:

_ L5V 1.5(2,143+15,736)

_ [T
!, 1 87 7 =93 Ibtin

f,=93 Ibfin® < F ' = 175 1bfin®, s0 horizontal shear is acceptable.

Reactions at beam supports produce bearing stress that acts perpendicular
to or at an angle to the grain of the member. Bearing stress causes wood
fibers to compress to a degree that depends on the magnitude of load and
the area of bearing. The beam bearing area must be large enough to ade-
quately transfer loads without causing the wood to compress or deform

excessively.
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Applied Stress
Applied bearing stress is computed by
R

fu=7 (5-19)

where f,, = unit stressin compression perpendicular to grain (Ib/in’),
R = reaction or bearing force at the support (Ib), and
A = net bearing area (in’).

When computing f,, - at the end of abeam, no allowance is made for the
fact that as the beam bends the pressure on the inner edge of the bearing is
greater than that at the end of the beam.

Allowable Stress

The alowable stress for bearing perpendicular to grain is equal to the
tabulated stressF_; adjusted by all applicable modification factors, except
the duration of load factor, C,, as computed by

F'=F CLCC, (5-20)

When beam bearing is not perpendicular to grain (Figure 5-5), alowable
stress must be computed for compression at an angle to the grain using the
Hankinson Formula (Equation 5-21):

F - F-lrFrJ-l
. F,'sinz{&} +F,'cos{@)

(5-21)
where F, = alowable stress in compression at an angle to the
grain (Ib/in%),
F'=FC,C CC, (bin?),

F_'=F_C,CC,(Ibfin?), and

MR

‘inl’frain direction _—

Bearing

Figure 5-5. -- Beam bearing at an angle to the grain.
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@ = angle between the direction of load and the direction of
grain (degrees).

Véues of F_ giveninthe NDSand AITC 117-Design apply to bearings
of any length at beam ends and to all bearings 6 inches or more in length
at other locations. Refer to the NDS for required adjustments in tabul ated
stress for bearings less than 6 inches long at locations between beam ends.

Example 5-7 - Beam bearing

For the glulam beam of Example 5-3, Case A, determine the required
bearing length and the bearing stress in compression perpendicular to
grain. The beam spans 50 feet center-to-center of bearings, is 6-3/4 inches
wide and supports a moving concentrated load of 20,000 pounds. It is
manufactured from visually graded Southern Pine, combination symbol

24F-V 2.
20,000 b
1—-—— Moving load

L =50 J

L HH

)

Solution
The tabulated stress in compression perpendicular to grain for a 24F-V2
Southern Pine beam is obtained from AITC 117-Design:

F., =650 Ibfin?

The allowable compression perpendicular to grain is computed using
Equation 5-20 and the applicable C,value from Table 5-7:

F '=F  C, =650(0.53) =345 Ib/in?

The maximum reaction at the beam bearing is equal to the sum of the
reactions from the moving concentrated load and the beam weight. The
maximum reaction from the moving concentrated load occurs when the
load is placed over one support:

20,000 Ib
R L =50 R
R, =20,000 lb
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The reaction from the beam weight is the same at both supports:

IR IR I I I I IR IR
t‘ L=50 h}t
RL:*“Tszng_mﬂ,-wsm |

Rearranging Equation 5-19, the minimum required bearing area is com-
puted for the maximum reaction by substituting F ' for £, :
__R _{20,000+2,498) _ 65.2 in®

E' 345
For a beam width of 6-3/4 inches, the required bearing length is computed
by dividing the bearing area by the bearing width:

A

A 6330
Bearing length = — =
B = " 6,75

A bearing length of 10 inches is selected and applied stress is computed by
Equation 5-19:
P {20,000+ 2,498) . 2
y=—= =3331b
fa= 2= 106.75) fin
£, =333 1bAn < F_' = 3451b/in’, s0 the bearing is satisfactory. For a

center-to-center span of 50 feet, a beam length of 50 feet 10 inches will be
required.

=9.7in.

5.5 DESIGN OF TENSION MEMBERS

A tension member is a structural component loaded primarily in axial
tension. In bridge design, tension members are used mostly as truss ele-
ments and occasionally as bracing (Figure 5-6). The direction of loading in
tension members should always be parallel to the grain of the member.
Timber isweak in tension perpendicular to the grain, and loading condi-
tions that produce stress in this direction should be avoided. When

loading conditions that induce tension perpendicular to the grain do exist,
mechanical reinforcement must be designed to carry the load.

Discussions in this section apply to members loaded in axial tension only.

Design criteria for members loaded in combined axial tension and bending
are given in Section 5.7.
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APPLIED STRESS

ALLOWABLE STRESS

: R o ; et e il
Figure 5-6.- Tension members in bridge applications are most common in trusses. This
timber truss, located at Sioux Narrows, Ontario, Canada, spans 210 feet and is reputed to
be the longest clear-span timber bridge in the world.

Applied stress in tension is computed by Equation 5-22:
fi==~ (5-22)
where P = axial load applied to the member (Ib), and
A = net cross-sectional area of the member (in’).

The net area, A, in Equation 5-22 is the gross area of the member minus
the projected area of fastener holes or cuts that reduce the section. Re-
quirements for determining net area for various fasteners are discussed in
Section 5.8.

Allowable stress in tension equals the tabulated stress for tension parallel
to grain, F,, adjusted by al applicable modification factors. This is com-
puted by

F'=FC.C.C.C (5-23)

i TR

For sawn lumber, values of F for members 2 to 4 inches thick, and
5 inches and wider, apply to 5- and 6-inch widths only. When wider mem-
bers are used, a reduction in tabulated stress ranging from 0.9 to 0.6 is
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required by footnotes to the NDS Table 4A. When glulam is used, the
most economical tension members are generally selected from the axial
combinations given in AITC 117-Design.

Example 5-8- Glulam tension member

A glulam truss member carries an axial tension load of 25,000 pounds.
The ends of the member are attached to steel plates with a single row of
1-inch-diameter bolts aligned in the longitudinal direction. Design this
truss member, assuming the following:

1. Normal load duration under wet-use conditions; adjustments for
temperature (C) and fire-retardant treatment (C,) are not
applicable.

2. Bolt holes at member ends are 1/16 inch larger than the bolt
diameter.

3. Glulam is manufactured from visually graded western species.

Glulam tension member

25,000 b ~a—EX7 IR I—e- 25.000 Ib

Steel plates with 1™ & baits

Solution

The design of atension member starts with either the selection of a glulam
combination symbol or a standard member width. In this example, combi-
nation symbol No. 2 is selected and design will involve determining the
required member size.

The tabulated stress for tension parallel to grain is obtained for combina-
tion symbol No. 2 from AITC 117-Design:

F.= 1,250 Ibfin’

The alowable stress for tension parallel to grain is computed by
Equation 5-23 using the C, value obtained from Table 5-7:

F'=FC,, =1,250{0.80) = 1,000 1b/in?

Next, Equation 5-22 is rearranged to compute an initial member area
based on the applied load and the allowable stress in tension parallel to
grain:

P 25000

TFROL000

25in*
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The required member depth is obtained for several standard glulam widths
by dividing the required area by the standard width, then rounding the
depth up to the next standard depth (based on a 1-1/2-inch lamination
thickness for western species). For three standard glulam widths:

Depth rounded Number

Member Minimum up to of
width required depth standard depth  laminations
31/8in. %=% = 8.00in. 9 in. 6
5-1/8in. %:%:4.3%, 6 in. 4
634in. L= % =3.70in. 45in. 3

Initial selection of a member width and depth is a matter of designer
judgement and depends on size and economic considerations. In this case,
the 5-1/8-inch width is selected and the gross member area is computed:

A= bld) = 5.125(6) = 30.75 in?

GROSS

The net area used for design is equal to the gross area minus the pro-
jected area of bolt holes. Assuming that bolts pass through the narrow

(5-1/8-inch) dimension,
|~T<— 1%+ 1/16" = 1,06

S-1/8"

Projected area
of boll hole ™

Elﬁ
Agoyy = (1.06 in.)(5.125 in.) = 5.43 in?

A_ =A = 30,75 — 543 =25.32 in®

oross ~ Asort
By Equation 5-22,

_ 253,000
2532

P )
=— =987 in?
f{ A in

f =987 in"< F' = 1,000 Ib/in*, so a 5-1/8-inch wide by 6-inch deep
combination symbol No. 2 member is satisfactory.
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5.6 COLUMN DESIGN

A column is a structural component loaded primarily in axial compression
paralel to its length. In bridge design, columns are used as supporting
components of the substructure, truss elements, and bracing (Figure 5-7).
The three general types of columns are simple solid columns, spaced
columns, and built-up columns (Figure 5-8). Simple solid columns consist
of a piece of sawn lumber or glulam. Spaced columns consist of two or
more parallel pieces that are separated and fastened at the ends and at one
or more interior points by blocking. Built-up columns consist of a number
of solid members joined together with mechanical fasteners. The most
common columns for timber bridges are simple solid columns constructed
of sawn [umber, glulam (axial combinations), timber piles, or poles.
Although spaced and built-up columns may be used for truss elements or
other components, they are not common in modem bridge applications.

The column design requirements in this section are limited to simple solid
columns of constant cross-sectional area. Loads are applied concentrically,
and design is based on the stresses and instability from axial compression
and end-grain bearing stress at column ends. Columns |oaded in combined
compression and bending are discussed in Section 5.7 of this chapter. For
additional information on built-up, spaced, and tapered solid columns,
refer to the NDS and the AITC Timber Construction Manual.

"
X e ‘ b
g I - 1 i Fiy ; i

Figure 5-7.- Timber columns are common in bridge substructures such as these bents
(photo courtesy Wheeler Consolidated, Inc.).
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DESIGN FOR
COMPRESSION

W
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y

1 .
o) ?\/',
Simple solid Simple solid Spaced Built-up
column of column of column of column of
sawn lumber glulam nailed lumber bolted lumber

Figure 5-8. - General classes of timber columns.

Compression in timber columns can induce failure by crushing the wood
fibers or by lateral buckling (deformation). The first step in column design
is to estimate an initial member size and compute applied stress (several
iterations may be required to arrive at a suitable section). After an initial
column size is selected, the column slenderness ratio is computed, which
serves as the basis for design in compression. From the slenderness ratio,
alowable stress is determined from equations given in the NDS and
checked against the applied stress.

Applied Stress

Applied column stress in compression parallel to grain, f, is computed by
P
== 5-24
= (5-24)

where P = the total compressive load supported by the column (Ib), and
A = the cross-sectional area of the column (in’).

The value of A used in Equation 5-24 depends on the location of fastener
holes that reduce the column section. When the reduced section occurs at
points of lateral support, failure occurs by wood crushing, and the gross
column area is used without deductions for fastener holes. At locations
away from points of lateral support, failure may occur by column buck-
ling, and the net column area (gross column area minus fastener holes) is
used. Refer to Section 5.8 for details on computing net area for different
fastener types.
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Column Slenderness Ratio

The slenderness ratio of a column provides a measure of the tendency of
the column to fail by buckling from insufficient stiffness, rather than by
crushing from insufficient strength. It is expressed as the ratio of the
unsupported column length to its least radius of gyration and is computed
for timber in the same manner as for other materials. For convenience in
design, however, the slenderness ratio for square or rectangular ssmple
solid columns is given in terms of the column cross-sectional dimension,
rather than the radius of gyration, and is computed by

} V4
Slenderness ratio = j’

where £, = effective column length (in.), and

(5-25)

d = cross-sectional dimension corresponding to £, (in.).

The effective column length in Equation 5-25 is the distance between two
points along the column length at which the member is assumed to buckle
in the shape of a sine wave. It is computed as the product of the unsup-
ported column length and the effective buckling length factor given by

{=K{ (5-26)
where K.= effective buckling length factor, and

¢ = unbraced length between points of lateral support along
the column length.

Values of K. are given in Table 5-13 for various conditions of end fixity
and lateral tranglation at column ends or intermediate points of lateral
support. In most applications, timber columns with square-cut ends are
fixed against trandation but not rotation (approximately pinned connec-
tions), and the value of K_is 1.0. Conditions may be encountered in design
where restraint is more or less than this condition, and K. must be adjusted
accordingly based on designer judgment. Additional discussion on effec-
tive buckling length factors is given in Appendix N of the NDS.

The slenderness ratio provides an indication of the mode of failure and is
the basis for determining the allowable design stress. If a column is loaded
to failure by buckling, the buckling will always occur about the axis with
the largest slenderness ratio. The task of the designer is to determine the
controlling slenderness ratio for a given column configuration. For a
rectangular column with the same unbraced length in both directions, the
critical slenderness ratio can be determined by inspection (Figure 5-9 A).
In this case, the column will obviously buckle about the weaker (y) axis,
and that is the only slenderness ratio that must be computed (for buckling
about the y axis the column deflects in the x direction). For column con-
figurations where the unbraced length is not the same in both directions,
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Table 5-13. - Effective buckling length factor, K.

}
] {
A Siidhe
! r A r
i ! ! f l
1 N i i
Buscding modes ' | V1E !
1 1 ;
i"f f
-
1 L]
1 []
Theoretical £ value 05 | 07 |10 |10 | 20| 20
Recommended design K
when ideal conditions approximated | 065 | 080| +2 | 10 | 210| 24

¥ | Rotaton fixed, translation fixed
End condifion coce 1‘ Rotation lrae, tranglation ficad

wma | Rotation fixed translation free

g5 Reatation e, translation Iee

From the NDS; 2 © 1986. Lisad by permission.

the critical lenderness ratio cannot be determined by inspection and
the designer must compute slenderness ratios for both directions
(Figure 5-9 B). Depending on the spacing of lateral support, conditions
may exist where the column design is controlled by buckling about the
grong axis.

Allowable Stress

The allowable compressive stress for sguare or rectangular simple solid
columns is computed from equations given in the NDS. These eguations
are based on the column slenderness for three ranges:

0 < E‘,r‘d 11 Short Column
11 < £, id K Intermediate Column
K< {f /d 50 Long Column

where K is a Slenderness factor defined later in this section for intermedi-
ate columns.

The NDS equations have been modified to incorporate the use of the
column dimension (d) rather than the radius of gyration (r). They may be
used for nonrectangular cross sections by substituting 3.46r for d (¢, /3.46r
isused in place of £, /d when determining the column-length class). For the
specia case of around column, the NDS states that the load on a round
column may be taken as the same as that for a square column of the same
cross-sectional area. For round columns, the d used in determing the £, /d
ratio is 0.866 times the diameter of the round column.
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about the y-y
axis (£, /d) "

Buckling mode
about 1he x-x
axis (2, /d)_

Buckling mode
aboad the x-x

axis {£, /),

Figure 5-9.- Column slenderness ratios for columns with equal and unequal unbraced lengths.
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Short Columns
Short columns are columns with a slenderness ratio of 11 or less. In short
columns, the capacity of the member is controlled by the strength in
compression parallel to grain, and failure aways occurs by crushing of the
wood fibers. Allowable stresses for short columns are equal to the tabu-
lated stress in compression parallel to grain adjusted by applicable modifi-
cation factors, as given by

F'=FCCLL (5-27)
Intermediate Columns

Intermediate columns have a slenderness ratio greater than 11 but less than
K as determined by

K = 0,674 !% (5-28)

whers K = minimum value of # ‘fa' at which the column can be
expecied to perform as an Eoler column ®
F'=FEC C C {Ibfin?), and

MTRETH
F " =F.C,C,CiC, Wbjind).

In intermediate columns, failure can occur by crushing of the wood fibers
or by lateral buckling, or both. The allowable stress for intermediate
columns is the tabulated stress in compression parallel to grain adjusted by
applicable modification factors, including the lateral stability of columns
factor, C,, and is computed by

F =FC,C.CCC, (5-29)
where
1{¢ /dy
—1_ LG i
Cp=1 3( = ] (5-30)

In addition to Equation 5-29, the NDS gives optional column design
adjustments for low variability materials (such as glulam) that are similar
to those previously discussed for beams. For additional information on
these equations, refer to Appendix G of the NDS and the AITC Timber
Construction Manual.

Long Columns

Long columns are columns with a slenderness ratio greater than K and less
than or equal to 50 (the maximum slenderness ratio alowed by the NDS
for any column is 50). In long columns, the strength of the member is con-
trolled by stiffness, and failure occurs by lateral buckling. The alowable
design stress for long columns is given by
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DESIGN FOR BEARING

F/= ﬂ (5-31)

Column design must also consider bearing on the end grain of the mem-
ber, given by

f,=£ (5-32)
A

where f,= end-grain bearing stress from applied loads (Ib/in’),
P = total applied load (Ib), and
A =net areain bearing (in’).

The tabulated stress for end grain in bearing is specified in Table 2B of the
NDS for sawn lumber and in Tables A-1 and A-2 of AITC 117-Design
for glulam. The tabulated stress for sawn lumber is given for wet-service
and dry-service conditions. For glulam, tabulated stress is for dry-service
conditions and must be modified when the moisture content of the mem-
ber is expected to exceed 16 percent in service (asin most bridge applica-
tions). Tabulated end-grain bearing stress is computed for sawn lumber
and glulam as follows:

For sawn lumber,

Fl=FC,CC, (5-33)
For glulam,

F'=FCCCC, (5-34)
where Fg' = allowable stress for end grain in bearing ({Ib/in?),

F'g = tabulated stress for end grain in bearing (1b/in®), and

C

« = moisture modification factor for glulam for end

grain in bearing = 0.57.

When the bearing stress computed by Equation 5-32 exceeds 75 percent of
the allowable stress computed by Equations 5-33 or 5-34, the NDS re-
quires that the bearing be on a metal plate or strap, or on other durable,
rigid, homogeneous material of adequate strength.
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Example 5-9. - Column design; sawn lumber

A sguare, sawn lumber column is 6 feet high and supports a concentric
load of 35,000 pounds. Lateral support for the column is provided by
pinned connections at the column ends only. Design this column, assum-
ing the following:

1. Normal load duration and wet- 35,000 kb
use conditions; adjustments
for temperature (C) and fire- T
retardant treatment (C,) are

not requi red. Finned ends

2. The column is $4S Douglas
Fir-Larch, visualy graded
No. 1 to WCLIB rules in the &

, : e col
Posts and Timbers (P& T) size Square lumber column

classification.
Solution
The first step in column design isto j_
determine an initia column size. Since
column dimensions are initially un- T
known, it is usually assumed that the 35,000 b

column isin the short column slender-
ness range, and the allowable stress in compression parallel to grain is
computed using Equation 5-27:

F:‘ = F:CDCH

From the NDS Table 4A for No. 1 Douglas Fir-Larch in the P& T size
classification,

F.= 1,000 Ibfin’
From Table 5-7,
C.,=091
Substituting values,
F'=FC,C, =1000{1.0)(0.91) =910 Ibfin’

Aninitial column areais obtained by dividing the applied load by F.' :

_ 35,000 1b

= orp i = 385 /i’
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From Table 16-2, the smallest square lumber size that meets the minimum
area requirement is 8 inches by 8 inches, with the following properties:

b=75In.
d=75in.
A=56.25in’

The column slenderness ratio must next be computed to determine the
actual column slenderness range. The effective column length is computed
by Equation 5-26 using an unbraced length of 6 feet and an effective
buckling length factor, K, of 1.0 for the pinned ends:

£,=K2=10(63(12 in/ft) =72 in.
The column slenderness ratio is computed by Equation 5-25:

Slendemess ratio = i =72-95¢
7.5
¢, /d=9.6<11.0, s0the columnisin the short column slenderness range
as initially assumed. Applied stress is computed by Equation 5-24:

P 35,000 .2
. A 5025 6221b/in

f =622 Ib/in"< F.' =910 Ib/in’, so the column size is satisfactory.
Although normally not a controlling factor in column design, end grain in
bearing stress should also be checked. From NDS Table 2B for wet-use
Douglas Fir-Larch,

F,= 1,340 Ib/in’
By Equation 5-33,

F =F.C,=1,340( 1.0) = 1,340 Ib/ir’
0.75F, = 0.75 (1,340) = 1,005 Ib/in’

Assuming a unit weight for wood of 50 Ib/ft’

56.25in”

Cal ight=—7"7—7——=
UmnR Weig 144 i 1

(6 £t} (501b/ft*) =117.2 Ib
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By Equation 5-32,

P (117.2+35,000)

I _ — &24 1b/in?
1 5625 &24 1bfin

f,=

f,= 624 Ib/in"< 0.75F," = 1,005 Ib/in’, so end-grain bearing is satisfactory,
and bearing on a steel plate or other rigid, homogeneous material is not
required.

Summary

The column will be nominal 8-inch by 8-inch surfaced Douglas Fir-Larch,
visually graded No. 1 inthe P& T size classification. The column is
classified in the short column slenderness range and f.= 622 Ib/in"< F,' =
910 Ib/in’. End-grain bearing stress is less than 75 percent of the allowable
value, so special steel bearing plates are not required.

Example 5-10- Glulam column design

A glulam column is 17 feet long, 8-1/2 inches wide and 12-3/8 inches
deep. Determine the column capacity for concentric loading when (A) the
column is laterally supported at the ends only, and (B) the column is
laterally supported at the ends and at midheight along the 12-3/8-inch
dimension. The following assumptions apply:

1. Normal load duration under wet-use conditions; adjustments for
temperature (C) and fire-retardant treatment (C.) are not
applicable.

2. Glulam is visually graded Southern Pine, combination symbol
No. 47.

3. All support connections are pinned.

4. End-grain bearing is on a steel plate.
Solution
The procedure for determining the allowable load for each support condi-
tion will first involve computing the column slenderness range. From this,
the allowable unit stress and load will be determined.
Tabulated values for compression paralel to grain and modulus of elastic-
ity are obtained from AITC 117--Design. Respective values for the mois-
ture content modification factor are obtained from Table 5-7:
F.= 1,900 Ib/in’ C,= 0.73

E =1,400,000 Ib/in®  C,= 0.833
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Case A: Lateral

support at ends P P
only ¥ J) X
\r\ir* Pinned ends Py e
{typicaf)
8%
17
%\ Lateral support
," 3_1;2- 315!
o
- Case B: Lateral
Y L support at ends and
o T\ 12-38 al midheight along
'{ T  thel23m
dimension
P P

From Table 16-4, the area of an 8-1/2-inch by 12-3/8-inch glulam column
is105.2in".

Case A: Lateral support at column ends only

With lateral support at the column ends only, the effective column length
is computed using Equation 5-26. For an unbraced column length of 17
feet and a buckling length factor for pinned ends of 1.0,

£ = K £=10¢17)(12 iny6r) = 204 in.

The column slenderness ratio is computed using Equation 5-25 with the
least column dimension, d = 8.5 inches:

I . i 204
Slenderness ratio = p =—S. 5 = 24

¢ fd=24>11, sothecolumnisin theintermediate or long slenderness
range. The denderness factor, K, is computed using Equation 5-28:

E' = EC, = 1,400,000(0.833) = 1,166,200 Ibyfin?

F"=F.C,C, = 1,900(1.0(0.73) = 1,387 Ibfir?

E' 1,166,200
— 0,671 ‘—=ﬂ.ﬁ?l1’—~—’ 200 _ 19 46
K=08711ps 1,387

¢ fd=24>K=19.46, 0 the column isin the long slenderness range.
Allowable stress in compression parallel to grain is computed by Equation
5-31L
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gro 0:30£° 0,30 (1,166,200}
(e dy (24)°

The alowable load is the product of the column areaand F.":

=607 b/ in®

P =A(F ) = 105.2(607) = 63,856 Ib

Case B: Lateral support at column ends and at midheight along the
12-3/8-inch dimension

With lateral support at the column ends and at midheight along one axis,
the slenderness ratio must be checked for both axes. About the x-x axis:

# = (17 f1){12 injfr) = 204 in.
K.=1.0
¢,=K_(£)=1.0(204) =204 in,

d=12.38in.

L 204

—==——=10.84

d 12.3% 68

About the y-y axis:
17 fit

t= T{llim’ﬂ] =102 in,

K.= 1.0

£ =K, (=10(102) = 102in.

d=85in.

L, 102

Al S 13
d 835 0

The largest slenderness ratio of 16.48 (about the x-x axis) will control
design. By previous calculations K = 19.46 > £, /d = 16.48, so the column
isin the intermediate range.

The lateral stability of columns factor, C,, is computed by Equation 5-30;

1/L.1dY 1{16.48Y
C,o=1--| e =1——| 2= =0
F 3( K j 3(19.4.5) 0.83

Allowable stress in compression parallel to grain is computed by
Equation 5-29:

F'=FC,CC, =1900(0.83)(10{0.73) = 1,151 1bfin?
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The alowable load is the product of the column areaand F,":
P=A(F) =105.2(1,151) = 121,085 Ib

Check End-Grain Bearing

The tabulated stress for end grain in bearing is obtained from AITC 117-
Design:

F,= 2,300 Ib/in’
The alowable stress is computed using Equation 5-34:
Fl‘ = FICHCD = 2,30000.573(1.0) = 1,311 Ibfin?

F'= 1,311 Ib/in‘is greater than previously computed values of F.', so
bearing stress will not control.

Summary
The allowable compression parallel to grain and maximum load for both
column support cases are as follows:
Case A: Column laterally supported at ends only
F.' =607 Ib/in’
Maximum alowable load = 63,856 |b

Case B: Column laterally supported at ends and at midheight along
the 12-3/8-inch dimension

F.' = 1,151 Ib/in’
Maximum allowable load = 121,085 Ib
This example illustrates the effect that lateral support can have on allow-

able column loading. When additional support is added at midheight,
along the 12-3/8-inch dimension, the allowable load nearly doubles.
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5.7 DESIGN FOR COMBINED AXIAL AND BENDING FORCES

GENERAL DESIGN
CONSIDERATIONS

One or more loads acting on a column, beam, or other structural member
may induce a combination of axial and bending stresses that occur simul-
taneously. In bridge design, combined loading most commonly occurs as
axial compression and bending acting on supporting columns of the
substructure (Figure 5-10). Even in columns designed for concentric loads,
small eccentricities are created because of construction tolerances, slight
member curvature, and materia variations. Bending stress also occurs
when columns are subjected to transverse loads from wind or earthquakes
(see Chapter 6). Other conditions involving combined compression and
bending or combined tension and bending are less common in bridge
applications, but may occur in truss members or other components.

The design requirements discussed in this section are for combined axial
tension or compression acting simultaneously with bending. It is assumed
that bending occurs about one axis and that all loads are applied directly to
the member. For cases involving axia loads with biaxial bending or loads
acting through brackets attached to the member side, refer to references
listed at the end of this chapter. °"****

When members are subjected to simultaneous axial and bending loads, the
resulting stress distribution is approximately the sum of the effects of the
individual loads. In combined tension and bending, the effect is to reduce
the compressive stress on one side of the member and increase the tensile
stress on the other side. For combined compression and bending, tensile
stress is reduced on one side and compressive stress is increased on the
other. The case of combined compression and bending is critical because
the higher compression increases the potential for lateral buckling of the
member.

Combined stresses are evaluated using an interaction formula. In general
terms, the interaction formula contains two expressions, one for the capac-
ity in axial loading and one for the capacity in bending. In its basic form,
the interaction formula is expressed by

fs  fs
2 +—=<1.0 -
F;I‘ -FLI (5 35)
where J, = applied stress in tension f, or compression £, (bin*), and

F ‘= allowable siress in tension F,’ or compression F ' (Ib/in?).

Each of the expressions in Equation 5-35 can be thought of as representing
the portion of the total member capacity taken by the respective axial or
bending stress. The axia portion of the formula is the ratio of the applied
axial stress to the allowable axial stress, assuming the member is loaded
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COMBINED BENDING AND
AXIAL TENSION

Figure 5-10.- Members subjected to combined axial and bending forces are most common
in bridge substructures. The vertical posts of this abutment support compressive loads
from the superstructure and lateral loads from the earth pressure on the abutment wall.

with axial forces only. The bending portion is the ratio of the applied
bending stress to the allowable bending stress, assuming the member is
loaded with bending forces only. The sum of these expressions cannot
exceed 1.0, or 100 percent of the member capacity.

When selecting a glulam member for combined axial and bending stresses,
the designer should consider the relative magnitude of each type of stress.
If tension or compression is the predominant stress, axial combinations are
usually most economical. When bending is the predominant stress, bend-
ing combinations may be more appropriate.

When members are loaded in combined axial tension and bending, the
interaction equations that must be satisfied for design are given by

fo, _Js
Ly —2— 210 -
£ ERTC, (5-36)
fi=ficq0 (5-37)
RC,

where f, = applied stress in axial tension computed by

Equation 5-22 (Ibfin2),

F'=FC,C,LC,C, from Equation 5-23 (Ib/in?),

oM R
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COMBINED BENDING AND
AXIAL COMPRESSION

1, = applied bending stress computed by Equatien 5-2
(IbAnt), and

F,"=FC.C, C,C from Equation 5-9 (Ib/in?).
In applying the interaction formulas, tension stress is computed for a
tension member, as discussed in Section 5.5, and bending stress is com-
puted for a beam, as discussed in Section 5.4. Considerations for tension
are relatively straightforward; however, for bending, the member must be
checked for strength in the tension zone and stability in the compression
zone. In beam design, the size factor, C,, applies to the tension side of the
member where stresses from combined loading are greater than those from
bending alone. As aresult, C.is always used as a modification factor in
Equation 5-36. The lateral stability of beams factor, C, affects the com-
pression side in bending where stresses from combined loading are re-
duced by the axial tension. When conditions of lateral support are such
that the member is classified as an intermediate or long beam, and C,
rather than C_controls beam design, the member must also meet the
stability requirements given in Equation 5-37.

Members subjected to combined axial compression and bending are
common in bridge design and are frequently referred to as beam columns.
This type of loading is more critical than combined tension and bending
because of the potential for lateral buckling and the additional bending
stress created by the P-delta effect. The P-delta effect is produced when
bending loads cause the axially loaded member to deflect along its longi-
tudinal axis. When this occurs, an additional moment is generated by the
axial load, P, acting over alever arm equal to the deflected distance
(Figure 5-11). The potential magnitude of the P-delta moment depends on
the stiffness of the member and is not computed directly; however, the
interaction equations for combined compression and bending include
additional terms to compensate for this effect.

The exact anaysis of a member with combined axial compression and
bending can be a very time-consuming task and is most accurately deter-
mined by the secant formula. When timber members are considered, such
an exacting analysis is generally not justified because of the material
variability in modulus of elasticity and in strength properties and because
of the degree of uncertainty in loading conditions. Rather than using a
rigorous type of analysis, the NDS gives a smplified interaction formula
for combined compression and bending that provides an accuracy well
within an acceptable range for bridge applications. These equations are
suitable for pin-end members of square or rectangular cross sections and
are based on the following assumptions given in the NDS:
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Figure 5-11.- P-delta effect on members loaded in combined axial compression and
bending.

1. The stresses that cause a given deflection as a sinusoidal curve are
the same as those for a beam with a uniform side load.

2. For asingle concentrated side load, the stress under the load can
be used, regardless of the position of the load with reference to the
length of the column.

3. The stress to use with a system of side loads is the maximum
stress from the system (some slight error on the side of overload
will occur with large side loads near each end).

4. For columns with a slenderness ratio of 11 or less (short columns),
the P-delta stress may be neglected.

The NDS interaction formula for combined compression and bending is
given below by Equations 5-38 and 5-39. Appendix H of the NDS also
gives eight modified forms of this equation for specified loading condi-
tions that may be used at the option of the designer.

fo Sot £(6+1L5T ed) | o
F, F-J(1.)

(5-38)

and
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(£ d)-11

where

(TS 5-39

= 0 (5-39)

f = applied stress in compression parallel to grain computed
by Equation 5-24 (Ib/in’),

= alowable stress in compression parallel to grain by the
applicable equations in Section 5.6 for the maximum
slenderness ratio (¢, /d ), assuming the member is loaded
in axial compression only (Ib/in’),

f,= applied stress in bending from side loads or moments
only, by Equation 5-2 (Ib/in%),

= dlowable stress in bending computed by equations in
Section 5.4, assuming the member is loaded in bending
only (Ib/in),

e = the eccentricity of an eccentrically applied axial load

(in.),

d = the cross-sectional dimension of a rectangular or square
column (in.),

J = a unitless convenience factor computed from the ¢ /d
ratio in the plane of bending and limited to values®
between zero and 1.0, inclusively,

£,/d = for computing J, the column slenderness ratio of the

member in the plane of bending, and

= the smallest slenderness ratio£, /d at which the long
column formula applies, from Equatlon 5-28.

The interaction Equations 5-38 and 5-39 are somewhat confusing at first
glance, but become easier to use with experience. When applying the
equations, five considerations will provide some clarification for various
design applications. First, the compression terms f.and F_' are determined
by the methods discussed in Section 5.6, in exactly the same manner as if
the member was loaded in axial compression only.

Second, the term for bending stress f,is applicable only when bending is
from transverse loads or applied moments. When bending is from eccen-
tric axial loads only, and no side loads or applied moments occur, f,equals
zero and Equation 5-38 becomes

F'|

fm+1ﬂnad]
F-J(f.)

<1.0 (5-40)
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5.8 CONNECTIONS

Third, the allowable bending stress F,' is the tabulated bending stress
adjusted by dl applicable modification factors, assuming the member is
loaded in bending only. In most gpplications, the more redtrictive modiifi-
cation factor for size effect, C.or lateral beam stahility, C, applies;
however, for combined compression and bending, both modification
factors are applied cumulatively when the value of C.is greater than
1.0. This will occur only when axial glulam combinations are less than
12 inches deep and are loaded in bending about the y-y axis (see AITC
117-Design). In all other cases, only the lowest value computed for C,or
C.is applied as a modification factor to F.

Fourth, in the expression for eccentric loads e/d, d is the cross-sectional
dimension of the member perpendicular to the axis about which bending
is applied. When there are no eccentric axial loads, e/d equals zero and
Equation 5-38 reduces to

foy fo ci0 5-41
£ R-IE) 4D

Fifth, the J factor, whose value is limited between zero and 1.0, compen-
sates for the effects of the P -delta moment. The column slenderness ratio
used to determine J is always computed in the plane of bending. For
column slenderness ratios of 11 or less (short columns), P -delta effects are
ignored and the value J is zero. For £,/d values greater than K (long col-
umns), the P -delta effects are greatest and J is at its maximum value of 1.0.
When £,/d is greater than 11 but less than K, P -delta effects increase with
the slenderness ratio and values of J vary linearly from zero to 1.0.

A connection consists of two or more members joined with one or more
mechanical fasteners. Connections are one of the most important consid-
erations in timber bridge design because they provide continuity to the
members as well as strength and stability to the system. The connections
may consist entirely of wood members but frequently involve the connec-
tion of wood to steel or other materials. One advantage of wood as a
structural material is the ease with which the members can be joined with
awide variety of fasteners. Progress in the past decade on fastener design
and performance has led to reliable design criteria, alowing connections.
to be designed with the same accuracy as other components of the
structure.
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TYPES OF CONNECTIONS
AND FASTENERS

This section discusses connection design for several types of fasteners
commonly encountered in bridge construction. The types of connections
and fasteners are discussed first, followed by basic design criteria and
specific fastener requirements. The scope of coverage is limited to connec-
tions with two or three members, where fasteners are loaded perpendicular
or parallel to their axis in the side grain of timber members. When fasten-
ers are loaded at an angle to their axis, placed in wood end grain, or used
in joints consisting of more than three members, refer to the NDS specifi-
cations for design criteria and requirements.

There are two basic types of connections in timber bridges. lateral (shear)
connections and withdrawal (tension) connections (Figure 5-12). In lateral
connections, forces are transmitted by bearing stresses developed between
the fastener and the members of the connection. A tight lateral connection
also develops some strength by friction between members (at least when
initially installed), but this effect is not considered in design. In with-
drawal connections, the mechanism of load transfer depends on the type of
fastener. For screw-type fasteners, load transfer is by a combination of
friction and thread interaction between the fastener and the wood. For
driven fasteners, such as nails, load transfer in withdrawal is entirely by
friction developed between the fastener and the wood.

Selection of a fastener for a specific design application depends on the
type of connection and the required strength capacity. Each connection
must be designed to adequately transmit forces and provide good perform-
ance for the life of the structure without causing splitting, cracking, or
deformation of the wood members. The five fastener types most com-
monly used for timber bridges are bolts, lag screws, timber connectors,
nails or spikes, and drift bolts or pins (Figure 5-13). A brief description of
each fastener is given below.

Bolts are the most common timber fastener for lateral connections where
moderately high strength is required. They also are used in tension con-
nections where |loads are applied parallel to the bolt axis. Bolts used for
bridge connections are standard machine bolts and should not be confused
with machine screws, which have a much finer thread. Bolts are the only
type of fastener that require nuts to maintain tightness of the connection.

L ag screws are pointed threaded fasteners with a square or hexagonal
head that are placed in wood members by turning with a wrench. Although
they provide alower lateral strength than a comparable bolted connection,
lag screws are advantageous When an excessive bolt length is required or
when access to one side of a connection is restricted.

Timber connectors are steel rings or plates placed between members held
by a bolt or lag screw. They are used in lateral connections only and
provide the highest lateral strength of al fasteners because of the large
bearing area provided by the connector.
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Laterat (sheart connections Withdrawal {lansion} connections

Figure 5-12.- Typical lateral and withdrawal connections for timber members.
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Bok Lag scraw
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Timber connactor with baft Mail or spke

| ¥ Head on drift bols onfy

T |

Drift pin or difl bol

Figure 5-13. - Types of fasteners used for timber bridges.
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BASIC DESIGN CRITERIA

Nails and spikes are driven fasteners used in bridges primarily for non-
structural applications. They are more susceptible than other fasteners to
loosening from vibrations and from dimensional changes in the wood
caused by moisture content variations.

Drift bolts and drift pins are long unthreaded bolts or steel pins that are
driven in prebored holes. Drift bolts have a head on one end, but drift pins
have no head. In bridge applications, drift bolts and drift pins are used in
lateral connections for large timber members. They are not suitable for
withdrawal connections because of their low resistance to withdrawal
loads.

When bolts or lag screws are used individually or with timber connectors,
they must be provided with washers if the head or nut of the fastener isin
wood contact. Washers distribute the load over a larger area to reduce
stress and prevent wood crushing under the fastener head when the fas-
tener is tightened. The three primary types of washers are cut washers,
plate washers (round or square), and malleable iron washers (Figure 5-14).
Cut washers are limited in application because they are thin and may bend
from bearing forces. Malleable iron (MI) washers, intended only for timber
connections, are most commonly used. Washers are not required when the
head or nut of the fastener bears on a steel component; however, when
steel components are used, they must be designed for adequate strength in
accordance with AASHTO specifications for structural steel (AASHTO
Section 10).

& O & &

Standard cut Round plate Square plate Malleable iron

Figure 5-14. - Common washer types for timber connections.

An important factor in connection performance and longevity is protection
of the steel fasteners and hardware from corrosion. All steel components
should be hot-dip galvanized in accordance with the applicable

AASHTO specification M111 or M232. Such finishes as chrome and
cadmium plating do not afford suitable protection for the exposure condi-
tions encountered in bridges. When color is an important consideration,
components can be painted after galvanizing or be coated with colored
€POXY.

The strength of timber connections is usualy controlled by the strength of
the wood in bearing or withdrawal rather than by the strength of the fas-
tener. As aresult, connection design is affected by many of the same
factors that influence the strength properties of wood. In addition to the
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type, number, and size of fasteners, connection strength depends on such
factors as the wood species, direction and duration of load, and conditions
of use.

Tabulated design values for different types of fasteners are given in the
NDS. These values are based on one fastener, installed and used under
specified conditions. Allowable design loads are determined by adjusting
tabulated values with modification factors. When more than one fastener
is used in a connection, the design value is the sum of the design values
for the individual fasteners (for some fastener types, adjustments are
required for multiple-fastener connections). It should be noted that the
design criteria and tabulated values in the NDS are limited to connections
involving the same type of fastener. Methods of analysis and test data
for connections made with more than one type of fastener have not been
devel oped.

The basic design procedures for connections are similar to those for
structural components. For a given connection and fastener type, the
designer must (1) compute fastener load requirements; (2) determine the
tabulated value for one fastener based on the species group of the con-
nected members; (3) apply modification factors to the tabulated value to
reflect specific conditions; (4) adjust the modified value for lateral loading
conditions other than parallel or perpendicular to grain, when applicable;
(5) multiply the allowable design value for one fastener by the total num-
ber of fasteners in the connection; (6) compute the net section and verify
the capacity of the members; and (7) detail the connection to ensure
adequate fastener placement and performance.

Species Groups

The strength of timber connections is directly related to the species (den-
sity) of wood in which the fastener isinstalled. For lateral connections,
wood species are divided into groups depending on the relative bearing
capacity of the species for the specific fastener type. The three species
groups consist of Groups 1 to 12 for bolts, Groups A to D for timber
connectors, and Groups | to IV for lag screws, nails, spikes, drift bolts, and
drift pins. There are no group designations for withdrawal connections,
and design values are based on the specific gravity of the member. For
both lateral and withdrawal connections, the species groups and specific
gravities for sawn lumber (Table 5-14) and axial combinations of glulam
(Table 5-15) apply to fasteners in the side grain at any location in the
member. For bending combinations of glulam (Table 5-16), the species
and grade of laminations vary for different locations in the member, and
fastener groups and specific gravities are given separately for the tension
face, side face, and compression face.

Modification Factors for Fasteners

Tabulated design values for fasteners are based on the strength of wood
components assuming specific conditions of use. To adjust tabulated
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Table 5-14 —Sawn lumber species groups for fastener design.

Grouping for lag scraws,

nails, splkes, drift bolts
and drift pins
Bolt Timber connéctor Load Specific

Species load group kad group' group gravity?
Cedar, Narthern White 12 D v 0.31
Cedars, Westarn® 9 D Y 0.35
Coast Specias 12 D v 0.39
Douglas Fir-Larch? 3 B Il 0.51
Douglas Fir-Larch {dense) 1 A I 0.51%
Douglas Fir, South 3 C I 0.48
Eastern Woods 12 D Iv 038
Fir, Balsam 11 D v 0.38
Hem-Fir* 8 c ] 0.42
Hemlock:

Eastarn-Tamarack’® B C [} 0.45

Mountain 9 c ] 0.47

Westen 8 c ] 0.48
Pine:

Eastern White® 11 D v 0.38

Idaho White 11 D v 0.40

Lodgepcle 10 c ] 0.44

Northern g C 1l 0.46

Ponderosa® 11 C If 0.4%

Ponderosa-Sugar 11 C It 0.42

Red! 11 C i 0.42

Southern 3 B li 0.55

Southern {dense) 1 A I 0.58%

Western White 11 D v 0.40
Spruce:

Eastern 10 G 1] 0.43

Engelmann-Alpine Fir 12 D v 0.2

Sitka 10 C i 0.43

Sitka, Coast 10 D v 0.29
Spruge-Pine-Fir 10 C 1] 0.42
West Coast Woos

{mixed species) 12 D IV 0.35
White Woods {Western

Woods) 12 D v 0.35
' When sirass graded.
2 Based on weighl and volume when gvendry,

* Also applies when spacies name includes the designation “North.”

* Applies when graded 1o NLGA rules.

* Tha specific gravily of dense lumber is slightly higher than for medium-grain lumber; howevar, the design values for this group ars based
on the average specific gravity of the specias.

Load groups and specilic gravities apply te all grades ol thal species unless ctharwise notad,

This tabie conams a Fmited number of species. Refer 1o the NDS lor a complete species listing.

From the NDS € 1886. Used by permission.
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Table 5-15. - Glulam axial combination species groups for fastener design.

Lag scraws, nails,splkes,

drift balts, and drift pins
Timber
Combinatien Boft connector Specitic
symbol group group Group gravity
Visually graded western species:
1 3 B i 0.5
2 3 B I 0.51
3 1 A I 0.51
4 3 B h 0.51
5 1 A il 0.51
Visually graded Southem Pine:
45 3 B Il (.55
47 3 B I 0.55
48 1 A 1 0.55
49 3 B I 0.55
50 1 A I 0.55

Applicable to lasteners paced inany face of e member.

This table represents a partial listing ol selecied combination symbols. Refer io AITC 117—Design’
and the AITG Timber Construction Manual® for a compiate |isting of all combination symbois. From
AITC 117—Dasign " € 1987, Used by permission,

values for actual design requirements, modification factors are applied to
tabulated values in the same manner as those for strength properties. The
modification factors for fasteners consist of the following:

C, moisture content factor C, end-distance factor
C,duration of load factor C.spacing factor

C temperature factor C,group action factor
C.fire-retardant treatment factor C,.steel side-plate factor
C.edge-distance factor C,lag-screw factor

A summary of fastener modification factors and their applicability to
various fasteners are shown in Table 5-17.

Moisture Content Factor (C,)

The moisture content of timber components affects joint strength in
approximately the same manner as it affects other strength properties. For
sawn lumber, moisture content must be considered at the time of fabrica-
tion (when the fastener isinstalled) and in service. For glulam, al lamina
tions are dry when fabricated, and moisture effects are considered for in-
use conditions only. Tabulated fastener values are based on fasteners that
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Table 5-16—Glulam bending combination species groups for fastener design.

Tension face Side face Compression face
Lagscrews,nails, Lagscrews,nails, Lagscrews,nails,
spikes,driftbolts, spikes, drift belts, spikes, driftbalts,
antd driftipins anddritt pins anddriftpins
Timber Timber Timber
Combination| Bolt conn. Specific Bokt conn. Specific Bolt cann, Specitic
symdbol group group | Group gravity group group Group  gravity group  group | Group gravity
Visually graded westem species
16F-V3 3 B [ 051 3 8 Il 0.51 3 B K 0.51
16F-V6 3 B [ 0.51 3 B Il 0.51 3 B [ 051
20F-V3 1 A [ 0.51 3 B Il .51 3 B Il 051
20F-\7 1 A [ 0.51 3 B i 0.51 1 A Il 0.51
24F-\4 1 A [ 0.51 3 B " 051 1 A I 0.51
24F-\V8 1 A [ 0.51 3 B Il 0.51 1 A fl 6.51
Yisually graded Southern Pine
16F-v2 3 B Il .55 3 B Il 0.55 3 B Il 0.55
16F-V5 3 B Il 0.55 3 B Il 055 3 B | 0.55
20F-V3 3 B I 055 3 B 1l 0.55 3 B il 055
20F-V5 1 A I 0.55 3 B I 0.55 1 A I 0.55
24F-¥3 1 A I} 0.55 3 B Il 0.55 1 A ] 0.55
24F-V5 1 A It 0.55 3 B Il (.55 1 A Il 0.55

This tabie represents a partial Bsbing of selected combination symbols. Rafer to AfTC 117—Dasign * and the AITC Timber Consinaciion Manual ® kar 2 comphete fisting of ali combinatien

symbols,




Table 5-17 —Applicability of modification factors for fasteners.

ModIfication faclor
Duration Moisture Tempera- Firs  Edge End Group Steel slde Lag
ofload content fure relardant dist. dist. Spacing action plate screw
Fastener type c, C, C C, c, € C, C, €, K&
Timber cennectors
Split rings X X X X X X X X — X
Shear plates X X X X X X X X X X
Bolts X X X X - X X X X —
Lag screws X X X X — X X X —_ —
Mails and spikes X X X X - - — — X -
Dritt bolts ar X X X X - X X X X —
drift pins

¥ = medification factor is applicabls,
— = modification lactor does nat apply,
.. G, and G, are not cumukative, and ihe most restrictive of the threa values is usad for design.

are installed and used in continuously dry conditions that do not exceed
19-percent moisture content for sawn lumber and 16-percent moisture
content for glulam. For other conditions, tabulated values must be adjusted
by C,(Table 5-18). Note that C, values for fasteners may vary from those
used for other strength properties.

Duration of Load Factor (C,)

Tabulated fastener values are for conditions where maximum loads are of
normal duration. For other loading conditions, values are adjusted by the
duration of load factor, C,, discussed in Section 5.3. The duration of load
factor applies to wood members only and is not used for metal compo-
nents. As a result, load increases due to application of C,may be limited
when the capacity of the connection is controlled by the strength of the
steel connector rather than by the strength of the wood. Thisis discussed
further in the following sections on fastener design.

Temperature Factor (C)

The strength of awood connection is affected by temperature in the same
manner as wood components. In unusual cases where connections will be
subjected to prolonged temperatures in excess of 150 °F, fastener values
should be adjusted by the temperature factor, C. Values and criteria for
this factor are the same as those given in Section 5.3.

Fire-Retardant Treatment Factor (C,)

Fire-retardant treatments are not common in bridge applications. However,
when timber components are treated with fire-retardant chemicals, tabu-
lated fastener values must be reduced by the fire-retardant treatment
factor, C,, discussed in Section 5.3.
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Table 5-18 Fastener load modification factors for moisture content, C,,.

Condition of wotd'
Sawn lumber Glidam
Type of fastenar At tima of fatbwication In sarvice C, In setvice Gy
Timber conneciors Dry Dry 1.0 Cry 1.0
Partially seasoned Dry Note 3 Wet 067
et Dry 08
Dy O wirl Partialty seasoned or wet 067
Balts or lag screws Dy Dy 10 Dry 14
Partially seasoned or wet’ Dry See below Wat 067
Dry or wet Exposod 10 weather Q.75
Dry or wet Wt 0.57
Cirift boits or pins - Dy or wet Cry 10 Cry 10
alerally knaded Ciry o wet Partially seasonad, wet o.70 Wt 07
of Subgext 1o watling
and drying
Wire nails and spikes
— Wathorawal ads Dry Dy 10 Oiry 1.0
Fartially seasoned or wet Wil remain wet 10 Y&l G.25
Partially seasoned o wet Diry 0.25
Ory Subject 1o weiling 0.25
and drying
— Latwral loads Dry Ory 10 Ory 14
Partially seasoned o wal Oy of wel 0.75 Wet 10.75
Dy Partially saascnad or wal .75
Threaded, hardened Drry or wet Oy or wet 14 Dy 10
steal ndlls Wat 10

! Condition of woad dellnibans applicable ko fasiensrs are as follows:
"Dry" wood has a moisture content of 1% o7 kess for sawn lumbar zad 18% or less for plulam,

“War wood has a moisiwe content a1 or above the fiber saturation point {(approximalely 30%:) for sawn lurmber and abova 16% lor glukam.
“Partialty seasoned” woad hag a maistyra content greater than 15%, but lees than fiber saturation polinl,

*Expased to weather' implis thal he wood may vary in moisture content Irom dry 1o partially seasoned, bul ks nol expacted o reach the fber
saturafion paint at limes when the jeinl & wnder full deslgn lead.

“Siec! 1o watlling and drying” implies thal the waod may vary in mokshure contant Inam dry to partally seasonad or wet, of vise varsa, with
eansoqaonl alfects on tha tightness of tha joinl.

2 For timber conneciors, moistura content Emitations apply ko a deplh of 34 inch from tha surface of Ihe wood.
3 When limber connecions, bolts, of lakerally keaded lag screws are Installed in wood that ls partially seasoned al the time of fabeicalion, bu! that will e dry
belore [l design kead is applied, intennadiale vaues may be usad.

From MDS: ® & 1965, Used by permission,

Moisture modification factors & %or laterally ioaded bolis and lag screws
in sawn lumber seasoned in place!

Amrengement of GOt o lag screwa Type o splice plate

Ona lastensr only, of Wood or mets| 1.0
Two of move fasleners placed in
a singla line parallel to grain, or

Fastenars placed in two or mog
lines parallel 1o grain with $eparate
splice plates for each ling,

All gther arangaments Woed of metal 04

T Factors apply when wood is at ar above fhe Ther saturalion poinl {wet} at time of fabelealion but drias ko a moistura conlant of 19% of less {dry) befors
fult design bad 1 applied. For wood panially seasoned whan fabricated, adusted intermediale values may be used.
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Edge-Distance Factor (C,)

Edge distance is the distance from the center of a fastener to the edge of
the member, measured perpendicular to grain (Figure 5-15). For loads
applied perpendicular to the grain, the loaded edge is the edge toward
which the load induced by the fastener acts. The unloaded edge is the
opposite edge. Tabulated design values for bolts, lag screws, timber
connectors, drift bolts, and drift pins are based on the full edge-distance
requirements specified for the fastener. For timber connectors, it is permis-
sible to reduce the edge distance provided the tabulated value for the
connector is reduced by C, (design tables for timber connectors include
tabulated values reduced by C.). The edge-distance factor is not cumula
tive with the end-distance factor (C,) or the spacing factor (C). Of the
three factors, the most restrictive value is used for design.

End-Distance Factor (C)

End distance is the distance from the center of afastener to the end of the
member (Figure 5-15). Tabulated values for bolts, lag screws, timber
connectors, drift bolts, and drift pins are based on the full end-distance
requirements for the fastener. Reduced end distances are permitted if the
tabulated fastener value is reduced by C.. End distance requirements and
values of C for individual fasteners are discussed later in this section. The
end-distance factor is not cumulative with edge-distance factor (C) or the
spacing factor (C) Of the three factors, the most restrictive value is used
for design.

Row spacing {Perpendicular to grain)

— Edge distance
t,. ., P - Grain —e
P~ ' g P
-+ Grain =% L End distance
- - Spacing parallgl to grain
Loading parallel to grain
Spacing parallel to grain
- Unksaded edge distance
| 1
T * 3
L ] ¥ .
——i ] -~ (Grain —=
enddistance ] L8 Ul L (oaded edge distance
—— Spacing perpendicular to grain

Fl-
Leading perpendicular o grain

Figure 5-15.-- Edge distance, end distance, and spacing for fasteners.
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Spacing Factor (C,)

Fastener spacing is the center-to-center distance between fasteners, meas-
ured parallel or perpendicular to grain (Figure 5-15). Tabulated design
values for bolts, lag screws, timber connectors, drift bolts, and drift pins
are based on minimum spacing requirements between fasteners. When
spacings are less than the minimum, tabulated fastener values must be
reduced by the spacing factor, C.. Spacing requirements and values of C,
depend on the type of fastener and are discussed later in this section. The
spacing factor is not cumulative with the edge-distance factor (C) or the
end-distance factor. Of the three factors, the most restrictive value is used
for design.

Group Action Factor (C)

A row of fasteners consists of two or more bolts, lag screws, timber
connectors, drift bolts, or drift pins aligned in the direction of the applied
load. When three or more of these fasteners are used in a row, the capacity
of the connection is less than that computed by multiplying the value of an
individual fastener by the total number of fasteners. To compensate for
this effect, tabulated values for individual fasteners in the row are reduced
by the group action factor, C,. Vaues of C are given in Table 5-19 and
are based on the gross areas of the members and the total number of
fastenersin the row. It should be noted that the group action factor given
in the NDS is applied to the group of fasteners acting as a whole. How-
ever, it also may be applied to individual fasteners, as presented here.
Applying the factor to individual fasteners is more convenient for design
and is more consistent with the application of other modification factors.
Procedures for determining C,are demonstrated in examples later in this
section.

Steel Side-Plate Factor (C,)

The distribution of stressin a lateral connection depends on the material of
the side members. Tabulated fastener values in the NDS are based on the
assumption that all side members are wood. When steel side members are
used, tabulated values for some fasteners may be increased by C.. The
value of C,depends on the type of fastener and direction of loading and is
discussed later in this section. For lag screws, a separate table of design
values for metal side platesis given in the NDS, and adjustment by C,is
not required.

Lag-Screw Factor (C,)

Tabulated values for timber connectors are based on a bolted connection.
When lag screws are used instead of bolts, tabulated values must be
adjusted by the lag-screw factor C,.

Loads at an Angle to the Grain

The strength of a laterally loaded wood connection for all fasteners other
than nails and spikes depends on the direction of fastener bearing in
relation to the grain of the members. Design values in the NDS are
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Table 5-19. —Group action modification facter €, for laterally loaded bolts, lag screws and timber connectars
Connections With Wood Side Plates

Number of fastehory in & row!
A#’R!“ At {in?* 2 3 i L & 7 8 9 10 1 12
212 1.00 092 084 Q.76 0.c3 0.5 055 0.49 0.43 038 L)
12 = £19 1.00 0.85 0.88 082 0.75 n.68 062 057 0.52 048 0.43
19 =28 1.00 087 083 {88 082 0 o 0E? 063 0.59 055
0% 3 - <40 1.00 0.93 0.88 0492 0.87 0.83 078 075 an 069 0.68
4 - <B4 1.00 1.00 087 084 0.90 086 0.83 079 076 or4 0.72
>0 100 1.080 23] D55 0.9 0.88 .85 0.82 0.80 0.78 75
<12 1.00 0.97 082 085 0.78 on DES 0.59 0.5 044 044
12 - <19 1.00 0.98 094 ol 084 078 0.72 066 061 0.56 51
19 - 228 100 1.00 097 093 089 (85 0B 078 072 0.68 064
10 2 - <] 1.00 1.00 0.9 0.96 0492 (.89 ol 083 080 078 B75
) - 64 100 100 1.00 0.37 0.94 0.a1 0.B8 0.85 084 082 080
=i 1.00 1.00 1.00 088 0.9 .83 o] 0.8 087 0.86 0.85
A, = gross (oas-sectional area of the main member before bofing of grooving >
ﬁ.? = 5um of the cross-sectional areas of the side members before boting o rogving 2
Connections With Metal Side Plates
Number of fasteners in a row
A A, A, (i) 2 3 4 5 8 7 8 § 10 11 12
§ -8 1.00 0.7E 064 LT ] {48 040 0,35 0.3 .25 0.20 015
8 - <8 1.00 0.8s 0.73 0.63 0.54 048 .42 0.38 .34 030 026
16 ~ <4 1.00 0.8 083 074 066 059 053 0.48 .43 0.3 043
2-12 pr g 1.00 0.54 087 0.8 0 087 061 0.58 0.1 0.45 042
39 - 1.00 0.6 0.9z 0.87 0.m1 0.75 070 0.65 Dg2 054 055
Bf — <118 | 108 088 095 0.9 0.87 082 0.78 .75 D72 {.68 086
M9-<199 | 1.00 0.28 097 0.95 0.82 .89 086 (54 ok} 0.74 0.78
17 - <24 1.04 054 H 0.5 0.74 067 0.61 355 048 0.43 037
24 - 238 1.00 0.95 091 0.86 080 0. 065 62 058 0.5 044
12-18 39— 1.00 0.88 054 0.90 085 0.80 0.75 .70 067 052 058
64 - 2119 | 108 089 D58 093 0.80 086 082 .72 0.5 n.72 069
19— <198 | 1.00 1.00 048 0.95 0.54 042 084 086 083 0.80 0.78
»189 1.00 1.00) 1.00 .98 0.97 0495 093 0. 0.80 .88 0.87
4 - 64 1.04 1.0 058 093 083 084 0.79 .74 0.69 064 0.59
18-24 64 -<199 | 1.00 1.00 047 0.9 g4 08 086 083 0.5 0.76 a.73
119- <59 | 1.00 1.00 099 098 098 0G4 092 .80 {184 085 D8
»T83 1.00 1.00 10 1.00 038 096 0.95 .83 paz n.82 .51
4) - H 1.00 0.88 084 0.50 .85 0.80 074 {+69 65 061 058
24-30 61 - <18 | 100 0.59 087 0.93 020 0.BE 0.82 .73 0.76 0.m 07
1M19- <99 | 1.00 1.00 0.58 096 o4 po2 089 087 .85 0.83 0.81
=189 1,040 1.00 0.99 0598 .87 0.5 0.93 42 ] 083 f.BY
40 - 54 100 0.96 n.82 0.86 80 0.4 068 064 050 0.57 0.55
M35 B - <118 | 1.00 (.38 0.85 0.90 CI- BE D 81 0.76 0 72 t}.ﬁﬁ 065 {'J.EE
MO 8% | 100 G99 Q.87 095 0.85 Q.78
158 .04 1.0 058 097 I}ﬁ UE 090 ﬂ EI'E? 0.36 UBE
0 - & 100 0.9 0.8 082 D75 068 0.63 0.58 043 0.49
3r42 64 - 1% | 10 nar pea L 082 v Q.71 067 0.63 0.5 056
119= <193 | 1.00 98 0.9 093 089 0835 0.8 078 0.76 073 0.A
»109 1.50 0.89 0.8 0.9 & SG .50 047 0.8 082 0.80 0.738

A, = gross cross-sectional area of the main membet befera bedng o fwacving,”
A, = sum ol the cross-seclional areas of metal side flalas batora driling.

When lastaners in aciam-m rows 2re stangered, raer ko the NOS? lor requirements for dalermining e number of fastenars In a row,

When A IA?:- 10, me

For valuss &1 Al bamean 0 and 1.0, Intarpelate of extrapolale fram tabilalad vallles,

When A /A, »1.0,use A, instaad o1 A

When 2 wood membar s lpaded papendicular o grain, s equivalent gross cross-secbional area kor computing A, and A, s the product of the
thicknoss ol Ihe member and th overall width of he laslener group.

From WDS.™ S 1986, Lisad by parmlssion.

Lh s b B -
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tabulated for loads acting parallel to grain (P) and perpendicular to grain
(Q). When the loads act at some intermediate angle (Figure 5-16), design
values are computed using the Hankinson formula given by
PPQH

N'=
Psint8 +Q'cos’ 8

(5-42)

where N' = allowable design value at an angle to the grain (Ib),
P = dlowable vaue for the fastener parale to grain (Ib),

Q' = dlowable value for the fastener perpendicular to grain
(Ib), and

6 = angle between the direction of load and the
direction of grain (degrees).

For bolts, lag screws, drift bolts, and drift pins, the Hankinson formulais
applied after tabulated values are adjusted by modification factors, and the
value N' is the allowable fastener value used for design. For timber con-
nectors, modification factors for distance and spacing are based on the
angle of the load to the grain, and C,, C,, and C_are applied after N is
computed by the Hankinson formula.

Member Capacity

The strength of a timber connection depends not only on the strength of
the fasteners but also on the structural capacity of the connected members.
As a part of the design process, the capacity of all members must be
checked to ensure that factors related to the fasteners and connection

Figure 5-16. - Fastener loading applied at an angle to the grain.
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configuration have not reduced the load-carrying capacity of the members.
Connection-related factors that may affect member capacity include net
area, eccentric loading, and shear capacity.

Net Area

The net area of a member is the cross-sectional area remaining after
subtracting the area of material removed for fastener placement. The cross
section where the net areais taken is called the critical section. Depending
on the type of loading and size and placement of fasteners, the reduction in
area for fasteners can significantly reduce member capacity. Requirements
for determining net area vary among fasteners and are discussed in more
detail later in this section.

Eccentricity

Eccentric loading is produced at connections when the resultant member
forces are offset at the connection (Figure 5-17). Eccentricity in connec-
tions induces tension perpendicular to grain and can severely reduce the
capacity of the members. The strength of eccentric connections is difficult
to evaluate, and connections of this type must be avoided unless tests are
employed in design to ensure that members can safely carry applied loads.

Shear Capacity

When fastener loads are applied transverse to beams or other components,
the capacity of the member in horizontal shear may be reduced. Although
not common in most bridge applications, this can occur when beams are
supported entirely by fasteners, without bearing on another member, or
when fastener |oads are applied transverse to the beam (Figure 5-18).
When conditions such as these are encountered, refer to the NDS for
special provisions on computing horizontal shear in the member.

Figure 5-17, - Example of an eccentrically loaded connection. Connections of this type can
induce tension perpendicular to the grain‘and substantially reduce the capacity of con-
nected members.
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BOLTS

5 —

i 14

+ ¥

Figure 5-18. - Unsupported fastener loads applied transverse to the beam axis can reduce
beam capacity in horizontal shear. Refer to the NDS “for design requirements for this
loading condition.

Bolts are the most common mechanical fasteners in timber bridge connec-
tions. They are used for lateral connections in double shear (three mem-
bers) or single shear (two members) and in tension connections where the
bolt is loaded parallel to its axis. The bolts most commonly used for
timber connections conform to ASTM Standard A307, Low-Carbon Steel
Externally and Internally Threaded Sandard Fasteners. The alowable
design stresses for these bolts are 20,000 Ib/in’in tension and 10,000 Ib/in®
in shear. Bolts are generally available in diameters of 1/4 inch to 2 inches
and lengths up to 24 inches or more in 1/2-inch increments. However, the
designer should verify availability before specifying diameters over

1-1/4 inches or lengths over 16 inches. When long lengths are required,
threaded rods conforming to ASTM A307 may be more practical.

Bolts are manufactured in a variety of types based on the configuration of
the bolt head. The most common types are the hexagonal head, square
head, dome head, and flat head (Figure 5-19). The standard hexagonal or
square heads are used when the bolt head is in contact with wood or steel.
More specialized bolts, such as the dome head and flat head, provide an

' /"‘:{\
Lug *
% =
Haxagonal haad Square head Dome head Flat head

Figure 5-19.- Bolt types used for timber connections.
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increased head diameter and are used when the bolt head is in contact with
wood. Bolts with dome heads also are referred to as economy bolts or
mushroom bolts and may be slotted or provided with lugs to facilitate
installation and tightening.

Net Area

The net area at a bolted connection is equal to the gross area of the timber
member minus the projected area of the bolt holes at the section (bolt
holes are typically 1/32 to 1/16 inch larger than the bolt diameter). For
parallel-to-grain loading with staggered bolts, the nearest bolt in the
adjacent row is considered to occur at the same critical section unless the
parallel-to-grain spacing of boltsin each row is a minimum of eight times
the bolt diameter (Figure 5-20). The required net areain tension and
compression members is determined by dividing the total load transferred
through the critical section by the applicable alowable stress (F, or F,")
for the species and grade of material used.

Design of Lateral Connections
The strength of laterally loaded, bolted connections is developed by
bearing between the bolt and the wood (Figure 5-21). The capacity of the

..

hen adjacent bolts in a row are spaced
closer than eight times the bol diameter,
ihe nearast bol in 1he nax row is assumed
o ocour at the same critical section

Figure 5-20. - Critical section for determining net area for staggered bolts loaded parallel

to grain.
Main member -
P2 - | ] P .
l rll , +_.. P +— P

T — l—

1
1

P2 =-— 1

Thrae member connaction Two meamber connection

Figure 5-21. - Typical configuration and stress distribution for a laterally loaded bolted
connection.
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connection depends on the bearing strength of the wood and the slender-
ness ratio of the bolt. The slenderness ratio is defined as the length of the
bolt in the main member (£) divided by the bolt diameter (D). For bolted
connections with low slenderness ratios, the bolt is relatively tiff, and the
full bearing strength of the connection is developed. As the slenderness
ratio increases, bolt stiffness is reduced, and bending may occur before
full bearing strength is achieved, reducing the capacity of the connection.

The alowable value for one bolt is equal to the tabulated design value
adjusted by all applicable modification factors and loading at an angle to
the grain, when required. When more than one bolt is used, the allowable
connection value is the sum of the design values of the individual bolts,
adjusted by the group action factor, C,. The applicable modification factors
for loading parallel to grain (P) and perpendicular to grain (Q) are given
for laterally loaded bolts by

P =PCLLCLCLLL, (5-43)
0'=0C,CCOL.EE, (5-44)

Tabulated Design Values

Tabulated bolt design values are given in the NDS for one A307 bolt in a
wood-to-wood, three-member connection where the side members are
each a minimum of one-half the thickness of the main member (double
shear). A portion of the NDS tables for several species groups is shown in
Table 5-20. To determine the tabulated value for one bolt, enter the table
with the length of bolt in main member and bolt diameter and read the
tabulated values for loading parallel to grain and perpendicular to grain for
the applicable species group. When joints have side pieces that are of a
species different from that of the main member, the design value is the
lesser of that obtained by assuming a comparable joint with all members
the same species as the main member, or al members the same species as
the side members.

Although tabulated values in the NDS are for a balanced three-member
connection, the table also is used for other member thicknesses and two-
member connections (Table 5-21). For three-member connections loaded
paralel to grain, with side members that are less than one-half the thick-
ness of the main member, the tabulated value is determined by assuming a
main member twice the thickness of the thinnest side member. When steel
side plates are used, the length of bolt is based on the thickness of the
wood member. For a bolted connection consisting of two members of
equal thickness loaded paralel to grain (single shear), the tabulated value
is one-half that given for a main member the same thickness as the mem-
bers. When the two members are of unequal thickness, the tabulated value
is the lesser of one-half the tabulated value for the thicker member, or one-
half the tabulated value for a piece twice the thickness of the thinner
member. For a two-member connection consisting of one wood member
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Table 5-20—Tabulated design values for laterally loaded bolts.

Tabuiated values, in pounds, 28 7or ons ASTM AZD? beltloaded i double shear in a three-mambar wood connsction subjacted 1o apemal ksed du mton and dry-uss

Speme:; Group SpscfagGrm;: Spame:Grul.q} Specia:Gran Spamisﬂﬁmp Speacias Groun
LALIFGAMN A CASTERN REQ PINE, WEST
RECWOCO HEMLOCK EAN WHITE FNE,
DOUGLAS FIR. (Chome grain], TAMARACK, EPRUCE-PIME- POHDEROSA
LARCH (Darma), DOIGLAS CALIFDARIA MOLINT A FIR, PIHE -SUGAR
SOUTHERM FIR-LARCH RECWOOD HEMLLCK, SITKA BPALIGE, PINE, EAST.
PIME (Daiss) SOUTHERH PINE, [Coen g, WESTEAN YELLOW WHITE FINE,
BOUTHEAN HEW-FIS, CEOARS, POPLAR, EAST. SPRUCE
GYPAESS WESTEAN HORTHERK LODGERCLE BALSAM FIR,
. HEMLEOCK [ali. 3 PIWE IDAHO WHITE PINE
I;Tt:-gull Diam- Project- | Parslld  Porper- | Fermfel  Perpen. | Fornflel Pargan- | Parald  Peipan- | Paralel  Parpen | Paralis Parpan
inmain | et o edares | mpgie  dioular | Bgmin Sy |egrain dedder (g dicuhw | bgmin douler | wgrain dodlar
member | b of bast s g 2 o gran kb grain 0 Qrain 1o grain o rain
{4 D 0 |a=txD| P ¢ P G P Q P 0 P Q P Q
12 200 250 | 1480 B3 1260 Y20 1180 40 1100 S00 108 470 10 340
54 400 583 { M40 S50 1820 B0 1€ R0 1590 560 1410 53 1310 330
242 a4 333 58T | 2700 10 2210 D00 1800 5RO 1850 €20 TR0 5590 1580 430
T 2BE 2588 | A0 UIBD 2740 990 2130 BW &0 BB 1580 EBD 1840 480
1 250 2500 | 3680 1270 360 1080 6D 690 o0 50 2600 700 2N 5@
173 gOD 4500 | 1490 970 1270 BEO 1210 A0 1130 580 1160 S0 10&0 410
S dBD 1475 [ 20 M 1950 970 1810 B20 1530 70 1640 B30 1520 470
3 34 4ph 2250 | 3080 12F0 2630 1080 XMO B0 218D ) XMW 0 1830 52
T 343 2625 | 3ITE0 1380 3Z0 1190 2780 Te0 00 20 2380 FEO 210 W
1 300 3000 | 4350 1520 3750 1300 3200 B30 2% 900 N0 850 9530 &X
W2 M 1780 | 1490 M2 1270 980 10 B0 1130 650 1180 650 080 45)
w8 5BD 2188 [ 2320 1310 1880 1430 tE0Q T VD W/ I 740 1860 550
2 467  2EZ5 | B0 10 2800 1260 25F0 #0240 870 1N X0 25 810
e 400 3063 | 4190 1830 3BBD 1380 MBD 20 2900 W0 B0 8 M0 AN
1 450  A501 | SO00  AF7D  APT)  15R0 AMD 670 460 1080 MWD %A M50 T
12 800 2000 | 1400 1040 1270 1040 920 TG 1130 780 11 720 108D 580
SE 0 640 2300 | 2330 1410 1050 1200 1000 a3 70 900 1820 B0 1650 &0
4 w4 533 3000 | 3340 1690 2850 140 2680 S20 25100 1000 2580 o400 2350 640
78 457 3500 | 4M0 180 37 1380 MTD 1010 3240 1100 %0 1030 2880 T
i 400 4000 ) W70 2000 4670 1730 4150 110 3880 1200 3600 1A 3380 84D
S8 J200 2811 | X W0 190 140 190D 93 i 101D 18200 950 W T
) 600 3375 | 3350 1830 2850 1620 27RO 1040 2550 1120 2610 10680 2440 780
Hiz T 514 3838 | 4540 2110 880 170 B 10 G 100 3360 1160 MW 260
1 450 4500 | 5770 2260 4830 1530 4500 1250 4200 {350 M0 120 A0 940
114 360  562% | TAT0  2RT0 eAT0 X0 5030 1460 5540  15BO0 5080 1450 dfa0 1100
% 280 34 | 20 130 1%0 M0 100 M0 70 10800 18200 1030 %0 &2
2d 733 4435 | 33500 1530 ZB6D 1BBOD 270 1260 2550 W0 220 1280 2440 w0
=12 78 629 4813 | 4570 200 2900 2180  3T20 140 WD 1510 3560 1420 3320 1050
1 S5 S50 | W B0 70 2380 4820 1520 4500 1850 4530 1550 4240 1150
1.4 440 6875 | 8930 3260 T30 X700 ROAD  1TEO  A4T0 1930 E110 1890 560 1350
S5 1200 4680 | 330 1260 1950 1260 1650 B0 1770 1030 1820 860 1630 800
1000 5625 | 330 1820 2860 1820 27AD 1320 2550 1430 2620 1M0 240 1110
2 7B BAT 6563 | 4560 2420 3000 M2 720 1730 B4F0 1870 ABED  17E0 230 1400
1 750 7500 ¢ BAR0 3090 SORD 3030 4850 2060 4520 223D 4850 MO0 43 15
1.4 600 9575 | 9310 4200  FORD 00 TSG0 MO0 TOT0 2630 72S0 R0 EFYD 184D
1287 TA25 | 33X 1640 2880 1840 2T 1250 2550 1350 26A0 V0 2440 1060
8 1046 8213 | 4360 2270 380 =700 MW 1660 T 1740 560 fEBD 3320 140
12 1 950 9500 | 5050 2060 5080 2960 4850 2130 4530 2300 4850 MM 4330 1780
114 T80 11E7S | 0310 4810 795) 4450 VSB0 030 7070 3280 V2D W0 BT 43w
B2 B33 14250 (13430 BOF0 1470 5530 10630 34540 10000 3830 10470 B0 O760 D60
O34 10062 | 4560 2060 3800 2060 3700 1580 34600 1730 35R0 1630 3330 1370
1 NS0 1500 | 5860 270 5080 2700 4800 2040 4530 210 4650 280 43 11
112 11 D20 14375 | 30 4360 YOBO 4360 VS0 3140 080 MO0 TAT0 100 &7 26l
1142 TRT 17250 113450 510 11450 6140 10520 40 1(HS0 4550 10d4F0D 4280 9750 20D
1 1350 13500 | o060 2030 5280 2530 4850 1970 A4S0 M40 46TD 20P0 4350 16ED
1312 144 1080 16875 | 5300 4150 7950 4150 TEDO 3030 MO0 B0 FRG0 3080 7MY A5
=12 800 20250 |13400 G040 19450 6040 10630 4340 10200 4700 1MMA0 440 9780 W0

conditions. When high srergth bolls 40 usad {sueh as ASTM A325 bolts), vahies i1 this bk cin ba Lsedwith slightly consensatres rsults,
Uza liirear ia1erpalalion k dédemming de sign veluas oy in rmed-atg boll langths,

This kb -5 limitad o selacted spetiasand boll langths and s ntended for ilusrabve purposes onty. Feter i te cormatadition of the MOS for a mone complem lising of

tabalaadvaluas.

From ma HO3;™* $1986, Usadby parmission,
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Table 5-21. - Summary of requirements for determining tabulated bolt
values for lateral connections.

A. Three-member joints

1 1
; I — 1
. | 7l
$ i i
: e

Wood side members

b,=b,2 02 Usethstabulaled valua for main member thickness b.
b sb <2 Usathetabulated value lor main member fwice the thickness ol b
Yyhen sice members are loaded at a ditferent direction to the grain than the main member, the
design value is the lesser of:
a. the tabubated value for the main member, or;
h. the wbulated value for 3 member twica the thickness of the sde members and Icaded in
tha same direction as tha side members,

Steel side members
Use the tabulated value for the main (wood) member b for the direction of applied loading.

B. Two-member joints

Wood side member

b= b, Useone-haif the tabulated vatue for a main member of thickness b,
b <b, Use thelsssar of cne-hall he tabulaked value lor main member of thickness = by or 24,
When one member is Izaded parallel-in-grain and the other is loaded al an angle to the grain, the
design value is he lesser of.
a. one-hall the tabulated vakue for the thickness ¢l the paralie! ko grain leaded member, or;
b. 1he value obtained irom application ol the Hankingon formula (Equation 5-42) using one-
hiall the tabulated paraliel-te-grain and perpendicular-te-grain values for a member the
thickness of ihe member (oaded at an angle to the grain.

Steel side member

Use one-half the tabulated value for a member the thickness of the wood member for the direction
of applied loading.
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connected to a steel plate, the design load is one-half of the tabulated value
of the thickness of the wood member.

Steel Side Plates

When steel rather than wood side plates are used for lateral connections,
the tabulated design values for members loaded parallel to grain only may
be increased by the steel side plate factor, C,, given below.

Sawn Lumber Glulam
Bolt diameter (in.} C, Bolt diameter (in.) Lo
<142 1.75 All 1.25
314 1.63
1 1.50
1-1/4 1.38
1-172 1.25

Use linear interpolation to compute C,for intermediate bolt diameters in
sawn lumber. It should be noted that the values of C,greater than 1.25 are
currently being evaluated for sawn lumber and may be reduced in the
future. In addition, AITC recommends that bolts used with steel side
platesin glulam not exceed 1 inch in diameter.

Distance and Spacing Requirements

Tabulated bolt values are based on minimum distance and spacing require-
ments necessary to develop the full capacity of the connection. These
requirements differ for parallel-to-grain loading and perpendicular-to-
grain loading and are summarized in Table 5-22. When bolts are placed at
the minimum dimension for full tabulated value, no reduction in capacity
is required. For end distance and spacing parallel to grain only, the dimen-
sions may be reduced provided the tabulated value is reduced by the
modification factors C or C.. For example, when a bolted tension connec-
tion is loaded parallel to gram, the minimum end distance to develop the
full tabulated value is 7 times the bolt diameter. This distance may be
reduced to an absolute minimum of 3.5 times the bolt diameter provided
the tabulated value is reduced by 50 percent (C,= 0.50). When reduced
dimensions are used for any bolt in a group, the factors C,or C.apply to
al boltsin that group. Dimensions less than those given for reduced
capacity are not permitted under any circumstances.

Distance and spacing requirements in the NDS are for loading paralel to
grain and perpendicular to grain only. When loads act at an angle to the
grain, bolt spacing and distance must be based on good engineering
judgment. In this case, the gravity axis of the members should pass
through the center of resistance of the bolt group to provide uniform stress
in the main members and a uniform distribution of load to all bolts.
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Table 5-22. - Summary of edge distance, end distance and spacing
requirements for bolted connections.

A, Loading para¥iel to grain
Fow spacig [pampendicular 1o grain)
— Edge distance
s - Grain —=
P ~— P
oW P P
==San = rd distancs
Spacing parallel to grain
Min!mum dimension for Mirimum dimengion for
full tabulated value reduced value'
Edge distance
t<B 150 HiA
t0»6 1.50 e 172 row sDacing Nf&
perpendicular lo grain,
whichever is greater
End distance
Tension mambers 7o 3.50(C =0.50)
Com pression member 4D 204{C_=0.50)
Spacing
Paralbed Tty grain 40 3G =0.75)
Rew spacing perpendicUlar 1.5D N/A
w0 grain

When steel members are used in connections, the spacing and distance
requirements are based on the requirements for the timber components,
not the steel components. As a practical consideration, the designer should
always check to ensure that spacing requirements are sufficient to place
washers without overlap.

Design of Tension Connections

In tension connections, the bolt is loaded in axial tension parallel to its
axis. This type of connection is common in bridge applications when rail
posts are bolted to curbs. The strength of a tension connection depends on
the bearing strength of the wood and the tensile strength of the bolt
(20,000 Ib/in*for A307 bolts). The bearing stress under the washer must
not exceed the allowable stress for compression perpendicular to grain
(F,,). Tocompute bearing stress, the bolt load is divided by the total
washer area minus the area of the bolt hole. Distance and spacing require-
ments for bolts loaded in tension only are not specified in the NDS and
should be based on designer judgment.
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Table 5-22. - Summary of edge distance, end distance and spacing
requirements for bolted connections. (Continued)

B. Loading perpendicular to grain

How How
Row spacing (parallel to grain)
— Unloaded edge distance
. -
I t
¢ _
ot } - (Grain —e-
End distance — | ,-».T U — Loaded edge distance
L Spacing perpendicular 1 grain
Fl
Minimum dimension for Minimum dimension for
full tabulated value reduced value'
Edgae distance
Loaded adga 4D WA
Undoadgad adge 150 NrA
End distance 4D 20{C_= 0.50)
Spacing
How spacing parallel
to grain™?
HDed 250 M/A
HO26 5D /A
Parpendicular o grin a0 nole 4 Seanote 4

! For distances and spacings between the tabulated value and the reduced value use straight line
interpalalion to compute modification factor value.

? The spacing between rows of bolts shall nal be more than S inches unless seperate splice plales
are used for gach row of bolts,

¥ For #iD ratios betwean 2 and 6, sparing requirements are obtained by siraight line intarpolation,
* Tha spacing of bolts perpendicular to grain is kmited by the spacing requirements of the attachad
mesmber o mambers (whether of matal or ol wood loaded parallel to grain).

All dimansions angy measurad from the canter of tha bt hola.
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Bolt Placement

The strength of a laterally loaded, bolted connection can be significantly
affected by the diameter of the hole and the manner in which it is bored.
When holes are too large, bearing is nonuniform, and the capacity of the
connection is reduced. If holes are too small, the bolt cannot be inserted
without driving, which may split the wood members. The NDS specifies
that bolt holes be a minimum of 1/32 inch to a maximum of 1/16 inch
larger than the bolt diameter. In some cases, it may be necessary to
dightly enlarge the hole diameter dlightly to compensate for galvanized
coatings on large fasteners.

When bolts are installed in wood members, washers of the proper size or a
steel plate or strap are required under al nuts and under square or hexago-
nal bolt heads. Nuts must be tightened so that member surfaces are
brought into close contact without crushing the wood. Tabulated design
values for bolts include an alowance for the loosening of nuts because of
member shrinkage. However, when bolts are installed in unseasoned wood
it is advisable to retighten connections at least every 6 months until the
wood reaches equilibrium moisture content. Self-locking nuts are fre-
quently used for decks and other components that may have a tendency to
loosen because of vibrations from moving loads.

Example 5-11 - Lateral bolted connection parallel to grain

A tension splice in atimber truss joins two 2-inch by 6-inch side members
to a 4-inch by 6-inch main member. Design the connection to develop the
full capacity of the members, assuming the following:

1. Members will be exposed to weathering and carry loads of normal
duration; adjustments for temperature (C) and fire-retardant
treatment (C,) are not required.

2. The connection is made with a single row of 1-inch-diameter

bolts.

3. Lumber is dressed Southern Pine, visually graded No. 1 to SPIB
rules.
P2 2" x §" side members

P2

Single row of 1° @ bohs

4" % & main mamber
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Solution

This connection involves a three-member configuration loaded in

double shear. The design procedure will be to (1) compute the capacity

of the lumber members, (2) determine the required number of bolts, and
(3) detail the connection for minimum distance and spacing requirements.

Member Capacity

The tabulated stress for No. 1 Southern Pine in tension parallel to grain is
obtained from NDS Table 4A. The NDS includes severd tables for Southern
Pine, and a value F,= 775 Ib/in’is selected from the table “surfaced green;
used any condition” (footnotes to Table 4A specify use of this table when
the moisture content in service is expected to exceed 19 percent). Further
adjustment for moisture content is not required.

The alowable stress in tension parallel to grain is computed using Equa-
tion 5-23:

F' = FC, = 775(1.0) = 775 Ibfin’
The capacity of the connection depends on the net area of the lumber

members. Gross section properties for nominal 2-inch by 6-inch and
4-inch by 6-inch lumber are obtained from Table 16-2.

For nominal 2-inch by For nominal 4-inch by
6-inch lumber 6-inch lumber
b=15in. b=35in

d=55in. d=55in.

A=825in’ A=19.25in’

Assuming that bolt holes are 1/16 inch larger than the bolt diameter, the
net area of each member is equal to the gross area minus the projected area
of the bolt holes:

[-4-'-4—1'+1H'5'u1.ﬂﬁ-' [.‘T‘_ 1"« 116" = 1.06"

T

3.5

55"
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For two 2-inch by 6-inch members,

A =2 [8.25in — (1.06 in.)(1.5 in.)) = 13,32 jn?
For a single 4-inch by 6-inch member,

Agr=19.25in? — [(1.06 in.){ 3.5in.)] = 15.54 in®

Connection capacity will be limited by the smaller area of the two 2-inch
by 6-inch members. The maximum connection load in tension, P,, is equal
to the net area times the allowable stress in tension parallel to grain:

P.= A (F=13.32(775) = 10,323 Ib

Number of Bolts

The next step is to determine the number of 1-inch-diameter bolts that are
required to transfer the lateral load of 10,323 pounds. Because thisis a
three-member connection, tabulated bolt values can be read directly from
the NDS bolt design tables (Table 5-20); however, the length of bolt in the
main member, £ must first be determined. In this case, the thickness of the
side members (1.5 inches) is less than half the thickness of the main
member (1.75 inches). From Table 5-21, the main member thickness used
to determine the tabulated bolt value is equal to twice the thickness of the
thinner side members:

£=215in) =3 in.

From Table 5-20 for a 1-inch-diameter bolt, Species Group 3, and a bolt
length in main member of 3 inches,

P =3750Ib
Assuming that adequate distance and spacing requirements can be met, the
alowable load for one bolt loaded parallel to grain is given by
Equation 5-43:
'=PC,,C,
From Table 5-18 for a bolted connection that is exposed to weathering:
C,=0.75
This connection will involve more than 2 bolts in a row and adjustment
by the group action factor, C will be required. To determine C from

Table 5-19, the number of bolts must be known. At this point, an estimate
of the number of bolts is made by assuming adjustment by C, only:
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A _ 10,323
(€} 2.750(0.75)

Estimated numbear of bolts = 7 =3.7 bolts

C,will be determined for arow of 4 bolts. From Table 5-19 for connec-
tions with wood side plates:

A, =19.25in’

A, =(2)(8.25in") =16.50in’
AJA,= 19.25/16.50 = 1.17 > 1.0, so use AJA,
AJA =16.5/19.25=0.86
The value AJA, is between the values 0.5 and 1.0 given in Table 5-19.
Because A/A,> 1.0, A,isused instead of A. For A,= 16.5 and 4 balts,
linear interpolation between C,= 0.88 for AJA,= 0.50 and C, = 0.94 for
AJA = 1.0 givesavalue C,= 0.92. Using this factor, the alowable bolt
load is computed by Equation 5-43:

P =PC,C = 3750(0.75)(0.92) = 2,588 Ib/bolt

The required number of bolts is computed by dividing the maximum load
by the allowable load per bolt:

=399 or 4 bolis

B 10,323
Requi £ bolts = =L = ~—
equired number of bolts P 2.58%
Distance and Spacing Requirements

From Table 5-22, distance and spacing requirements for full connection
capacity with loading parallel to grain are as follows:

Edge distance for #/0 £ 6 = 1.50 = 1.5 1in.
End distance for tension members= 7D =7 in.
Bolt spacing parallel to grain = 4D = 4 in.

All distance and spacing requirements for full load can be met; however,
washer size should be checked to avoid potential overlapping. In most
cases, malleable iron (M) washers of the sizes given in Table 16-7 are
used. For a 1-inch-diameter M| washer the outside washer diameter is

4 inches, which is the same distance required for bolt spacing parallel to
grain. Spacing will be increased to 4-1/2 inches to allow for construction
tolerances and washer placement.
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Summary
The connection will be made with four 1-inch-diameter bolts to develop
the member capacity of 10,323 pounds. Detailing is as follows:

1" & bolts with M| washars

i« i ol
!
|

—
P2 "—i |
'

1 ———-
[ Pa1032310

Prz-—‘:, I

T KRl 7

Example 5-12 - Lateral bolted connection perpendicular to grain

A 10-inch by 10-inch lumber curb is bolted along the edges of a
6-3/4-inch-thick transverse glulam deck. A transverse 5,000 pound |oad
with aduration of load of 5 minutesis applied at the curb center. Deter-
mine the number of 7/8-inch-diameter bolts that are required to transfer
the curb load to the deck, assuming the following:

1. Memberswill be exposed to weathering (wet-use conditions for
glulam); adjustments for temperature (C) and fire-retardant
treatment (C,) are not required.

2. The glulam deck is combination symbol No. 2.

3. Thecurb is full-sawn Douglas Fir-Larch, visually graded No. 1 to
WWPA rules.

10° % 107 lumber curb
1I ;

T ——— 5 000 b

[

i ha 7
kg \

5" — 6-3/4" thick glulam deck
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Solution

In this connection the curb is loaded perpendicular to grain while the deck
is loaded parallel to grain. From Table 5-21, for a two-member connection
with members loaded at different angles to the grain, the tabulated design
value for one bolt is the lesser of the following:

1. one-hdf the tabulated parallel-to-grain value, P, for the thickness
of the member loaded parallel to grain; or

2. one-half the tabulated perpendicular-to-grain vaue, Q, for the
thickness of the member loaded perpendicular to grain
(application of the Hankinson formula as stated in Table 5-21 is
not necessary in this case because loading is perpendicular to
grain rather than at some intermediate angle between 0 and
90 degrees).

Tabulated bolt values for loading perpendicular to grain are normally
much lower than those for loading parallel to grain. Thus, the design
seguence will be to (1) determine the number of bolts required for curb
loading perpendicular to grain, (2) check the connection for deck loading
paralel to grain, and (3) verify and detail distance and spacing require-
ments.

Curb Loading Perpendicular to Grain

The alowable design value for one bolt loaded perpendicular to grainis
given by Equation 5-44. Assuming minimum distance and spacing re-
quirements can be met, and substituting Q/2 for Q in this single-shear
application, Equation 5-44 reduces to

-2
@'=Colu

Using bolt design tables in the NDS (Table 5-20), the tabulated perpen-
dicular to grain value, Q, is determined for one 7/8-inch-diameter bolt
in Douglas Fir-Larch (Species Group 3), with alength of bolt in main
member of 10 inches (£ = 10 inches). Table5-20 doesnot include £ =
10 inches, so interpolation is required.

For ¢ =9-12in,Q=22701b

For £ =11-1/2in, Q= 2060 Ib

By linear interpolation, for £=10in.,Q=2,2181b

The duration of load factor for the 5-minute load duration is obtained from
Table5-8:
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C,= 165

The moisture-content factor for bolted sawn lumber exposed to weathering
Is obtained from Table 5-18:

C,=0.75

Substituting values into Equation 5-44, the allowable perpendicular-to-
grain load for one 7/8-inch-diameter bolt is computed:

0=2¢,6,= 228 165075 =137215

The required number of bolts is computed by dividing the applied load by
the allowable load per bolt:

5,000 1b

—— =164 =4 bolts
1,372 1bfbolt

Required number of bolts =

Deck Loading Parallel to Grain

The alowable design value for one bolt loaded parallel to grain is given
by Equation 5-43. Assuming that minimum distance and spacing
requirements can be met, and substituting P/2 for P in this single-shear
application,

P=2CoCy

From Table 5-15, glulam combination symbol No. 2 isin Species Group 3
for bolt design. As with curb loading, tabulated values in Table 5-20 do
not include a bolt length in main member that matches the required
length of £:= 6-3/4 inches. However, vaues for £ = 5-1/2 inches and
£ = 7-1/2 inches are both 3,900 pounds, so the same value also applies to
£ = 6-3/4 inches.

P =3,900 Ib
From Table 5-18 for glulam used under wet-use conditions,

C,=0.67

Substituting into Equation 5-43,

pe g.:n;:” - # (1.65) (0.67) = 2,156 b

P'=21561b>Q =1,372 |b, so curb loading perpendicular to grain will
control design.
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Distance and Spacing Requirements

The two most critical distances in this connection are the curb loaded edge
distance and the deck end distance:

Bolt
€

ot £ 000 1b
f=———— Curb loaded adge distance

Deck and distance ——Sm—t—lin—

From Table 5-22, the minimum loaded edge distance for loading perpen-
dicular to grain is four times the bolt diameter,

4D = 4(0.875in)) = 35 in.

The actual loaded edge distance of 5 inches exceeds the minimum
3.5 inches, and is sufficient.

For loading parallel to grain, the minimum end distance for full capacity
on the glulam deck is seven times the bolt diameter,

7D = 7(0.875) = 6.13 in.

Thisvalue is greater than the 5 inches provided. The end distance can be
reduced to a minimum value of 3.5D = 3.06 inches, provided the allow-
able load is reduced by 50 percent (C,= 0.50). By linear interpolation for
the actual end distance of 5 inches, C.= 0.82, and the allowable load is
revised as follows:

P =%cpcﬁcﬂ =§‘;—’9-'Q(1. 65)(0.67)(0.82) =1, 768 Ib

The revised valueis still greater than Q' = 1,372 pounds, so a reduced end
distance of 5 inches will not affect connection capacity.

From Table 5-22, the spacing of bolts parallel to grain on the curb is con-
trolled by 5D = 4.38 inches (based on ¢/d = 10/.875 = 11.4). From

Table 16-7, the outside diameter of a 7/8-inch MI washer is 3.5 inches.
Bolts will be spaced 4-1/2 inches apart to meet spacing requirements and
alow for construction tolerance.

597



LAG SCREWS

Summary

The connection will be made using four 7/8-inch-diameter bolts for a total
capacity of 4( 1,372) = 5,488 pounds. The bolts will be spaced 4-1/2 inches
on-center and will be provided with malleable iron washers on each end.

Lag screws are used in bridge applications for two-member connections
loaded laterally in single shear (two members) or in withdrawal. The
strength of alag screw isless than that of a comparable bolt, but lag
screws offer the advantage of being placed from one side of the connec-
tion. They are used primarily for convenience or when through bolts are
undesirable or impractical. This occurs in connections where access for
nut placement is restricted or when an excessively long bolt is required to
fully penetrate the connection. Lag screws also may be used instead of
spikes in nonstructural applications (such as timber wearing surface
attachment) because they are less susceptible to loosening from vibrations
and from dimensional changes in the wood.

Lag screws are manufactured of the same material as bolts, conforming to
ASTM Sandard A307, Low-Carbon Steel Externally and Internally
Threaded Standard Fasteners. They have a square or hexagonal bolt head
and require a washer when the screw head isin wood contact. A diagram
of atypical lag screw is shown in Figure 5-22. The specified diameter of
the screw corresponds to the diameter of the unthreaded shank portion.
Nominal length is the distance from the base of the head to the tip of

the threads. Lag screws are commonly available in stock diameters of
3/16 inch to 1-1/4 inch and nominal lengths up to 16 inches, in 1/2-inch
increments. The length of the threaded portion varies with the length of
the screw. Dimensions of common lag screws are given in Table 16-5.

C i
el

il

D = Nominal diameter or shank diameter
L = Nominal length

S = Length of shank

T = Length of thread

E = Length of tapered tip

Figure 5-22. - Lag screw configuration and nomenclature.
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Net Area
Net areais computed for lag screws in the same manner as bolts with the
same diameter as the shank diameter of the lag screw.

Design of Lateral Connections

The strength of a laterally loaded, lag screw connection is developed by
bearing between the screw and the members, and the interaction of the
threads in the main member (Figure 5-23). In bridge applications, these
connections should be limited to applications where the screw is inserted
into the side grain of the member, perpendicular to the wood fiber direc-
tion. Refer to the NDS for design criteria when end-grain connections
cannot be avoided.

Figure 5-23. - Typical configuration and stress distribution for a laterally loaded lag screw
connection.

The alowable value for one laterally loaded lag screw is equa to the
tabulated value, adjusted by all applicable modification factors. When
more than one lag screw is used, the allowable value for the connection is
the sum of the allowable values for the individual fasteners, including
adjustment by the group action factor, C,. Equations 5-45 and 5-46 follow:

=PC,CLLLLL, (5-45)
0 =QC,CLLLLL, (5-46)

If loads act at an angle to the grain, the allowable design value is computed
using the Hankinson formula.

Tabulated Design Values

Tabulated values are specified in the NDS for one A307 lag screw |oaded
in single shear in a two-member joint. Unlike other fasteners, separate
tables are included for connections with wood side pieces and connections
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with metal side pieces. Portions of the NDS tables for a limited number of
lag screw lengths are given in Tables 5-23 and 5-24. For connections with
wood side members, tabulated values are based on the thickness of the
side members and the nominal length and diameter of the lag screw
(Table 5-23). When side members are 1-1/2 or 2-1/2 inches thick, values
are read directly from the table. The NDS does not include tabul ated
values for other side member thicknesses, but additional tabulated

values for other side member thicknesses are given in the AITC Timber
Construction Manual. *

Table 5-23.—Tabulated design valugs tor [aterally loaded lag screws with wood side plates.

Spedies Group
Thickrness | Langth | Diametar GROUP | SRCUP I GROUF 11| GROUP Y
of side ol lag ol lag Total lateral boad per | Total lateral oad par | Total lateral load pee | Total lateral Inad per
member | screw |screwshank | lag serew in single kaq seraw in single & screw in single tag screw in singla
finches) | finches) |  finches) shear (pounds shear {paunds) shear {pounds) ghear (pounds
F - Paxrper- P - Ferpen-
Paralkt u:l?crﬁglr Parallet ieular | Paralled dm Paralied dicutar
1o grain tugrain | togmin lograin | lograin  {ograin | togrin o geain
1 200 el 170 170 130 130 100 1%
516 290 240 20 180 150 13 120 110
4 3B 330 250 250 180 180 140 140 10
e 370 260 280 180 200 140 160 14
172 J90 20 30 180 210 140 11 10
1-1/2 =B 470 280 360 210 260 160 200 120
144 270 260 230 ¢ 210 200 180 18
hi6 380 20 330 280 290 50 P50 220
B 38 490 arm 420 3z 370 280 X 230
e G600 420 520 350 410 280 I 230
12 700 450 600 230 430 280 40 220
58 850 210 710 420 510 o 410 250
8 450 0 380 20 270 210 220 170
il 590 410 440 30 30 220 M 180
B 12 620 410 470 20 340 20 2 180
] 730 440 550 KL 380 240 3X 180
4 830 450 &30 350 430 250 360 200
i 950 490 720 30 510 70 10 210
2112 1 108 500 800 400 CTi 290 45 23
38 HED 420 430 370 430 30 380 290
Kl 730 510 630 440 560 3490 a5 320
12 830 580 770 500 600 3% 430 310
8 58 1230 740 a7 580 oo 420 S50 340
14 1440 750 1090 B0 ¥ED 430 5 30
78 1610 B4 1220 58X B0 450 700 360
1 1810 a1 1370 &80 980 490 790 390

Tabulated vajues are for nomnal load duradong under dry service conditions.

This tabwe containg a imited umber of Jag screw lengths and is intandad lor iliustrative purposes only. Reler to the cumert adition of the
HOE lor a move complate listing of design values.

From the NOS; % © 1385, Used by permissicn.
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Table 5-24. - Tabulated design values for laterally loaded lag screws with metal side plates up to 1/2-inch

thick.
Species Group
GROUF | GROUP N GROUP 111 GROUP IY
Chamerer Total laterat load per Total lateral load per Total lateral ioad per Total iateral load per
Length of ofiag iag sGréw in single lag screw in single lag screw in single i screw in singla
lag screme | serew shank shear {pounds) shear {pounds) shear (prands) shear (pounds)
(inGhes) {inches) " — - -
Herpon: Perpen- Ferpen- Perpen-
Farallel diguiar Paraligl dicula Paralle! icuiar Paraled dicular
ingrain 1o grain 10 grain 1 grain o grain tograin to grain to grain
114" 270 210 240 180 210 160 150 150
EM8 419 250 KL LY 290 200 230 169
4 RE 570 350 450 290 340 210 280 110
fial T30 410 550 0 350 il 310 180
12 810 420 610 320 440 X0 350 180
R aan 470 740 30 SR 25 430 200
1yl 450 300 390 260 340 i) 300 210
3B 630 ki i 550 KK 490 300 430 260
B fials 850 430 730 410 660 370 540 300
12 1100 gn 950 450 760 400 gl 3%
;| 1640 T30 1290 620 920 440 T&0 350
&d 1990 B0 1500 660 1070 470 860 380
THe® BB 490 T80 420 G0 380 600 20
12 1140 590 S0 510 BAD 450 780 400
g &8 1750 840 1510 T 1320 630 1060 510
a4 2470 1090 210 840 1550 690 1250 550
18 3260 1360 2480 1030 1770 470 142) 590
o" 1700 860 1550 740 1380 B0 122} 500
10 3 2550 1120 2200 970 1870 a7l 1630 720
T 3430 1420 2960 1230 2340 am 1880 780
1 4410 170 3680 1470 2640 1050 2110 250
T8 3480 1450 20 1260 2700 1120 2120 9a0
12 1 4520 1810 300 1560 J26) 1310 2620 p[1i]
118 5670 220 4890 1960 3630 1450 2910 170

Tabidated values arg for normal 1oad durations uadar dry Senvice condibons,
The asterisk (7} indicates thal greaker lengths lor the Lag screw diamater do not provide higher koads.

This tabla comtaing A imied number of lag scrow lengths and is intended or illustralive purposes only. Relar to the cumem aditicn ol the
HDS lor & move compiete listing of design values.

From the NDS; % ©1985. Used by permission,
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For lag screw connections with metal side plates, tabulated values in the
NDS are based on the nominal length and diameter of the lag screw
(Table 5-24). Values for side plates up to 1/2 inch thick are read directly
from the table. When side plates are thicker than 1/2 inch, tabulated values
must be reduced in proportion to the reduced lag screw penetration, by
linear interpolation of table values. Values in Table 5-24 have been ad-
justed by C,, and further adjustment by this factor is not required or
permitted.

Distance and Spacing Requirements

End distance, edge distance, and spacing requirements for lag screws are
the same as those for bolts of a diameter equal to the shank diameter of the
lag screw (Table 5-22). Bolt modification factors for reduced distance and
spacing also apply to lag screws.

Design of Withdrawal Connections
In withdrawal connections, lag screws develop their strength by the inter-
action of the threads with the wood. The capacity of the connection de-
pends on the specific gravity of the wood and the length of penetration of
the lag screw. As shown in Equation 5-47, the allowable value for one lag
screw in axial withdrawal is equal to the tabulated value in withdrawal,
P,adjusted by all applicable modification factors:

P/ =P CCLCC, (5-47)
When more than one lag screw is used, the value for one screw is multi-
plied by the total number of screws in the connection.

In determining allowable withdrawal values, the washer bearing stress on
wood members must be less than the allowable stress in compression
perpendicular to grain F_ ', as discussed for bolts. In addition, the allow-
able tensile strength of the lag screw at the net (root) section must not be
exceeded. The strength of A307 lag screws in axial tension is developed
when the penetration depth of the threaded portion is approximately 7
diameters for Group | species, 8 diameters for Group |1 species, 10 diame-
ters for Group 111 species, and 11 diameters for Group 1V species. When
the penetration of the screw exceeds these values, connection strength is
generally controlled by the tensile strength of the fastener.

Tabulated Design Values

Tabulated withdrawal values for lag screws are given in the NDS for

one A307 lag screw loaded in withdrawal from side grain. A portion of
the NDS table for alimited number of specific gravitiesis shown in

Table 5-25. To determine the tabulated value for one lag screw, enter the
table with the specific gravity of the member and read the value in pounds
per inch of penetration given for the screw diameter. The tabulated value
for one screw is computed by multiplying this value times the distance of
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Table 5-25. - Tabulated design values for lag screws loaded in withdrawal.

Lag Screw Shank Diamster {in.}
Specific
gravity | 1/4 5116 38 Fial: 142 16 &8 34 78 1 1148 114
&) 0250 03125 0375 04375 0500 05625 0625 0750 0875 1000 1125 1.250
.55 260 307 352 3585 437 477 516 5092 664 T An2 BES
054 253 249 342 384 425 454 hoe 576 46 714 280 844
0.51 23z 274 314 383 3o 426 451 524 593 656 715 5
0.49 218 258 296 332 367 401 424 458 555 617 674 730
D48 212 250 287 322 356 389 421 482 542 599 654 708
0.47 205 242 278 Ji2 345 i 408 4G7 025 580 634 B35
0.46 190 235 264 an2 334 265 3895 453 508 hb2 613 B64
0.45 192 227 260 292 323 as3 382 438 492 543 594 B42
0.44 186 220 252 283 312 a4d 3690 423 475 525 574 B21
0.43 175 M2 243 273 302 330 357 409 455 508 554 600
0.42 173 205 235 264 291 318 344 395 443 490 536 579

Tabulated values are for Inad in withdrawal in pounds par inch of perrration ¢! the threaded portion of the scrow imp the side grain of the
member holding e poirt; normal load duration under dry sarvica condibons.

Thig tabdg is limited 1o selected values for specific gravity and is intended lor illustrative purposes only. Reder to the currert edition of the
HDS I a more complala listing of design values.

From tha ND'S; *& 1986. Used by permission,

thread penetration into the member. When determining thread penetration,
the screw tip length is not included as a portion of the threads. Refer to
Table 16-5 for lag screw thread and tip lengths.

Lag Screw Placement

Lag screws are installed in prebored lead holes of sufficient diameter and
length to develop thread strength and prevent the wood from splitting as
the screw isinstalled. This requires that holes be drilled in two diameters,
one for the shank and one for the threads (Figure 5-24). The lead hole for
the shank is 1/16 inch larger than the shank diameter and is bored to the
depth of penetration of the shank. The lead hole diameter for the threaded
portion, which is bored at least the length of the threads, is based on the
species of the member receiving the point. The NDS requires that for the
threaded portion, the lead hole be 65 to 85 percent of the shank diameter
in Group | species, 60 to 75 percent in Group |1 species, and 40 to 70
percent in Group Il and IV species (the larger percentile figure in each
range applies to screws of greater diameters). Recommended prebore
diameters for lag screws are given in Table 5-26. The effect of prebore
diameter on the lag screw thread penetration is illustrated in Figure 5-25.

Lag screws must be provided with a washer of the proper size unless the

head of the screw bears on steel. When installing lag screws, the threaded
portion is inserted in the lead hole by turning with a wrench, not by driv-
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Shank lead hole

Thread lead hole

Figure 5-24.- Lead holes for lag screws are prebored in two diameters; one diameter for
the shank and a smaller diameter for the threads.

Figure 5-25. - (A) Clean-cut, deeF penetration of thread made by a Ia? screw turned into a
lead hole of proper size. (B) Shallow penetration of thread made by a lag screw turned into
an oversized lead hole.

ing with a hammer. If screws are difficult to insert, soap or other lubri-
cants can be placed on the screw to facilitate placement. In timber treated
with an oil-type preservative, the preservative facilitates placement, and
additional lubricants are normally not required.
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Table 5-26. - Recommended lead hole diameters for lag screws.

Dlameter of laad hole {in.)
Threaded portion
Nominal Shank Groups Il
diameter of {unthreaded)  Group | Gmuall and [V
lag screw (in.) portion (in.)  specles SpeCs species’
174 516 316 5132 3732
Lial 318 1364 16 64
38 Fial: 1/4 15164 11/64
716 12 19764 8/a2 13/64
112 9fiG 11732 816 15/64
o116 58 13732 23/64 9i32
58 111186 2o/64 1332 BHE
34 1316 916 112 13132
[} 1516 43/64 39/64 33164
1 1-1/16 5164 23432 5103
1-1/8 1-316 B8/64 D364 /4
1-1/4 1-516 1-1/16 18116 Tia

' When loaded peimarily in withdrawal, lag scrows of 38-inch diameter or less may be inserted inlc
growp fil and 1Y species withaut 2 lead hole peovided that spacings, end distances and adge
distances ane sufficien to prevent unusual spliting.

From the AITC Timber Construcion Manual® American Institute of Timber Congtmuction, € 1985,

John Wiley & Sons. Reprintad by permission.

Example 5-13 - Lateral lag screw connection with steel side plates

A beam bearing shoe consists of a pair of 1/2-inch-thick steel angles that
are 12 inches long. Each angle is connected to a full-sawn 12-inch by
12-inch pile cap with two lag screws placed at the angle third points.
Determine the required diameter and length of lag screws to resist alongi-
tudinal beam load of 2,500 pounds per angle, assuming the following:

1. ThereisaZ2-month duration of load ( C,= 1.15).

2. Members will be exposed to weathering; adjustments for
temperature (C) and fire-retardant treatment (C,) are not required.

3. Thepile cap is Douglas Fir-Larch, visualy graded No. 1 to
WWHPA rules.
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/ 1127 s1eel angle, 127 kong

P= 2500 Itz

12° x 12" full sawn cap

Solution

The alowable load perpendicular to grain for one lag screw, Q', isgiven
by Equation 5-46. Assuming that distance and spacing requirements can
be met, Equation 5-46 for this case reduces to

Q' =0C,C,
To facilitate selection of alag screw from NDS tables, the above equation

is rearranged so that the required tabulated lag screw value, Q, is com-
puted directly:

- Qr
xR

The applied load of 2,500 pounds is resisted by two lag screws. Therefore,
the minimum alowable load for one lag screw is one-half the applied
load:

g=230 ‘;’,m 1,250 1b

From Table 5-18 for lag screws installed in sawn lumber exposed to
weathering:

C,=0.75

Substituting values and solving for the required tabulated value perpen-
dicular to grain:

1,250
Q= 1.15(0.75)

Before entering design tables, limitations on lag screw length and diameter
must be checked. For the 12-inch pile cap depth, lag screw length will be
limited to 12-inches. Limitations on lag screw diameter are checked
against distance and spacing requirements given in Table 5-22. For |oad-
ing perpendicular to grain, the minimum loaded edge distance is four

=1,44%1b
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times the lag screw diameter. For the 4-inch distance provided by the
angle configuration, requirements for loaded edge distance cannot be met
if the lag screw diameter exceeds 1-inch. Thus, design requirements for
lag screw selection are as follows:

Tabulated value for loading perpendicular to grain = Q 21,449 1b
Lag screw diameter = D <1in.
Lag screw length = L <12 in.

From Table 5-14, No. 1 Douglas Fir-Larch is in Species Group |1 for lag
screw design. Entering Table 5-24 for laterally loaded lag screws with
metal side plates, two possible lag screw sizes meet design requirements; a
10-inch-long by 1-inch-diameter lag screw with Q = 1,470 pounds, or a
12-inch-long by 1-inch-diameter lag screw with Q = 1,560 pounds. In this
case the 10-inch-long lag screw is selected, but either screw is feasible
depending on availability and relative economics.

Example 5-14 - Lag screw loaded in withdrawal

A 4-inch by 4-inch lumber railpost is attached to the side of a 10-1/2-inch-
wide glulam beam with a 7/8-inch diameter by 10-inch-long lag screw
with malleable iron washer. Determine the capacity of the connection in
withdrawal, assuming the following:

1. Members will be exposed to weathering (wet-use conditions) and
carry loads of normal duration; adjustments for temperature (C)
and fire-retardant treatment (C,) are not required.

2. Therailpost is rough-sawn Southern Pine, visually graded No. 1
to SPIB rules.

3. The glulam beam is combination symbol 24F-V5 Southern Pine.

4" x 4" post —
] e Apliedioad

718" @ x 10" fang lag scraw

% 10-1/2° wide glulam baam
Solution

Capacity of this connection will be controlled either by the strength of the
lag screw in withdrawal, or by bearing stress under the washer.

5-107



Lag Screw in Withdrawal

Using applicable modification factors from Equation 5-47, the allowable
lag screw load in withdrawal is given as follows:

Py = PH"CH
The strength in withdrawal depends on the length of penetration of the
threaded portion minus tip length (T - E) into the member receiving the
point. From Table 16-5, dimensions for a 7/8-inch-diameter by 10-inch-
long lag screw are as follows:
S= Length of shank = 4.75 in.
T = Length of thread = 5.25 in.
T- E = Length of thread minus length of tip = 4.75 in.
From Table 5-16, the specific gravity of the side face of a 24F-V5 glulam
beam is 0.55. Entering Table 5-25 with a specific gravity of 0.55, and alag
screw shank diameter of 7/8 inch,
P, per inch of penetration = P,/in. = 664 |b
P,is obtained by multiplying P,/in. by the thread penetration, T - E,
Po=Pfin (T-E)y=664(475)=3.1541b

From Table 5-18, C,,= 0.67 for lag screws in glulam under wet-use
conditions, and

P =P, =3154(067)=2,1131b

Check Washer Bearing Stress

From NDS Table 4A for No. 1 Southern Pine, surfaced green, used any
condition:

F_ =375 Ibfin?

Further adjustment for moisture content in excess of 19 percent is not
required, and

F '=F_C,=375(10) =375 Ibfin®
From malleable iron washer sizesin Table 16-7, the bearing area of a

7/8-inch-diameter washer is computed by subtracting the hole area from
the total washer area

A=Ay — Ay e = #(175) — m(0.5) =9.62 - 0.79 = 8.83 in®
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TIMBER CONNECTORS

The alowable bearing load is equal to the bearing area times the allowable
stress in compression perpendicular to grain:

Bearing capacity = AF ' =8.83(375) =3,3111b
Summary

The allowable capacity of the connection is limited by the withdrawal
strength of the lag screw to 3,113 pounds.

Timber connectors are round steel rings or plates embedded between
members in precut grooves. When used with bolts or lag screws, they
develop the highest strength in lateral loading of all fastener types. The
two types of timber connectors most common in bridge applications are
split rings and shear plates (Figure 5-26). Split rings are round steel rings
with slightly tapered edges that wedge the connector in the precut grooves.
They are manufactured in diameters of 2-1/2 inches and 4 inches from
hot-rolled carbon steel meeting Society of Automotive Engineers Specifi-
cation SAE-1010. As the name implies, the side of the ring is split to allow
the connector to expand as it is placed in the groove. Shear plates are
2-5/8-inch or 4-inch-diameter round steel plates with a flange on one side.
The 2-5/8-inch plates are pressed from hot-rolled steel meeting SAE-1010.
The 4-inch plates are cast malleable iron manufactured to Grade 32510 of
ASTM Standard A47. Typical dimensions for split rings and shear plates
are given in Table 16-6.

@ From :@‘_, Front
- - E =
w(2) eSS

Split ring Pressed steel Malleable iron
shear plates shear plates

Figure 5-26. - Types of timber connectors.

Timber connectors are used in lateral connections with a bolt or lag screw
placed concentrically through the center of the connector (Figure 5-27).
Split rings are limited to wood-to-wood connections where onering is
placed at each wood interface. Shear plates are best adapted for wood-to-
metal connections but may be used back to back for wood connections;
however, one split ring in wood connections is more economical than two
shear plates. For both types of connectors, the bolt or lag screw is an
integral part of the connector unit and serves to clamp the members
together so that the connector functions effectively. For shear plates, the
bolt also must transfer the shear across the member interface.
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Figure 5-27.- Typical timber connectorjoints: (A) split ring connector between wood
members. (B) Shear plates used back-to-back between wood members.
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Figure 5-27. - Typical timber connector joints (continued): (C) Shear plate used between
wood and steel members.

Net Area

The net area at atimber connection is the gross area of the member minus
the projected area of the bolt holes and the projected area of the connector
groove within the member (Figure 5-28). When connectors are staggered,
adjacent connectors with a parallel to grain spacing equal to or less than
one connector diameter are considered to occur at the same critical sec-
tion. The required net area in tension and compression members is deter-
mined by dividing the total load transferred at the connection by the appli-
cable alowable design stress, F' or F,'.

Design of Lateral Connections

As with other types of lateral connections, the strength of timber connec-
tors is developed by bearing between the connector and the wood (Figure
5-29). Design values for connectors are considerably higher than bolts or

/- Protected area of the bolt hole and
/" connacior groovas

Figure 5-28. - The net area at a timber connector is equal to the gross area of the member
minus the projected area of the bolt hole and connector grooves.
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|
T

Steel side plates —< /— Shear plate

Split ring or back-
to-back
—{__ '
1
Wood-Wood Connection Wood-Steel Connection

Figure 5-29. - Typical configuration and stress distribution for laterally loaded timber
connectors.

lag screws because they bend less and provide more bearing area. With
connectors, the inner surface of the ring bears against the inner core of
wood, while the outer surface bears against the outer wall of the groove.
Split rings are especially efficient because the tongue and groove split
alows expansion, resulting in better load distribution in bearing. In most
applications, connector capacity is controlled by the strength of the wood;
however, for some shear plates, capacity may be controlled by the strength
of the connector. In such cases, maximum design values are limited by the
NDS.

The allowable value on one timber connector is equal to the tabulated
vaue adjusted by all applicable modification factors. When several con-
nectors are used, the design value is the sum of the individua connector
values adjusted by the group action factor, C,. Applicable modification
factors for timber connectors are given by Equations 5-48 and 5-49 for
split rings and by Equations 5-50 and 5-51 for shear plates:

For split rings,
P =PC,CLECCLLL, (5-48)
Q' =QC,CLLCLeCel, (5-49)
For shear plates,
P =PCLLOCLLLLLL S Py (5-50)

g'=pCCCcCCCCCCC <

BUM- IR~ e~ a s~ gl — X MAX {(3.31)

where P',,,and Q',,,, are the maximum allowable values for shear plates,
limited by the strength of the connector.
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When timber connectors are loaded at an angle to the grain, modification
factors for end distance (C,), edge distance (C,), and spacing (C) are
based on the loading angle. As aresult, these factors are applied after
application of the Hankinson formula (Equation 5-42).

Tabulated Design Values

The tabulated NDS design values for split rings and shear plates are shown
in Tables 5-27 and 5-28. The values are based on normal duration of load
and dry-use conditions for one connector unit with an A307 bolt. For the
purpose of determining tabulated values, one connector unit is defined as
(1) one split ring in a wood-wood connection, (2) two shear plates back to
back in awood-wood connection, or (3) one shear plate in a wood-steel
connection. In each case, the tabulated value is the load that occurs in
single shear at the location of the connector, regardless of the total number
of members in the connection.

To determine the tabulated value for either type of connector, enter the
appropriate table with the connector diameter and read the tabulated value,
by species group, based on the number of faces of the piece with connec-
tors on the same bolt, and the net thickness of the thinnest member in
contact with the connector. For loading perpendicular to grain, tabulated
vaues are additionally based on the loaded edge distance of the connector.
Values for intermediate member thicknesses and loaded edge distances are
determined by linear interpolation.

When determining tabulated connector values, the following considera-
tions apply:

1. Timber connectors cannot be used in members less than the
minimum net thickness given in Tables 5-27 and 5-28.

2. The bolt diameter specified for each connector is the minimum
diameter A307 bolt required to meet tabulated values. Increasing
the bolt diameter is permissible but does not increase the tabulated
values.

3. Maximum loads on shear plates( P',,,and Q' ,,,,) shall not
exceed the following:

(a) 2,900 pounds for a 2-5/8-inch shear plate,
(b) 4,400 pounds for a 4-inch shear plate with a 3/4-inch bolt, or
(c) 6,000 pounds for a 4-inch shear plate with a 7/8-inch bolt.

When tabulated values exceed P' ,,,or Q' .., they are marked
with an asterisk in Table 5-28.
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Table 5-27 —Tabulated split ring dasign valugs.

KNumber Loaded parallel to grain (0¢) Leaded perpendhcular ko grain {809
of laces Mett
Spiit- of piega | thickness Dasiqn value per connestr Edge distance {inches) Oesign value per connector
fng Bo | with con of Minimum urit and bokt {pounds) unit and bokt {pounds)

diam. | diam. | neclors | plece edge Ciroup Grovp  Group  Group | Unicaded  Loaded Group  Group  Group  Group

finches) | finches) | on same | {inches) distanca A B G D edge, adge A B ¢ ¥
bott {imches) | woads woods  woods  woods min. woods  woods  woods  woods

1 min, 1-34 2630 227 100 1640 134 1-314 min. 1580 1380 1130 a70

1 2-34 or moe 1900 1620 1250 1160

112 ormong| 134 1ED 2730 2290 1960 1-314 1-354 min, 1804 1620 1380 1160

2142 I 2-34 or morg 2280 1940 1620 1380

1-1/2 min, 1314 243 2100 1760 1510 1-34 1-3%4 min, 1460 1250 1040 8490

2 2.34 or more 1750 1500 1250 1070

Z o more 1-37d 3180 2730 el 1G] 1-314 1-344 min, 19060 1620 1350 118

234 or more 2280 1940 1620 1230

1 min. g4 4080 3510 293 252 22 2-%4 min, 2370 2030 170 1470

1 3-34 o more 2840 c44d 20 1780

1142 2-3r4 6020 5160 4280 Tal) 2-34 2-344 min. M9 2550 2490 2150

3-34 or more 4180 3580 plat ] 2580

1-58 234 6140 5260 4380 3790 it 2-3M min. 3560 3050 2540 2190

of more 3-34 of more 4270 3660 3060 2630

1-1¢2 min. 234 4110 3520 2940 2540 2-34 2-3/4 min. 2480 2040 1700 1470

4 4 3-34 or move 2880 2450 2040 1760

2 234 4950 47250 3540 3050 2-314 2-34 min. 2870 2470 2050 1770

2 334 or more 3440 2060 2450 2120

2-112 2314 5830 5000 4160 S0 234 2-34 min, J380 2900 2410 2080

2-3/4 or more 4050 380 2890 2500

3 or more 2314 B4 5260 4380 3790 214 2-3/4 min, 3560 3050 2540 2190

334 or mee 4270 J66G 3050 2630

mnmmmmmmmmawmmmninmyemmmuMhanmﬂmmmhmmmmnmﬂmm
From the NOS 2 & 1986, Used by permission.
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Table 5-28 —Tabuiated shear plate design values.

Kumber Loaded parafiel to grain {0¢) Loaded perpendicolar to grain {309}
of fces Net
Shear- of preca | thickness Degign value per connedor Edge distance {inches) Diesign value per connector
plate | Bot [withcon- of Wirimum Lnit ane bott (pounds) urit and bolt {pounds)
diam. | diam. | meciors | pece odge Group Group  Group  Group | Unkaded  Loaded Group  Group  Croup Groop
finches) | (inches} t onsame | (inches) distance A B c D edge, exdoe: A B & D

bolt {inshadd | woods woods  woods woods min. woods  woods  woods  woods

1-1f2 min. 1-3/4 atig 2670 22l 2010 1-34 1-34 min. 1810 1550 1250 ing

i 2-34 or more 2170 1860 155(} 1330

1-172 min. 1-34 2420 2080 1730 1500 1-34 1-%4 min, 1414 1210 110 87

2458 34 2-34 or move 165D 1450 1210 M

2 1-34 190" 2730 2 1960 134 1-34min, 1850 1580 1320 14D

2 2-34 o meve 2 1810 1580 1370

242 ormoray  1-3M 333" 286D 2380 2060 144 1-34 min, 1040 1660 1380 1200

2-314 or morg 2320 1880 1850 1440

1-1f2 min. a-3/d 4370 3750 3 270 24 2-34 min, 2540 2180 1810 1550

! 334 o mowe 300 st 2170 1860

1-34 or more| 2304 20" 4360 3640 3140 2-34 -4 min. 2350 230 2110 1810

3-34 or mors 3540 HHG 250 2200

1314 mim. 234 3390 2210 2420 2080 2-34 2-354 min. 1970 1620 1400 1250

3-34 or more Z3R0 2020 1680 1410

4 34 2 234 arg 3240 2700 2330 2-314 234 min. 2200 1880 1570 1360

or 3-314 o more 2640 2260 1880 1830

/8 2412 2374 4310 3600 3080 2660 234 23 min, 2500 2140 1780 1540

2 3-34 of more 000 2550 2140 1850

3 234 433 4140 320 2980 234 2-34 iin, 2800 2400 2000 1720

334 o move 3380 2880 2400 2060

312 of mows|  2-304 S030° 4320 J600 3110 2-14 2-34 min. 2820 2530 20490 1800

3-34 or mowe 350 3000 2510 21a0

Design vakies in paunds aoply b one shear plate Unil and bolt In single shaar whea installed in Seasoned 'um:l mmbars that will remam ory in 5envics and be subjec lo normal loading conditions.
Allowable values for shear plates (after &d].rstmanthyamncabhmndm::arm Isctars) shall nat exceed P,
a 5% inch <hearplate ..

b, d-inch shear plake with A4 inch bol
¢ d-inch shoar plale with 7/2 inch boll ..

Loads Trlkewad by an astarisk exvesd £ 'M
From Ihe NDS;® © 1986, Used by permission.
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4. If concentric grooves for two sizes of split rings are cut in the
member, rings must be installed in both grooves, however, the
tabulated design value is that for the larger ring only.

Lag Screws

Tabulated values for timber connectors are based on a bolted connection.
Lag screws may be used, provided the shank diameter of the lag is the
same as specified for a bolt and provided the lag screw threads are cut
rather than rolled (cut threads hold better). When lag screws are used
instead of bolts, tabulated values must be adjusted by the lag screw factor
C,given in Table 5-29.

Steel Side Plates

When steel rather than wood side plates are used, tabulated values may be
increased for 4-inch shear plates loaded parallel to grain only (no increase
is allowed for 2-5/8-inch shear plates or split rings). Values of C are
given below. However, the adjusted load on any shear plate is limited to
the maximum values P' ,,, and Q' ...

C.for 4-inch shear plates

Species Group loaded parallel to grain
A 1.18
B 111
C 1.05
D 1.00

Table 5-29. - Lag screw modification factor, C,

Penetration of fag screw into membet

receiving point
(number of shank diameters)
Fastener species group
Conneclor size and type Side plate  Penetration’ I ] Il v Co
2-1f2-inch split ring Wood Standard 7 8 i0 k| 1.00
4-inch split fing or
4-inch shear plate Metal Minimum 3 3-1/2 4 4-1/2 0.75
2-5/8-inch shear plate Wond Standard 4 5 7 a 1.00
Mirimum 3 3172 4 4-1/2 0.75
2-5/8-inch shear platg Mstal Standard
and 3 3172 4 4-1/2 1.00
Minimum

' Use straight line iterpolation Lo intermediate values.
From the NDS; ®© 1986, Used by permission.
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Distance and Spacing Requirements

Distance and spacing requirements for timber connectors loaded parallel
to grain and perpendicular to grain are summarized in Table 5-30. These
requirements are given as the minimum dimension for the full tabulated
value and as the minimum dimension for reduced value, as previously
discussed for bolts. It is recommended that the minimum dimensions for
full tabulated value be used whenever possible. When space is not avail-
able, the minimum dimensions for a reduced value may be used provided
tabulated values are reduced by the applicable modification factors for
edge distance, C,, end distance, C,, or spacing, C. The edge-distance
factor for the loaded edge is aready factored into tabulated values, and
further application of C,, is not required when tabulated minimum |loaded
edge-distance values are used. The modification factors C, C,, and C.are
not cumulative, and the lowest value of the three is used. However, when
end distance or spacing is reduced for any connector in a group, the lowest
applicable factor applies to al connectors in the group. Modification
factor values for intermediate dimensions are determined by straight-line
interpolation.

When timber connectors are loaded at an angle to the grain of the member,
refer to the NDS and the AITC Timber Construction Manual for distance
and spacing requirements.

Connector Placement

All holes, grooves, and daps for timber connectors must be precision
machined with specia cutters for proper connector performance and
assembly (Figure 5-30). Fabrication is best suited to a shop environment
but can be done in the field when shop fabrication is not possible
(Figure 5-31). The holes for bolts and lag screws are prebored in the
manner previously discussed for the individual fasteners. Grooves and
daps for split rings and shear plates must be appropriate for the type and
size of connector. Connectors from different manufacturers may differ
dightly in shape or cross section, and cutter heads must be specifically
designed to accurately conform to the dimensions and shape of the par-

Split ring
grooving oo

Shear plate
grooving tool

Figure 5-30. - Tools used for grooving wood for timber connectors.
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Table 5-30. - Summary of edge distance, end distance, and spacing requirements for timber connectors.

— Row spacing {pempendicular to grain)

Loading parallel 1 grain - Edge distance

L -+ Grain—=
Row™ 1.
P o fonete P
~=Aan=s End distance
+—=— Spacing parallel to grain
2-1/2-Inch spilit ringa o7 2-5/8-inch shear plates &inch split tings or shear plates
Minimum dimension Minimumdimension  Minimum dimansion  Minimum dimensicn
far full tabulated value forreduced value'  for full tabulated value i reduced value!
finches) (inches) {inches) finches)
Edge distance 1-304 MrAZ 2-314 N/A
End distarns
Tension members 5112 34 {C = 05625 7 3-112{C_=0.625}
Compression members 4 2172 {C,_=0.625} 5142 3-114 (G, = 0.625)
Spacing
Barallel o grain 6-34 AH2{C =05 g8 §{C =08
Row spacing perpendicular o grain~ 3-172 WA & fun
Loading perpendicuiar io grain Row Row
—— Row spacing (paralie! to grain}
[ Unli-:}gdgﬁ edge distance
{E‘: i:-':i' ]
rI“. o ‘: . %
-y ~=—[5rain —=
End distance L,/L'_U [_uLoaded edge distance
P Spacing perpendicular to grain
2-12-inch split ings or 2-5/&-in¢h shaar plates &-inch split rings or ghear plates
Minimum dimension Mirimum dimengign Minimum dimension  Mini mum dimension
for full tabulated valse for reduced valug' forfull tabulated value  far reduced value'
{inches) {inches} finches) {inches)
Edge dislance
Uinloaged edge 134 NiA 2-314 /A
Loaded edge? -4 1-3/4 3-34 g
End dislance .
Tension members 5.1/2 2-34 (G =D.625) 7 3112 {C_=0.625)
Comprassion membears 5112 214 (C_= 0.B625) T 3172 {Gn = 0.625)
Spacing
Row spacing paraliel to grain kKAl HiA 5 HA
Perpendicular to grain 4-1f2 F12(C,=0.5) 5 5(C =05

! For dimensions between the Tabulalad value and the reduced value usa straight Ene interpolation 12 compuie the modification factor value.
2 Soe Table 5-27 and Tabls 5-20 for reduced desigh values Tor minimum leaded edge distanca.
All dmenzions ara measured from the cerer of the connactor,
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Figure 5-31. - Field-grooving for a split ring connector for a curb-deck attachment. Field
fabrication such as this requires field treating with wood preservative, as discussed in
Chapter 12 (photo courtesy of Wheeler Consolidated, Inc.).

ticular connector used. The heavy 4-inch-diameter shear plates may
sometimes be cast out-of-round and should be checked for dimensions
and roundness before assembly. An out-of-round plate should not be
forced into a round groove.

Bolts and lag screws installed with timber connectors must be provided
with plate or malleable iron washers between the outside wood member
and the head or nut of the fastener. Cut washers are not suitable for use
with connectors and are not permitted. The minimum washer size for each
type of connector is given in Table 16-6. When an outside member isa
steel plate or shape, the washer may be omitted except when desirable to
prevent bearing on the fastener threads.

Design values for timber connectors are based on the assumption that the
faces of the members will be brought into tight contact when the connec-
tors are installed. When timber connectors are installed in wood with a
high moisture content, they should be checked periodically to ensure that
shrinkage of the wood has not caused members to separate. It may be
necessary to retighten connections as the wood dries.
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Example 5-15 - Lateral split ring connection

A dressed 12-inch by 12-inch lumber curb is bolted along the edges of a
6-3/4-inch-thick transverse glulam deck. The curb serves at an attachment
point for vehicular railing where a transverse reaction of 15,600 pounds
is transfered at the center of the curb height. Determine the number of
4-inch-diameter split ring connectors that are required to transfer the curb
load to the deck, assuming the following:

1. Members will be exposed to weathering (wet-use conditions) with
aduration of load factor, C,, of 1.65; adjustments for temperature
(C) and fire-retardant treatment (C,) are not required.

2. The glulam deck is combination symbol No. 2.

3. The curb is surfaced Douglas Fir-Larch, graded No. 1 to WWPA

rules.
127 x 12" lumber curb
"
P=15600b -a—— - O solit 1i
:l 4" 3 gplit ring
i |
1] zr
[ x
1
5-3/4" thick glulam deck
Solution

In this connection, the curb is loaded perpendicular to grain while the deck
is loaded parallel to grain. Unlike bolted connections, tabulated values for
timber connectors are based on a two-member (single shear) joint and
values for loading parallel to grain and perpendicular to grain are read
directly from tables in the NDS (Table 5-27). The procedure used here
will be to design the connection based on perpendicular-to-grain loading
(which normally controls), then check for parallel-to-grain loading.

Curb Loading Perpendicular to Grain

The alowable design value for one split ring loaded perpendicular to grain
is given by Equation 5-49. Including possible modification factors for
connector distance and spacing, the equation in this case becomes

@ =0PCLLL,
From Table 5-14, Douglas Fir-Larch isin Load Group B for timber con-
nector design. The tabulated value for one split ring loaded perpendicular

to grain is obtained from Table 5-27. Entering that table for a 4-inch-
diameter split ring, 3/4-inch bolt, one member face with a connector on the
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same bolt, member thickness greater than 1-5/8-inches, and a loaded edge
distance greater than 3-3/4-inches:

Q=3,6601b

From Table 5-18 for timber connectors used in partially seasoned or wet-
condition sawn lumber:

C,= 0.67

Minimum values of connector distance and spacing for full loading are
obtained from Table 5-30:

Unloaded edge distance 2.75 in.
Loaded edge distance 375 in.
Spacing parallel to grain 5in.

From Table 16-2, the width of a dressed 12-inch by 12-inch curb is
11.5 inches. Centering the connector on the curb provides aloaded and
unloaded edge distance of 5.75 inches:

Bolt
&

P

Unleaded adge = 5,75 — — Loaded edge = 5.75"

S

Using a minimum connector spacing of 5 inches, al distance and
spacing requirements for full load are met and values of C.and C each
become 1.0.

The alowable load for one split ring is computed by substituting values
into the equation for Q":

0'=0C,CCC =3,6060(1.65)0.6T)(1.0)(1.0) = 4,046 Ib

The required number of split rings is obtained by dividing the applied load
by Q,
Number of split rings = 15,600 1

=386=4
4,046 1b

5121



Deck Loading Parallel to Grain

Using the applicable modification factors for this case, the allowable load
for one split ring loaded parallel to grain is given by Equation 5-48:

P=PCCCCC

BEMT e x

From Table 5-15, glulam combination symbol No. 2 isin Load Group B
for timber connector design. The tabulated value for one split ring loaded
paralel to grain is obtained from Table 5-27 using the same table values
previously used for loading perpendicular to grain:

P=5,2601b

From Table 5-18 for timber connectors used in glulam under wet-use
conditions:

C,=0.67

Minimum values of connector distance and spacing for full loading are
obtained from Table 5-30:

Edge distance 2.75 in.
End distance (tension members) 7 in.
Spacing perpendicular to grain 5in.

All distance and spacing requirements can be met with the exception of
end distance, which is 5.75 inches rather than the 7 inches required for full
load (end distance for parallel-to-grain loading is the same as the unloaded
edge distance for perpendicular-to-grain loading). From Table 5-30, end
distance can be reduced to a minimum of 3.5 inches provided the tabulated
load is reduced by C, = 0.625. Using linear interpolation for the 5.75-inch
distance, C,= 0.87.

Substituting values into the equation for P,
P =PCCCCC =3526001.63)(0.67)1.03(0.87)(1.0) = 5,059 1b

DM~ e

P'=5,059 Ib > Q' = 4,046 pounds so connector capacity is controlled by
loading perpendicular to grain.
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Summary

The connection will be made using four 4-inch-diameter split rings with
3/4-inch-diameter bolts. The capacity of the connection is limited by curb
loading perpendicular to grain to 16,184 pounds. The bolts will be spaced
5 inches on-center and will be provided with malleable iron washers at
each end:

3/4" @ botts with

5.75" =i — 575" £ spi'? Aings

Lo
I I BT
hou o 4

< 'i T |I f

6-3/4 glulam dack | | ot
3@ 5"
End view Front viaw

Example 5-16 - Lateral shear-plate connection

A glulam tension member measures 3-inches wide by 5.5 inches deep. The
end of the member is held between steel plates by two 3/4-inch-diameter
bolts with four 4-inch-diameter shear plates. Determine the capacity of the
connection, assuming the following:

1. Members will be exposed to weathering (wet-use conditions) and
anormal duration of load; adjustments for temperature (C) and
fire-retardant treatment (C.) are not required.

2. The glulam is combination symbol No. 47.

3. The capacity of the steel plates is satisfactory.

Fis a8 34" O bolts with 47 &
|-4———-|-—'—| / shear plates
— =

P2 —-—

P2 et

/4‘ T
3" x 5.5" glulam

Eteal plale
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Solution

The capacity of this connection will be controlled either by the strength of
the glulam member or the strength of the connectors. Glulam capacity will
be computed first, followed by connector capacity.

Capacity of Glulam Member
The capacity of the glulam member in tension is equal to the allowable

tensile stress times the net member area. The alowable stress in tension
parallel to grain is computed using the applicable modification given by
Equation 5-23:

F'=FCC,
From AITC 117-Design for combination symbol No. 47,

F.= 1,200 Ib/in’
From Table 5-7,

C,=0.80
Substituting,

F' = FC,C, = 1,200(1.0)(0.80) = 960 Ib/in’
The net area of the member is equal to the gross area minus the projected
area of the shear plates and bolt hole. Dimensions of the shear plates

and bolt hole are obtained from timber connector properties given in
Table 16-6:
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Grossarea= (3in.)(5.5in.) = 16.5in’
Shear plate area= 2 [(4.03 in.)(0.64 in))] = 5.16 in’
Bolt holearea=[ (3in.) - 2(0.64in.)] (0.81in) = 1.39in"
A.=165in- 516 in*- 1.39 in’= 9.95 in’
The member capacity equals the allowable stress times the net area:
Member capacity = F (A, = 960 (9.95) = 9,552 1b

Capacity of Shear Plates

The alowable design value for one shear plate loaded parallel to grain is
given by Equation 5-50. Including possible modification factors for
connector distance and spacing, the equation in this case becomes

P=PCLLCCCCC

M- g n s g #A

From Table 5-15, glulam combination symbol No. 47 isin Load Group B
for timber connector design. The tabulated value for one shear plate
loaded parallel to grain is obtained from Table 5-28. Entering that table for
a4-inch-diameter shear plate, 3/4-inch-diameter bolt, two member faces
with a connector on the same bolt, and a member thickness of 3 inches:

P=4140 Ib

From Table 5-18 for timber connectors used under wet-use conditions in
glulam,

C,= 0.67

Vaues of connector distance and spacing for full loading are obtained
from Table 5-30:

Edge distance 2.75in.

End distance (tension members) 7 in.

Spacing parallel to grain 9in.

All distance and spacing requirements for full load are met except spacing
parallel to grain, which is 8 inches instead of 9 inches. Spacing can be
reduced to a minimum of 5 inches provided tabulated values are reduced
by C,= 0.50. By interpolation for an 8-inch spacing,

C,=0.88
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NAILS AND SPIKES

For two connectors in a row, adjustment for group action is not required,
and

C=10
For steel side plates used with Group B species,

C=111
Substituting values into the equation for P',

P=PCLLLLCC,

=4, 14001.M0.67)( 1.0 1.0x0.883(1.0)(1.11) = 2,709 b

For four shear plates,

A(P') = 4(2709) = 10,836 Ib
Summary

The capacity of the connection is 9,552 pounds and is controlled by the
capacity of the glulam member in tension parallel to grain.

Nails and spikes are the most common wood fastener for building con-
struction. For bridge applications, however, their use is mostly limited to
laminating lumber decks and attaching plank-wearing surfaces. Design is
usually based on nailing schedules or specification requirements rather
than on structural analysis, but an engineered design may be required in
some situations. The primary disadvantage with nails and spikes is their
susceptibility to loosening from vibrations or changes in moisture content.
Withdrawal connections are not recommended, and discussions in this
section are limited to lateral loading conditions only. Refer to the NDS for
criteria on withdrawal connections.

Nails and spikes are available in awide variety of lengths and diametersin
four different types: box nails, common wire nails, common wire spikes,
and threaded hardened-steel nails and spikes. Size is specified by penny-
weight, or by diameter and length for larger spikes (Table 5-31). Spikes
are longer and have a larger diameter than nails. Most nails and spikes are
manufactured from low- or medium-carbon steel. Threaded hardened-steel
nails and spikes are made of high-carbon steel wire that is heat treated and
tempered to provide higher strength.
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Table 5-31. - Typical sizes of nails and spikes.

Wire dlameter {in.)
Threaded
Common hardensd- Common
Length Box wire slael wire
Pennywelght {in.} nails nails nails spikes
8d 2 0.099 0.113 0120 —_
Bd 2-1/2 0113 0.1 0.120 —
10d 3 0123 (148 0135 0192
12d 3-1/4 0.123 0148 0,135 0.192
16d 3-1/2 0.135 0.162 0.148 0.207
204 4 0.148 0.192 0177 0.225
30d 4-172 0,148 0.2a7 a7y 0.244
404d 5 0.162 0225 0177 0263
50d B-if2 — 0.244 0177 (.283
B80d B —_ 0.263 o7y 0.283
704 7 — —_ 0.207 —_
Bod a — —_ 0.207 —_
ad 8 — — 0.207 —_
516 7 —_ — — 0312
ams 8-if2 — — - 0.375

From 1he NDS:2 ©1986. Used by permission.

Nail and spike classifications are based on the type of shank, whether
smooth or deformed (Figure 5-32). Deformed shanks are generally spiral
(helical) or ringed, but patterns may vary. Deformed shanks are used in
most bridge applications because they provide greater withdrawal resis-
tance and are less susceptible to loosening from vibrations or changes in
wood moisture content.

Net Area
The net area at nailed or spiked connections is normally taken as the gross
area of the member. When large-diameter spikes are used, the net area

may be computed by subtracting the projected area of the fasteners, based
on designer judgment.

Design of Lateral Connections
In laterally loaded nail and spike connections, the capacity of the connec-
tion is controlled by deformation (slip) rather than strength. As a resuilt,
design values are independent of the direction of loading with respect to
the direction of grain. The allowable value for one nail or spike is the
tabulated design value from the NDS adjusted by all applicable modifica
tion factors, as given by

p'=PCCLCCC (5-52)

. il bl i
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Figure 5-32. - Types of nails: (left to right), bright, smooth wire; cement coated; zinc-
coated; annularly threaded; helically threaded; helically threaded and barbed; and barbed.

where P, is the allowable lateral load applied at any angle to the grain of
the members.

When more than one nail or spike is used, the allowable value for the
connection is the sum of the individual design values. Adjustment by the
group action factor, C,, is not required for nails and spikes.

Tabulated Design Loads

Tabulated lateral values for nails and spikes loaded at any angle to grain
are given in Table 5-32. The values are for side-grain connectionsin
seasoned wood and are based on the depth of penetration of the nail or
spike into the member. In two-member connections, the penetration is
measured in the member holding the point. For three-member connections,
the penetration is measured in the center member. To determine the
tabulated value, enter the table with the type and size of fastener and read
horizontally across from the applicable species group (for connections
with members of different species, use the higher numbered species
group). For full tabulated value, penetration must be a minimum of 10
diameters in Group | species, 11 diametersin Group Il species, 13 diame-
tersin Group |11 species, and 14 diameters in Group |V species. The
minimum penetration for any connection cannot be less than one-third of
these values. For intermediate penetrations, values are determined by
linear interpolation between zero and the tabulated value. However, values
cannot be increased for penetrations greater than those required for full
tabulated value.
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Table 5-32. - Tabulated lateral load design values for nails and spikes.

Commen Wire Nails

Panifiwaght &4 Bd 104 124 16d 20d 304 40 &d B0d
Length 2 21 3 3144 312 4 4.4/2 5 A Pl 6
Diameler g3 01N 0148 0148 0162 0192 0.207 0.225 0244 (.26

10 Diametars 113 1.3 148 148 162 1.82 207 225 244 283

11 Diameters 124 14 183 163 1.78 2N 228 248 268 28BS

13 Diamesters 147 1.70 182 192 2.4 250 2.68 283 317 342

14 Diameters 158 182 207 207 22?7 269 2.0 3.8 342 .68
Species Group | 7 a7 15 118 132 172 192 218 248 275
Species Species Group ll - &3 78 &4 94 108 139 155 1756 199 223
Species Species Group I & 64 n ki B8 114 127 144 163 182
Species Species Group IV 41 51 81 &1 0 % 102 115 130 146
Theeaded Hardenad-Steel Nalls and Spikes

Pennyweight &d Bd 10d 12 16d 204 30d  40d 50d €60d d  80d  %d
Length 2 2112 3 3144 32 4 4-142 5 5172 g 7 8 9
Diameter 0120 0120 0435 0435 0448 0A77 Q477 0477 QAT 04ATF Q207 Q207 0207
10 Diametars 1.0 120 135 135 148 177 197 \T77 177 197 207 207 207
11 Diameters 132 132 149 148 163 185 195 195 185 188 228 228 228
13 Diameters 1.58 16 17 176 1892 230 230 230 230 23 289 289 ZE8
14 Diameters 168 188 183 18 207 248 248 248 248 248 280 280 2%
Species Group | Ir 7 116 118 133 172 172 172 172 172 ¢y 218 218
Species Group 1l B3 78 o4 84 1A 139 13 138 139 128 178 176 176
Species Group |l 81 B4 77 778 4 1d 4 114 114 144 144 144
Species Group W 41 5 il 81 70 g1 H il M 1) ns 115 115
Commaon Wire Spikes

Pennywesght 10 124 16d 2d Hx 404 504 b60d 0 |
Langth K| 314 3-ir2 4 412 & 5142 6 7 812
Diametar 0.192 0182 0207 Q.&% 0244 0.3 0283 0.283 0312 0375

10 Diameters 192 1.82 207 2.25 244 253 283 2383 a1 3.75

11 Dhametars a1 21 245 24q 2g8 2.8 an an 343 413

13 Diameters 2.50 250 268 28 ar a4 368 368 406 488

14 Diamneters 265 269 290 215 42  IB8 396 396 437 525
Species Group| 172 172 182 218 246 278 307 37 J56 468
Species Group 1l 139 139 155 17 199 223 248 248 25 arg
Species Group 111 114 114 127 4 163 182 203 203 235 A0
Species Group IV )| L) 102 115 130 146 163 163 185 248

Diameters and lenglhs ang ininghes; koads arg in pounds.

Dasign values are for [ataral loads in single shear (iwo mambers) for nails and splas penetrating not lass than 10 diameters in Group |
species, 11 diameters in Group || species, 13 diameters in Group Il species, and 14 diameters in Group IV specis, inta the member

hotding the peint. For other diameters and langths refer o the Wood Handbook
From the NDS;* ©1986. Usad by permission.
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Steel Side Plates

When steel rather than wood side plates are used for lateral connections,
the tabulated design values for nails and spikes may be increased by the
steel side plate factor (C,= 1.25).

Distance and Spacing Requirements

End distance, edge distance, and spacing of nails and spikes should be
sufficient to avoid unusual splitting of the wood. Although no criteria or
dimensions are given in AASHTO or the NDS, the following criteria are
given in the Wood Handbook *based on the diameter d of the nail or
spike:

End distance (tension members) 15d
End distance (compression members) 12d
Edge distance 10d

Nail and Spike Placement

Nails and spikes are generally hand-driven but may be placed with power
drivers for smaller diameters and lengths. They should be driven through
the thinner member, into a thicker member, and be flush or countersunk to
the member surface. Holes for large-diameter fasteners should be prebored
to prevent the wood from splitting during placement. In such cases, the di-
ameter of the lead hole must not exceed 0.90 times the fastener diameter
for Group | species and 0.75 times the fastener diameter for Group I, 111,
and |1V species. For deformed shanks, the diameter of the nail or spike
may vary among types and manufacturers and should be verified before
preboring lead holes.

Example 5-17 - Lateral nailed connection

A nominal 2-inch by 6-inch handrail is attached to a 6-inch by 6-inch post
with common wire nails. The connection between the rail and post must
be capable of resisting a downward force of 300 pounds. Determine the
size and number of common wire nails that are required for the connec-
tion, assuming the following:

1. Members will be exposed to weathering (wet-use conditions) with
anormal duration of load; adjustments for temperature (C) and
fire-retardant treatment (C.) are not required.

2. Lumber is surfaced Southern Pine.
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300 b

2" x §° rail

Solution

In this connection, the rail is loaded perpendicular to grain while the post
is loaded parallel to grain. For nailed connections, however, allowable
loads are independent of load orientation to grain. The allowable load for
one nail loaded in either direction is computed using Equation 5-52 with
the applicable modification factors:

Py =P L0,

The moisture modification factor for nailed connections is obtained from
Table 5-18:

C,=0.75

Tabulated values for nails and spikes are given in the NDS (Table 5-32).
From Table 5-14, Southern Pine isin Species Group I for nailed and
spiked connections. To develop the full tabulated load in this species
group, the nail must penetrate a minimum of 11 diameters (11D) into the
member holding the point (reduced penetration requires reduced load). In
this case, the nail length minus 11D must not be less than the rail thickness
of 1-1/2 inches. Using information from Table 5-32, nail sizes are evalu-
ated to determine the minimum nail pennyweight for full penetration:

Pennyweight Length (in.) 119 (in.) Length — 11D (in.)

&d 2.5 1.44 1.06
10d 3 1.63 1.37
12d 3.25 1.63 1.62

A 124 nail 15 the minirmum nail size that provides the required penestration
for full load.
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DRIFT BOLTS AND DRIFT
PINS

Substituting values for the allowable load on one nall,
P, =P, C, =P LLOX0.75) =P (0.75)

Using tabulated values from Table 5-32 for nails 12d and larger, atableis
compiled of alowable nail loads and the number of nails required:

Pennyweight P, (Ib) P, {lb) # nails required
124 o4 70.5 43 =5
16d 108 81.0 3.7=14
204 139 104.3 29=3
3d 155 116.3 26=3

In any nailed connection it is desirable to use the minimum diameter and
number of nails to minimize the potential for splitting. In this case, the 20d
nails will be used because only three nails are required and the increase in
diameter from 16d to 20d is small.

Summary
The connection will be made with three 20d nails for a connection capac-
ity of 3(104.3 Ib) = 313 Ib.

Drift pins and drift bolts are long, unthreaded sted rods that are driven in
prebored holes for lateral connections in large timber members. Drift bolts
have a head, for use with steel side plates and for convenience in driving,
while drift pins have no head (Figure 5-33). In bridge applications, drift
bolts and drift pins are used for connecting pile caps to timber piles or
posts, or for attaching sawn lumber beams to their supporting cap or sill
(Figure 5-34). Manufactured fasteners generally conform to ASTM A307,
but pins of concrete reinforcing steel also are used. Because they have
poor resistance in withdrawal, drift bolts and drift pins are not recom-
mended for bridge connections subjected to significant withdrawal forces.

n I] Drift pin

u Drift bolt

Figure 5-33. - Typical drift pin and drift bolt.
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Dritt pins ’[— File cap
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Pile

Figure 5-34. - Drift pins or drift bolts are normally used to connect large timber members
such as a pile cap to piling.

There s little design information available on drift bolts or drift pins, and
requirements for net area, end distance, edge distance, and spacing are
taken to be the same as those for a bolt of the same diameter. The NDS
specifies that lateral design values in wood side grain not exceed 75
percent of the design value for a comparable bolt of the same diameter and
length in the main member. Fastener penetration is left to the judgment of
the designer. Drift bolts and drift pins are driven in prebored holes that are
1/8 inch to 1/16 inch smaller in diameter than the fastener.
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