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1 INTRODUCTION

This engineering study investigates the structural behavior and design of two Smith
trusses—Kidd’s Mill Bridge (HAER PA-622, 1868, Type 2) in Mercer County,
Pennsylvania, and Rinard Bridge (HAER OH-130, 1876, Type 3) in Washington County,
Ohio. The Smith truss was a patented wooden truss for covered bridges designed by
Robert W. Smith and built approximately between the years 1867 to 1879. Smith trusses
were primarily erected in the states of Indiana, Ohio, Pennsylvania and West Virginia but
were also built in California and Oregon under license. Smith trusses are today classified
as Type 1, 2, 3 or 4 based on the arrangement of their diagonal braces.'

The design, construction and performance of timber trusses depend on several
constraints unique to wood as a structural material. First, wood trusses require relatively
large joints or connections in which the lines of action of the members do not necessarily
intersect at a single point. The member sizes are often dictated by the strength required at
the joint. Further, the path of force transfer between members may be complicated and
create secondary stresses in the members that are not captured by simple structural
models. Second, effective transfer of direct tension forces in timber joints can be difficult
to achieve. Transfer of tension forces between diagonals and chords typically relies on
complex joinery, a metal load carrying member or the presence of precompression forces.
Finally, wood shrinks over time and creeps under sustained load, which can affect the
ability of a truss to perform as intended and require periodic maintenance of the bridge’s
structural system. In addition to these criteria specific to wood, the engineering design
and performance of wooden bridge trusses can be evaluated on the traditional criteria
such as strength, stiffness, efficient use of material, cost and constructability.

The simplest truss form with more than two panels is the multiple kingpost truss,
shown in Figure 1(a). In order to achieve longer spanning bridges of sufficient strength
and stiffness, four major truss types for wooden covered bridges—the Burr arch, Town
lattice, Long truss and Howe truss—were patented during the first half of the nineteenth
century. Each truss type was named after its inventor, and these four types have become
the most well-known and widely studied American timber truss forms. Each truss type
became successful because it addressed one or more of the design constraints specific to
timber trusses in an innovative and efficient fashion. Some of the engineering innovations
introduced in these wooden trusses would eventually be transferred to metal trusses in the
mid to late nineteenth century. These four truss types represent important developments
in the evolution of wooden truss bridge design and ultimately in truss design in general.
Although different, all four of these classic truss designs are successful design solutions
to an engineering problem. In any complex engineering problem, there is typically no
single optimum design solution, but a variety of solutions that successfully balance the
many constraints.

The engineering design and behavior of the Smith truss needs to be evaluated in the
context of the four major wooden truss bridge types and the particular constraints of
timber construction and behavior. The design objectives of the Smith truss were to create

! Raymond E. Wilson, “The Story of the Smith Truss,” Covered Bridge Topics 25 (April 1967): 3-5.
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a strong and safe truss, while taking advantage of the benefits of prefabrication of the
truss members and eliminating the use of large metal components. The Smith truss
represents a rational and successful design solution in the context of structural behavior
and construction of timber bridge trusses.

The distinction between truss members in compression and those in tension is central
to understanding the development and structural behavior of timber bridges. The multiple
kingpost truss, see Figure 1(a), has vertical members and one set of diagonals oriented
such that all the diagonals are in compression when the truss is subjected to a uniform
load. Diagonal truss members oriented in this direction are thus called king braces, main
braces, compression braces or, simply, braces.

An alternative truss form shown in Figure 1(b) has two sets of diagonal braces and no
vertical members. Diagonal members that are inclined in the same manner as the
diagonals in a multiple kingpost truss are in compression, as in Figure 1(b). The diagonal
members oriented in the opposite direction are in tension when the truss is subjected to a
uniform load and are called counter-braces, counters or tension braces.

Smith trusses have this basic form of two overlapping sets of diagonal members and
no vertical members.> When a Smith truss is supported at its ends and loaded uniformly
along its length, such as the load created by the self-weight of the bridge, the braces will
be subjected to axial compression forces and the counter-braces will be subjected to axial
tension forces.

* This basic geometric arrangement of two diagonal systems and no verticals is also referred to as a
double Warren truss. The metal Warren truss, a common metal truss form developed in the mid-nineteenth
century, includes only one set of diagonals and no verticals. Its diagonals and their connections to the
chords must be capable of carrying both tension and compression forces. The double Warren truss can be
viewed as the simplest form of a lattice truss. The Warren truss developed as a simplification and
optimization of the more complex multiple lattice systems built in both wood and metal. See J.G. James,
“The Evolution of Iron Bridge Trusses to 1850,” Transactions of the Newcomen Society 52 (1980-81): 67-
101.
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(a) Multiple kingpost truss with braces or compression members shown in black.

7 \

(b) Basic form of Smith truss with braces or compression members shaded black and
counter-braces or tension members unshaded.

Figure 1. Truss Forms and Bracing Terminology.

2 ENGINEERING DESIGN OF EARLY WOODEN COVERED BRIDGES

The general history of wooden covered bridges has been previously researched and
published in multiple sources, some of which are listed in the References at the end of
this report. Several researchers have specifically studied the engineering development of
wooden bridge trusses. J.G. James documents a rich tradition of wooden bridge building
in Western Europe, exemplified by the illustrations in Palladio’s Quattro Libri dell
Architettura (1570) or the Schafthausen Bridge (1758) in Switzerland, as well as
examples in eastern Europe and Russia. James concludes that the development of wooden
truss bridges in the United States developed largely independently of these European
traditions.’

Notable early studies of wooden truss bridge design in the United States are Theodore
Cooper’s brief history “American Railroad Bridges,” which includes a section on the use
of wooden bridge trusses for railroads, and the pioneering survey by Fletcher and Snow,
which includes a lengthy series of informative discussions by other engineers.* More
recently, Kemp’s study of American bridge patents discusses the development of wooden
trusses and covered bridges.’ Finally, a series of Historic American Engineering Record

? J.G. James, “The Evolution of Wooden Bridge Trusses to 1850: Part 1,” Journal of the Institute of
Wood Science 9 (1982): 116-35, and “The Evolution of Wooden Bridge Trusses to 1850: Part 2,” Journal
of the Institute of Wood Science 9 (1982): 168-93.

* Theodore Cooper, “American Railroad Bridges,” Transactions of the American Society of Civil
Engineers XXI (July 1889): 1-52, and Robert Fletcher and J.P. Snow, “A History of the Development of
Wooden Bridges,” Transactions of the American Society of Civil Engineers 99 (1934): 314-408.

> Emory L. Kemp, ed., American Bridge Patents: The First Century (1790-1890) (Morgantown, West
Virginia: West Virginia University Press, 2005).
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(HAER) reports have studied the engineering of the four primary wooden covered bridge
truss types: Burr arch-truss, Town lattice, Long truss and Howe truss.’

American bridge builders adapted timber framing techniques from buildings to bridge
construction and developed methods that allowed for rapid production and construction
of bridges to satisfy the widespread demand of a rapidly expanding country into unsettled
territory. Timber bridges can be built with primitive structural forms rather than trusses,
such as beams, corbels or arches; however, the development of the timber truss was
critical to expanding the span and strength of wooden bridges. Construction of timber
bridges would transition from being built by craftsmen based on tradition and rule-of-
thumb to being designed with a fundamental understanding of structural behavior. The
need to design longer and safer truss bridges was a major impetus to the development of
the discipline of structural analysis in the nineteenth century.’

2.1 Early American Truss Forms

Prior to the development of the four primary American wooden covered bridge truss
types, a wide variety of builders proposed and built many other truss types. Two well-
known builders—Timothy Palmer and Lewis Wernwag—are of note here as their early
bridges employed elements that became significant components of the later, more
common truss types. Of particular interest is the use of connections capable of
transferring tension forces from the diagonals or verticals to the chords.

Timothy Palmer (1751-1821) built two wooden truss bridges with horizontal upper
chords and arched lower chords connected by vertical posts and diagonals oriented in the
compression direction in the manner of a multiple kingpost truss.® These bridges are the
“Permanent Bridge” (1805) over the Schuylkill River in Philadelphia and a bridge over
the Delaware River (1807) in Easton, Pennsylvania, shown in Figure 2.’

The compression braces of Palmer’s trusses were seated against shoulders at the
upper ends of the vertical members to provide a bearing surface perpendicular to the
longitudinal axis and wood grain of the braces. The braces would be held in place
through the compression caused by the self-weight of the bridge, allowing a simple
bearing connection with no significant tension capacity. As long as the compression
caused by the self-weight exceeded any tension forces induced by unbalanced live loads,
there was no need to create a more complex joint.

% Burr arch-truss: Historic American Engineering Record (HAER), National Park Service (NPS), U.S.
Department of the Interior (DOI), “Pine Grove Bridge,” HAER No. PA-586; Town lattice: HAER, NPS,
DOI, “Brown Bridge,” HAER No. VT-28; Long truss: HAER, NPS, DOI, “Eldean Bridge,” HAER No.
OH-122; and Howe truss: HAER, NPS, DOI, “Pine Bluff Bridge,” HAER No. IN-103.

" T.M. Charlton, A History of Theory of Structures in the Nineteenth Century (Cambridge: Cambridge
University Press, 1982), and Jacques Heyman, Structural Analysis, a Historical Approach (Cambridge:
Cambridge University Press, 1998).

8 Fletcher and Snow, 327.
? James, “Evolution of Wooden Bridge Trusses to 1850: Part 2,” 168-171.
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In contrast, the vertical members of a multiple kingpost truss are under tension from
the self-weight of the bridge. The vertical members of Palmer’s bridge are notched to
pass between the two parallel timbers of the lower chords of the bridge, thereby
providing a wooden connection that is able to transfer tension force. The tension force in
the vertical member is transferred through the bearing of the shoulders on the exterior
surface of the chord timbers. This style of connection was a typical means of transferring
tension forces in timber construction, but it required the construction of a relatively large
joint with multiple notches cut into both the chord and member itself. The strength of the
entire member is in fact limited by the strength of the joint (see Section 5.6 for an
analysis of a similar type of joint), thus limiting the material efficiency that can be
achieved in sizing of the member itself.

From 1812 to 1813, Lewis Wernwag (1769-1843) built the “The Colossus” over the
Upper Schuylkill River in Philadelphia. The Colossus, shown in Figure 3, has wooden
diagonals in both directions—as braces (compression direction) and counter-braces
(tension direction). The diagonals bear on an angled cast-iron block at the lower chord
and directly against the verticals and upper-chord at the upper end. The diagonals in both
directions have no direct connection that would allow them to transfer net tension forces.
Wernwag used iron rods in parallel with the counter-braces to carry the tension forces.
Structural analysis of the bridge under self-weight and uniform gravity loads indicated
that most of the counter-braces are in tension, thus their force would be carried by the
iron rods rather than the wooden braces themselves. Due to the arched shape of the
bridge, the four nearest counter-braces on either side of the centerline of the bridge
remain in compression.'® Wernwag’s design represents an early application of the
combination wood members in compression and iron rods in tension to create an
effective truss, a concept later be perfected in the Howe truss.

' Lee H. Nelson, The Colossus of 1812: An American Engineering Superlative (New York: American
Society of Civil Engineers, 1990).
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Figure 2. Palmer’s Bridge over the Delaware River at Easton, Pennsylvania (1807).
Reproduced from Theodore Cooper, “American Railroad Bridges,” Transactions of the
American Society of Civil Engineers XXI (July 1889).

Figure 3. Wernwag’s Colossus over the Schuylkill River in Philadelphia (1812).
Reproduced from Thomas Tredgold, Elementary Principles of Carpentry (London: E. &
F.N. Spon, 1871), 250, Figure 105.
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2.2 Burr Arch-Truss

Theodore Burr developed a combination arch and truss bridge structure during the
first decade of the nineteenth century known as the Burr arch or arch-truss. The Burr arch
became one of the most common covered bridge types, since Burr licensed his system to
other builders. Its use continued throughout the nineteenth century. The structural
behavior of the Burr arch-truss has been studied in detail through the specific cases of the
Barrackville Bridge in West Virginia and the Pine Grove Bridge in Pennsylvania.''

Burr received two patents related to his arch-truss system, U.S. Patent No. X662 in
1806 and No. X2769 in 1817. The earlier 1806 patent does not survive, while the text of
the 1817 patent is partially reproduced in a text by Llewellyn Nathaniel Edwards.'? Burr
claimed that his bridge had superior strength and durability, as well as convenience and
economy, costing about one-third less. The reconstructed illustration accompanying the
1817 patent shows a truss with braces in the compression direction in every panel. A
single truss panel is shown with a counter-brace, perhaps indicating that counter-braces
could be used but were not necessary. In practice, the truss of the Burr arch was
sometimes built with only main braces in the compression direction, as in the Pine Grove
and Barrackville Bridges; or in other cases with diagonal braces in both directions, as in
the bridge at Waterford, New York, (1803-04) over the Hudson River. *

In the 1817 patent, Burr claimed that the king or diagonal braces were joined without
the need for a mortise and tenon or even a shoulder in the post, thus relying solely on
compression due to self-weight to maintain the structural integrity of the connection."
However, the drawings of the Waterford Bridge reproduced by Cooper show that the
verticals included angled shoulders on which the compression braces were seated, while
the Pine Grove Bridge uses angled notches with treenails. The counter braces of the
Waterford Bridge are interrupted by the main braces and connected to the chords and
braces with only small fasteners. In a Burr arch, the arch carries the large majority of the
self-weight of the bridge and therefore the counter-braces may not be effectively pre-
compressed by the self-weight. It is unlikely that the connection details would have
allowed the counter-braces to be effective in carrying large tension forces. The vertical
members of both the Pine Grove Bridge and Waterford Bridge used notched and
shouldered connections to provide tension capacity, similar to the connections described
above for Palmer’s Easton Bridge."

The engineering analysis of the Barrackville Bridge concluded that the Burr arch-
truss provided increased stiffness and reduced deflections with only minor increases in

" Emory L. Kemp and John Hall, “Case Study of Burr Truss Covered Bridge,” Engineering Issues:
Journal of Professional Activities 101, no. 3 (1975): 391-412; “Pine Grove Bridge,” HAER No. PA-586.

12 Llewellyn Nathaniel Edwards, 4 Record of History and Evolution of Early American Bridges
(Orono, Maine: C. H. Edwards, 1959), 51-52.

13 James, “Evolution of Wooden Bridge Trusses to 1850: Part 2”’; Cooper, 6-7, Plate VI.
14 Edwards, 52.
15 Fletcher and Snow, 332.
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the overall self-weight of the bridge, compared to a traditional multiple kingpost truss.
Further, the combined arch and truss system could accommodate creep and shrinkage of
the wood without excessive deflections.'® The structural study of the Pine Grove Bridge
indicated that the arch carries a substantial portion of the load on the bridge, as an arch is
particularly efficient and stiff in carrying uniformly distributed loads. In addition, the
truss distributes concentrated loads across a longer portion of the truss, and the truss
braces the arch against buckling. All of these aspects of structural behavior result in a
wooden bridge form that can carry required loads with small deflections and an efficient
use of material."’

2.3 Town Lattice

Most nineteenth-century covered bridge trusses were constructed from large
individual timbers and required complex joinery. Ithiel Town (1784-1844) developed and
patented the Town lattice truss, a highly repetitive structural system built from smaller
boards connected almost entirely with treenails (wooden pegs) and without the need for
complex joinery. Town’s 1820 patent (U.S. Patent No. X3169) specifically cited the
quantity of materials, size of individual pieces and manner of connections as advantages
of the lattice.'® Town was not directly involved in the construction of many of the lattice
truss bridges. Instead, he functioned primarily as a businessman, publishing pamphlets to
popularize his system and traveling within the United States and to Europe to promote it.
The Town lattice was also widely used for rail bridges; for example, at least 100 lattice
bridges remained on the Boston and Maine railroad system as late as the year 1900."

The use of many small diagonal members distributes the transfer of force from the
diagonals to the chords among more members and connections than truss forms with
large timbers. With a smaller tension force to be transferred by each individual diagonal-
to-chord connection, the tension demand on the connections does not control the design,
as it typically does for a truss of fewer large timbers. A satisfactory diagonal-to-chord
connection can be achieved using a simple treenail in shear, and this type of connection
can resist compression and tension with equal strength.

The complex connections of typical timber bridge truss construction required skilled
craftsmanship and would have been costly to create. Further, the complicated
interlocking surfaces of traditional joinery could trap moisture, which might lead to
deterioration of the wood. The lattice system also has substantial redundancy and can
typically sustain damage to some of its lattice members without failure of the bridge as a

'® Kemp and Hall; Kemp, 14-16.
7 “Pine Grove Bridge,” HAER No. PA-586.

18 Edwards, 56-59. An annex to U.S. Patent. No. X3169 is dated April 3, 1835, but under the same
number (see Kemp, 24). For a broad historical study of lattice trusses, see Gregory K. Dreicer, “Building
Bridges and Boundaries: The Lattice and the Tube, 1820-1860,” Technology and Culture 51, no. 1 (2010):
126-63.

' Ithiel Town. 4 Description of Ithiel Town’s Improvement in the Principle, Construction, and
Practical Execution of Bridges (New York: by author, 1839); Kemp, 27; James, “Evolution of Wooden
Bridge Trusses to 1850: Part 2,” 175; Fletcher and Snow, 333, 335.
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whole. Such redundancy was often cited by railroads as an advantage of the later iron
lattice trusses.

The structural design and behavior of the timber lattice truss has been previously
studied using the example of the Brown Bridge (1880) in Shrewsbury, Vermont. The
HAER study concluded that the lattice truss is an effective balance of structural and
constructional efficiency.”® The study also examined the effect of the secondary upper
and lower chords, a feature that does not appear in Town’s patent but is common in many
lattice trusses. The secondary chords were found to be more efficient than adding the
same amount of material to the existing primary chords. Other HAER studies of Town
lattice trusses that include an engineering report are the Contoocook Railroad Bridge
(1889) in Hopkinton, New Hampshire; Cornish-Windsor Bridge (1866) between Cornish,
New Hampshire and Windsor, Vermont; and Bath-Haverhill Bridge (1829) in
Woodsville, New Hampshire.!

2.4 Long Truss

Stephen Harriman Long (1784-1864) is regarded as one of the first bridge designers
to apply early principles of structural analysis and behavior to the design of trusses.
Long’s Jackson Bridge (1829), built for the Baltimore and Ohio Railroad, is credited with
shifting the railroads from the use of traditional masonry bridges to timber bridges.**
Timber bridges could be built more readily, cheaply and quickly than masonry, and their
development was critical to the rapid expansion of railroads in the mid-nineteenth
century. The Jackson Bridge formed the basis for Long’s 1830 patent (U.S. Patent No.
X5862).* Long received four additional patents from 1839 to 1858 related to bridge

design and also published a series of technical pamphlets describing his bridge system.**

The structural design and behavior of a Long truss has been documented based on the
Eldean Bridge (1860) in Miami County, Ohio.*> Long introduced an innovative and
effective system of prestressing (or pre-compressing) the counter-braces using wooden
wedges at the joints. For a truss supporting its own weight or other uniformly distributed
loads, the counter-braces would be subjected to tension forces. However, the pre-
compression in the counter-braces allowed them to be active in providing stiffness and

2 See HAER No. VT-28.

?' HAER, NPS, DOI, “Brown Bridge,” HAER No. VT-28; “Contoocook Railroad Bridge,” HAER No.
NH-38; “Cornish-Windsor Bridge,” HAER No. NH-8; and “Bath-Haverhill Bridge,” HAER No. NH-33.

*? Dario A. Gasparini and Caterina Provost, “Early Nineteenth Century Developments in Truss Design
in Britain, France and the United States,” Construction History 5 (1989): 21-33; Dario A. Gasparini and
David Simmons, “American Truss Bridge Connections in the 19th Century I: 1829-1850,” Journal of
Performance of Constructed Facilities 11, no. 3 (1997): 119-29; Kemp, 17, 23.

3 U.S. Patent No. X5862 (1830) was also published in Journal of the Franklin Institute V, no. 4 (April
1830): 231-235, plates IITI-IIII.

2 U.S. Patent No. 1397 (1839); No. 1398 (1839); No. 5366 (1847); No. 21203 (1858). One technical
pamphlet is Description of Col. S.H. Long’s Bridges (Philadelphia: by author, 1841).

%> “Eldean Bridge,” HAER No. OH-122; Gasparini and Provost; Gasparini and Simmons.
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strength to resist applied loads. The tension due to the applied loads results in a reduction
of the pre-compression force, and as long as no net tension is created, the counter-braces
remain active structural elements. The lack of net tension in the counter-braces obviates
the need for relatively complicated diagonal-to-chord connections that would otherwise
be needed to transfer tension forces from the diagonals to the chords. Finally, prestressing
can prevent members from working loose due to vibrations of moving loads.

The vertical members of a Long truss were also subjected to tension forces. The
vertical members were connected to the chords with traditional notches and shoulders,
similar to the vertical members in Palmer’s trusses or a Burr arch. Some of the shoulders
on the verticals of the Eldean Bridge have been repaired, suggesting the original
shoulders had failed.?® Similar failures at the shoulders of vertical members have been
observed in the vertical tension members at Hune Bridge in Washington County, Ohio.
Figure 4 shows the failed shoulder of a vertical tension member and the adjacent repair
with a metal tension rod.?’ Repairs of the shoulders of the diagonal tension diagonals
were observed at Kidd’s Mill Bridge (see Figure 42). The engineering behavior of this
type of connection will be discussed in more detail in Section 5.6, as they are a critical
aspect of the design of the Smith truss.

The engineering analyses of the Eldean Bridge demonstrated the effectiveness of the
initial prestressing in preventing net tension from occurring in the counter-braces. The
study also examined the effects of creep and shrinkage of wood on the prestressing and
revealed the need for periodic maintenance of the bridge by re-driving the wedges to
offset shortening of the counter-braces.

*® Dario Gasparini, personal communication with authors, June 29, 2010.

*7 Rolla Merydith constructed Hune Bridge in 1878. See Miriam F. Wood and David Simmons,
Covered Bridges: Ohio, Kentucky, West Virginia (Wooster, Ohio: The Wooster Book Co., 2007), 103, for
basic historical information. Although the Hune Bridge has the same visual ‘pattern’ of diagonals and
verticals as a Long truss, it does not use wedges to pre-compress the counter-braces, rather the counter-
braces use notched and shouldered connections to transmit tension force from the diagonal.
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vertical tension
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failure of shoulder
in vertical tension
member

Figure 4. Failure of shoulders on vertical tension member at Hune Bridge. Photograph by
Stephen Buonopane, July 1, 2010.

2.5 Howe Truss

William Howe (1803-1852) originated one of the most popular and versatile truss
forms of the nineteenth century. The Howe truss was widely used for rail and road
bridges and its form allowed for the transition to all iron bridges in the late nineteenth
century.”® Howe’s first patent, issued on July 10, 1840 (U.S. Patent No. 1685), consists of
a wooden truss with multiple overlapping systems of diagonal braces that are
precompressed through the use of wedges at the joints. Although the details of the truss
system were sufficiently distinct from Long’s to be patented, the fundamental structural
principle of precompression through wedges is the same as Long’s. Howe’s second
patent, issued in 1840 (U.S. Patent No. 1711), introduced the innovation of pre-
compressing the diagonal braces and counters through the tensioning of vertical iron
rods. The truss illustrated in the 1840 patent consisted of four over-lapping sets of
wooden diagonals (i.e. a quadrangular Warren truss pattern, or X-bracing extending
across two panels), although by the late 1840s the Howe truss had evolved into its more
well-known form with a single set of braces and counter-braces (i.e. single X-bracing in
every panel). A later patent issued in 1846 (U.S. Patent No. 4726) shows the Howe truss
in its more typical form, although in this case combined with an arch system.

%% Gasparini and Provost; Kemp.
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The structural design and behavior of a Howe truss has been studied based on the
example of the Pine Bluff Bridge (1886) in Putnam County, Indiana.”’ Pretensioning of
the iron vertical rods induces a state of pre-compression in all of the diagonals (both
braces and counter-braces). This initial state of forces is essentially the same as that in a
Long truss, and it allows all of the diagonals to remain active structural elements as long
as the pre-compression force exceeds the magnitude of tension forces otherwise created
due to external loads carried by the bridge truss. The diagonal members in both directions
are seated with bearing-only connections on blocks at the truss joints. Originally the
bearing blocks were fabricated from wood, but later manufactured iron castings were
used. In contrast to the system of wedges used in the Long truss, tightening of the iron
rods in a Howe truss was a simpler and more reliable method to achieve the pre-
compression of the diagonals. Similar to the Long truss, creep and shrinkage of the wood
would require periodic re-tightening of the iron verticals of a Howe truss.

3 DEVELOPMENT OF THE SMITH TRUSS

Robert W. Smith (c.1833-1898) formed R.W. Smith & Company in Tippecanoe City,
Ohio, in 1867.%° Shortly thereafter Smith relocated the company to Toledo, Ohio, which
had more convenient access to shipping routes, and in 1870 the company was renamed
the Smith Bridge Company.’' The Smith Bridge Company became a major manufacturer
and builder of a variety of bridge types. During the late nineteenth century, the Smith
Bridge Company transitioned from wood construction to metal and remained a leading
regional manufacturer of metal trusses until the company was sold in 1890 and renamed
the Toledo Bridge Company.*

The business activities of the Smith Bridge Company ranged from complete design,
manufacturing and construction to licensing its patented bridge trusses to distant
contractors. The Smith Bridge Company constructed many of its patented bridges in the
nearby geographic region, primarily Ohio and Indiana, and it became a favored bridge
type in some localities. For example, from 1867 to 1870 all of the bridges built in Miami
County, Ohio, were Smith trusses.” At the same time, the Smith Bridge Company would
manufacture and build other bridge types if requested by clients. The Cumberland
Covered Bridge built in 1879 near Matthews, Indiana, is an example of a Howe truss
designed and erected by the Smith Bridge Co.** In some cases where acceptable materials

%% “Pine Bluff Bridge,” HAER No. IN-103.
3% Smith’s birth date is variously listed as 1833, 1834 or 1835 in different sources.

31 Richard Sanders Allen, Covered Bridges of the Middle West (New York: Bonanza Books, 1970);
Wood and Simmons; Eldon M. Neff, “Highlights in the Life of Robert W. Smith,” Connecticut River
Valley Covered Bridge Society 1X, no. 4 (1963).

32 Wood and Simmons, 14, and Victor C. Darnell, 4 Directory of American Bridge-Building
Companies, 1840-1900, Vol. 4 (Washington, DC: Society for Industrial Archeology, 1984), 56.

3 Allen, Covered Bridges of the Middle West, 21-22.
3 «Cumberland Bridge,” HAER No. IN-50.
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and skilled labor were available near the construction site, Smith would design the truss
but have it fabricated close to the construction site to reduce shipping costs.>> Smith also
licensed his patents to other bridge building companies. The most notable example is that
of the Pacific Bridge Company, formed in 1870 by William Henry Gorrill, a close
associate of R.W. Smith who had moved to California.’® The Pacific Bridge Company
served as an agent for construction of Smith trusses, and it promoted this relationship in
its advertising (Figure 5). The Powder Works Bridge (1872) in Santa Cruz, California, is
the only remaining Smith truss in California built by the Pacific Bridge Company.’’ In
Oregon, A.S. Miller & Sons are known to have built a number of Smith trusses, including
several with spans over 200 feet.*®

The Smith truss did not rely on pre-compression from wedges or iron verticals, but
instead used timber connections to directly transfer tension forces from diagonals and
verticals to the chords. Effective timber connections require the use of complicated
notching in the chords, diagonal and verticals. The fabrication of such complex joinery
could be considered a disadvantage as it required skilled labor at, or near, the bridge
construction site. However, Smith overcame this issue by developing a manufacturing
process to prefabricate the members in a factory-style setting. The Smith Company is
considered an early example of industrialization.” Prefabrication of the trusses also
allowed for the use of seasoned wood, reducing the effects of shrinkage. The use of
connections capable of transferring tension forces, rather than a prestressing system,
avoided the problems associated with shrinkage and creep that required the Long and
Howe trusses to be “retightened” during their service life. Finally, the Smith truss did not
rely on the use of iron for any of its primary load carrying members. The only iron
members were small connecting parts. Smith intentionally limited the use of metal in
order to reduce cost and weight and to allow bridges to be constructed in areas without
easy access to manufactured iron products.

Although the Smith truss never achieved the national prominence of bridge types
such as the Howe truss, Smith developed a bridge truss that was highly successful in a
competitive marketplace. The success of the Smith truss can be attributed to a design that
addressed certain fundamental behavioral issues associated with wooden bridge truss
construction, its use of pre-manufacturing of the timber joinery in a factory setting and
the elimination of iron structural members.

3> Wood and Simmons, 14.

3% R. Bruce Way, The Life and Careers of William Henry Gorrill, 1841-1874 (Lanham, Maryland:
University Press of America, Inc., 1996).

"HAER, NPS, DOI, “Powder Works Bridge,” HAER No. CA-313.

* Lee H. Nelson, 4 Century of Oregon Covered Bridges, 1851-1952 (Portland, OR: Oregon Historical
Society, 1960).

3% Matthew Reckard, “Smith Trusses: Bringing Covered Bridges into the Industrial Age,” presented at
First National Covered Bridges Conference, University of Vermont, Burlington, 2003, and David A.
Simmons, “Unusual Patent History Represented by Franklin County Bridge,” Ohio County Engineer,
Winter 1991, 14-15.
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Pacifie Bridge Co.

MANUFACTURERE AND BUILDERS OF ALL [KINDS OF

Wooden and Iron BPBridges,

Smith’s Patent T'russ Beridge,
Works at SouTH PornT MILL, BERRY ST.. bet. 3d and 4th, San Franeisso.

Office in Wilcox Block, Oakland.
W. H. GORRILL, President. C. H. GOBRILL, Sec'y & Treas.

Figure 5. Advertisement for the Pacific Bridge Co. featuring drawing of a Smith truss.
Courtesy of David Simmons.

3.1 Smith Bridge Types and Patents

Smith trusses are classified as Type 1, 2, 3 or 4 based on the arrangement of the diagonal
braces, according to the scheme established by Raymond E. Wilson in 1967.*° Figure 6
shows the truss elevations for the Smith truss Types 1, 2, 3 and 4.

* See Raymond E. Wilson, “The Story of the Smith Truss,” Covered Bridge Topics 25 (April 1967):
3-5.
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(a) Type 1

(b) Type 2

KAARXXXXAXAAX

(c) Type 3

L
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(d) Type 4 (Members outlined in bold represent two parallel members.)

Figure 6. Wilson’s Classification for Smith Truss Types 1, 2, 3 and 4.
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Table 1 on the next page lists the twenty known surviving Smith trusses. (Note that no
Type 1 trusses are known to have been built.) Although Wilson’s classification is
associated with the arrangement of the diagonals, only the first Smith patent in 1867
(Type 1) specifically claims the arrangement of diagonals as a distinguishing feature (see
patent illustration in Figure 8). Wilson presents the series of Smith truss Types 1 to 4 as
successive improvements over time. Whereas Smith truss Types 1 to 3 do represent a
chronological progression, presumably related to refinement of design and construction
by Smith, Types 3 and 4 were used contemporaneously, as previously noted by Matthew
Reckard, and are differentiated by span length. Reckard has proposed a revised
classification system based on both the arrangement of diagonals and the number of sets
(or planes) of diagonal members.*' For consistency Wilson’s classification system will be
retained in this report.

*I In Reckard’s system, Wilson’s Type 3 is referred to as ‘Type 3 double,” and Wilson’s Type 4 as
‘Type 3 triple.’
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Table 1. Surviving Smith Truss Covered Bridges."
Number Name Location Year Span  Type Builder
384301 Kidd'sMill Bridge b O™ 1geg 124 2 Smith Bridge Co.
35-40-08 Brushy Fork Bridge g‘ﬁks"n County, 170 74 2 J.G. Stengall
Buckeye Furnace Jackson County, ,
35-40-11 Bridge OH 1871 59 3 Dency, McCurdy & Co.
Powder Works Santa Cruz , . .
05-44-03 Bridge County, CA 1872 180 4 Pacific Bridge Co.
148502 North Manchester — Wabash County, y¢75 1560 4 Spmith Bridge Co.
Bridge IN
35-40-08  Byer Bridge g‘ﬁks"“ County, 1575 74 3 T.J.Dency
35-71-02 Buckskin Bridge Ross County, OH 1873 99' 3 Smith Bridge Co.
14-17-01  Spencerville Bridge g\‘fKalb County, 1873 160' 4  John McKay
3573-15  Otway Bridge JaotoCounty, - ygz4 1277 3 Smith Bridge Co.
North Pole Road Brown County, , . .
35-08-23 Bridge OH 1875 169 4 Smith Bridge Co.
143401 VermontBridge o O igrs 3
14-26-01 0Old Red Bridge S\}bs"n County, 1875 1701 4 W.T. Washer
Mary Ruffner .
35-64-84 Bridge Perry County, OH 1875 78 3
. . Washington . . .
35-84-28 Rinard Bridge County, OH 1876 130 3 Smith Bridge Co.
Cataract Falls Owen County, s . .
14-60-01 Bridge OH 1876 140 3 Smith Bridge Co.
14-26-03  Wheeling Bridge S\}bs"n County, 1877 164 4 W.T. Washer
Engle Mill Road Greene County, ,
35-29-03 Bridge OH 1877 146 3
Stevenson Road Greene County, , . .
35-29-15 Bridge OH 1877 98 3 Smith Bridge Co.
35-08-04  Brown Bridge grgwn County, 1878 146’ 4 Smith Bridge Co.
35-08-34  Seorse Miller BrownCounty, 1879 154 4 John Griffith
Bridge OH

** Information based on “Kidd’s Mill Bridge,” HAER No. PA-622 and “Powder Works Bridge,”

HAER No. CA-313. The Locust Creek Bridge (1870, 116' span) in Pocahontas County, West Virginia, is
listed in HAER No. CA-313 as a Type 4 Smith truss but is not included here. Allen (Covered Bridges of the
Middle Atlantic States) lists the bridge as an ‘adapted’ Howe truss (p. 114). Wood and Simmons describe
an uncertain connection with the Smith Bridge Co., which built trusses of other types (pp. 273-74). The
photograph of the interior in Wood and Simmons shows an upper chord composed of four timbers with no
space between, indicating that the connection design would have to be significantly different than that
typically used by Smith. The list of Smith trusses published in Wilson misclassifies White’s Bridge and
Bradfield Bridge in Michigan (Brown trusses) and Bennett’s Mill Bridge in Kentucky (Wheeler truss), as
does Reckard.
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Figure 7. Plot of Extant Smith Trusses: Year vs. Span length. Number indicates Smith
truss type.

Figure 7 shows the year of construction, span length and truss type for twenty-one
surviving Smith trusses, based on the documentation of Kidd’s Mill Bridge and Powder
Works Bridge. This plot confirms that both Types 3 and 4 trusses were used
contemporaneously, and it demonstrates that Type 3 Smith trusses were used for spans
less than approximately 150', while Type 4 Smith trusses were used for spans greater than
about 150'. As the span length of a truss increases, additional chord area is required to
support the increased axial forces in the chords. (The axial chord force in a truss is
approximately proportional to the square of the span length and inversely proportional to
the truss height.) Given a maximum practical size for a single chord timber, the additional
chord area was achieved by adding an additional chord member, thereby also requiring an
additional plane of diagonal members. Type 3 Smith trusses have chords composed of
three timbers with two planes of diagonals, while Type 4 trusses have four timbers with
three planes of diagonals.

3.1.1 Type 1 Smith Truss and 1867 Patent

Smith’s first bridge patent (U.S. Patent No. 66,900) was issued on July 16, 1867,
although no Type 1 Smith trusses have been identified. The patent drawing (Figure 8)
shows a truss with both braces and counter-braces (i.e. a double Warren arrangement)
with the addition of two vertical members on either side of the central panel of the truss.
At the center panel, braces in both directions bear against notches at the top of each
vertical member. The truss also includes a steeply inclined compression diagonal adjacent
to each end post. The patent drawing shows chords that are constructed from three
individual timbers, although the text indicates that greater or fewer number of timbers
could be used. Smith’s patent claims were the overall arrangement of diagonal posts and
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Figure 8. Smith Type 1 Truss. Robert W. Smith, U.S. Patent No. 66,900, 1867.
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braces, and in particular the vertical posts and diagonal braces of the center panel. Smith
claimed that his truss had advantages of strength, ‘staunchness’ (stiffness), lightness and
cheapness. Further Smith noted that the iron rods and cast-iron bearing blocks (of the
common Howe truss) were not required, thereby contributing to the lightness and
cheapness of his truss.

The counter-braces (tension diagonals) are attached to the chords using both notches
and bolts. The braces (compression diagonals) bear directly against the counter-braces
near their ends. A given brace and the two counter-braces on which it bears must all lie in
a single vertical plane. Given the arrangement of diagonals shown in the patent drawing,
the center diagonals must pass by each other and therefore must lie in different vertical
planes. In order to accommodate this particular arrangement, the chords must be
constructed from three individual timbers, the two gaps between them providing the two
separate planes for the diagonals. Figure 9 shows the elevation and section of a Type 1
Smith truss. The shaded diagonals must all lie in a single plane of the truss; the unshaded
diagonals in a different plane. This arrangement of diagonals creates an unsymmetrical
condition in the truss that can result in out-of-plane twisting moments. (These twisting
moments are discussed in more detail in Section 3.1.3 for the Type 3 truss.)

The text of the patent describes the possibility of using a different number of chord
timbers and systems of diagonals. However, the construction details of fabricating such
trusses, with each system of diagonals lying in an independent plane, limit the possible
arrangement and number of the diagonal bracing systems and the number of chord
timbers. In fact, the later Smith truss types provided practical and constructible variations
on the arrangement of the diagonals and number of chord timbers.

3.1.2 Type 2 Smith Truss and 1869 Patent

Smith received U.S. Patent No. 97,714 on December 7, 1869. Trusses conforming to
this patent are called Type 2 in Wilson’s classification. The patent drawing of the truss
elevation (Figure 10) shows a center panel with the diagonals arranged in a V pattern. No
vertical members are shown other than the end-posts. The steeply inclined compression
posts at each end of the bridge remain from the 1867 patent. This arrangement of
diagonals is shown in an advertisement for R.W. Smith’s Patent Truss Bridge (Figure
11).* Several specific geometric features have become associated with the Type 2 Smith
truss, although they were not specifically mentioned in Smith’s patent. The tension
diagonals (counter-braces) are inclined at approximately 60 degrees above the horizontal,
while the compression diagonals (braces) are inclined at approximately 45 degrees.
Having the braces and counter-braces inclined at different angles results in the panel
points of the upper and lower chords not being aligned directly above or below one
another.

# “R.W. Smith’s Patent Truss Bridge, Tippecanoe City, Miami Co., Ohio,” Strobridge & Company
lithograph, c. 1868, Library of Congress, Prints and Photographs Division, also available at
http://www.loc.gov/pictures/item/93510495/, last accessed August 14, 2012.
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Figure 9. Smith Trusses showing systems of diagonals and typical cross-sections.
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Figure 10. Smith Type 2 Truss. Robert W. Smith, U.S. Patent No. 97,714, 1869.
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Figure 11. Smith Bridge Co. Advertisement showing Type 2 truss in upper right. “R.W.
Smith’s Patent Truss Bridge, Tippecanoe City, Miami Co., Ohio,” Strobridge &
Company lithograph, c. 1868, Library of Congress, Prints and Photographs Division.

Although the Type 2 truss has become associated with this particular pattern of
diagonals, the patent claims by Smith make no mention of the arrangement of the
diagonal bracing. The specific patent claims are for the lateral bracing system at the
portal, and for the tie bolt system used to attach the under-floor lateral bracing to the
lower chord. Smith claimed that the portal bracing system reduced deformation of the
bridge truss over time and that the lower lateral bracing system was lighter and “more
effectual” than the common system of iron diagonal tie rods extending across the full
width of the bridge. Smith’s underfloor lateral bracing system of wooden members and
only small iron restraining bolts is consistent with his design approach of using as little
iron as possible. Any iron used was generally only in small components that could be
easily shipped to the bridge site from the Smith Bridge Company workshops in Toledo.

The Type 2 pattern of diagonals results in an irregular quadrilateral-shaped panel on
either side of the central V-bracing. In an ideal truss with a true pin at every joint, a
quadrilateral panel results in an unstable truss. In the case of the Type 2 Smith truss or
most any wooden truss, the lower chord is continuous and has the ability to resist
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bending, thus the truss remains a stable structure even with the quadrilateral panel. The
vertical component of the axial force in the isolated tension diagonal will create a
bending moment in the chord as there is no other diagonal at the panel point to equilibrate
that force. The effects of this bending moment will be discussed in Section 5.

The 1869 patent drawing shows lower and upper chords constructed from four
individual timbers with three gaps, or spaces, between them. Both members of the central
V-bracing are framed into the central gap in the lower chord. One system of diagonals
remains in the plane of the central gap; the other set of diagonals is divided into two
parallel members framed into both the outer and inner gaps between the chord timbers.
The arrangement of chord timbers and diagonals shown in the patent avoids the
unsymmetrical layout of diagonals through the thickness of the truss, as described for the
Type 1 truss.

However, the only two known surviving Type 2 Smith trusses have their chords
constructed of only three parallel timbers. In the Kidd’s Mill Bridge the members of the
central V-bracing are in different planes, as shown in Figure 12. The Brushy Fork Bridge
(also known as the Johnson Road Bridge or Crabtree Bridge, 1870) in Jackson County,
Ohio, also has chords constructed from three timbers with the central V-diagonals in
different planes.** As shown in Figure 9, if the diagonals of the central V-bracing are in
different vertical planes, then the resulting overall pattern of diagonals produces an
unsymmetrical effect similar to that of the Type 1 truss.

3.1.3 Type 3 Smith Truss

The Type 3 Smith truss shown in Figure 6(c) includes an additional inverted-V pair of
braces in the center panel, forming X-braces in the panels adjacent to the centerline of the
truss. No patents are associated with this truss type. As with the Type 2 truss, the tension
members are oriented at approximately 60 degrees above horizontal and the compression
members are inclined at approximately 45 degrees, and the panel points of the upper and
lower chords are not necessarily aligned directly above and below one another. A total of
ten surviving Type 3 Smith trusses are known (Table 1). The earliest documented
surviving Type 3 bridge is the Buckeye Furnace Bridge built in 1871 in Jackson County,
Ohio, with a span of 59'. The longest surviving Type 3 bridge is the Engle Mill Road
Bridge built in 1877 in Greene County, Ohio, with a span of 146'. The Rinard Bridge
built in 1876 in Washington County, Ohio, spans 130" and will be analyzed in detail in
Sections 4 and 5 below.

* See photograph of the Brushy Fork Bridge at “Covered Spans of Yesteryear,”
http://www.lostbridges.org/details.aspx?id=0OH/35-40-06, last accessed August 14, 2012.
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Figure 12. View of central V-bracing at lower chord of Kidd’s Mill Bridge. Photograph
by Stephen Buonopane, June 28, 2010.

The chords of the Rinard Bridge are constructed from three parallel timbers, leaving
two gaps for framing two planes of diagonal braces. Based on photographs of other
surviving Type 3 trusses, the chords were typically constructed from three parallel
timbers with the diagonals in two vertical planes.” The three timbers and two gaps allow
the V-bracing to occupy one plane and the inverted V-bracing to occupy the other plane,
thereby passing by each other without interference. Along the full length of the truss, one
system of diagonals is framed into the outer gap, while the other is framed into the inner
gap.

As shown in Figure 9, the pattern of diagonals in a Type 3 Smith truss results in a
symmetric arrangement of diagonals, unlike the Type 1 and Type 2 trusses. The system
of diagonals framed into the inner gap of the chord timbers (shaded in Figure 9) is
symmetric about the bridge centerline. Similarly the diagonals in the outer gap are also
symmetric. This symmetric arrangement of diagonals avoids global out-of-plane twisting
moments that can occur in the Type 1 and 2 trusses.

Figure 13 shows the bending moments that occur in a Type 3 truss. At a given
vertical cross-section of the bridge, the transfer of the net horizontal force from the

* The following Type 3 Smith trusses have chords constructed from three timbers and two planes of
diagonals members: Buckeye Furnace, Byer, Buckskin, Engle Mill Road, Stevenson Road (based on photos
from http://www.lostbridges.org/, last accessed August 14, 2012) and Otway (based on photos in Wood and
Simmons).
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diagonals to the chord occurs at a different horizontal location. For example in Section A-
A, the force transfer at the upper chord occurs at the outer gap, while at the lower chord
the force transfer occurs at the inner gap. The primary or in-plane bending moment is the
product of the net horizontal force transferred and the vertical distance between the upper
and lower chords. The secondary or out-of-plane moment is the product of the net
horizontal force transferred and the horizontal distance between the two gaps of the
chord. Comparing the two vertical cross-sections shows that the in-plane bending
moment remains in the same direction (as shown by the horizontal double-headed arrow)
for all panel points, while the out-of-plane moment alternates direction (vertical double-
headed arrow) along the length of the truss. Sections B-B and C-C through the upper
chord in Figure 13 show that out-of-plane bending moments produce twisting forces on
the upper chord in opposite directions. These out-of-plane twisting moments may cause
lateral bending of the upper chord, twisting of the diagonals, and uneven force transfer
within the tension diagonal-to-chord connections. A more complete understanding of the
effects of these moments requires a three-dimensional finite element model. The strength
of these connections will be discussed in more detail in Section 5.6.

3.1.4 Type 4 Smith Truss

The Type 4 Smith truss has the same overall pattern of diagonals as a Type 3 truss but
includes double members for half of the diagonals. No patents are associated with this
truss type. The earliest documented surviving Type 4 trusses date from 1872 and are the
Powder Works Bridge (180' span) in Santa Cruz County, California, and the North
Manchester Bridge (150' span) in Wabash County, Indiana.*® The Powder Works Bridge
is also the longest surviving Type 4 truss. Type 4 Smith trusses were used for spans of
about 150' or greater, and were used contemporaneously with Type 3 trusses.

The chords of Type 4 trusses are constructed from four timbers, leaving three gaps for
the three planes of the diagonal braces. The center V-bracing is framed through the
central gap in the chord, as are the remaining members in the corresponding system of
diagonals. The inverted V-bracing and the corresponding second system of diagonal
braces is divided between two parallel members, each framed through the inner and outer
spaces between the chord timbers. Such an arrangement can be seen in the photographs
and drawings of the Powder Works Bridge produced by the Historic American
Engineering Record (HAER No. CA-313). Similar to the Type 3 design, the Type 4
arrangement of diagonals also allows the two systems of diagonals to be symmetric about
the bridge centerline. Further, the symmetric layout of the diagonals in the vertical cross-
section will eliminate the out-of-plane twisting moments that can occur in the Type 3
truss. The horizontal force transfer at the chords occurs in the same vertical plane at the
center of the chord cross-section.

# See footnote 42 for a discussion of the Locust Creek Bridge as a Type 4 Smith truss.



STRUCTURAL STUDY OF SMITH TRUSSES

HAER No. PA-645

(Page 33)

33PITg JO IpIu]
UT01y ToNeAs[

*PIOYO JOMO] 0} S[euoSerp woij

nutowm:mib uoho,:mEoNtoE w\ 7

(Kyrero 10§ papTwio
sjeuoFerp uorssardwod)
SSTIL Yonoay ], v-y uonias

paoyd SBO_% A\l[[\ / 7 4 % _H—
z a 7
juswow
_ Surpuaq
juswIow [eloL
juswIowr Surpuaq » —
Surpuoaq aue[d-Jo-inQ -
suerd-ug | _yadwow
/7 Buipuaq
[
querd-uy

4 7
pioyo 1addn % ad n\' %
4

(Ay11e[d J0J panIWIo
sreuo3erp uorssarduioo)
JUI0J [PUE ] JUDE(PY

TE ST, [STOTL 01535

juSTow
17 Surpuaq

o __ oueyd-uy

JuwoW G | Juswow
Surpuaq Surpuaq
aueyd-jo-;nQ [e10L

7 \/ i opIsul opIsINo opismo
‘pIoyo 1oddn 03 s[euo3erp woy @
PALIQJSUBT} 9910 [BIUOZLIO]

L J0 pIoq SATL o pIoTS

Tdd qsnoayy, g-g uonosos Tdd ysnoaqL D-) uonIds

opisut
~
pm=y 1
pioyod 1addn ﬂ ——— |_/_ //"r”_ pioyo 1addn
7 =y

‘\ opIsINo

juswow SuIpuaq
sueld-jo-;nQ

judwow Surpuaq
aueld-jo-;nQ
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3.2 Related Truss Types

The work of two additional covered bridge builders—Josiah Brown, Jr. and Reuben
L. Partridge—is closely related to Smith trusses.*’ The work of Brown represents a
possible precedent for some aspects of the design of Smith trusses, although there is no
documented evidence of a connection between Brown and Smith. Partridge practiced in
Ohio at approximately the same time as Smith and their relationship is marked by a
patent dispute.

3.2.1 Josiah Brown, Jr.

Josiah Brown Jr. of Buffalo, New York, patented a wooden truss bridge in 1857 (U.S.
Patent No. 17,722) that contains some of the features commonly associated with the later
Smith trusses. The drawings from Brown’s patent are reproduced as Figure 14. Within
the patent drawing, Fig. 1, Fig. 2 and Fig. 3 illustrate Brown’s new bridge system. Fig. 4
and Fig. 5 illustrate an “old style of bridge,” with which Brown contrasts his improved
design.*® Only four Brown trusses are known to have been built, all in Michigan, and
only two are known to survive.*’

The Brown truss used a system of two overlapping sets of diagonal braces forming a
double Warren pattern. The Brown truss also included vertical end-posts and a vertical
member at the center of the truss. Brown’s patent text described “old styles” of
construction in which only the tension “braces are shouldered and passed up between the
timbers of the chords.” Presumably the chord timbers themselves were not notched. No
mention is made of the opposing compression diagonals, although Fig. 4 appears to show
that they also passed between the timbers of the chord.

In the Brown truss, all of the diagonals were connected to the chords in a manner that
allowed them to function either in tension or compression.”® All of the diagonals passed
between the chord timbers and were connected through the use of “gains” (notches or
shoulders) in both the diagonals and the chord timbers. Although the Brown truss
included a bolt passing through the chord timbers and diagonals, Brown stated that the
bolt was not relied upon for strength. The purpose of the chord bolts was to provide
sufficient clamping force between the individual members of the chord and the diagonals

7 Similarities between the three truss types have been described in Brian J. McKee, “Smith, Partridge,
and Brown Trusses as They Were Really Built,” Covered Bridge Topics 58 (Summer 2000): 13-15.

* McKee appears to misinterpret the elevation drawing of Figure 4 as another possible truss layout
proposed by Brown in “Smith Partridge and Brown Trusses as They Were Really Built.”

* The two surviving Brown trusses are the Fallasburg Bridge (1871) in Kent County and White’s
Bridge (1869) in Ionia County. See Allen, Covered Bridges of the Middle Atlantic States, 85, 131; HAER,
NPS, DOI, “White’s Bridge,” HAER No. MI-331. Ada Bridge (1867) in Kent County was rebuilt in 1980
after the original was destroyed.

3 McKee suggests that Fallasburg Bridge trusses are “upside-down” based on the orientation of the
braces. Since all diagonals of a Brown truss can carry equally tension or compression, this distinction
between braces and counter-braces is not meaningful.
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Figure 14. Brown Truss Patent Drawing. Josiah Brown, Jr., U.S. Patent No. 17,722,

1857.
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such that force could be transferred through the connection with no relative movement of
the components.

Smith trusses relied on the connection design to transfer tension force from the
diagonal to the chord timbers—a notched and shouldered connection with notches in both
the diagonal and the chord timbers. Spacer blocks help keep apart the chord timbers to
allow the diagonals to pass between them, and the iron bolts were used to tightly clamp
the chord timbers and diagonal braces. Smith trusses do not rely on the bolts to provide
direct shear strength to the joint as there is no fixed relationship between the location of
the bolts and the location of the tension diagonals. In some cases the bolts pass
approximately through the center of the diagonal-chord intersection, in which case they
could have contributed to the joint capacity. In most instances the bolts are located near
the edge of the diagonal-chord intersection or are even partially exposed at the surface of
the diagonal, in which case they would have contributed no appreciable capacity to the
joint. Figure 15 shows an upper chord connection from Kidd’s Mill Bridge in which the
bolts are near the edges of the tension member. In this case one bolt is exposed at the
surface of the tension member timber.

In a Smith truss, the diagonals meeting at a truss joint must lie in the same vertical
plane since the compression diagonal must bear against the side of the tension diagonal.
In contrast, in a Brown truss, the diagonals meeting at a common truss joint must lie in
different vertical planes as they both must pass between the chord timbers. Brown’s
patent drawing (labeled Fig. 3 in Figure 14) shows a chord constructed of four timbers
with three gaps, allowing for three vertical planes of diagonal bracing. Brown’s system
has the advantage of creating a truss joint with minimal eccentricity—the centerlines of
the diagonals intersect at the centerline of chord—at the expense of requiring more
complex joinery with notches in all of the diagonals and chord timbers. The additional
notches in the chord may have also limited the chord strength. In contrast the joints of the
Smith truss include some eccentricity since the centerlines of the two diagonals and chord
do not intersect at a single point but require less joinery as notches are only required on
faces of the chord timbers on either side of the tension diagonals.

Brown described two precedents for his design. First, George W. Thayer’s 1848
design was constructed with the main braces passing through the chords and the counter-
braces arranged such that the intersection does not occur at a single point.”’ Second,
Brown described a bridge constructed by Jas. H. Stewart in which both the braces and
counters are passed through the chords with a single gain and attached with a bolt, similar
to Fig. 4. in Figure 14.°* Brown argued that the lack of interconnection between the
members of the chord results in each diagonal bearing individually on its adjacent chord
member. This lack of complete interlocking resulted in the timbers of the chord
deforming separately as indicated by the dashed lines of Fig. 4, rather than the chord
deforming in a uniform manner. The relative motion of the chord timbers would bend the
bolt, potentially leading to its failure and thus the failure of the entire joint.

1 U.S. Patent No. 4004, 1845, issued to George W. Thayer.

32 No additional information regarding James H. Stewart or the bridge cited by Brown has been found.
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Figure 15. Kidd’s Mill Bridge Connection at Upper Chord showing location of bolts
relative to tension diagonal. Photographs by Stephen Buonopane, June 28, 2010.

Brown’s specific patent claim was the creation of a timber truss joint that acted in a
unified manner, prevented relative motion of the parts and transferred either tension or
compression from the diagonals to the chord. He achieved this by providing both the
diagonals and chord timbers with notches (or gains) on all contact surfaces. Brown’s
connection also had the centerlines of both diagonals intersecting at the centerline of the
chord, creating a compact joint with little or no eccentricity of load. Brown’s patent
reflects a basic understanding of a fundamental principle of structural design—
minimization of eccentricity of load transfer in connections.

3.2.2 Reuben L. Partridge

The Partridge truss is based on U.S. Patent No. 127,791 issued to Reuben L. Partridge
in 1872. The drawings from Partridge’s patent are reproduced as Figure 16. More than
two hundred Partridge trusses are believed to have been constructed in Ohio. Only five

Partridge trusses are known to survive, all located in Ohio and built between 1868 and
1887.7

33 For a table of surviving Partridge trusses, see HAER, NPS, DOI, “Pottersburg Bridge,” HAER No.
OH-125.
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Figure 16. Partridge Truss Patent Drawing. Reuben L. Partridge, U.S. Patent No.
127,791, 1872.
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The Partridge truss has several geometric features in common with the Smith truss.
The Partridge truss uses two systems of super-imposed diagonals with no vertical
members, other than one vertical at the bridge centerline and the end-posts. Both the
Bergstresser (also known as Dietz) Bridge (1887) in Franklin County, Ohio, and the
Pottersburg Bridge (1872) in Union County, Ohio, have V-bracing at the truss centerline,
similar to a Type 2 Smith truss. The main (compression) braces are inclined at
approximately 60 degrees above the horizontal, while the counter-braces are inclined at
about 45 degrees, similar to the inclinations of the diagonals of Smith trusses. Partridge
specifically gave these angles as part of his patent claim, whereas no such angles were
mentioned in any of the Smith patents.

In the Partridge truss, the ends of the tension diagonals pass between the chord
timbers, similar to the Brown patent or a Smith truss. However, the compression
diagonals are split into two parallel members and bear against a wooden shoe. Partridge
specifically claimed the design of the wooden shoe in his patent. The shoe allowed the
tension diagonal to pass between the ends of the compression diagonal and chord timbers
while still providing a bearing surface for the compression diagonals. The Partridge shoe,
or bearing block, does have the benefit of creating a truss joint with less eccentricity than
that of a Smith truss. The centerlines of the members at a truss joint intersect more
closely at a single point on the chord centerline than in the case of a Smith truss joint. In
contrast to the Brown patent, the text of Partridge’s patent does not indicate that
reduction of this eccentricity was a specific intent of his design.

Final approval of Partridge’s patent required several years and multiple revisions due
to conflicts with the existing Smith patents of 1867 and 1869. The U.S. Patent Office
rejected Partridge’s first patent application of May 1870 because of similarities with the
Smith patents. Partridge’s final patent of June 11, 1872, was limited to a very specific
truss arrangement with chords of two timbers, tension diagonals of single timbers at 60
degrees and compression braces of two timbers at 45 degrees. Partridge’s patent also
claimed the wooden bearing shoe as described above. Despite the patent language
specifying the number of timbers in each truss element, both the Bergstresser Bridge and
the Pottersburg Bridge are built with chords of three timbers, tension diagonals of two
timbers and compression diagonals of three timbers. The Smith Bridge Company does
not appear to have challenged Partridge’s work during the 1870s and 1880s in Ohio. By
this time, the Smith Bridge Co. was focusing its business on metal truss bridge
construction and had a much larger regional market throughout the Midwest that may
have rendered the effect of Partridge’s work insignificant.™

4 STRUCTURAL MODELS OF SMITH TRUSSES

The trusses of Kidd’s Mill Bridge (Type 2) and Rinard Bridge (Type 3) were used as
the basis for assessing the structural behavior and engineering design of Smith trusses. A
single truss from each bridge was modeled with two-dimensional, or planar, structural

5% Simmons.
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analysis and subjected to dead and live loads. Dimensions of the bridge trusses were
based on field measurements obtained during site visits in July 2010. The results of the
structural analyses provide forces and stresses in the truss members that can be compared
to allowable stresses for timber. The structural analyses of the trusses provide estimates
of vertical deflections that can be compared to typical values and the camber of the
trusses. The Smith trusses rely on the design of the diagonal-to-chord connection to
effectively transfer tension force; therefore, the behavior of a typical joint is analyzed
using a strength approach for a variety of failure modes.

The results presented are subject to certain limitations of the structural analyses. Out-
of-plane behavior of the truss would require a full three-dimensional structural analysis
and is not considered in this report. Similarly, detailed modeling of forces and stresses
within the joints would require a three-dimensional finite element analysis of a single
connection. The effect of wind loads on the bridge has not been studied.

Each truss was analyzed with two-dimensional structural analysis, using the direct
stiffness method.> Calculations were performed using the MASTAN2 software.>
Members were idealized as linear, beam elements, which can resist axial, shear and
bending forces. Pure truss elements resist only axial forces but cannot be used for the
Smith trusses due to the presence of some non-triangular shaped panels. Further the
beam-column elements can capture the bending moment carried by the continuous upper
and lower chords, which would not be possible with pure truss elements. All analyses
were first-order, linear elastic.”’

4.1 Geometry

Figure 17 shows the basic dimensions of Kidd’s Mill Bridge and the corresponding
structural model. Figure 18 shows the basic dimensions of Rinard Bridge and the
corresponding structural model. The dimensions of the trusses and locations of the panel
points are based on field measurements that were adjusted slightly to create a
symmetrical truss with even panel point spacings where possible. The panel lengths are
measured from the intersection of the centerline of the diagonal tension member with the
top surface of the lower chord or bottom surface of the upper chord. The large physical
dimensions of the timbers create joints in which the member centerlines do not
necessarily intersect at a

> Technical description of the direct stiffness method of structural analysis can be found in William
McGuire, Richard H. Gallagher and Ronald D. Ziemian, Matrix Structural Analysis, 2nd ed. (New York:
John Wiley & Sons, Inc., 2000).

% More information can be found at http://www.mastan2.com, last accessed August 14, 2012.

> A first-order analysis enforces equilibrium on the undeformed geometry of the structure as
displacements are considered much smaller than the overall dimensions of the structure. A linear elastic
analysis assumes that material strains are proportional to stress. For more information see McGuire et al.
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Figure 17. Kidd’s Mill Bridge Truss with Dimensions and Structural Model.
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common point. Therefore, some single panel points were represented by two nodes in the
structural analysis model; e.g., L1 of Kidd’s Mill Bridge or L7 of Rinard Bridge. A more
detailed representation of the joints would require a three-dimensional structural analysis
using solid elements, rather than the linear beam elements.

Table 2 provides the properties for the truss members of Kidd’s Mill Bridge, while
Table 3 provides the same information for Rinard Bridge. Cross-sectional member
dimensions were based on field measurements. Member dimensions varied both between
members and within members due to the nature of timber construction and dimensional
changes of timber over time. For the analysis models, member dimensions were rounded
up to the nearest half-inch. Reckard discusses in more detail the measured dimensions of
the truss members of the Cataract Falls Bridge and their relationship to milling and
planing of the timbers in “Smith Trusses: Bringing Covered Bridges into the Industrial
Age.”

As seen in Table 2 and Table 3, the in-plane dimension of the diagonals decreases
towards the center of the truss for both the Kidd’s Mill Bridge and Rinard Bridge. The
reduction in this dimension, and corresponding cross-sectional area, reflects the fact that
the axial forces in the diagonal members of a uniformly loaded truss decrease towards the
center (see Section 5.1 for further discussion).
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Table 2. Kidd’s Mill Bridge: Member Dimensions and Properties.
Out-of-Plane In-Plane Crgss— In-Plane In—Plg ne
Element” Type Dimension Dimension Sectional Moment Section
yp ! (in) (in) ! Area of Inertia Modulus
(in%) (in*) (in%)
U102, U2U3,
U3u4, U4U5, upper chord 3x5.57=16.5 10 165 1375.00 275.00
usue, u6U7
LI1L2, L2L3,
L3L4, L4L5, lower chord 3x5.5”=16.5 11.5 189.75 2091.20 363.69
L5L6
end
L1U2 compression 7.5 11 82.5 -- --
diagonal
L1U3 compression 75 10 75 - -
diagonal
L2U4 compression 75 9.5 71.25 - -
diagonal
L3US compression 7.5 8 60 - -
diagonal
L4U6 compression 75 7 52.5 - -
diagonal
L2U2 tension 7.5 1 82.5 - -
diagonal
L3U3 tension 7.5 10.5 78.75 ~ -
diagonal
L4U4, L5U5 tension 7.5 9 67.5 - ~
diagonal
L6U6 tension 7.5 7 52.5 - -
diagonal
L1U1 end post 2x7.57 =15 7 105 - --

*Element names are listed for the left-half of the truss only. Corresponding members in the right-half of the
truss have identical dimensions and properties.
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Table 3. Rinard Bridge: Member Dimensions and Properties.
Out-of-Plane In-Plane Cross- In-Plane In-Plane
Element” Type Dimension Dimension Sectional Moment Section
yp (in)s (in)s Area of Inertia Modulus
(in’) (in*) (in’)
U102, U2U3,
U3U4, U4U5, » _
UsU6, U6UT. upper chord 3x5.5”=16.5 10 165 1375.00 275.00
U7U8
LI1L2, L2L3,
L3L4, L4L5, lower chord 3x6” =18 12 216 2592.00 432.00
L5L6, L6L7
end
L1U2 compression 7 11 77 -- --
diagonal
L1U3 corpression 7 1 77 - -
diagonal
L2U4,L3Us  compression 7 10 70 - -
diagonal
L4U6 compression 7 8 56 - -
diagonal
L5U7 compression 7 7 49 - -
diagonal
L6US compression 7 6 42 - -
diagonal
L2U2, L3U3 tension 7 11 77 - -
diagonal
L4U4 tension 7 10 70 - -
diagonal
L5US tension 7 9 63 - -
diagonal
L6U6 tension 7 8 56 - -
diagonal
L7U7 tension 7 7 49 - -
diagonal
L1U1 end post 2x77 =14 7 98 -- --

*Element names are listed for the left-half of the truss only. Corresponding members in the right-half of the
truss have identical dimensions and properties.
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Each beam element of the structural model is positioned along the centerline of the
truss member it represents. Due to the large cross-sectional dimensions and the
arrangement of the timber members in the Smith trusses, the centerlines of the diagonals
at a specific truss joint do not intersect at a single point along the centerline of the chord.
Figure 19 shows a typical truss joint from Kidd’s Mill Bridge, including the widths of the
members, and it shows the corresponding structural model composed of linear beam
elements. In order to accommodate the geometry of the joint, a vertical, rigid offset
element is used to connect the intersection of the centerlines of the diagonals to the
centerline of the chord.

The rigid offset element has a cross-sectional area equal to that of the connecting
tension diagonal but has an infinite moment of inertia so that no bending deformation can
occur. The rigid offset element is connected to the truss chord member using a pin, or
moment release, to prevent any moment transfer from the diagonals to the chord (as
indicated by the open circle in Figure 19).

In an ideal truss the vertical components of the forces in the diagonals must be in
equilibrium and therefore no vertical force is transmitted to the chord. In a Smith truss the
continuity and bending stiffness of the chord allows the vertical components of the forces
in the diagonals to remain unbalanced, with the net vertical force creating shear and
bending moment in the chord. In the structural models, the net vertical force from the
diagonal braces is transmitted through both the rigid offset and moment release to create
shear and bending moment in the chord. These bending moments are actual moments that
will occur in the structure and are not an artifact of the structural model. The net
horizontal force from the diagonal braces is transmitted through both the rigid offset and
moment release to create axial force in the chord, as would be the case for an ideal truss.

Because beam elements are used to model the diagonal braces, some bending
moments will appear in the diagonals. These bending moments are small compared to the
axial forces in the diagonals because their axial stiffness is substantially larger than their
bending stiffness. These small bending moments do not significantly affect the overall
distribution of forces in the truss. In the actual bridges, the compression braces are
unlikely to be able to transfer any bending moment due to the bearing connections at their
ends. The ability of the tension diagonals to carry bending moment or to resist rotational
deformation depends on the fabrication and tightness-of-fit of the notches in the
diagonals and the chord. A more complicated three-dimensional finite element analysis of
the joint itself would be required to represent the internal transfer of forces within the
joint.
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Figure 19. Detail of Connection Model with Rigid Offset for Kidd’s Mill Bridge.

The truss models are simply supported at their ends. In the structural model for both
bridges, the supported ends are represented by two nodes to capture the physical size of
the connection that includes a main diagonal (L.1-U3), supplementary compression brace
(L1-U2) and vertical end post (L1-U1). The support conditions at Kidd’s Mill Bridge
remain in their original configuration, and the lower chord is supported on a secondary
timber bearing block that extends horizontally beyond the intersection of the first main
brace (L1-U3) with the lower chord. This secondary bearing block is seated on the stone
abutment, and it allows the weight of the bridge to be spread across a larger bearing area.
The bearing block at Rinard Bridge has been replaced during the reconstruction and is
substantially shorter than the bearing block at Kidd’s Mill.*® The tendency of the chord to
rotate at the support will result in more bearing force occurring near the interior of the
bridge. Therefore, the structural model places the vertical support at the interior node at
the ends of both bridges, while the exterior node remains unrestrained (as shown by the
arrows in Figure 17 and Figure 18). The interior node at L1 is also restrained in the
horizontal direction. All support conditions allow free rotation.

The reconstructed Rinard Bridge includes a supplementary iron suspension rod
system on the exterior of the bridge supporting transverse beams beneath the lower chord
at panel points L5 and L9. This suspension system was present on the bridge prior to its
2005 reconstruction. Although the installation date of the suspension system is unknown,

58 Gresham, Smith and Partners, “Rinard Covered Bridge,” Ludlow Township, Washington County,
State of Ohio, Dept. of Transportation, 2005, reconstruction drawings, sheet 19, section C.
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it is unlikely to be original to the bridge and is therefore not considered in the structural
analysis.

4.2 Material Properties and Allowable Stresses

The species of wood used for construction of the main timbers of both the Kidd’s
Mill Bridge and Rinard Bridge is not known. Previous rehabilitation work on the Cataract
Falls Bridge in Owen County, Indiana, revealed the bridge was fabricated from white
pine, a non-native species but one easily worked and suitable for the factory-style
production used by the Smith Bridge Company.> Material properties for white pine were
used for the structural analyses of Kidd’s Mill Bridge and Rinard Bridge. Table 4
summarizes allowable stresses and strengths of white pine (eastern or northern) from
several sources and indicates the specific values of allowable stress and strength used in
this report. Based on tabulated values from the National Design Specification for Wood
Construction, a modulus of elasticity of 1100 ksi and a Poisson’s ratio of 0.3 were used.*

A structural member can typically fail in several possible modes. Each failure mode is
associated with an average stress required to produce that type of failure. The stress
required to cause failure is called the strength. The allowable stress is defined as the
strength divided by the factor of safety. Nineteenth-century structures that were designed
using mathematical structural analysis were proportioned using the concept of allowable
stress. Although there is no evidence that these bridges were designed using
mathematical structural analysis, allowable stresses still provide a meaningful tool to
evaluate the sophistication and efficiency of the design.

4.3 Dead Load

The total dead load, including both structural and non-structural components, for
Kidd’s Mill Bridge is detailed in Table 5, 6 and 7, and for Rinard Bridge in Table 8, 9
and 10. The density of white pine was assumed to be 22.5 pef (pounds per cubic foot).*!
Although both bridges currently have metal roofing, the original bridges were assumed to
have a wood shingle roof with a weight density of 3 psf (pounds per square foot).”

% Reckard.

8 American Forest & Paper Association, Inc. (AFPA), NDS National Design Specification,
Supplement: Design Values for Wood Construction (Washington DC, 2006), 46.

1 AFPA, 46.

62 American Society of Civil Engineers (ASCE), Minimum Design Loads for Buildings and Other
Structures, ASCE 7-05, 2006, 262, Table C3-1.
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Table 4. Allowable Stresses and Strengths for White Pine.
Values (psi) . .
used for this study Values (psi) from literature
Type and Allowable Strenth Allowable Design Strength Strength Strength
Direction Stress g Stress Value (green) (dry) (green)
Bending 750 -- 750-1000 975 5300 12500 6400
Tension, 800 5000 | 800-900 650 - - -
parallel
Shear,
40 600 40-80 125 640 1230 780
parallel
Compression, 800 2700 | 800-900 725 2720 7340 3080
parallel
Compression, 150 300 150-400 350 310 830 360
perpendicular
Jacoby, NDS, Withey, Markwardt, Markwardt,
Source - - 1918, 2006, 1926, 1935, 1935,
p. 361 Table 4D p. 197c Table 1 Table 1
Table 5. Kidd’s Mill Bridge: Self-Weight of Two Trusses.
. . Member Total
Member Type H(eilng)ht “(Illg)th ﬁ;ezil Liﬁgth Mli;;efrs Weight Weight
(Ibs) (Ibs)
Upper Chord 10.0 16.5 165 1417 2 3039 6079
End Posts 7.5 7.0 53 186 4 127 508
Tens. Diag.-L.2U2 7.5 11.0 83 216.2 4 232 927
Tens. Diag.-L3U3 7.5 10.5 79 216.7 4 222 887
Tens. Diag.-L4U4 7.5 9.0 68 217.2 4 191 762
Tens. Diag.-L5U5 7.5 9.0 68 217.7 4 191 764
Tens. Diag.-L6U6 7.5 7.0 53 202.7 4 138 553
Compr. Diag.-L1U3 7.5 10.0 75 260.0 4 254 1014
Compr. Diag.-L2U4 7.5 9.5 71 256.4 4 237 950
Compr. Diag.-L3U5 7.5 8.0 60 255.8 4 200 798
Compr. Diag.-L4U6 7.5 7.0 53 255.1 4 174 696
End Diagonals 7.5 11.0 83 180.9 4 194 776
Lower Chord 11.5 16.5 190 1417 2 3495 6991

Total weight of two trusses (Ibs) 21707




STRUCTURAL STUDY OF SMITH TRUSSES
HAER No. PA-645

(Page 50)
Table 6. Kidd’s Mill Bridge: Self-Weight of Non-Structural Components.
FLOOR SYSTEM
Member Type Height W.idth Ame;a Lebgth # of Member Total Weight
(in) (in) (in°) (in) Members  Weight (Ibs) (Ibs)
Floor Beams 11.0 3.0 33.0 240 71 103 7310
Cross Bracing 5.0 5.0 25.0 234 22 76 1673
Plank Flooring 2.5 196.0  490.0 1417 1 9026 9026
Running Boards 2.0 41.0 82.0 1417 2 1511 3021
Floor System Total (Ibs) 21031
SIDING
Member Type Height W.idth Arga Lepgth # of Member Total Weight
(in) (in) (in%) (in) Members  Weight (Ibs) (Ibs)
Boards 1.0 12.0 12.0 166 236 26 6111
Battens 1.0 3.0 3.0 166 236 6 1528
Nailers 2.375 3.875 9.2 1417 4 170 678
Siding Total (Ibs) 8317
ROOF
Member Type Height W'idth Arezra Lebgth # of Member Total Weight
(in) (in) (in“) (in) Members  Weight (1bs) (Ibs)
Longitudinal Beam 4 5.75 23 1417 2 424 847
Tie Beams 7.75 5.0 39 240 12 121 1451
Cross Bracing 4.0 5.25 21 220 22 60 1321
Purlins 0.75 138.0 104 1417 2 1907 3813
Rafters 2.0 4.25 9 138 128 15 1952
Roof 138.0  1464.0 202032 1.0 2 4209 8418
Portal Diagonals 5 5 25 137 4 45 178
Roof Total (Ibs) 17133
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Table 7. Kidd’s Mill Bridge: Self-Weight Summary and Calculation of Nodal Loads.
Line Component Weight Units
1 Self Weight of Two Trusses Table 4 21707 1bs
2 Floor Table 5 21031 lbs
3 Siding Table 5 8317 1bs
4 Roof Table 5 17133 lbs
5 Total Dead Load of Bridge Sum of Lines 1 to 4 68188 1bs
¢  lotal Dead Load of Non- Sum of Lines 2 to 4 46481 Ibs
Structural Components
Total Dead Load of Non- .
7 Structural Components per Truss Line 6+2 23240.5 Ibs
g  rotal Dead Load on Upper Chord 5 5 4y s (1incas2) 1064575 Ibs
of One Truss
o  TotalDead LoadonLowerChord ;3. 4)) (1ine2=2) 1250475  1bs
of One Truss
10 Number of panels on upper chord -- 10 --
11 Upper Chord Point Load per node Line 8 + Line 10 1.06 kips
12 Number of panels on lower chord -- 11 --
13 Lower chord Point Load per node Line 9 + Line 12 1.14 kips
Table 8. Rinard Bridge: Self-Weight of Two Trusses.
Member Tvpe Height Width  Area Length # of Member Total
P (in) (in) (in%) (in) Members  Weight (Ibs)  Weight (Ibs)
Upper Chord 10.00  16.5 165 1560.0 2 3346 6692
End Posts 7.0 7.0 49 1920 8 122 978
Tens. Diag.-L2U2,L3U3 7.0 1r.oo 77 226.5 8 227 1814
Tens. Diag.-L4U4 7.0 10.00 70 226.5 4 206 824
Tens. Diag.-L5U5 7.0 9.00 63 225.5 4 185 739
Tens. Diag.-L6U6 7.0 8.00 56 2255 4 164 657
Tens. Diag.-L7U7 7.0 7.00 49 2255 4 144 575
Tens. Diag.-L6U8 7.0 6.00 42 216.0 4 118 472
Compr. Diag.-L1U3 7.0 11.00 77 2325 4 233 931
Compr. Diag.-L2U4 7.0 10.00 70 2280 4 207 830
Compr. Diag.-L3U5 7.0 10.00 70 2260 4 206 823
Compr. Diag.-L4U6 7.0 8.00 56 226.0 4 165 658
Compr. Diag.-L5U7 7.0 7.00 49 226.0 4 144 576
End Diagonals 7.0 11.00 77 173.0 4 173 693
Bottom Chord 12.00 18.0 216 1560.0 2 4380 8761
Truss Total (Ibs): 26022
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Table 9. Rinard Bridge: Self-Weight of Non-Structural Members.

FLOOR

Member Type Height Width Arga Length # of Merpber Total Weight
(in) (in) (in%) (in) Members ~ Weight (Ibs)  (Ibs)

Lower Lateral Bracing 5.0 5.0 25 248 24 81 1934

Floor Beams 12.0 2.0 24 248 87 77 6732

Deck Planks 2.0 9.5 19 1560 44 385 16954

Floor Total (Ibs): 25620

SIDING

Member Type Height Width Arga Length #of Member Total Weight
(in) (in) (in®) (in) Members  Weight (Ibs)  (lbs)

Board 164 1 164 1569 2 3344 6688

Nailer Boards 2 3 5.28 1569 8 108 861

Siding Total (Ibs): 7550

ROOF

Member Type Height Width Arczea Lpngth # of Metpber Total Weight
(in) (in) (in%) (in) Members  Weight (Ibs)  (Ibs)

Upper Lateral Bracing 5.0 5.0 25 246 24 80 1919

Rafters 5.25 2.0 10.5 163 104 22 2314

Strapping 1.0 6.0 6 1560 26 122 3164

Rafter Ties 6.0 2.0 12 144 52 22 1168

Ridge Pole 8.0 1.0 8 1560 1 162 162

Roof 163.0 1.0 163 1560 2 5298 10595

Portal Bracing (Diag.) 6.0 6.0 36 163 4 76 305

Portal Bracing (Horiz.) 6.0 6.0 36 248 2 116 232

Roof Total (Ibs): 19859




STRUCTURAL STUDY OF SMITH TRUSSES
HAER No. PA-645

(Page 53)
Table 10. Rinard Bridge: Self-Weight Summary and Calculation of Nodal Loads.
Line Component Weight Units
1 Self Weight of Two Trusses Table 7 26022 1bs
2 Floor Table 8 25620 lbs
3 Siding Table 8 7550 1bs
4 Roof Table 8 19859 lbs
5 Total Dead Load of Bridge Sum of Lines 1 to 4 79051 1bs
6 o tﬁﬁg‘ﬁ;&iﬂgn‘ Sum of Lines 2 to 4 53029 Ibs
7 [otal Dead Load of Non- Line 6 + 2 26514.5 Ibs

Structural Components per Truss
Total Dead Load on Upper Chord
of One Truss

Total Dead Load on Lower Chord

9 fOne Toss (Line3+4)+ (Line2+2)  14697.5 Ibs

8 (Line 3 = 4) + (Line 4 = 2) 11817 Ibs

10 Number of panels on upper chord -- 13 --
11 Upper Chord Point Load per node Line 8 + Line 10 1.06 kips
12 Number of panels on lower chord -- 13 --
13 Lower chord Point Load per node Line 9 + Line 12 1.13 kips

Those structural members of the trusses that are listed in Table 5 (Kidd’s Mill) and
Table 8 (Rinard) are present in the structural model and thus are automatically included
in the structural analysis. Given the cross-sectional area and weight density of every
member, the analysis software applies the self-weight as a uniformly distributed load
along the length of the member.

The self-weight of the remaining components of each bridge must be applied to the
structural model as a series of concentrated loads at each truss node, as shown in Figure
20. The upper chord of each truss supports half the weight of the roof and portal bracing
and one-fourth the total weight of the siding, resulting in a total weight of 10,646 lbs for
Kidd’s Mill Bridge and 11,817 Ibs for Rinard Bridge. This total weight is divided by the
number of load points in the upper chord (11 for Kidd’s Mill, 13 for Rinard) and the
resulting point load is applied at each of the interior nodes and half of this load is applied
at the end nodes. The lower chord of each truss supports one half of the total weight of
the floor system and one-fourth the weight of the siding, resulting in a total weight of
12,595 Ibs for Kidd’s Mill Bridge and 14,698 lbs for Rinard Bridge. This total weight is
divided by the number of panels in the lower chord (10 for Kidd’s Mill, 12 for Rinard)
and the resulting point load is applied at each of the interior nodes and half of this load is
applied at the end nodes.

For simplicity, a single magnitude of nodal load was calculated for each chord,
although the distance between panel points does vary somewhat. At the center of the
trusses where the structural model required two closely spaced chord nodes (L6 for
Kidd’s Mill and L6, L7, L8 for Rinard) half of the tabulated load is applied to each of the
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two nodes. For the Kidd’s Mill Bridge model, concentrated loads of 1.06 kips and 1.14
kips were applied to the upper chord and lower chord nodes, respectively. For the Rinard
Bridge model, the loads were 0.91 kips applied to the upper chord nodes and 1.13 kips to
the lower chord nodes.

0.53k

— .53k
< 1.06k
<— 1.06k
< 1.06Kk
< 1.06Kk
.« 1.06k
— 1.06k
<« 1.06k
< 1.06Kk
e— 0.53k

0.53 k

1.14 k <=
1.14 k <
1.14 k <t
1.14 k <
1.14 k <=
1.14 k <
1.14 k =
1.14 k <=
1.14 k <y

0.57 k
0.57k

(a) Kidd’s Mill Bridge

0.455k
0.455k
0.455k
0.455 k
0.455k
0.455k

't .
= 0.91 k
v— 0.91 k
= 0.91 k
= 0.91 k
g 0.91 k
t .

= 0.91 k
r— 0.91 k
= 0.91 k
= 0.91 k
= 0.91 k

<
5
:
2
s

1.13 k <
1.13 k s
113K <y
1.13 k <
0.565 K gy
0.565 k =t
0.565 k <t
0.565 k =
0.565 K agmmmy
0.565 k =
1.13 Kk s
1.13 k <=
1.13 k s
1.13 k s

0.565 k
0.565 k

(b) Rinard Bridge
Figure 20. Nodal Non-Structural Dead Loads.
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4.4 Live Loads

Two types of live loads were considered—a uniformly distributed load and a
concentrated load. Based on a review of late nineteenth and early twentieth-century
engineering literature, typical values for a distributed live load were approximately 60 to
80 pounds per square foot of road surface. The magnitude of distributed live load in
pounds per square foot also typically varied with bridge class and span length. For
ordinary country highway bridges (Class D) John C. Trautwine recommended 80 psf for
spans up to 75' and 55 psf for spans over 200', with interpolation allowed for intermediate
span lengths.® A uniform live load of 65 pounds per square foot was selected for the
analyses of both the Kidd’s Mill and Rinard Bridges. Because all of the structural
analyses are linear elastic, results for other magnitudes of distributed live load can be
computed by proportional scaling of the results based on 65 psf. This live load results in
an equivalent line load of 0.54 k/ft for Kidd’s Mill Bridge, based on a road surface width
of 16.5". Rinard Bridge has a roadway width of approximately 17.5', resulting in an
equivalent line load of 0.57 k/ft. Since the transverse floor beams are supported directly
on the chords and relatively closely spaced, the live load was applied as a uniformly
distributed line load along the lower chord. Figure 21 shows a view of the floor framing
system of Kidd’s Mill Bridge. The application of load between the panel points creates
bending moments in the truss chords, whereas in an ideal truss, loads are only applied at
the truss joints.

The concentrated live load was based upon a design vehicle with a total weight of 10
tons, positioned along the centerline of the roadway surface.® Thus, 5 tons will be
distributed laterally by the floor system to each truss. For simplicity, the distribution of
vehicle weight into individual front and rear axle loads in the direction of the bridge span
was not considered, therefore a concentrated live load of 5 tons (10 kips) per truss was
applied. To capture the effect of the vehicle placed at different positions along the span of
the bridge, a series of individual live load analyses were performed with the 10 kip point
load applied at each lower chord node.

% Milo S. Ketchum, The Design of Highway Bridges of Steel, Timber and Concrete, 2nd ed. (New
York: McGraw-Hill Book Company, Inc., 1920), 124; J.A.L. Waddell, The Designing of Ordinary Iron
Highway Bridges, 5th ed. (New York: John Wiley & Sons, 1894), 5; and John C. Trautwine, The Civil
Engineer’s Pocket-Book, 18th ed. (New York: John Wiley & Sons, 1908), 757.

6% Ketchum, 119.
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Figure 21. Kidd’s Mill Bridge Floor Framing. Photograph by Stephen Buonopane, June
28, 2010.

S STRUCTURAL BEHAVIOR OF SMITH TRUSSES

Three load cases were considered: dead load, distributed live load and a concentrated
live load at each lower chord node. The results from these basic load cases, presented in
Sections 5.1 to 5.3, can be combined to consider relevant load combinations. The results
of the concentrated live load analyses were used to construct influence lines for various
members of the trusses as presented in Section 5.4.

5.1 Response due to Dead Load

Figure 22 shows the axial forces in the truss of Kidd’s Mill Bridge due to dead load, and
in Figure 23 for Rinard Bridge. For these figures and all other axial force diagrams, the
width of the line is proportional to the magnitude of the axial force. Black shading
indicates compression force, while gray shading indicates tension force. As expected for
a uniformly loaded truss, axial forces in the chords increase towards the center of the
truss, and axial forces in the diagonals increase towards the ends of the truss. The axial
force distribution in a truss can be further understood by considering the truss to be
idealized by a simply-supported beam.
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Figure 24 shows the shear force and bending moment diagrams for a simply
supported beam with a uniform load. In a truss, the chords carry the global bending
moment, while the diagonals carry the shear. Table 11 summarizes the axial forces and
stresses from the analyses of the Kidd’s Mill Bridge. The maximum chord axial forces
occur at the midspan and have a magnitude of 29.5 kips in compression in the upper
chord and in tension in the lower chord. This axial force corresponds to an axial stress of
180 psi.”” Table 12 summarizes the axial forces and stresses from the analyses of the
Rinard Bridge. The maximum chord axial force is 24 kips in compression at mid-span in
the upper chord and tension at mid-span in the lower chord. This axial force corresponds
to an axial stress of 113 psi. For both bridges the dead load axial chord stresses are well
below the allowable of 800 psi in compression or tension parallel to the grain.

29.49k (C)

10.13 k (C)
U5 18[§) JU7 U8

L1 LLz L3 L4 L5 LsAL L7 L8 L9 L10 L1l
7.64k (T) 29.49 k (T)

Figure 22. Kidd’s Mill Bridge: Axial forces under dead load. (gray=tension,
black=compression)

7.92k (C) 24.41k (C)

u9 vulo UIllr U1z U3 Ul4 UlS

5.86 k (T) 24.41 k (T)

Figure 23. Rinard Bridge: Axial forces under dead load. (gray=tension,
black=compression)

% Axial stress is calculated as the axial force divided by the cross-sectional area of the member. See
Table 2 and Table 3 for cross-sectional areas.
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Uniform Load

Shear

Figure 24. Simply supported beam with shear and moment diagrams.
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Table 11. Kidd’s Mill Bridge: Summary of Key Axial Forces and Stresses.

Axial Force due to Load Case

Member Dead Live, Uniform Live, Concentrated
(DL) (ULL) (CLL)
No. Type Location (kips) (kips) (kips) Location
. L6
U6-U7  Upper chord  mid-span -29.49 -59.49 -18.39 (mid-span)
L6-L6 Lowerchord mid-span  29.49 59.49 18.39 L6
(mid-span)
Tension quarter- L4
La-Ud Diagonal point 41 10.14 6.26 (quarter-point)
L4-U6 Compression  quarter- 301 329 536 L4
Diagonal point ' ’ ' (quarter-point)
Compression  quarter- L6
L4-U6 . . -3.01 -3.29 -5.51 .
Diagonal point (mid-span)
Loyp  Jension end 7.64 17.59 9 L2
Diagonal
Liyz Compression -10.13 -19.04 -9.76 L3
Diagonal
Member Maximum Maximum Load
Force Stress Combination
No. Type Location (kips) (psi) (C/T)
U6-U7  Upper chord  mid-span -88.98 -539 C DL + ULL
L6-L6  Lower chord mid-span 88.98 469 T DL + ULL
Tension quarter-
L4-U4 . . 14.24 211 T DL +ULL
Diagonal point
L4.ue ~ Compression  quarter- 6.3 1120 C DL+ ULL
Diagonal point
L4-Us Compression  quarter- -8.52 -162 C DL+CLL@L6
Diagonal point
L2.yp ~ fension end 25.23 306 T DL+ ULL
Diagonal
Liyz compression g 29.17 389 C DL+ ULL

Diagonal
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Axial Force due to Load Case

Member Dead Live, Uniform Live, Concentrated
(DL) (ULL) (CLL)
No. Type Location (kips) (kips) (kips) Location
. L7
U8-U8  Upper chord mid-span -24.41 -73.25 -19.5 (mid-span)
L7-L7  Lower chord mid-span 24.41 73.25 19.5 . L7
(mid-span)
Tension quarter- L4
L4-U4 Diagonal point 3.89 13.26 6.74 (quarter-point)
L4.ue ~Compression quarter- ) gg 7.32 3.48 L4
Diagonal point (quarter-point)
L4.ue Compression  quarter- -2.88 -7.32 -5.00 L6
Diagonal point
L3y Lension end 5.86 19.12 8.03 L3
Diagonal
Liyz Compression 7.92 22,19 8.30 L3
Diagonal
Member Maximum Maximum Load
Force Stress Combination
No. Type Location (kips) (psi) (C/T)
U8-U8  Upper chord mid-span -97.66 -592 C DL + ULL
L7-L7  Lower chord mid-span 97.66 452 T DL + ULL
L4-U4 Tension quarter- 17.15 245 T DL + ULL
Diagonal point
L4.ue ~Compression  quarter- -10.2 2182 C DL + ULL
Diagonal point
L4.ue ~Compression  quarter- -10.2 2182 C DL + ULL
Diagonal point
L3.u3 Lension end 24.98 324 T DL+ ULL
Diagonal
Liyz Compression 30,11 391 c DL+ ULL

Diagonal
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Considering the axial forces in the diagonals of Kidd’s Mill Bridge, the largest axial
compression force occurs in diagonal L1-U3 (or its symmetric pair, member L11-U10°)
and has a magnitude of 7.9 kips. The corresponding axial stress is 103 psi. The largest
axial tension occurs in diagonal L2-U2, with a magnitude of 7.6 kips and a stress of 93
psi. The axial forces in the bracing near the center of the bridge are less than 1 kip. The
central V-bracing is expected to have a small axial force as the shear at mid-span is zero.
The tension diagonals L5-US and L7-US also have small axial forces because they
terminate at the lower chord at a truss joint with no other diagonal member. The small
forces in the diagonals near the center of the bridge obviates some of the potential
detrimental effects of having diagonals that do not intersect at a common point or of
quadrilateral (rather than triangular) shaped panels.

For Rinard Bridge, the largest axial compression force occurs in diagonal L1-U3, and
it has a magnitude of 10 kips and a corresponding stress of 135 psi. The largest axial
tension occurs in diagonal L3-U3, with a magnitude of 5.9 kips or a stress of 76 psi. As
for the Kidd’s Mill Bridge, the diagonal braces near the center of the bridge carry very
small axial loads of less than 1 kip.

As previously described, the axial forces in the diagonals of a uniformly loaded truss
are greatest at the ends and decrease towards the midspan of the bridge. Since the forces
decrease and the allowable stress is constant, an efficient truss design will use diagonals
with smaller cross-sectional areas towards the mid-span of the bridge. The design of both
Smith trusses exhibit this refinement. In the Kidd’s Mill Bridge, the end-most diagonal
(L1-U3) is 7.5" x 11" in cross-section, and each diagonal decreases in size until the center
V-bracing (L6-U6) of 7.5" x 7". Similarly in the Rinard Bridge the end-most diagonals
(L2-U2) are 7" x 11" in cross-section, whereas the center-most bracing is 7" x 6" in cross-
section, with the sizes decreasing gradually along the truss. In both trusses the out-of-
plane dimension of 7" must be held constant as this dimension is governed by the chord
timber width and spacing. This variation of member sizes in relation to the forces carried
demonstrates fundamental understanding of the structural behavior of trusses, although it
is not known if Smith used any specific nineteenth-century analysis methods in designing
his trusses.

Figure 25 shows the chord bending moments from the Kidd’s Mill Bridge, while
Figure 26 shows those from the Rinard Bridge. The moment diagrams are drawn on the
“compression-side” of the members. Gray shading indicates compression on the top
surface of the member and tension on the bottom surface; black shading indicates tension
on the top and compression on the bottom.

Bending moments occur in the truss chords due to the distributed self-weight, the
continuous nature of the chords and the diagonal braces which meet the chords without a
second diagonal at the same joint. The curved (parabolic) shape to the moment diagrams
between truss nodes is due to the self-weight of the chord. The discontinuities in the slope

% For any symmetric load, the forces in members symmetrically located about the bridge centerline
will be equal. For clarity, only the member designations for the left-half of the trusses will be given in the
text.
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of the moment diagrams are due to the forces applied by the net vertical components of
the axial forces in the diagonal braces.

The maximum bending moment due to dead load in Kidd’s Mill Bridge is 18 inch-
kips (in-k) at node L6 at the bridge mid-span. This bending moment creates a bending
stress of about 50 psi.®’ The axial stress in the lower chord at the mid-span is 155 psi.
Although the bending stress is about one-third of the axial stress, the combined stress of
205 psi is still well below the allowable stress of about 750 psi for bending and 800 psi
for axial tension.

The central V-bracing of the Type 2 Kidd’s Mill Bridge creates the maximum
bending moment in the lower chord at the mid-span of the truss. In contrast the diagonal
bracing pattern used in the Type 3 Rinard Bridge does not cause a large moment at mid-
span. The largest moment in the lower chord occurs at joint L6 and has a magnitude of
25.4 in-k, resulting in a bending stress of 58.8 psi.

The bracing arrangement near the ends of the truss, including the tension brace and
supplementary compression brace, creates a relatively large bending moment in the upper
chord at joint U2. In the case of the Kidd’s Mill Bridge this bending moment is 11.13 in-
k, giving a stress of 40.5 psi. The maximum bending moment due to the dead load in
Rinard Bridge occurs in the upper chord at joint U2 and has a magnitude of 42 in-k. The
corresponding bending stress is 153 psi, which is still only about 20 percent of the
allowable stress of 750 psi. Note that the axial stresses at the ends of the upper chord are
very small.

The bending moments observed in both Smith trusses are largely the result of the
difficulty in creating timber truss joints with minimal eccentricity, i.e. joints in which the
centerlines of all members intersect at a common point. This characteristic is associated
with any large timber construction and is not unique to Smith trusses. Nineteenth-century
bridge truss designers were certainly aware of the issue and made efforts to design trusses
with reduced joint eccentricities, as exemplified by the patent of Josiah Brown (see
Section 3.2). On the other hand, these structural analyses demonstrate that practical
timber truss joints with some eccentricity may still result in small bending stresses that do
not adversely affect the overall bridge design. It is likely that practical concerns related to
fabrication and construction were more significant in controlling the design of the joints
than the bending stresses.

%7 Bending stress is calculated as the bending moment divided by the section modulus. The section
moduli for the chords are given in Table 2 and Table 3. The maximum bending stress at a given location
occurs at the surfaces of the member, with compression on one face and tension on the opposite face. The
maximum bending stress at a given location can be combined with the axial stress at the same location to
determine the maximum combined stress.



STRUCTURAL STUDY OF SMITH TRUSSES
HAER No. PA-645
(Page 63)

11.13 in-k 7.73 in-k

u3

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11
8.90 in-k 18.44 in-k
10.28 in-k

Figure 25. Kidd’s Mill Bridge: Bending moments under dead load. (compression side)
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Figure 26. Rinard Bridge: Bending moments under dead load. (compression side)

5.2 Response due to Uniform Live Load

A structural analysis was performed with the uniform live loads of 0.54 k/ft for
Kidd’s Mill Bridge and 0.57 k/ft for Rinard Bridge. The live load analyses were
performed with no dead load or self-weight included. The results for the combined effects
of dead and live loads can be determined by adding the results of the separate dead and
live load analyses because all structural analyses performed are linear elastic. As
described in Section 4.4 above, the uniform live load was applied as a distributed load
along the lower chord. Such an application of a uniform load will result in bending
moments in the lower chord, analogous to the bending moments due to self-weight of the
lower chord.

Figure 27 shows the axial forces in Kidd’s Mill Bridge due to the uniform live load;
Figure 28 shows axial forces for Rinard Bridge. Table 11 and Table 12 summarize the
axial forces and stresses from the analyses of the Kidd’s Mill Bridge and Rinard Bridge,
respectively. The overall behavior and distribution of forces is similar to that observed for
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the dead load. For the Kidd’s Mill Bridge, the maximum axial chord force is 59.5 kips at
the midspan of the truss, with compression in the upper chord and tension in the lower
chord. The corresponding axial stress is 314 psi. For the Rinard Bridge, the maximum
axial chord force at midspan is 73.25 kips, with a corresponding stress of 340 psi.

19.04 k (C) 59.49k (C)
Ul U2 U3 U4 us U6 \J7U7 U8 U9 ul10 Ull Ul2

L1 1 L2 L3 L4 L5 L6/t L7 L8 L9 L10 L11
17.59 k (T) 59.49 k (T)

Figure 27. Kidd’s Mill Bridge: Axial forces under uniform live load. (gray=tension,
black=compression)
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Figure 28. Rinard Bridge: Axial forces under uniform live load. (gray=tension,
black=compression)
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The largest axial forces in the diagonals occur near the supports. In the Kidd’s Mill
Bridge, the maximum axial compression force occurs in member L1-U3 with a
magnitude of 19.0 kips and a stress of 254 psi. The maximum axial tension force occurs
in member L2-U2 with a magnitude of 17.6 kips and a stress of 213 psi. In the Rinard
Bridge, the largest axial compression force occurs in member L1-U3 with a magnitude of
22.2 kips and a stress of 288 psi. The maximum axial tension force occurs in diagonal
L3-U3 with a magnitude of 19.1 kips and a stress of 248 psi.

Figure 29 and Figure 30 show the bending moment diagrams for the Kidd’s Mill
Bridge and Rinard Bridge, respectively. As for the case of the dead load, the chord
moments are a result of both the load from the floor beams applied between the joints and
the unbalanced vertical force from the intersecting diagonals. The bending moments due
to the uniform live load are significantly greater in the lower chord because the live load
is applied directly to the lower chord, whereas the dead load was applied to both the
upper and lower chords. A relatively large bending moment occurs near the ends of the
upper chord at U2 due to the concentrated force applied from the L2-U2 tension diagonal
and supplementary compression brace.

For the Kidd’s Mill Bridge, the largest bending moment occurs at L2 and has a
magnitude of 79.32 in-k, corresponding to a maximum bending stress of 218 psi. Since
the axial forces in the chords are small near the ends, the combined axial and bending
stresses will be well below allowable stresses. The greatest bending moment near the
mid-span occurs at L5 and has a magnitude of 72.34 psi, resulting in a bending stress of
199 psi. The axial stress due to the uniform live load in member L5-L6 is 324 psi. The
combined stress due to the uniform live load would be about 523 psi. The stresses from
the dead load are 180 psi axial and 50 psi bending. Thus the resulting combined stress in
the lower chord at mid-span due to the load combination of dead load plus uniform live
load is 753 psi. The allowable axial stress is 800 psi, and the allowable bending stress is
750 psi. Thus the total combined stress is approximately equal to the allowable stress,
although the allowable stress still retains a substantial factor of safety against failure.

For the Rinard Bridge, the largest bending moment near the mid-span of the lower
chord is 52.96 in-k between L6 and L7. This bending moment creates a stress of 123 psi.
The axial stress due to the uniform live load is 340 psi, resulting in a combined stress of
463 psi. The dead load stresses near the center of the lower chord are 113 psi axial stress
and 24 psi bending for a combined dead load stress of 137 psi. The resulting combined
stress in the lower chord at mid-span due to the load combination of dead load plus
uniform live load is 600 psi, or approximately 75 percent of the allowable stresses.
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Figure 29. Kidd’s Mill Bridge: Bending moments under uniform live load. (compression
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Figure 30. Rinard Bridge: Bending moments under uniform live load. (compression side)

5.3 Response due to Concentrated Live Loads

A concentrated live load of 10 kips (5 tons) was applied at each of the lower chord
nodes in a series of separate structural analyses. The structural response from
concentrated loads applied to the mid-span and near the quarter-point is presented in this
section. The results from live loads at the other locations are incorporated into the
discussion of influence lines in Section 5.4.

Figure 31 and Figure 32 show the axial force diagrams for a concentrated load at mid-
span from the Kidd’s Mill Bridge and Rinard Bridge, respectively. Since the load is
applied at mid-span, the maximum axial forces in the chords occur at the mid-span. For
the Kidd’s Mill Bridge, the maximum chord axial forces are 18.4 kips in compression in
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the upper chord and tension in the lower chord, producing a stress of 111 psi. For the
Rinard Bridge, the maximum chord axial forces are 19.5 kips in compression in the upper
chord and tension in the lower chord, producing a stress of 118 psi.

Unlike the uniformly distributed dead and live loads, the concentrated live load at
mid-span produces maximum axial forces in the diagonals adjacent to the point of load
application, rather than at the ends of the span. For a concentrated live load at midspan in
both bridges, the members designed to be in compression (braces) remain in
compression, and the members designed to be in tension (counter-braces) remain in
tension. In the case of the Rinard Bridge, the central, inverted-V bracing does not carry a
significant amount of load for the case of a concentrated load at mid-span as the
concentrated live load is transferred to the upper chord beyond these members.

For the Kidd’s Mill Bridge, the maximum diagonal force in tension is in member L6-
U6 and has a magnitude of 4.32 kips, resulting in a stress of 82 psi. The maximum
diagonal compression force occurs in member L4-U6 and has a magnitude of 5.51 kips,
resulting in a stress of 105 psi. For Rinard Bridge, the maximum diagonal force in tension
is in member L7-U7 and has a magnitude of 5.1 kips, creating a stress of 104 psi. The
maximum diagonal compression force occurs in member L5-U7 and has a magnitude of
4.78 kips, creating a stress of 98 psi.

Figure 33 and Figure 34 show the bending moment diagrams for a concentrated load
at mid-span from the Kidd’s Mill Bridge and Rinard Bridge, respectively. In both bridges
the greatest moments occur at the mid-span of the lower chord, at the point of load
application. The moments in the chords dissipate rapidly moving away from the bridge
centerline. The maximum bending moment for the Kidd’s Mill Bridge is 78.54 in-k,
producing a bending stress of 216 psi. The maximum bending moment for the Rinard
Bridge is 51.3 in-k, producing a bending stress of 119 psi. In the Rinard Bridge, the
inverted-V bracing engages the bending stiffness of the upper chord and distributes some
of the bending moment to the upper chord. For both bridges the maximum stresses
caused by the concentrated live load are substantially smaller than those caused by the
uniformly distributed live load. Thus the combined stresses for dead load plus
concentrated live load will remain well below the allowable stresses previously cited.
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Figure 31. Kidd’s Mill Bridge: Axial forces under concentrated live load at mid-span.
(gray=tension, black=compression)
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Figure 32. Rinard Bridge: Axial forces under concentrated live load at mid-span.
(gray=tension, black=compression)
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Figure 33. Kidd’s Mill Bridge: Bending moments under concentrated live load at mid-
span. (compression side)
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Figure 34. Rinard Bridge: Bending moments under concentrated live load at mid-span.
(compression side)

Figure 35 and Figure 36 show the axial force diagrams for a concentrated live load
placed near the quarter-point of Kidd’s Mill Bridge (L4) and Rinard Bridge (L4),
respectively. In the Kidd’s Mill Bridge, the maximum axial compression force in the
upper chord occurs between U5 and U6 and has a magnitude of 16.88 kips, resulting in a
stress of 102 psi. The maximum tension force in the lower chord occurs between L3 and
L4 and has a magnitude of 13.24 kips, resulting in a stress of 70 psi. In the Rinard Bridge,
the maximum axial compression force in the upper chord occurs between U5 and U6 and
has a magnitude of 15.23 kips, resulting in a stress of 92 psi. The maximum tension force
in the lower chord occurs between L5 and L6 and has a magnitude of 12.74 kips,
resulting in a stress of 59 psi.

Since the concentrated live load is not placed at mid-span, a particular diagonal may
carry an axial force of the opposite sign (tension vs. compression) than the diagonal
carries under a uniform load. For example in the Kidd’s Mill Bridge, member L4-U6 is a
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compression brace and is subjected to a compression force of 3.0 kips due to the dead
load of the bridge. For the concentrated load at L4, member L4-U6 is placed under a
tension force of 5.36 kips. Thus the net axial force under dead load and a concentrated
live load at L4 is 2.4 k in tension. Member L4-U6 is designed to carry only compression,
as the ends of the diagonal have simple bearing connections, and thus the net tension
under a concentrated live load could cause failure at the connection. In a bridge with
bearing-only connections, force reversal under live load would typically be considered a
member failure mode. The maximum concentrated live load that can be sustained at L4
without causing net tension can be calculated as

10k
[0—j(3.o k) = 5.6 k =2.8 tons.
536K

This analysis conservatively overestimates the live load tension in L4-U6, as a vehicle on
the bridge would have its weight distributed across at least two panel points.

Member L6-U6 of Kidd’s Mill Bridge is designed as a tension member and carries a
total axial tension of 0.6 kips from the dead load of the bridge. With the concentrated live
load placed at L4, member L6-U6 carries an axial compression of 3.87 kips, resulting in a
net axial compression force of 3.27 kips. Since the tension diagonals of Smith trusses
transfer force to the chords using notches and shoulders, the capacity of the member in
compression is greater than in tension. Therefore, members that are designed to carry
tension forces due to dead load but exhibit a force reversal due to the application of a
concentrated live load would not be expected to be subject to failure.

In the Rinard Bridge with a concentrated live load at L4, members L6-U6 and L7-U7
are tension members under dead load but exhibit a net force reversal to compression. As
described above, a force reversal from tension to compression would not be expected to
cause failure. Member L4-U6 is a compression brace but exhibits a net tension when
subjected to a concentrated live load of 10 kips at L4. Member L4-U6 carries a
compression force of 2.9 kips under dead load and a tension force of 3.5 kips, resulting in
a net tension force of 0.6 kips. In this case the limiting live load to prevent net tension
force is

10k
(0—j (2.9k) =8.3k =4.15 tons.
3.48k

Member L6-U8 carries a compression force of 0.5 kips due to dead load and a tension
force of 2.1 kips due to the live load at L4, resulting in a net tension force of 1.6 kips.
Although this member is oriented in the direction normally associated with compression
braces, in the Type 3 Smith trusses its connections to the chords are actually detailed to
transfer tension using the notched and shouldered connections.

Since the dead load produces very small compression forces in diagonals near the
center of the truss, they are more likely to be subjected to an axial force reversal due to
concentrated live loads, as compared to diagonals away from the center. The Type 3
Smith truss uses tension-capable connections for the diagonals making up the inverted-V
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bracing near the mid-span of the bridge, thus avoiding the potential for failure due to
force-reversal in members that would normally be considered to be in compression.
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Figure 35. Kidd’s Mill Bridge: Axial forces under concentrated live load near quarter
point. (gray=tension, black=compression)
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Figure 36. Rinard Bridge: Axial forces under concentrated live load near quarter point.
(gray=tension, black=compression)
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Figure 37 and Figure 38 show the bending moment diagrams for a concentrated live
load placed near the quarter-point of Kidd’s Mill Bridge (L4) and Rinard Bridge (L4),
respectively. For both bridges, bending moment is created in both the upper and lower
chords and is greatest at the point of load application. For the Kidd’s Mill Bridge, the
maximum moment at L4 is 37.55 kip-in, producing a bending stress of 103 psi. The axial
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Figure 37. Kidd’s Mill Bridge: Bending moments under concentrated live load near
quarter point. (compression side)
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Figure 38. Rinard Bridge: Bending moments under concentrated live load near quarter
point. (compression side)
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chord stress at this location is 70 psi, resulting in a combined stress of 173 psi due to the
live load. For the Rinard Bridge, the maximum moment at L4 is 52.42 kip-in, producing a
bending stress of 121 psi. The axial chord stress at this location is 59 psi, resulting in a
total stress of 180 psi due to the live load. In general both the axial and bending stresses
due to the concentrated live loads are smaller than for the uniform load, thus the
combined dead load and concentrated live load stresses will remain well below typical
allowable stresses.

5.4 Influence Lines

An influence line is a plot of the location of a concentrated live load (on the x-axis)
vs. the force in a member (on the y-axis). Influence lines for trusses reveal how the forces
in a particular member vary as a live load travels across the bridge deck. Influence lines
clearly show members that switch between compression and tension axial force as a live
load travels across the bridge. As discussed in Section 5.3, timber truss members
designed as compression members (main braces) are not necessarily able to effectively
carry tension, particularly if they have bearing-only connections at the ends. In the case
of the Smith trusses, the main braces would be considered compression-only members,
while the counter-braces would be capable of carrying tension or compression through
the notched and shouldered connections with the chord.

Influence lines for four diagonal members Kidd’s Mill Bridge are shown in Figure 39.
The labels on the x-axis indicate the location of the concentrated live load, L2 to L10.
The first and last data points, labeled with DL on the x-axis, represent the force due to
dead load only. Members L.3-U3 and L10-U9 are examples of members that do not
exhibit force reversals with a moving live load. Member L3-U3 is a tension brace and
remains in tension for all locations of a moving live load. Member L10-U9 is a
compression brace and remains in compression.

Members L6-U6 and L4-U6 exhibit force reversals under a moving live load.
Member L6-U6 is one-half of the central V-bracing and therefore has a very small axial
tension force due to the dead load of about 0.6 k. With the live load placed at L4, this
member experiences a net compression of about 3.3 k. Since this member is connected to
the chords using a notched and shouldered connection, it is capable of carrying tension or
compression forces. Member L4-U6 experiences a force reversal when the concentrated
live load is placed near the quarter-point at node L4. This member has been described
above in Section 5.3. The limiting concentrated live load per truss was estimated to be 2.8
tons.

Figure 40(a) shows influence lines for several diagonal members of Rinard Bridge
which are initially in tension due to the dead load of the bridge. Member L10-U12 is an
example of a diagonal that is designed as a tension member under dead load and remains
in tension for all locations of live load. Members L6-U6 and L7-U7 experience force
reversals and have net compression forces for certain locations of concentrated live load.
As discussed above, the diagonals members that are designed as tension members will
also be able to carry compression loads.
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Figure 39. Kidd’s Mill Bridge: Influence Lines.

Figure 40(b) shows influence lines for several diagonal members of Rinard Bridge
that are initially in compression due to the dead load of the bridge. Member L2-U4 is an
example of a compression diagonal remaining in net compression for all locations of live
load. Member L6-U8 experiences a force reversal from compression to tension for a live
load positioned anywhere from L2 to L6. This member is oriented in the compression
direction, but it is part of the inverted-V bracing at the center of the Type 3 Smith truss
and therefore its end connections are detailed to transfer either tension or compression
forces.

Members L4-U6 and L5-U7 are designed as compression members with only
bearing connections at their ends. Both L4-U6 and L5-U7 are under compression due to
the dead load and experience net tension with the live load at certain locations along the
bridge. Member L5-U7 has an initial compression force of 2.1 kips due to dead load. The
10 kip live load at position L5 produces a tension force of 4.0 kips, resulting a net tension
force of 1.9 kips. The limiting live load to produce no force reversal in member L5-U7 is

(%j(z.l k) =5.25k =2.6 tons.
4.0k

Member L4-U6 experiences a net tension of only 0.6 kips, and therefore the limiting
concentrated live load will be smaller than 5.25 k based on L5-U7.
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All members exhibiting force reversal under a moving live load have been
considered in the influence lines shown above. Considering those members that are
subjected to compression under dead load, but a net tension under moving live load,
provides an estimate for the greatest live load such that no compression braces experience
net tension. For the Kidd’s Mill Bridge this limiting live load is 2.8 tons per truss, or a
total vehicle load of 5.6 tons. For the Rinard Bridge this limiting live load is 2.6 tons per
truss or a total vehicle load of 5.2 tons. This analysis assumes that the vehicle load is
distributed equally to each bridge truss in the transverse direction and that the load is not
distributed between multiple panel points in longitudinal direction of the bridge.
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5.5 Vertical Deflections

Table 13 gives the vertical deflections at mid-span for several load cases of Kidd’s
Mill Bridge, while Table 14 is for Rinard Bridge. A negative deflection indicates a
downward displacement. Deflections due to combinations of dead and live loads can be
calculated by adding the respective deflections, as all structural analyses performed were
linear elastic. Deflections are also given as a deflection-to-span ratio. In all cases the
deflections are small and would be considered well within the limits expected for
nineteenth-century wooden bridge construction. Current AASHTO (America Association
of State Highway and Transportation Officials) design specifications recommend a live
load deflection-to-span ratio of 1/425 for wood structures.”®

Wooden bridge trusses were typically built with upward camber. To produce the
camber, the length between panel points on the upper chord is made slightly longer than
that of the lower chord. When the temporary construction supports are removed from the
bridge, it is then subjected to its own self-weight. A well-designed bridge would have an
initial camber exceeding the maximum expected vertical deflection so that the bridge
would retain some upwards camber under all load conditions. For a bridge with upwards
camber, any dimensional changes due to creep and shrinkage or lack-of-fit at connections
would tend to be compensated for by a small decrease in the camber.

The initial camber of a truss bridge is related to the upper chord panel spacing, lower
chord panel spacing, truss height and span length. Reckard discusses the geometric layout
of the Cataract Falls Bridge and the relationship to the bridge camber.”” Assuming that
the cambered truss chords follow a circular arc, the camber, ¢, is

oo (LY
Tu-i V=) ")

where L is the span length; 4, the truss height; u, the upper chord panel length; and / the
lower chord panel length. Table 15 gives the dimensions of the Cataract Falls Bridge
truss and the estimated camber. The initial camber is estimated to be 14.5" or slightly less
than 1 percent of the span length. Using the typical panel spacings of the Rinard Bridge,
the camber is estimated as 6.5" or 0.5 percent of the span length. The camber is
substantially larger than the expected deflections of the Rinard Bridge, indicating that the
bridge will retain its upwards camber under all expected loads. At the Kidd’s Mill Bridge,
the panel points of the upper and lower chords are not aligned vertically and the panel
spacings are somewhat irregular. Therefore this method cannot be used to estimate the
camber, nor is it known how camber was achieved in the original construction.

6 American Association of State Highway and Transportation Officials (AASHTO), LRFD Bridge
Design Specifications, 4th ed. (Washington, DC, 2007), section 2.5.2.6.2.

% Reckard.
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Table 13. Kidd’s Mill Bridge: Deflections.
Load Type Deflection (in) Deflection/Span Ratio
Dead Load -0.49 1/2900
Uniform Live Load -0.95 1/1500
Concentrated Live Load
at Midspan (L6) -0.32 1/4500

Table 14. Rinard Bridge: Deflections.

Load Type Deflection (in) Deflection/Span Ratio
Dead Load -0.42 1/3700
Uniform Live Load -1.26 1/1200
Concentrated Live Load

at Midspan (L7) -0.34 1/4500

Table 15. Estimates of Camber.

Propert Cataract Rinard
perty Falls Bridge Bridge
Upper chord panel spacing  (in) 132 126
Lower chord panel spacing  (in) 131 125.5
Truss height (in) 176 181
Truss span (in) 1632 1545
Camber (in) 14.4 6.6
Camber % 0.9 0.4

Camber / Span -- 1/113 1/235
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5.6 Strength of Chord-to-Tension Diagonal Connections

The Smith truss relies on the strength of the notched connections between the chord
timbers and the diagonal tension members. Figure 41 shows a typical chord-to-tension
diagonal connection from a Smith truss, with dimensions from node L3 of Kidd’s Mill
Bridge. Figure 42 shows a repair to the end of a tension diagonal beneath the lower chord
of Kidd’s Mill Bridge. Similar repairs were present at a number of locations on the
bridge. The shoulders of the tension diagonal have been removed and replaced with
rectangular blocks of wood attached to the neck of the tension member with three through
bolts. The repairs would have been necessary for any members in which the shoulders
had actually failed in shear, or they may have been done as a precaution in members
exhibiting evidence of cracking in the plane of failure.

In the repaired connection the vertical component of force in the diagonal tension
member is transferred from the main body of the member to the retrofitted shoulder
blocks through the bolts acting in shear. However, in the original connection the force
would have been transferred from the body to the shoulders through the shear strength of
the wood itself. Based on the existence of such repairs, it is likely that strength of this
type of connection is limited by the shear strength of the shoulders. Other common truss
types, such as the Long truss, have a similar connection detail in which the vertical truss
members transfer tension to the chord through a notched and shouldered connection.
Similar shear cracking and shoulder failure have been observed in other bridges, such as
at the Hune Bridge (see Section 2.4 and Figure 4).

In a Smith truss a diagonal tension brace or its connection to the chord can fail in five
possible modes: direct tension of the member or neck, shear of the shoulders or bearing
on the shoulders or chord (see Table 16). The strength of the member will be limited by
the minimum of the strengths from each of the individual failure modes. Member L3-U3
of Kidd’s Mill Bridge will be used as an example, since it is located near the support and
thus carries a relatively large axial tension force. The cross-sectional dimensions of
member L3-U3 are 7.5" x 10.5". Other dimensions related to the connection are shown in
Figure 41. Member L3-U3 is subjected to a tension force of 6 kips due to dead load, 16.6
kips due to the uniformly distributed live load, and 8.44 kips due to a concentrated live
load at L3. Thus the maximum possible force is due to a combined dead and uniform live
load and has a magnitude of about 23 kips. The calculations of allowable force and
strength in each failure mode are summarized in Table 16. Allowable stresses and failure
strengths are given in Table 4.

The first possible failure mode is a direct tension failure on the full cross-section of
the tension member away from the connection, as shown in Figure 43. The cross-
sectional area of the member is 78.75 in”. For an allowable tension stress parallel to the
grain of 800 psi, the resulting allowable tension force is 63 kips. For a tension strength of
5,000 psi, the member strength in this failure mode is of 394 kips.
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Figure 41. Typical tension diagonal-to-lower chord connection, view from below.
(Dimensions shown for Kidd’s Mill Bridge at L.3.)
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Figure 42. Repaired shoulders of tension diagonal beneath lower chord of Kidd’s Mill
Bridge. Photograph by Stephen Buonopane, June 28, 2010.
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712"

lower chord S

Figure 43. Failure surface (shaded in gray) for direct tension failure of tension diagonal.
(Dimensions shown for Kidd’s Mill Bridge at L3.)
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The second failure mode is direct tension failure of the narrowest part of the tension
member, or its neck, where it passes between the chord timbers, in Figure 44. The cross-
sectional dimensions of this area are 10.5" x 3.0", giving a cross sectional area of 31.5
in®. Using the same allowable stress and tension strength as for the full cross-section, the
resulting allowable tension force is 25 kips, and the member strength is 158 kips. The
estimated tension force in this member of about 23 kips is slightly less than the allowable
strength and well below the failure strength.

The third failure mode is shear failure of the two shoulders on the end of the tension
member, as shown in Figure 45. In this failure mode the shoulders would shear off
allowing the remaining portion of the tension member to slide between the chord timbers.
The shape of each shear area is a parallelogram with dimensions of 6" x 12", giving a
shear area of 72 in’ per failure plane. The allowable stress in shear parallel to the grain is
40 psi, and the shear strength is about 600 psi. If the tension member is properly seated in
the chord such that both shoulders bear equally, then both shear planes will contribute
equally to the strength. In this case, the allowable tension force is 5.76 kips, and the
strength is 86 kips. Local crushing of the wood on the bearing surfaces of the shoulder
and chord timbers will help to distribute the load equally between the two shoulders of
the tension member. However, it is possible that initial lack-of-fit, dimensional changes
in the member over time or twisting due to eccentrically applied forces could result in
unequal load sharing between the two shoulders of the tension member. One possible
cause of unequal load sharing on the shoulders of the tension diagonals could be the out-
of-plane twisting moments due to the asymmetric layout of the diagonals of Types 2 and
3 Smith trusses (see Section 3.1.2). In the worst case, all of the force in the tension
member would be carried through a single shear plane. The allowable tension force
would be 2.9 k and the strength would be 43 kips.

The fourth failure mode is bearing failure on the shoulder of the diagonal at the
contact surface with the chord timbers, as shown in Figure 46. The dimensions of each
bearing surface of the tension member are 2.25" x 12", giving an area of 27 in>. Bearing
strength of wood depends on the angle between the direction of the grain and the
direction of load application. Assuming an angle of 60 degrees, an allowable bearing
stress parallel to the grain of 800 psi and an allowable bearing stress perpendicular to the
grain of 150 psi gives a bearing stress of about 200 psi.”’ Similarly, a bearing strength of
2700 psi parallel to the grain and 300 psi perpendicular gives a failure stress of about 400
psi. If the load is shared equally between the two shoulders, then the allowable bearing
force is 10.8 kips and the member strength is 21.6 kips. If the load is carried through only
one shoulder, than the allowable member bearing force is 5.4 kips and the member
bearing strength is 10.8 kips.

0 See AFPA, section 3.10.3 for relevant equations.



STRUCTURAL STUDY OF SMITH TRUSSES
HAER No. PA-645
(Page 84)
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Figure 44. Failure surface (shaded in gray) for direct tension failure of neck of tension
diagonal. (Dimensions shown for Kidd’s Mill Bridge at L3.)

lower chord \

Figure 45. Failure surface (shaded in gray) for shear failure of neck of shoulders of
tension member. (Dimensions shown for Kidd’s Mill Bridge at L3.)
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Figure 46. Failure surface (shaded in gray) for bearing failure of shoulders of tension
member. (Dimensions shown for Kidd’s Mill Bridge at L3.)

The fifth failure mode is bearing failure on the lower surface of the chord timbers at
the contact surface with the shoulders of the tension member, as shown in Figure 47. The
bearing area is the same as for the bearing failure of the shoulders of the diagonal. The
allowable bearing stress is 150 psi, and the bearing strength is 300 psi, assuming bearing
failure perpendicular to the grain of the chord timbers. If the load is shared equally
between the shoulders, the allowable bearing force is 8.1 kips and the member strength is
16.2 kips. If the load is carried through only one shoulder, the allowable member bearing
is 4.05 kips and the member bearing strength is 8.1 kips.
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Figure 47. Failure surface (shaded in gray) for bearing failure on lower chord.
(Dimensions shown for Kidd’s Mill Bridge at L.3.)

Based on the above calculations, summarized in Table 16, bearing on the shoulders of
the tension member and on the chord timbers have the smallest failure strength. Bearing
failure will result in local crushing of the wood and potentially some relative
displacement of the elements of the connection; however, it is unlikely to lead to overall
failure of the joint or loss of load carrying capacity of the connecting members. Any of
the first three failure modes (direct tension or shear) will result in loss of load carrying
capacity of the tension diagonal. Of these three failure modes, shear failure of the
shoulders is the limiting mode, with a capacity of between 43 kips to 86 kips depending
on the distribution of load between the two shoulders. As the maximum expected force in
member L3-U3 is 22.6 kips in tension (6 kips due to dead load and 16.6 kips due to the
uniform live load), it is unlikely that the shoulders of the tension member would fail in
shear.

The presence of an initial splitting or cleavage crack in the shear failure plane will
reduce the shear strength by reducing the shear area of the failure plane. Such a crack
may occur due to natural splitting along the wood grain or due to cleavage from a
frictional force applied perpendicular to the bearing surface of the crack, as shown in
Figure 48. The geometry of an interior corner creates a high stress concentration in any
material. Wood is particularly susceptible to splitting or cleavage due to the direction of
the grain and the relatively weak strength of wood when tension is applied
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Table 16. Dimensions and strengths for failure modes of tension diagonal-to-lower chord

connection at L3 of Kidd’s Mill Bridge.

Dimension  Dimension Area of One
A B Failure Plane
Failure Mode (in) (in) (in%)
1. Direct tension in member 10.5 7.5 78.75
2. Direct tension in neck 3 7.5 22.5
3. Shear of shoulders 6 12 72
4. Bearing on shoulders 2.25 12 27
5. Bearing on chord 2.25 12 27
Allowable Material No. of Allowable  Member
Stress Strength Failure Force Strength
Failure Mode (psi) (psi) Planes (kips) (kips)
1. Direct tension in member 800 5000 1 63 394
2. Direct tension in neck 800 5000 1 25 158
2 5.76 86
3. Shear of shoulders 40 600
1 2.88 43
] 2 10.8 22
4. Bearing on shoulders 200 400
1 5.4 11
) 2 8.1 16
5. Bearing on chord 150 300
1 4.05 8
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Figure 48. Diagram of cleavage crack due to friction force on shoulder of tension
diagonal.

perpendicular to the grain. This behavior also emphasizes the importance of providing a
large clamping force across the chord timbers and tension member connections that can
prevent splitting or cleavage cracks from initiating or getting progressively larger.

The cleavage strength of white pine is about 150 Ib per inch width out-of-plane.”" For
member L3-U3 of Kidd’s Mill Bridge, the width out-of-plane is about 12", giving a
cleavage strength of about 1.8 kips. This cleavage force must be transferred through
friction. Estimates of wood-to-wood coefficient of friction vary from about 0.25 to 0.50
depending on surface treatment, grain directions and species.” Assuming a coefficient of
friction of about 0.40, the corresponding normal force required to generate a lateral force
equal to the cleavage strength of 1.8 kips is about 4.5 kips. Member L3-U3 is subjected to
a tension force of 6 kips due to dead load only. If this force is distributed equally between
the two shoulders then a normal force of 3 kips will be present per shoulder. If the force
is distributed unequally between the shoulders, than the normal force will be greater than
3 kips, with a maximum possible value of 6 kips for the case of all of the force
transferred through one shoulder. Since the required normal force for cleavage splitting

"' L.J. Markwardt and T.R.C. Wilson, “Strength and Related Properties of Woods Grown in the United
States,” Tech. Bull. No. 479 (U.S. Department of Agriculture, 1935), Table 1.

2 Trautwine, table on p. 411.
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of 4.5 kips is approximately equal to the force transferred through the shoulder (in the
range of 3 to 6 kips), cleavage splitting can contribute to the failure of the shoulders in
shear. Any out-of-plane twisting of the tension member or chord timbers has the potential
to create a lateral friction force that exceeds the cleavage strength of the wood. The
presence of a crack due to cleavage directly reduces the shear area of the tension member
and may be a significant factor in initiating failure of the shoulders of the tension
members as observed at Kidd’s Mill Bridge and at other timber bridges with similar
connection geometry. In order for the applied tension force of 23 kips to equal the shear
strength, the total shear area would need to be reduced to about 38 in®, compared to the
total shear area of one failure surface at 72 in”. Thus a splitting crack would need to
extend through about 50 percent of the shear area if all of the force was transferred
through one failure plane.

The cleavage or splitting cracks may also increase over time due to dynamic effects
of loading or the time-dependent behavior of wood. This analysis suggests that such a
failure is possible due to a combination of out-of-plane forces, splitting or cleavage
cracks and direct shear.

Close visual inspection of the potential locations of the cleavage or splitting cracks on
the shoulders of the tension members of Kidd’s Mill Bridge was not possible. However,
fishplate splices in the lower chord timbers have a similar geometric arrangement and
force transfer path that also makes them susceptible to cleavage and splitting. The head of
the fishplate is subjected to a normal force from the axial tension in the chord timbers
which is being transferred around the splice location. Since the normal force is applied at
an eccentric location with respect to the body of the fishplate, it will tend to bend and
create a frictional force perpendicular to the head of the fishplate. The ability of the
fishplate to transfer the axial tension without deforming sufficiently out-of-plane to
generate a splitting crack at the interior corner depends on the depth of embedment of the
fishplate head and the degree of transverse clamping provided across the chord timbers.
Figure 49 shows a fishplate from the lower chord of Hune Bridge in which a splitting
crack has occurred through the entire length of the head of the fishplate. The embedment
of the fishplate into the chord timber is fairly small. Typically the head of the fishplate
would be twice as wide as the body.
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Figure 49. Crack through head of fishplate at Hune Bridge. Photograph by Stephen
Buonopane, July 1, 2010.

6 CONCLUSIONS

Robert W. Smith developed a series of unique timber bridge truss forms between
approximately 1867 and 1879. The Smith trusses are based in part on two patents issued
to Smith, but also include other features developed through successive improvements in
design and construction. Smith trusses were primarily built in Ohio and Indiana, but
extant examples are also found in Pennsylvania and California. The Smith Bridge
Company successfully pursued multiple business models from complete design,
fabrication and construction services to design or construction only. Smith trusses were
typically prefabricated in the Smith Bridge Company shops in Toledo, Ohio.
Prefabrication allowed Smith to exercise a higher degree of quality control over the
selection of materials and fabrication, in particular the creation of the relatively complex
timber joinery. In some cases Smith would design the bridge but have the timbers
fabricated local to the construction site, while in other cases he would license the design
to another bridge construction company.

During the second half of the nineteenth century, iron structural members were being
incorporated into bridge truss construction, such as the iron verticals of the Howe truss.
Smith, however, sought to eliminate the use of iron for primary structural elements,
resulting in bridges that he promoted as lighter, cheaper and more easily constructed in
remote areas of the Midwest. Smith even used a system of wood underfloor lateral
bracing, rather than the more typical diagonal iron tension rods. The structural analyses
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performed on the two bridge trusses demonstrate that Smith trusses were able to meet
strength and deflection requirements appropriate to nineteenth-century bridge design and
construction.

Smith trusses used two overlapping systems of diagonal members to interconnect the
chords, with no vertical members other than the end posts. The four types of Smith
trusses are classified based on the arrangement of the diagonal bracing. This research
confirmed that Types 1, 2 and 3 can be viewed as a chronological improvement during
the first part of Smith’s career, but that Types 3 and 4 have the same structural system
and were used during the same time period. Types 3 and 4 Smith trusses are
differentiated by span length. Type 3 trusses were used for spans up to about 150 feet and
Type 4 for spans greater than about 150 feet. The additional strength required for longer
spans of the Type 4 truss is achieved by adding another chord timber and using two
timbers for some of the diagonals.

With no vertical members or iron tension members, some of the diagonal timber
members must be capable of carrying tension forces effectively and transferring those
forces to the chords. Smith adopted notched and shouldered connections between the
tension diagonals and the chord timbers. Similar connections were used for the vertical
members of other nineteenth-century truss types, as well as for the diagonals of some
lesser known precedents, such as the work of Josiah Brown. The use of this type of
tension diagonal-to-chord connection imposes several constraints on the truss design.
First, the compression braces must bear against the tension braces and therefore must lie
in the same vertical plane. Second, the two systems of diagonals must occupy separate
vertical planes, thereby requiring at least three chord timbers. The progression from Type
1 to Types 3 and 4 Smith trusses can be interpreted as the development of a truss
geometry that satisfied these constraints and produced a symmetrical pattern of diagonals
both along the span and through the thickness of the truss.

Structural analyses of the trusses at Kidd’s Mill Bridge (Type 2) and at Rinard Bridge
(Type 3) were performed to evaluate their engineering behavior and design. Dimensions
were based on field measurements of both bridges. The analyses considered dead load,
distributed live load across the entire span and concentrated live load applied individually
at each panel point. The structural analyses and associated research have demonstrated
that the Smith trusses do reflect an understanding of fundamental structural behavior and
design consistent with nineteenth-century practice, although the specific design methods
used by Smith remain unknown. In both the Kidd’s Mill Bridge and Rinard Bridge the
cross-sectional sizes of the diagonal members are reduced moving from the ends of the
span towards the centerline, as the diagonals at the ends will carry larger forces than at
the center. In all load cases and combinations considered in this report, the estimated
stresses in the truss members and the vertical deflections are within typical nineteenth-
century design limits. The structural analyses of both bridges with either the dead load or
uniform live load on the trusses showed expected force distribution in the truss members.
All axial stresses were well below allowable stress limits, with maximum stresses on the
order of 250 psi.
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The chords of an ideal truss carry only axial force and no bending moment; however,
the Smith trusses have several design features that create bending moments in the chords.
First, the transverse floor beams rest directly on the chord timber between panel points.
Second, the chord is continuous and has a non-negligible bending stiffness. Both of these
aspects are common to typical nineteenth-century timber bridge design of any type.
Third, specific to Type 2 Smith trusses, the diagonals adjacent to the center of the bridge
meet the lower chord with no other diagonal present, resulting in the creation of a chord
bending moment due to the unbalanced vertical force in the diagonal. The bending
moments resulting from all of these sources were in some cases as large as 200 psi. In the
worst cases considering both axial and bending stresses due to dead load and uniform live
load, the maximum combined stresses were approximately equal to the allowable stresses
of 750 psi to 800 psi. Even with the estimated stresses approximately equal to allowable
stresses, member failure would not be expected as nineteenth century allowable stresses
include a safety factor of about five.

The structural analyses using the concentrated live loads were used to create influence
lines of axial force for certain diagonals and to identify those diagonals that were subject
to a force reversal. The initial dead load places each diagonal in either tension or
compression. If a concentrated live load produces a force in the opposite direction and of
larger magnitude, then the member will undergo a force reversal. In a Smith truss the
tension diagonals are designed with the notched and shouldered connections and
therefore can be expected to carry a similar magnitude of force in compression. However
the diagonal braces that are under compression due to dead load have only simple bearing
connections where they are seated against the sides of the tension braces and therefore
cannot resist tension forces. If a compression brace experiences net tension under the
combined effects of dead load plus concentrated live load then the member can be
assumed to have failed by unseating at its ends. In both bridges several members were
identified as being susceptible to a compression-to-tension force reversal. The condition
of no net tension also can be applied as a design constraint to estimate the largest possible
concentrated live load that the bridge can support. For the Kidd’s Mill Bridge the limiting
concentrated live load was found to be 5.6 tons, while for the Rinard Bridge, it was 5.3
tons.

Vertical deflections were calculated for both bridge trusses under all three load cases.
The deflection-to-span ratios were less than 1/1000 and would be considered well within
the limits expected for nineteenth-century timber bridge construction. The original
vertical camber of the Rinard Bridge was estimated based on measured dimensions and
found to be more than four times greater than the largest expected deflection due to loads,
confirming that upwards camber would be maintained under typical loading conditions.

This research identified the connection of the tension diagonals to the chords as a
critical feature in the design of Smith trusses. Many of these connections at Kidd’s Mill
Bridge have been repaired and failures have been observed in other bridges with similar
style connections on vertical truss members. The strength of a typical tension diagonal to
chord connection was estimated for five possible failure modes. The lowest strength
failure modes were those of bearing on the chord or tension diagonal surfaces. However,
exceeding this bearing capacity would result in local crushing of the surface but does not
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necessarily result in failure of the connection as a whole. The remaining three possible
failure modes result in complete loss of load-carrying capacity of the connection and
attached diagonal. Shear strength of the shoulders of the tension member has the least
strength and is the failure mode observed at Kidd’s Mill Bridge and other bridges. The
estimated failure strength is greater than the applied tension force, but with
considerations for uneven load distribution between the two shoulders and initial splitting
cracks due to transverse frictional forces, the shear failure of the shoulders is a likely
failure scenario.

Smith trusses were not as common or geographically widespread as some other
nineteenth-century truss types, but they are a structural system designed to address
certain criteria specific to the characteristics of timber construction in the Midwest. Smith
chose to design and build trusses with all structural members fabricated from timber. The
Smith Bridge Co. competed successfully in a marketplace in which clients could choose
from all timber, mixed iron and timber, and eventually all metal trusses. Smith developed
a system of prefabrication to create economically the joinery required for his truss
designs. In the late nineteenth century the Smith Bridge Company transitioned to
designing and constructing all metal trusses, for which other truss forms were more
appropriate. The design of the Smith trusses reflects a fundamental understanding of
structural behavior consistent with nineteenth-century design practice.
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