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CHAPTER 1

METAL BUILDING SYSTEMS:
YESTERDAY AND TODAY

1.1 THE ORIGINS

1.1.1 What’s in a Name?

Some readers may not be clear on the exact subject of our discussion. Indeed, even a few design pro-
fessionals tend to be confused by the term metal building system. “Are we talking about a structural steel
building? Just what kind of a building is it? Is it a modular building? Or prefabricated? Or maybe pan-
elized? Is it the same as a pre-engineered building?”—you might hear a lot. Though all of these terms
involve some sort of structure designed and partially assembled in the shop by its manufacturer, they
refer to quite different concepts. Before proceeding further, the distinctions need to be sorted out.

Modular buildings consist of three-dimensional plant-produced segments that are shipped to a
site for erection and final assembly by a field contractor. One of the most popular materials for
modular buildings is wood, and such factory-produced units are common in housing construction.
Another common application involves precast concrete formed into modular stackable prison cells
that are completely prewired and prefinished. These modules are composed of four walls and a
ceiling that also serves as a floor for the unit above. Modular steel systems, consisting of three-
dimensional column and joist modules bolted together in the field, were marketed in the 1960s and
1970s, with limited success. Modern metal building systems, however, cannot be called modular.

Panelized systems include two-dimensional building components such as wall, floor, and roof
sections, produced at the factory and field-assembled. In addition to the “traditional” precast con-
crete, modern exterior wall panels can be made of such materials as metals, brick, stone, and com-
posite assemblies known as EIFS (Exterior Insulation and Finish System). While the exterior “skins”
of metal buildings generally employ panels, the term panelized does not capture the essence of metal
building systems and should not be used to describe them.

Prefabricated buildings are made and substantially assembled at the factory. While the metal
building industry has its roots in prefabricated buildings, this type today includes mostly small struc-
tures transported to the site in one piece, such as toll booths, kiosks, and household sheds. Modern
metal buildings are not prefabricated in that sense.

As we shall see, the changes in terminology parallel the evolution of the industry itself.

1.1.2 The First Metal Buildings

The first building with an iron frame was the Ditherington Flax Mill constructed in Shrewsbury,
England, in 1796." Cast-iron columns were substituted for the usual timber in a calico mill con-
structed in nearby Derby 3 years earlier. These experiments with iron were prompted by frequent
devastating fires in British cotton mills of the time. Once the fire-resistive properties of metal in
buildings had been demonstrated, wrought-iron and cast-iron structural components gradually
became commonplace.
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In the middle of the nineteenth century, experimentation with rolling of iron beams finally cul-
minated in construction of the Cooper Union Building in New York City, the first building to utilize
hot-rolled steel beams. In 1889, Rand McNally Building in Chicago became the first skyscraper with
all-steel framing.’

Prefabricated metal buildings first appeared at about the same time. As early as the mid-nineteenth
century, “portable iron houses” were marketed by Peter Naylor, a New York metal-roofing contractor,
to satisfy housing needs of the 1848 California Gold Rush fortune seekers; at least several hundred of
those structures were sold. A typical iron house measured 15 by 20 ft and, according to the adver-
tisements, could be put together in less than a day by a single man. Naylor’s ads claimed that his struc-
tures were cheaper than wood houses, fireproof, and more comfortable than tents." Eventually, of
course, California’s timber industry got established and Naylor’s invention lost its market.

In the first two decades of the twentieth century, prefabricated metal components were mostly used
for garages. Founded in 1901, Butler Manufacturing Company developed its first prefabricated build-
ing in 1909 to provide garage space for the ubiquitous Model T. That curved-top building used wood
framing covered with corrugated metal sheets. To improve fire resistance of its buildings, the compa-
ny eventually switched to all-metal structures framed with corrugated curved steel sheets. The arch-
like design, inspired by cylindrical grain bins, influenced many other prefabricated metal buildings.?

In 1917, the Austin Company of Cleveland, Ohio, began marketing 10 standard designs of a fac-
tory building that could be chosen from a catalog. The framing for these early metal buildings con-
sisted of steel columns and roof trusses which had been designed and detailed beforehand. The
Austin buildings were true forebears of what later became known as pre-engineered construction,
a new concept that allowed for material shipment several weeks earlier, because no design time
needed to be spent after the sale. Austin sold its buildings through a newly established network of
district sales offices.*

In the early 1920s, Liberty Steel Products Company of Chicago offered a prefabricated factory
building that could be quickly erected. The LIBCO ad pictured the building and boasted: “10 men put
up that building in 20 hours. Just ordinary help, and the only tools needed were monkey wrenches...."”"!

By that time, steel was an established competitor of other building materials. The first edition of
Standard Specification for the Design, Fabrication and Erection of Structural Steel for Buildings was
published by the newly formed American Institute of Steel Construction in 1923.

Several metal-building companies were formed in the 1920s and 1930s to satisfy the needs of the
oil industry by making buildings for equipment storage; some of these companies also produced
farm buildings. For example, Star Building Systems was formed in 1927 to meet the needs of oil
drillers in the Oklahoma oil boom. Those early metal buildings were rather small—8 by 10 ft or 12 by
14 ft in plan—and were framed with trusses spanning between trussed columns. The wall panels,
typically 8 by 12 ft in size and spanning vertically, were made of corrugated galvanized sheet sec-
tions bounded by riveted steel angles.

1.1.3 The War Years and After

During World War 11, larger versions of those metal buildings were used as aircraft hangars. Their
columns were made of laced angles, perhaps of 6 by 4 by 3/8 in in section, and roof structure con-
sisted of bowstring trusses. Military manuals were typically used for design criteria. These buildings,
unlike their predecessors, relied on intermediate girts for siding support.

The best-known prefabricated building during World War II was the Quonset hut, which became
a household word. Quonset huts were mass-produced by the hundreds of thousands to meet a need
for inexpensive and standardized shelter (Fig. 1.1). Requiring no special skills, these structures were
assembled with only hand tools, and—with no greater effort—could be readily dismantled, moved,
and reerected elsewhere. The main producer of Quonset huts was Stran-Steel Corp., a pioneering
metal-building company that developed many “firsts” later.

Quonset huts followed Gls wherever they went and attested to the fabled benefits American mass
production could bestow. Still, these utterly utilitarian, simple, and uninspiring structures were widely
perceived as being cheap and ugly. This impression still lingers in the minds of many, even though quite
a few Quonset huts have survived for over half a century.
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FIGURE 1.1 Quonset hut, Quonset Point, R.I. (Photo: David Nacci.)

The negative connotation of the term prefabricated building was reinforced after the war ended
and the next generation of metal buildings came into being. Like the Quonset hut, this new generation
filled a specific need: the postwar economic boom required more factory space to satisfy the pent-up
demand for consumer products. The vast sheet-metal industry, well-organized and efficient, had just
lost its biggest customer—the military. Could the earlier sheet-metal prefabricated buildings and the
Quonset hut, as well as the legendary Liberty Ship quickly mass-produced at Kaiser’s California ship-
yard, provide a lesson for a speedy making of factory buildings? The answer was clearly: “Yes!”

In the new breed of sheet-metal-clad buildings, the emphasis was, once again, on rapid construction
and low cost, rather than aesthetics. It was, after all, the contents of these early metal structures that was
important, not the building design. Using standardized sheet-metal siding and roofing, supported by
gabled steel trusses and columns—a 4:12 roof pitch was common—the required building volumes
could be created relatively quickly. In this corrugated, galvanized environment, windows, insulation,
and extensive mechanical systems were perceived as unnecessary frills. The sheer number of these pre-
fabricated buildings, cloned in the least imaginative mass-production spirit, was overwhelming.

Eventually, the economic boom subsided, but the buildings remained. Their plain appearance was
never an asset. As time passed and these buildings frayed, they conveyed an image of being worn out
and out of place. Eventually, prefabricated buildings were frowned upon by almost everyone. The
impression of cheapness and poor quality that characterized the Quonset hut was powerfully reinforced
by the “boom factories.” This one-two punch knocked respectability out of “prefabricated buildings”
and may have forever saddled the term with negative connotations.

The metal building industry understood the problem. It was looking for another name.

Pre-Engineered Buildings

The scientific-sounding term pre-engineered buildings came into being in the 1960s. The buildings
were “pre-engineered” because, like their ancestors, they relied upon standard engineering designs
for a limited number of off-the-shelf configurations.
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Several factors made this period significant for the history of metal buildings. First, the improving
technology was constantly expanding the maximum clear-span capabilities of metal buildings. The
first rigid-frame buildings introduced in the late 1940s could span only 40 ft. In a few years, 50-, 60-,
and 70-ft buildings became possible. By the late 1950s, rigid frames with 100-ft spans were made.’
Second, in the late 1950s, ribbed metal panels became available, allowing the buildings to look dif-
ferent from the old tired corrugated appearance. Third, colored panels were introduced by Stran-Steel
Corp. in the early 1960s, permitting some design individuality. At about the same time, continuous-
span cold-formed Z purlins were invented (also by Stran-Steel), the first factory-insulated panels were
developed by Butler, and the first UL-approved metal roof appeared on the market.'

And last, but not least, the first computer-designed metal buildings also made their debut in the
early 1960s. With the advent of computerization, the design possibilities became almost limitless.
All these factors combined to produce a new metal-building boom in the late 1950s and early 1960s.

As long as the purchaser could be restricted to standard designs, the buildings could be properly
called pre-engineered. Once the industry started to offer custom-designed metal buildings to fill the
particular needs of each client, the name pre-engineered building became somewhat of a misnomer.
In addition, this term was uncomfortably close to, and easily confused with, the unsophisticated pre-
fabricated buildings, with which the new industry did not want to be associated.

Despite the fact that the term pre-engineered buildings is still widely used, and will be often
found even in this book, the industry now prefers to call its product metal building systems.

1.2 METAL BUILDING SYSTEMS

Why “systems”? Is this just one more application of the cyber-speak indiscriminately applied to
describe everything made of more than one component? Nowadays, even the words paint system or
floor cleaning system do not provoke a smile.

In all fairness, metal building system satisfies the classical definition of a system as an interde-
pendent group of items forming a unified whole. In a modern metal building, the components such
as walls, roof, main and secondary framing, and bracing are designed to work together. A typical
assembly of a metal building is shown in Fig. 1.2. In addition to a brief discussion here, the roles
played by various metal building components are examined in Chap. 3.

A building’s first line of defense against the elements consists of the wall and roof materials.
These elements also resist structural loads, such as wind and snow, and transfer the loads to the sup-
porting secondary framing. The secondary framing—wall girts and roof purlins—collects the loads
from the wall and roof covering and distributes them to the main building frames, providing them
with valuable lateral restraint along the way. The main structural frames, which consist of columns
and rafters, carry the snow, wind, and other loads to the building foundations. The wall and roof brac-
ing provides stability for the whole building. Even the fasteners are chosen to be compatible with the
materials being secured and are engineered by the manufacturers.

The systems approach, therefore, is clearly evident. The term metal building system is proper
and well-deserved. Over time, it will undoubtedly displace the still-common name, pre-engineered
buildings.

1.3 SOME STATISTICS

Today, metal building systems dominate the low-rise nonresidential market. According to the Metal
Building Manufacturers Association (MBMA), pre-engineered structures comprised 65 percent of
all new one- and two-story buildings with areas of up to 150,000 ft* in 1995. The 1995 metal build-
ing sales of MBMA members totaled $2.21 billion; 355 million ft* of space was put in place. Large
industrial buildings with areas of over 150,000 ft* added another 34.3 million ft* of new space.® The
2000 sales were $2.5 billion.
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FIGURE 1.2 Typical components of a metal building system. (VP Buildings.)

1.4

Metal building systems serve many applications. Commercial uses have historically accounted for
30 to 40 percent of metal building sales. This category includes not only the familiar beige warehouses
(Fig. 1.3), but also office buildings, garages, supermarkets, and retail stores (Figs. 1.4, 1.5, and 1.6).
Another 30 to 40 percent of metal building systems are found in manufacturing uses—factories, mate-
rial recycling facilities, automotive and chemical plants (Figs. 1.7, 1.8, and 1.9). Some 10 to 15 per-
cent of pre-engineered buildings are used for community purposes: schools, town halls, and even
churches (Figs. 1.10 and 1.11). The catch-all “miscellaneous” use includes everything else and,
notably, agricultural buildings such as grain storage facilities, farm machinery, sheds, storage build-
ings, and livestock shelters.

THE ADVANTAGES OF METAL BUILDING SYSTEMS

Most metal buildings are purchased by the private sector, which seems to appreciate the advantages of
proprietary pre-engineered buildings more readily than the public entities. What are these advantages?

o Ability to span long distances. There are not many other types of gabled structures than can span
100 ft or more in a cost-effective manner. The competition consists mainly of trusses, which require
substantial design and fabricating time. (Special tensioned fabrics could also span the distance, but
are in a class by themselves.)

Faster occupancy. Anyone who has ever tried to assemble a piece of furniture can remember the frus-
tration and the amount of time it took to comprehend the various components and the methodology
of assembly. The second time around, the process goes much faster. A similar situation occurs at a
construction site when a stick-built structure is being erected. The first time it takes a little longer...,
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FIGURE 1.4 Metal building system in a commercial application. (Photo: Bob Cary Construction.)

but there is no second time to take advantage of the learning curve. With standard pre-engineered
components, however, an experienced erector is always on familiar ground and is very efficient.

By some estimates, the use of metal building systems can save up to one-third of construction
time. This time is definitely money, especially for private clients who can reap considerable sav-
ings just by reducing the duration of the inordinately expensive construction financing. It is not
uncommon for small (around 10,000 ft*) metal building projects to be completed in 3 months. By
this time, many stick-built structures are just coming out of the ground.

e Cost efficiency. In a true systems approach, well-fitting pre-engineered components are assembled
by one or only a few construction trades; faster erection means less-expensive field labor. In addi-
tion, each structural member is designed for a near-total efficiency, minimizing waste of material.
Less labor and less material translate into lower cost. The estimates of this cost efficiency vary, but
it is commonly assumed that pre-engineered buildings are 10 to 20 percent less expensive than
conventional ones. However, as is demonstrated in Chap. 3, some carefully designed stick-built
structures can successfully compete with metal building systems.
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FIGURE 1.5 Office building of pre-engineered construction. (HCI Steel Building Systems, Inc.)

FIGURE 1.6 Auto dealership housed in a metal building. (Photo: Metallic Building Systems.)
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FIGURE 1.7 A modern manufacturing facility made possible with metal building
systems. (Photo: Bob Cary Construction.)

e Flexibility of expansion. Metal buildings are relatively easy to expand by lengthening, which
involves disassembling bolted connections in the endwall, removing the wall, and installing an
additional clear-spanning frame in its place. The removed endwall framing can often be reused
in the new location. Matching roof and wall panels are then added to complete the expanded
building envelope.

e Low maintenance. A typical metal building system, with prefinished metal panels and standing-
seam roof, is easy to maintain: metal surfaces are easy to clean, and the modern metal finishes
offer a superb resistance against corrosion, fading, and discoloration. Some of the durable fin-
ishes available on the market today are discussed in Chap. 6.

e Single-source responsibility. The fact that a single party is responsible for the entire building
envelope is among the main benefits of metal building systems. At least in theory, everything is
compatible and thought through. The building owner or the construction manager does not have
to keep track of many different suppliers or worry about one of them failing in the middle of con-
struction. Busy small building owners especially appreciate the convenience of dealing with one
entity if anything goes wrong during the occupancy. This convenience is a major selling point of
the systems.
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FIGURE 1.8 Material recycling facilities often utilize metal building systems. (Photo: Maguire Group Inc.)

FIGURE 1.9 A large manufacturing facility housed in a pre-engineered building. (Photo: Varco-Pruden Buildings.)
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FIGURE 1.10 A church housed in a pre-engineered building.

B

FIGURE 1.11 This community building utilizes a metal building system. (Photo: Metallic Building Systems.)
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1.5 SOME DISADVANTAGES OF METAL BUILDINGS

An objective look at the industry cannot be complete without mentioning some of its disadvantages.
As with any type of construction, metal building systems have a negative side that should be clearly
understood and anticipated to avoid unwanted surprises.

Variable construction quality. Most people familiar with pre-engineered buildings have undoubt-
edly noticed that all manufacturers and their builders are not alike. Major manufacturers tend to
belong to a trade association or a certification program that promotes certain quality standards of
design and manufacture. Some other suppliers might not accept the same constraints, and occa-
sionally they provide buildings that are barely adequate, or worse. In fact, a structure can be put
together with separately purchased metal-building components, but without any engineering—or
much thought—involved. Such pseudo-pre-engineered buildings are prone to failures and give
the industry a bad name. It is important, therefore, to know how to specify a certain level of
performance, rather than to assume that every manufacturer will provide the quality desired for
the project.

Lack of reserve strength. The flip side of the fabled efficiency of the metal building industry is
the difficulty of adapting existing pre-engineered buildings to new loading requirements. With
every ounce of “excess” metal trimmed off to make the structure as economical as possible, any
future loading modifications must be approached with extreme caution. Even the relatively
small additional weight imposed by a modest rooftop HVAC unit or by a light monorail can
theoretically overstress the structure designed “to the limit,” unless structural modifications are
considered.

Possible manufacturer’s unfamiliarity with local codes. When a metal building is shipped from a
distant part of the country, its manufacturer might not be as familiar with the nuances of the applic-
able building codes as a local contractor. While most major manufacturers keep a library of national
and local building codes and train their dealers to communicate the provisions of the local codes
to them, a few smaller operators might not. Owners should make certain that the building they pur-
chase complies in all respects with the governing building codes, a task that requires some knowl-
edge of both the code provisions and manufacturing practices. (To be sure, some local codes might
be based on obsolete editions of the model codes.)

The many advantages of metal building systems clearly outweigh a few shortcomings, a fact that

helps explain the systems’ popularity. Still, specifying pre-engineered buildings is not a simple
process; it contains plenty of potential pitfalls for the unwary. Some of these are described in
this book.
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REVIEW QUESTIONS

1 Which two types of building occupancies currently use the most metal building systems in the
United States? What were the first uses?

2 When was the first prefabricated building made? By what company?

3 Which company first started to offer standard designs of a factory building?

4 Name the prefabricated building best known during World War II.

5 Which factors made possible a transition from prefabricated buildings to metal building systems?

6 What are the advantages of metal building systems?
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CHAPTER 2

INDUSTRY GROUPS,
PUBLICATIONS,
AND WEBSITES

2.1 INTRODUCTION

Metal building systems dominate the low-rise nonresidential building market, as demonstrated in
Chap. 1. For dozens, if not hundreds, of manufacturers offering proprietary framing systems, profiles,
and materials, a level-field competition is impossible without a common thread of standardization and
uniformity. This unifying role has been traditionally handled by the industry organizations and trade
associations.

A designer who is seriously involved in specifying metal building systems and who wants to
become familiar with common industry practices will at some point need to review the design manu-
als and specifications promulgated by these groups. The specifier might even wish to follow the latest
industry developments by becoming a member of the trade association or by subscribing to some of its
publications. Sooner or later the designer will be faced with a question about the availability of a cer-
tain metal-building component, or about the feasibility of some nontraditional design approach—the
questions that can be answered only by an industry representative. Also, were any disagreements to
arise during construction, manufacturers and contractors would probably reference the trade literature
to the specifiers to support their position.

For all these reasons, it is important to become familiar with the industry groups and their publi-
cations. While our list is not intended to be all-inclusive—in this dynamic industry, new organiza-
tions are being formed every year—it should prove helpful to anyone seeking further information
about metal building systems.

2.2 METAL BUILDING MANUFACTURERS ASSOCIATION (MBMA)

2.2.1 The Organization

In the 1950s, the metal building industry was still disorganized and faced a host of problems ranging
from building-code and insurance restrictions to union conflicts. The idea that the fledgling industry
needed a trade organization was conceived by Wilbur Larkin of Butler Manufacturing Co., who invited
his competitors to a meeting. MBMA was founded in Oct. 1, 1956, with 13 charter members. The char-
ter members were Armco Drainage, Behlen Manufacturing, Butler Manufacturing, Carew Steel, Cowin
& Company, Inland Steel, Martin Steel, Metallic Building, Pascoe Steel, Soule Steel, Steelcraft
Manufacturing, Stran-Steel Corp., and Wonder Building. Wilbur Larkin of Butler Manufacturing was
elected MBMA’s first chairman.' The new group set out to forge the industry consensus on dealing with
such common issues as code acceptance, design practices, safety, and insurance.

13
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Today, MBMA consists of about 30 members, representing the best-known metal building
manufacturers and over 9000 builders. Together, the group members account for about 9 out of 10
metal building systems built in this country. Recently, MBMA has opened its membership to
industry suppliers, who may join as associate members to have greater access to MBMA programs
and information.’

One of the most important roles played by the Association is providing engineering leadership to
the manufacturers. Before MBMA was formed, each building supplier was using its own engineer-
ing assumptions and methods of analysis, a situation that resulted in a variable dependability of
metal buildings. Development of the engineering standards was among the first steps taken by the
new organization. Indeed, the MBMA Technical Committee was formed at the Association’s first
annual meeting on Dec. 4, 1956. Throughout the years, the MBMA's director of research and engi-
neering served as the main technical representative of the industry. The Association’s technical
efforts, which have become especially intensive since the 1970s, were directly responsible for the
increased sophistication of the manufacturers’ engineering departments.

During its adolescence, the industry had to contend with a lack of building-code information
about the behavior of one- and two-story buildings under wind loading. Since low-rise buildings
were the main staple of metal building manufacturers, new research was desperately needed. MBMA
has risen to the occasion and, by teaming up with the American Iron and Steel Institute (AISI) and
the Canadian Steel Industries Construction Council, sponsored in 1976 a wind-tunnel research pro-
gram at the University of Western Ontario (UWO), Canada.’ Wind-tunnel testing had been in exis-
tence for decades, but this program under the leadership of Dr. Alan G. Davenport was its first
extensive application to low-rise buildings. The results of this testing have been incorporated into the
1986 edition of the MBMA Manual® and have contributed to the development of the wind-load pro-
visions in ANSI 58 (now ASCE 7), Standard Building Code, and other codes around the world.

Most of the research work at the UWO was conducted between 1976 and 1985. More recently,
a program called Random City was conducted at the UWO Boundary Layer Wind Tunnel
Laboratory. The Random City is a miniature model of a typical industrial town being subjected to
a hurricane; the objective is to measure the wind forces acting on a typical low-rise building.*
Similar studies are conducted at Clemson University, where standing-seam roof panels are being
tested for dynamic wind forces, and at Mississippi State University, the site of experimental load
simulation by electromagnets.

Research on snow loading also gets a share of MBMA'’s attention. For example, the effects of
unbalanced snow loading on gable buildings are being studied at Rensselaer Polytechnic Institute
with MBMA’s sponsorship. Another area of the MBMA-sponsored research concerns the thermal
effects that solar radiation produces in metal roof and wall assemblies.

Since metal building systems are not inherently fireproof, the establishment of UL-listed assem-
blies involving the system components is critical to acceptance of the industry by building officials.
MBMA has facilitated the progress on this front by sponsoring the fire-rating tests of the tapered
steel columns and of metal-roof assemblies.

Another important publication from MBMA followed in 2000. The Metal Roofing System Design
Manual marked the culmination of a successful program intended to provide the specifiers with the
best design details for various types of metal roofing.

In addition to its role in the development of engineering standards for low-rise buildings, MBMA
serves as a promotional arm of the metal building industry. The group publishes the MBMA Fact
Book and the Annual Market Review and offers videos, slide presentation shows, and other promo-
tional materials explaining the benefits of metal building systems.

The Association has been instrumental in expanding the scope of the Quality Certification
Program, administered by the American Institute of Steel Construction (AISC), to include metal
building manufacturers. Originally, the program was intended to certify structural steel fabricators by
ensuring consistently high quality throughout the entire production process. The new certification cat-
egory MB (Metal Building Systems) is applicable to manufacturers of pre-engineered buildings “that
incorporate engineering services as an integral part of the fabricated end product.” The program objec-
tives include evaluation of the manufacturer’s design and quality assurance procedures and practices,
certification of those manufacturers who qualify, periodic audits of the certified companies, and
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encouragement of others to adopt it. A certification by the well-known agency obviously enhances the
manufacturer’s image and facilitates acceptance of its system by local building officials. MBMA has
made AISC certification a condition of membership. Building on the success of its AISC certification
program, MBMA has developed and is actively promoting its Roofing Certification program. This
new program is intended to further improve the standards of the metal roofing industry.

The Metal Building Manufacturers Association is located at 1300 Sumner Avenue, Cleveland,
OH 44115-2851; its telephone number is (216) 241-7333; its website is www.mbma.com.

2.2.2 MBMA’'s Metal Building Systems Manual

Since its first edition in 1959, the Manual® has been a desktop reference source for metal building
manufacturers and their engineers and builders. The amount of useful material included in this
book—and its sheer volume—has been steadily increasing. The 1986 edition of the Manual (it was
then called Low Rise Building Systems Manual) had only about 300 pages. The following 1996 edi-
tion changed its appearance from a slim, easy-to-carry gray volume to a thick, three-ring binder.

The 2002 edition was issued in the same easy-to-update three-ring binder format but otherwise
signaled a change in direction. The name of the publication is now Metal Building Systems
Manual, to sharpen its focus and improve its recognition by the specifiers. The first section of
the Manual, which used to be called “Design Practices,” is now split into three sections: “Load
Application,” “Crane Loads,” and “Serviceability.” Here, instead of presenting its own unique
design methods as was done previously, the 2002 edition provides a commentary on the relevant
structural provisions of the 2000 International Building Code (IBC). The “Load Application” sec-
tion now contains extensive design examples that illustrate the design process. Instead of provid-
ing its own load combinations, the Manual now refers the reader to those of IBC.

Another major part of the MBMA Low Rise Building Systems Manual, “Common Industry
Practices,” includes a diverse range of topics dealing with sale, design, fabrication, delivery, and
erection of metal building systems, and with some insurance and legal matters. The specifiers of
metal buildings should pay particularly close attention to Section 2, “Sale of a Metal Building
System,” that spells out in detail which parts and accessories are included in a standard metal build-
ing system package, and which are normally excluded.

The next section of the Manual, “Guide Specifications,” is intended to be used as a guide in
preparing contract specifications. The Manual also includes an overview of AISC-MB certification
provisions, a commentary on wind loads, representative fire protection ratings, load data by U.S.
county, a glossary, an appendix, and the bibliography.

It is important to keep in mind that, while the Manual is widely used and respected, the infor-
mation in it is presented from the standpoint of the manufacturers and is primarily intended to guide
them. The Manual is not a building code with legally binding provisions; it is a trade document, and
its use is voluntary. As with other similar trade documents, “Common Industry Practices” can be
modified by project-specific contract language when justified.

2.3 AMERICAN IRON AND STEEL INSTITUTE (AISI)

The American Iron and Steel Institute has evolved from the American Iron Association, which was
founded in 1855. Throughout the years, the Institute was instrumental in development of design
codes and standards for a variety of steel structural members, occasionally crossing its ways with
American Institute of Steel Construction (AISC). To avoid duplication, the two institutes have
agreed to divide the applicability of their standards. Presently, the AISC Manual covers the design
of hot-rolled structural steel members, which include the familiar wide-flange beams, angles, and
channels. These members are cast and roll-formed to their final cross-sectional dimensions at steel
mills at elevated temperatures. The AISC Manual also covers plate girders fabricated from plates
with thicknesses generally greater than 3/16 in.
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In contrast, steel members produced without heat application, or cold-formed, are in the AISI
domain. Today, AISI is a recognized authority in the field of cold-formed construction. Cold-formed
framing is made from steel sheet, plates, or flat bars by bending, roll forming, or pressing and is usu-
ally confined to thinner materials. Some examples of cold-formed shapes used in construction
include metal deck, siding, steel studs, joists, and purlins—the “meat and bones” of pre-engineered
buildings. These structural members are usually less than 3/16 in in thickness and are known as “light-
gage” framing.

Most components of a typical metal building system, such as secondary members and wall and
roof covering, are likely to be governed by the AISI provisions; the main steel frames, by AISC
specifications.

While the AISC Manual® can be found on the bookshelves of most structural engineers, the AISI
Manual is less known, perhaps because cold-formed structures have been traditionally designed out-
side of consulting engineering offices. Indeed, most consulting engineers deal predominantly with
stick-built structures that utilize familiar off-the-shelf hot-rolled members.

The heart of the AISI Manual is what was formerly called Specification for the Design of Cold-
Formed Steel Structural Members.” The Specification was first published in 1946 and has been fre-
quently revised since, often drastically, reflecting the rapidly developing state of knowledge in
cold-formed design. The original Specification was developed largely from AISI-funded research at
Cornell University under Dr. George Winter and at other institutions in the late 1930s and early 1940s.
The current code development is in the hands of the Committee on Construction Codes and Standards.
In 2002, the Specification’s name was changed to the North American Specification for the Design of
Cold-Formed Structural Members. Accordingly, it applies to the design of cold-formed structures in
the United States, Canada, and Mexico. Design provisions common to all three countries are
included in the main part of the Specification; the country-specific items are included in the appendices.

The Specification includes design procedures for various stiffened and unstiffened light-gage
structural members, provides detailed design criteria for connections and bracing, and describes the
required tests for special cases. The Specification’s equations are used by manufacturers and fabri-
cators of pre-engineered buildings, steel deck, siding, and steel studs and are utilized in numerous
nonbuilding applications such as steel vessels and car bodies. Some Specification provisions are dis-
cussed in Chap. 5.

The AISI Manual also contains a commentary, reference data, and design examples explaining
and illustrating the Specification.

In addition to publishing the Manual, AISI is involved in technical education efforts and promo-
tional activities. The Institute’s network of regional engineers is ready to answer technical questions
from the specifiers and code officials. The AISI Construction Marketing Committee is actively pro-
moting targeted areas of steel construction. A major marketing program undertaken by the commit-
tee that included direct mail, presentations at construction conventions, and one-on-one marketing
was largely responsible for the huge success of metal roofing systems.

The Institute is also engaged in many other activities such as representing all of the steel indus-
try before the lawmakers and the executive branch.

American Iron and Steel Institute is located at 1101 17th Street, NW, Suite 1300, Washington,
DC 20036-4700; its telephone number is (202) 452-7100, and its website is www.steel.org.

2.4 METAL BUILDING CONTRACTORS & ERECTORS
ASSOCIATION (MBCEA)

As the name suggests, this trade group represents contractors and erectors of metal buildings. It was
formed in 1968 as Metal Building Dealers Association (MBDA); the name was later changed to
System Builders Association (SBA). The latter sounded lofty but somewhat confusing, and the
group’s name was changed again in 2002, to better reflect the occupation of its members. MBCEA
offers several membership categories for builders, independent erectors, metal roofing contractors,
light-gage metal framers, suppliers, and even design professionals.
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Many MBCEA activities take place at local chapters, where competitors by day join in the
evening to discuss common challenges and to exchange information. At the national level, MBCEA
offers legal help to contractors and erectors of metal buildings on the matters of contracts, liens, col-
lection problems, and the like. It also publishes several standard legal forms, such as a Standard Form
of Agreement between contractor and client, a Subcontractor Agreement, and a Proposal-Contract.

MBCEA maintains a certification program, awarded to companies deemed to possess significant
knowledge and experience in the metal building industry, as well as to demonstrate honesty and
integrity. The association has formed the Metal Building Institute (MBI) as a separate nonprofit edu-
cational and training organization. MBCEA sponsors annual trade shows, conferences, seminars, and
social events and publishes a magazine for prospective clients.

Metal Building Contractors & Erectors Association’s address is 28 Lowry Drive, P.O. Box 117,
West Milton, OH 45383-0117; its telephone number is (800) 866-6722, and its website is
www.mbcea.com.

2.5 NORTH AMERICAN INSULATION MANUFACTURERS ASSOCI-
ATION (NAIMA)

North American Insulation Manufacturers Association represents major manufacturers of fiberglass,
rock wool, and slag wool insulation. NAIMA, which traces its roots to one of its predecessor orga-
nizations established in 1933, seeks to disseminate information on proper application, performance,
and safety of insulation products. Like other similar trade groups, NAIMA conducts both technical-
education and promotional affairs.

Since the group’s interests go well beyond metal building systems, it is NAIMA’s Metal Building
Committee that sets performance standards and establishes testing programs for insulation products
used in pre-engineered buildings.

Among the most valuable NAIMA'’s publications applicable to metal building systems are:

e Understanding Insulation for Metal Buildings
e ASHRAE 90.1 Compliance for Metal Buildings
e NAIMA 202 Standard

North American Insulation Manufacturers Association is located at 44 Canal Center Plaza, Suite 310,
Alexandria, VA 22314; its telephone number is (703) 684-0084, and its website is www.naima.com.

2.6 METAL CONSTRUCTION ASSOCIATION (MCA)

Established in 1983, MCA was formed mainly for promoting the wider use of metal in construction.’
MCA’s best-known contribution to this goal is its annual Metalcon International, a major trade show
that represents the entire metal building industry from around the world. MCA has its own Merit
Award Program, bestowing honors on the projects it judges noteworthy, publishes a newsletter, and
conducts market research.

MCA’s market research activities include gathering and disseminating information on emerging
and growing market segments and on promising new uses of metal components. The group’s annual
Metal Roof and Wall Panel Survey tracks use of metal panels by installed weight and square footage.
To discuss a few specific areas of interest to only some of its members, MCA sponsors its Industry
Councils—Light Frame, Construction Finishes, and Architectural Products/Metal Roofing and
Siding. The membership is open to any person or company involved in the manufacture, engineering,
sale, or installation of metal construction components.

Metal Construction Association is located at 4700 W. Lake Avenue, Glenview, IL, 60025; its tele-
phone number is (847) 375-4718, and its website is www.metalconstruction.org.
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2.7 NATIONAL ROOFING CONTRACTORS ASSOCIATION (NRCA)

Membership of this century-old organization consists mostly of roofing contractors but also includes
manufacturers, suppliers, consultants, and specifiers of roofing. NRCA offers a variety of educa-
tional programs, tests, and evaluations of new and existing roofing materials and disseminates tech-
nical information to its members. Rather than develop its own design standards or performance
requirements, NRCA prefers to support other standard-writing bodies. Of particular interest to the
specifiers of metal building systems is The NRCA Roofing and Waterproofing Manual, which con-
tains the “Architectural Sheet Metal and Metal Roofing” section. This section offers a wealth of
information about metal roofing, from general to very specific, including a “Sheet Metal Details”
section. The manual also contains a section on reproofing. Another NRCA publication, Residential
Steep-Slope Roofing Materials Guide, deals with the likes of asphalt shingles and clay tile. NRCA
also publishes a monthly magazine, Professional Roofing.

NRCA is located at 10255 W. Higgins Road, Suite 600, Rosemont, IL 60018-5607; its telephone
number is (708) 299-9070, and its website is www.nrca.net.

2.8 LIGHT GAGE STRUCTURAL INSTITUTE (LGSI)

Most metal building systems manufacturers produce their own cold-formed metal building compo-
nents, but there are also independent producers of roof purlins, eave struts, and wall girts used in pre-
engineered buildings. For years, these producers felt underrepresented by the existing trade
organizations. As was already mentioned, light-gage cold-formed construction is governed by the
rather complex and often changing AISI Specification. After a Specification revision in 1986, sev-
eral producers of light-gage framing felt the need to work together to address the major changes in
Specification provisions. In 1989, they formed the Light Gage Structural Institute.

The main engineering result of the Institute’s activities was a publication of its Light Gage
Structural Steel Framing System Design Handbook,® which contains tables of design properties and
allowable load-bearing capacities for typical C and Z steel sections produced by LGSI members.
This information is quite valuable, as we shall see in Chap. 5.

Apart from producing technical information, LGSI is active in promoting quality of light-gage-
framing manufacturing. Manufacturing plants of the member companies receive up to four unan-
nounced annual inspections by LGSI’s representatives. The inspectors verify thickness and material
properties of the steel used by the manufacturer and perform product measurements for compliance
with LGSI guidelines; a special sticker is affixed to each inspected steel bundle.

Light Gage Structural Institute can be contacted by writing to P.O. Box 38217, Houston, TX
77238; its phone number is (713) 445-8555, and its website is www.loseke.com/Igsi.html.

2.9 CENTER FOR COLD-FORMED STEEL STRUCTURES (CCFSS)

The CCFSS was created in 1990, by an initial grant from AISI, to provide a coordinated way of deal-
ing with research and education efforts for cold-formed steel structures. The CCFSS’s goal is to pool
the technical resources of academia, product manufacturers, consultants, and government agencies
and improve the theory and practice of designing with cold-formed steel. The center is physically
located at and is run by the faculty of University of Missouri-Rolla, an institution at the forefront of
research in this area.

Of primary interest to specifiers of metal building systems is the center’s website, which has
handy links to the center’s sponsors, such as AISI (including its specifications and standards),
MBMA, and MCA. There are other useful links to a list of computer programs for the design of
light-gage framing, the schedule of continuing education and seminars, and the research publications
dealing with cold-formed steel.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



Hall, University of Missouri-Rolla, Rolla, MO 65409-0030. Its website is www.umr.edu/~ccfss/.

INDUSTRY GROUPS, PUBLICATIONS, AND WEBSITES

INDUSTRY GROUPS, PUBLICATIONS, AND WEBSITES

19

The Center for Cold-Formed Steel Structures is located in the Butler-Carlton Civil Engineering

2.10 MODERN TRADE COMMUNICATIONS INC.

Modern Trade Communications is best known for publishing three magazines that serve different
segments of the metal building industry:

e Metal Architecture, of interest to architects and other specifiers of metal building systems

e Metal Construction News (formerly Metal Building News), the first tabloid-size industry magazine

intended mostly for builders, manufacturers, and suppliers

e Metal Home Digest, dealing with residential applications of metal building systems

These three publications, especially Metal Architecture, should be of value to anyone interested
in staying abreast of the latest industry developments.
Modern Trade Communications Inc. is located at 109 Portage Street, Woodville, OH 43469; the
telephone number is (419) 849-3109, and its website is www.moderntrade.com.
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REVIEW QUESTIONS

Which trade organization represents builders of metal building systems?
When was MBMA formed?

Name the authoritative design specification dealing with cold-formed framing.
List any two areas of MBMA’s activity.

Which MBMA official serves as a de facto main technical representative of the industry?
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Source: METAL BUILDING SYSTEMS

CHAPTER 3
THE BASICS

3.1 STRUCTURAL LOADS

In this chapter we review the structural basics of metal building systems. We begin with a brief dis-
cussion of the structural loads (or loads, for simplicity) that the systems typically must carry, the
methods of combining these loads, and the methods of analysis. We then discuss how metal build-
ing systems work structurally and what their competition is, and examine the process of system
selection. Our goal is to show how and when to make an informed judgment about suitability of pre-
engineered framing for a particular project.

3.1.1 Dead and Collateral Loads

Dead load is the weight of all permanent construction materials, such as roofing, framing, and other
structural elements. Being well defined and known in advance, dead load is assigned a relatively low
factor of safety in the ultimate (load factor) design.

Collateral or superimposed dead load is a specific type of dead load that includes the weight of
any materials other than the permanent construction. It may account for the weight of mechanical
ducts, pipes, sprinklers, electrical work, future ceilings, and reroofing.

How much do these components weigh? The MBMA Manual' suggests the following typical values:

e Ceilings: 1 to 3 psf

e Lighting: 0.1 to 1 psf

e Heating, ventilating, air conditioning (HVAC) ducts (office/commercial occupancy): 1 psf
e Sprinklers: 1.5 psf for dry systems, 3 psf for wet systems

Adding up the numbers, a commercial or industrial building with sprinklers, lights, and mechan-
ical ducts—but without ceiling—could be designed for the collateral load of at least 5 psf. In the-
ory, this 5-psf collateral load is sufficient to account for the effect of most hanging pipes, lights, and
even small fans. But in practice, the weight of these elements is not applied in a uniform fashion,
and a larger amount of collateral load may need to be specified. However, the manufacturers tend
to dislike such artificially high (in their opinion) levels of collateral load, as further discussed in
Chap. 10.

The equipment load, which accounts for the weight of each specific piece of equipment sup-
ported by the roof or floor, should be specified separately. The weight of any HVAC rooftop unit
heavier than 200 1b, for example, is best represented by a concentrated downward force in the
design of the supporting purlins. The equipment load could be “averaged out”—converted to a uni-
form collateral load—for the main framing design.

21
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3.1.2 Live Load

Live load refers to the weight of building occupants, furniture, storage items, portable equipment,
and partitions (the International Building Code? lists partition loads in the “Live Loads” section).
Owing to the fact that live load is relatively short-term, not easily predictable or quantifiable, it car-
ries large factors of safety (uncertainty, really) in the ultimate design methods. Other sources of live
load arise during construction, repair, or maintenance of the building, and these are even more diffi-
cult to predict and quantify.

To deal with this uncertainty, building codes have enacted conservative values for live loads—the
framing must be designed to resist the loads which might occur only once or twice in the lifetime of
the structure, if at all. For example, office buildings are normally designed for the live load of 50 psf
while the actual weight of all the people and furniture in a typical office probably does not exceed
15 psf.

It is quite probable that the design live load will occur in a relatively small area of the building at
some time or another; it is much less probable that the whole floor will ever see that load. To reflect
this reality, building codes set forth the rules governing the live load reduction for members support-
ing relatively large floor or roof areas. For single-story metal building systems, roof live load, essen-
tially an allowance for the roof loading during its construction and maintenance, is the load being
reduced. With live load reduction, larger uniform loads are assigned to secondary members support-
ing limited roof areas than to primary structural framing. The reduction formulas are included in the
building codes.

The magnitude of roof live load is often compared to snow load and the larger value used in
the design.

3.1.3 Snow Load

The design snow load represents the maximum probable weight of snow that can collect on the roof.
Unlike live load, snow load is independent of the building occupancy but is highly dependent on
location. Building codes and the MBMA Manual have traditionally provided maps of ground snow
load. Now, both the MBMA Manual and the International Building Code defer to ASCE 7° for ground
snow load determination. Once determined, the magnitude of ground snow load is typically reduced
to arrive at the design roof snow load, by multiplying ground snow load by certain coefficients. For
example, ASCE 7-98 provides the following formula for determination of flat-roof snow load:

p,=0.7C,Clp,

where p, is flat-roof snow load, p, is ground snow load, C, and C, are the exposure and thermal fac-
tors, and / is the importance factor. These factors can be found in various tables included in ASCE
7. To arrive at the design snow load on a sloped roof, the p,is multiplied by the slope factor C..

The main reason roof snow load is usually less than the corresponding ground snow load is that
some snow is often removed from roofs by melting and wind. However, there are circumstances
when the opposite is true: More snow might collect on a superinsulated and sheltered roof than on
warm ground. In one case, the measured weight of snow on the roof of a collapsed freezer building
was found to be more than twice the value allowed by code—and also exceeded the weight of snow
that accumulated on the ground.*

When applicable, two other snow-related factors often prove critical: snow sliding and snow drift.
Most people living in northern climates have watched snow sliding down a smooth pitched roof; this
snow can slide onto an adjacent roof below and add to the snow load on it.

Roof snow drifts against walls and parapets are another familiar sight. The amount of this addi-
tional snow load depends on the roof size, wall or parapet height, and other factors (Fig. 3.1). (Note
that the snow on the gable roof is shown following its slope, as any snow must necessarily do, but
the snow load is actually specified as horizontal load acting on the projected area of the roof.) The
extra weight from sliding and drifting snow is highly concentrated and cannot be averaged out over
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FIGURE 3.1 Snow load on buildings.

the whole roof. It follows that some elements of the roof structure must resist higher snow loads than
others. Indeed, the roof areas adjacent to walls and high parapets are often designed for up to three
times (and sometimes more) the snow loading elsewhere.

Another design condition that should be considered is unbalanced snow on gable roofs. The
design requirements of various codes vary in this regard. The unbalanced-snow provisions of ASCE
7-98 Section 7.6, referenced in the 2002 edition of the MBMA Manual, specify the level of loading
as a function of the building size, roof slope, flat and sloped-roof snow loading, and other factors.
These provisions are rather complex, but presumably they represent a more accurate assessment of
unbalanced snow depths accumulating on gable and hip roofs.

The unbalanced roof snow loading should not be confused with partial loading. Partial loading
is normally considered in the design of continuous structural members such as purlins or multiple-
span rigid frames. A partial load occurs when some spans carry a reduced level of live or snow load,
while the other spans are fully loaded. It has been long recognized that some structural effects, such
as the positive bending moments, of partial loading are more severe than those produced by a full
uniform load.

Some spans of continuous members may even experience stress reversals under partial loading:
The flanges that would be in compression under a full load may become loaded in tension, and the
members in the less loaded spans may flex upward rather than downward. Again, the 2002 edition
of the MBMA Manual defers to ASCE 7-98 for load determination. Section 7.5 of ASCE 7 indicates
three loading conditions to be considered, with full balanced snow load being placed on some spans
and half the load on the remaining spans.

The actual snow load accumulation is not likely to follow the neat partial-loading formulas, but
neither will it occur in a 100 percent uniform fashion. The depth of snow may vary not only along
the length of the building, but also across it, from eave to eave, and the formulas are a handy approx-
imation of the complex reality. Besides, the roof may experience partial loading during snow
removal. Despite the typical recommendations that snow be removed throughout the roof in a uni-
form fashion a little bit at a time, it is much too convenient to totally clear some areas at once—and
unintentionally produce a classic partial load.

3.1.4 Rain and Rain-on-Snow Load

These two loads have been rarely used in the past, although some codes contained them for a long
time. Now, the International Building Code and ASCE 7 include them on the same footing as the
other, more familiar loads.
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The rain-on-snow surcharge load, with the maximum value of 5 psf, is applied to the roofs with
slopes less than 1/2 to 12, if the ground snow load does not exceed 20 psf. It is intended to reflect a
condition common in northern climates when a snowstorm changes to rain. If the roof pitch is small,
the rainwater cannot quickly drain away and is instead absorbed by the snow. (Being able to avoid
this load is one good reason to specify a minimum roof slope of at least !/2 to 12—and preferably
larger, as discussed in Chap. 6—rather than the all-too-common slope of /4 to 12.)

Rain load is specified in a different code section than rain-on-snow surcharge and represents a
different phenomenon—the weight of rainwater that can accumulate on the roof if the drainage sys-
tem is blocked. This load includes the weight of “water that rises above the inlet of the secondary
drainage system at its design flow.”> The weight of water is taken as 5.2 psf per inch of depth.

As discussed in Chapters 5 and 11, the roof secondary framing in metal building systems is rather
flexible, and rapid removal of rainwater is critical to its survival in a heavy rain. For this reason, pre-
engineered buildings are typically designed with exterior gutters rather than with interior drains. It
is important to understand that exterior parapets, which are becoming increasingly popular, interfere
with free drainage and require special steps to avoid roof failure and leakage under accumulated
weight of water. One such step is locating an interior gutter behind the parapet.

3.1.5 Wind Load

Ever since being told about the sad experience of the three little pigs, most of us have an apprecia-
tion of the wind’s destructive power. Several recent hurricanes, such as Hugo, Andrew (1989), and
Iniki (1992), have highlighted our vulnerability to this common natural disaster. The property losses
attributed to wind are enormous.

To design wind-resisting structures, the engineers need to know how to quantify the wind load-
ing and distribute it among various building elements. Unfortunately, the wind effects on buildings
are still not perfectly understood; the continuing research results in frequent building code revisions.

Most modern building codes contain maps specifying design wind speed in miles per hour for
various locales. Design wind speed used to be defined as the fastest-mile wind speed measured at
33 ft above the ground and having an annual return probability of 0.02. The 1995 and later editions
of ASCE 7,® however, define it as the maximum three-second gust, reflecting a new method of col-
lecting data by the National Weather Service. By using the code-provided formulas, it is possible to
translate wind speed into a corresponding velocity pressure in pounds per square foot. From the
velocity pressure, the design wind pressure on the building as a whole can be determined as a func-
tion of height and exposure category that accounts for local ground surface conditions.

Hurricane damage investigations reveal that local failures of walls and roofs occur most often
near the building corners and roof eaves. The secondary members and covering in those areas should
be designed for much higher wind loads—both inward and outward—than those in the rest of the
building. The actual formulas for such an increase vary among the building codes and are not repro-
duced here, but the basic definition of the “salient corner” areas subjected to the higher wind loads
is similar. Figure 3.2 illustrates the traditional approach of defining these.

Winds can damage buildings in four basic ways:

1. Component damage, when a part of the building fails. Some examples include a roof being blown
off, wall siding torn out, or windows shattered.

2. Total collapse, when lack of rigidity or proper attachments causes the building to fall apart like a
house of sticks.

3. Overturning, when the building stays in one piece and topples over, owing to insufficient weight
and foundation anchorage.

4. Sliding, when the building stays in one piece but loses its anchorage and slides horizontally.

For a long time, engineers considered wind to be a strictly horizontal force and computed it by mul-
tiplying the velocity pressure by the projected area of the building (Fig. 3.3a). As wind research
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Notes:
1. The dimension "a" ("The Salient Corner’ distance) is defined
as the smaller of 0.1b or 0.4h (but not less than 0.04b
nor 3 feet)

2. The dimension "h” is taken as mean roof height (when §< 10,
eave height may be used)

3. Areas adjacent to the ridge are included only when 10° < § < 45

FIGURE 3.2 Areas of high localized wind loading for low-rise buildings. (The actual numbers vary
from code to code.)

progressed, often pioneered by the metal building industry, a more complex picture of the wind force
distribution on gable buildings gradually became acknowledged (Fig. 3.3b). In the current thinking, the
wind is applied perpendicular to all surfaces; both pressure and suction on the roof and walls are con-
sidered, as are internal and external wind pressures. Sorting out the various permutations of all these
wind load components takes some practice and should be delegated to experienced professionals.

3.1.6 Earthquake Load

Earthquake damage makes front-page news; even if not witnessed firsthand, devastating effects of
the earth shaking appear uninvited on our living room TV screens, accompanied by familiar com-
mentaries about the limitations of scientific knowledge in this area. As the forces of nature become
better understood, building codes prescribe increasingly sophisticated methods of earthquake analy-
sis. Still, the most basic notions of seismic design do not change, and it is worthwhile to review some
of them.

The first classic theory holds that the majority of earthquakes originate when two segments of
the earth crust collide or move relative to each other. The movement generates seismic waves in the
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FIGURE 3.3 Wind load on gable buildings. (a) Projected area method of wind load application. It is
generally obsolete, but a variation of it, where roof uplift loading is placed on the projected area or the
roof, is used in Uniform Building Code, 1997 ed. (b) Wind applied normal to all surfaces.

surrounding soil that are perceived by humans as ground shaking; the waves diminish with the dis-
tance from the earthquake epicenter. The wave analogy explains why earthquakes are cyclical and
repetitive in nature.

The second seismic axiom states that, unlike wind, earthquake forces are not externally applied.
Instead, these forces are caused by inertia of the structure that tries to resist ground motions. As the
earth starts to literally shift away from the building, it carries the building base with it, but inertia
keeps the rest of the building in place for a short while. From Newton’s first law, the movement
between two parts of the building creates a force equal to the ground acceleration times the mass of
the structure. The heavier the building, the larger the seismic force that acts on it.

Factors affecting the magnitude of earthquake forces on the building include the type of soil,
since certain soils tend to amplify seismic waves or even turn to a liquidlike consistency (the lique-
faction phenomenon). The degree of the building’s rigidity is also important. In general terms, the
design seismic force is inversely related to the fundamental period of vibration; the force is also
affected by the type of the building’s lateral load-resisting system.

The notion of ductility, or ability to deform without breaking, is central to modern seismic design
philosophy. Far from being just desirable, ductility is fundamental to the process of determining the
level of seismic forces. The building codes may not explicitly state this, but a certain level of ductil-
ity is required in order for the code provisions to be valid. Without ductility, the design forces could
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easily have been four or five times larger than those presently specified. The systems possessing
ductile properties, such as properly detailed moment-resisting frames, may be designed for smaller
seismic forces than those with less ductility, such as shear walls and braced frames. Why?

To answer this question, one needs to examine the goals of seismic design in general. Most build-
ing codes agree that the structures designed in accordance with their seismic code provisions should
resist minor earthquakes without damage, moderate earthquakes without structural damage, but with
some nonstructural damage, and major ones without collapse. Since the magnitude of the actual
earthquake forces is highly unpredictable, the goal of collapse avoidance requires the structure to
deform but not to break under repeated major overload. The structure should be able to stretch well
past its elastic region in order to dissipate the earthquake-generated energy.

To achieve this goal, the codes are filled with many prescriptive requirements and design limita-
tions; particular attention is given to the design details, since any disruption of the load path destroys
the system.

It is important to keep in mind that real-life seismic forces are dynamic rather than static, even
though their effects are commonly approximated in practice by a so-called equivalent static force
method. This method is used partly for practicality, as dynamic analysis methods are quite cumber-
some for routine office use, and partly for comparison of the results to those of wind-load analysis
and using the controlling loading to design against overturning, sliding, and other modes of failure
discussed in Sec. 3.1.4.

The actual formulas for determination of seismic forces differ widely among the building codes
and even among the various code editions. In general, these formulas start with the weight of the
structure and multiply it by several coefficients accounting for all the factors discussed above.

3.1.7 Crane Load

This type of loading is produced by cranes, monorails, and similar equipment. Crane loads are discussed
in detail in Chap. 15.

3.1.8 Temperature Load

This often-ignored and misunderstood load occurs whenever a steel member with fixed ends under-
goes a change in temperature. A 100-ft-long piece of structural steel, free to move, expands by 0.78
in for each 100°F rise in temperature and similarly contracts when the temperature drops. If some-
thing prevents this movement, the expansion or contraction will not occur, but the internal stresses
within the “fixed” member will rise dramatically. A basic formula for thermal stress increase in a
steel element with fixed ends is

Change in unit stress = E - € - ¢

where E = modulus of elasticity of steel (29,000,000 psi)
€ (epsilon) = coefficient of linear expansion (0.0000065 in/°F)
t = temperature change (°F)

For example, if the temperature rises 50°F, a steel beam 50 ft long that is restrained from expan-
sion will be under an additional stress of 29,000,000 X 0.0000065 X 50 = 9425 psi, a significant
increase.

Temperature loads seldom present a problem either in conventional bolted-steel construction or
in metal building systems. Indeed, the author is not aware of any building failures caused solely by
temperature changes, although he has investigated a metal building system damaged by heat
buildup due to fire—a separate issue. Thermal loading is insignificant and may often be ignored in
the design of primary framing for small pre-engineered buildings, or of buildings located in the
areas with relatively constant ambient temperatures, or of climate-controlled buildings. It may be
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more important for unheated fixed-base large-span structures with small eave heights located in cli-
mates with large temperature swings, or for cold-storage facilities. The effects of thermal expan-
sion and contraction should be considered in very large pre-engineered buildings, measuring
hundreds of feet in length. Thermal contraction of steel frames seems to be more dangerous than
thermal expansion, because during contraction the steel is under tensile stress which, if large
enough, can damage the connection bolts or welds.

Temperature changes are felt most acutely by exposed metal roofing, as discussed in some depth
in Chap. 6, and by metal siding, but the trapezoidal design of their metal panels can relieve the expan-
sion and contraction to some degree. It is more difficult to accommodate thermal stresses in continu-
ous secondary structural members, girts and purlins, located in unheated buildings. Consider the
worst-case scenario, when the structure is fully loaded with snow and the purlins have contracted
toward the middle of the building. Then, the primary frames will probably end up being laterally dis-
placed from the original vertical position by the contracting purlins (and girts, if those are continuous)
and metal sheathing. The result: an unplanned-for level of torsion in the frames.

Some building codes and the MBMA Manual are silent on temperature loads. How much of a tem-
perature change should be assumed in the design? The answer depends on the climate, building use,
and insulation levels. If this loading is included at all, thermal stresses due to at least a S0°F rise or fall
(100°F total variation) from the probable temperature at the time of the erection should be considered.

3.2 METHODS OF DESIGN AND LOAD COMBINATIONS

3.21

The loads discussed above need not be lumped together indiscriminately. It is highly improbable, for
instance, that a once-in-a-lifetime hurricane will occur at the same time as a record snowfall. The odds
of the roof live load, an allowance for infrequent roof maintenance and repair effects, being present
during a major earthquake are similarly slim. To produce a realistic picture of combined loading on
the structure, two approaches have been traditionally taken, reflected in the ultimate and the allowable
stress designs methods.

Ultimate Design Method

In this method, also known as the strength design method, the loads are added together in various
combinations, using load factor multipliers for each load and modifying the total by a “probability
factor.” The resulting combined load is then compared to the “ultimate” capacity of the structure. The
load factors reflect a degree of uncertainty and variability of the loads, as was already mentioned.
For steel design, this method is followed in the Load and Resistance Factor Design (LRFD)
Specification for Structural Steel Buildings published by the American Institute of Steel
Construction®, that contains a list of load combinations similar to those of ASCE 7.

The LRFD method of structural analysis provides a more uniform reliability than the allowable
stress design discussed below and may become prevalent in the future for structural steel buildings.
As of this writing, however, it does not yet have a widespread acceptance in the design community,
and therefore it is not covered here in greater detail.

Further, the users of LRFD in metal building systems may actually be at a disadvantage relative
to the users of the allowable stress design method (ASD). How so? The load factors of LRFD (1.2
for dead and 1.6 for live load) have been established to ensure an equal level of reliability with ASD
at a certain ratio of live to dead loads. Below this ratio, LRFD generally provides a more economi-
cal design; above it, ASD does.

It is easy to find what ratio of live to dead load provides the same level of reliability for both LRFD
and ASD methods. At that ratio, the average (“global”’) LRFD load factor should be 1.5, which is also
the implied safety factor of ASD method (recall that the allowable bending stress in compact wide-
flange members is 0.66F , inverting which yields 1.5). So, for the dead load of, say, 1.0 psf and the
live load of R times 1.0 psf, the following equation can be constructed to find the ratio R:
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10X 12+ RX1.0X 1.6 =R+ 1.0)X 1.5

From this equation, the “break-even” ratio of live to dead load R is 3.0. As the reader certainly
knows, in metal building systems the dead load is extremely small (typically 2 to 3 psf), and any real-
istic design level of live or snow loading will exceed the dead load by a factor of more than 3.0, mak-
ing ASD design more economical for this type of construction.

3.2.2 Allowable Stress Design Method

In this method, some fractions of loads that represent perceived probabilities of the simultaneous
load occurrence are added together in various combinations. The total stress level from the loads in
each combination is then computed and compared with the allowable stress value (expressed as a
function of the yield stress for steel members). The allowable stress can usually be increased by one-
third for wind or earthquake loading.

There is no universal agreement or a single best way to combine the loads acting on the building.
Specifiers should follow the provisions of the governing building code, or, if not available, of a
nationally recognized standard such as ASCE 7 modified for project conditions if needed.

For single-story metal building systems, the following “basic” load combinations used to be com-
monly specified:

Dead + snow (or roof live load)
Dead + wind (or earthquake)
Dead + snow + earthquake
Dead + /2 wind + snow

Dead + wind + 1/2 snow

These sensible load combinations can still be found in some state codes and are included in both the
Uniform Building Code, 1997 ed.,® and the International Building Code, 2000 ed., as “alternate basic
load combinations.” Both include one more combination in their list:

0.9 Dead + Earthquake/1.4

The earthquake load in another “alternate” combination is also divided by a factor of 1.4.

ASCE 7, since its 1995 edition, is using another approach to combining loads, where the effects of
all the loads are essentially simply added together. For metal building systems subjected only to dead,
live, roof live, snow, wind, and earthquake loads, the critical ASD load combinations are as follows:

Dead + snow (or roof live load) [+ some other loads such as temperature and soil pressure]
Dead + wind (or earthquake)
Dead + live + snow (or roof live load) + wind (or earthquake)

If there are two or more loads acting in addition to the dead load, the total of those loads (exclud-
ing the dead load) may be reduced by a factor of 0.75. The total shall not be less than the effect of
the dead load plus the largest unreduced load. No further stress increase is permitted for these load
combinations. The earthquake load is excluded from being reduced in this manner, and there are
separately defined load combinations when this load is present.

The load combinations in the latest editions of ASCE 7 are more severe than those listed previ-
ously, because the one-third stress increase for wind acting in combination with dead load is not
allowed, and because the extreme levels of both snow and wind loading are simply combined.

The International Building Code, 2000 ed. (IBC), contains its own provisions for load combina-
tions. There are two sets of combinations for the allowable stress design method. The first one
(“basic™) is similar to the combinations of ASCE 7 (1995 and later editions), but its combinations
involving only dead and lateral loads are:
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0.6 Dead + wind
0.6 Dead + 0.7 earthquake

The IBC’s second (“alternate”) set of load combinations has been already described. One code provi-
sion quite relevant to metal building systems concerns the alternate load combination of “dead +
wind.” In that combination, the code allows using only two-thirds of the of the minimum dead load
likely to be in place during a design wind event.

The dead load in load combinations should include collateral load if that increases the total effect.
Collateral load should be ignored for uplift determination in the “dead + wind” combination but
included when the wind acts downward. Thermal loading, not included in the above “basic” combi-
nations, should be considered when appropriate, as discussed above. Both balanced and unbalanced
(plus partial) snow loading should be considered in all the loading combinations involving snow.

Occasionally, projects may require that some nonstandard load combinations be considered,
whether based on the local code provisions or on engineering judgment. In this case, the specifiers
should bring the manufacturers’ attention to this requirement early—at the bidding or negotiating
stage—and be prepared to persevere in the face of some resistance to altering routine practice and
the available computer programs.

3.3 HOW METAL BUILDINGS WORK STRUCTURALLY

3.3.1 Some Building Anatomy

A typical single-story metal building system is supported by main frames forming a number of bays
(Fig. 1.2). Bay size is the space between frame centerlines measured along the sidewall. In the perpen-
dicular direction, frame clear span is the clear distance between frame columns. At the roof level, metal
roof panels form a weathertight enclosure and carry structural loads to purlins, the secondary structur-
al members spanning between the main frames. Metal building systems can have a variety of wall mate-
rials, the original and still the most popular being metal siding, supported by sidewall or endwall girts.

Endwalls are commonly framed with endwall columns, which provide support for the girts and
therefore are spaced at the intervals dictated by the girt’s structural capacity. The endwall columns
carry roof beams spanning from column to column, as in post-and-beam framing. If a future build-
ing expansion is planned, a regular main frame can be used instead of the endwall framing; the only
function of the endwall columns then is lateral and vertical girt support. During the future expansion,
the columns are removed and one or more bays added.

3.3.2 Lateral Stability of Metal Buildings: Typical Approach

A building lacking lateral stability against wind and earthquake loads will not be standing for long. The
most popular pre-engineered structure, rigid frame, relies on its own moment-resisting ability to later-
ally support the building (Fig. 3.4). Other frame systems, such as the familiar post-and-beam construc-
tion, do not possess such rigidity of their own and, absent of any rigid walls, may collapse like a house
of cards if pushed laterally (Fig. 3.5a). Thus the second way to achieve lateral stability of the building is
to provide braced frames, as shown in Fig. 3.5b. Vertical bracing not only resists lateral loads but also
stiffens the building in general, especially against the crane-induced loads, minimizes vibrations, and
helps during building erection. Vertical rigidity can also be provided by shear walls, discussed separately.

A typical design solution for metal building systems is to provide moment-resisting frames span-
ning the short direction of the building and braced frames in the exterior walls. The vertical bracing
located in the endwalls acts primarily in resisting lateral loads acting in the direction parallel to the
frames, while the sidewall bracing resists the loads in the perpendicular direction.

The roof diaphragm, usually a system of horizontal braces, distributes the loads among the lateral
load-resisting elements.
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Wind or Earthquake —

(o) (b)
FIGURE 3.5 Post-and-beam frames. (a) Unbraced (unstable); (b) braced (stable).

3.3.3 The Roof Diaphragm

When rigid frames are used in combination with endwall bracing, the roof diaphragm plays a rela-
tively minor role in resisting wind or earthquake loads acting parallel to the frames, since its span is
only one bay—between the frames. However, the roof diaphragm plays a critical role in buildings
with nonrigid frame types such as a simple-span beam and bar joist system, where the diaphragm
spans the distance between the endwalls (Fig. 3.6).

While roof bracing represents the usual type of roof diaphragm found in metal building systems,
the same result can be achieved by the rigidity of roof decking made of steel, wood, or concrete.
Corrugated metal roof deck is probably the most common diaphragm used in conventional con-
struction; it has its place in metal building systems as well. Through-fastened metal roofing operates
on the same principle as metal deck, although it possesses a lesser degree of rigidity owing to the
thinner metal gages.

Still, the typical roof diaphragm construction in metal building systems is made of diagonal steel
rods resisting tension forces and struts designed for compression. The diaphragm is essentially a hor-
izontal truss that includes the rafters of primary frames.

For simplicity of construction, the diaphragm rods are placed below the purlins (Fig. 3.7), even
though theoretically both the rods and the struts should be located in the same plane. The vertical
distance between the purlins and the rods should exceed the maximum expected vertical deflection
of the purlins under the full gravity load.

Some manufacturers prefer steel cables instead of rods. The cables, however, tend to loosen; even
rods are difficult to tighten and to maintain in a taut condition throughout the service life of the build-
ing. The loose rods or cables may allow the building to undergo significant movements before they
become engaged, leading to damage of nonstructural elements. The rod connection details are dis-
cussed below.

The diaphragm struts may consist of added purlins designed for axial compression, which usually
requires that they be laterally braced at close intervals, as shown in Fig. 3.8. Without lateral bracing, a
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Wind or Earthquake
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FIGURE 3.6 Roof diaphragm distributes lateral loads to braced endwalls.

typical cold-formed purlin has a very limited compressive capacity. The lateral purlin bracing shown in
Fig. 3.8 is made of special Z shapes attached by screws to both the strut and the adjacent roof purlin;
other types of purlin bracing are discussed in Chap. 5. The purlin struts should be provided with antiroll
clips at supports, also discussed in Chap. 5. The roof struts are typically designed only for axial forces,
and they should not be carrying any other load. It means that neither roof clips nor hangers of any sort
be attached to the struts, and that roof sheets not be terminated at the strut locations.

Purlin struts are usually made of thicker steel than the regular purlins, but when the compres-
sive capacity of even the heaviest-gage purlin is insufficient (or the span exceeds, say, 35 ft), pipe
struts may be used. Unlike cold-formed shapes, pipes require little, if any, lateral bracing for full
effectiveness.

There are two methods of attaching a pipe strut to the primary frame. In the first one, a web con-
nection is made (Fig. 3.9); in the second, the pipe is bolted to the top flange of the frame (Fig. 3.10).
In either case, at least two high-strength bolts are needed. The layout of compression struts is nor-
mally shown on the manufacturer’s roof erection plan. The details of attachment should be care-
fully coordinated with the location and details of purlin bracing. For example, if purlin bracing
consists of two rows of angles at the top and bottom of purlins, it might be possible to locate the
pipe strut between them, and Fig. 3.9 would get the nod. The attachment of Fig. 3.10 may present
more difficulty in this regard, unless the pipe size is small enough not to interfere with the top line
of purlin bracing.

3.3.4 Wall Bracing

Rigid frames offer little or no lateral resistance normal to their plane, unless fixed at the base—an
infrequent and often undesirable solution. Instead, stability in that direction is typically provided by
sidewall bracing, spaced as shown in Fig 3.11. A typical sidewall bracing bay consists of steel rod
or cable diagonals, eave strut and columns on each side.

Some manufacturers place the braces in the end bays of the side walls, others avoid the end bays
and start in the first interior bays, as in Fig. 3.11. The former approach helps stabilize the corner areas
that are most susceptible to hurricane damage; the latter engages only the frames with the largest
dead load, which reduces the uplift forces on the frame anchors bolts. Naturally, in small buildings
consisting of only two bays, wall bracing may be placed in either bay. The manufacturers tend to
avoid using standard wall bracing in the adjacent bays in order not to complicate detailing and erec-
tion. The lateral loads are transmitted along the wall from brace to brace by eave struts. The eave
struts are designed for axial compression or for combined axial compression and biaxial bending.
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FIGURE 3.7 Typical roof diaphragm details. (a) With clevis, used with ’%-in or larger rods; (b) without clevis, with
%-in or smaller rods. (Star Building Systems.)
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PURLIN STRUT
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FIGURE 3.8 Purlin strut laterally braced to roof purlin. (Nucor Building Systems.)
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FIGURE 3.9 Detail of pipe strut attachment to column or rafter. The manufacturer recommends
using two 1-in-diameter A 325 bolts. (Nucor Building Systems.)
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FIGURE 3.10 Alternate detail of pipe strut attachment to column or rafter. The manufacturer recommends using two
1-in-diameter A 325 bolts for 6-in pipe and three 1-in-diameter A 325 bolts for 8-in pipe. (Nucor Building Systems.)

How many sidewall braced bays are required? In public construction, the contract drawings
showing all the doors and windows are typically produced before the manufacturer is selected, and
the specifier must make an educated guess. Beyond the basic guidance of Fig. 3.11, which suggests
a maximum of five unbraced bays between the braced bays, asking a few manufacturers may help.
One source (Nucor Building Systems’) recommends using Table 3.1, with the following notes:

1. The building should have the minimum fotal number of bays for the required number of braced
bays in Table 3.1:

Required braced bays Minimum total bays
1 2
2 5
3 7
4 9
5 11

2. The table is based upon Occupancy Category Il, as defined in the MBMA Manual. (This category
includes most buildings; it excludes essential facilities and those that represent a substantial haz-
ard to human life in the event of failure.)

3. The letter B or C refers to the wind exposure category. The table should not be used for structures
located within a hurricane coastline.

4. Additional bracing may be needed for relatively long buildings. Also, at least one braced bay must
be provided on each side of expansion joints.

5. Consult the manufacturer for further explanation of the table and for conditions not included.
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FIGURE 3.11 Typical bracing locations. (Star Building Systems.)

Building end walls must also be braced, unless a rigid frame is provided there for future expansion or
other reasons. Standard endwall bracing locations are between the first and second interior columns
(Fig. 3.12), although they could be located anywhere along the endwall as allowed by the specifier.’

3.3.5 Common Wall Bracing Details at the Bottom of Columns

The most common details of diagonal rod and cable bracing connection to the column are shown in
Fig. 3.13. Essentially, the concentrated loads from the bracing are transferred via hillside washers
directly into the column webs.

The hillside washer (Fig. 3.14) is a cast circular element with a vertically slotted hole that allows
for variable angles of rod insertion. A matching vertically slotted hole is made in the column web. The
better washer designs have a protrusion on the back that locks into a matching hole in the web and
prevents the washer from sliding upward under load.

Despite their widespread use, these details could use some improvement. The thin unreinforced
frame webs are rarely checked for local bending from the concentrated loads applied by bracing and
may not survive the real load application. The author has seen this happen.
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STANDARD ENDWALL CABLE OR ROD BRACING

FIGURE 3.12 Typical endwall bracing locations. Buildings not exceeding 100 ft in width may need only a single set
of bracing; when the width is between 100 and 240 ft, two sets are required, as shown. (Nucor Building Systems.)

HILLSIDE WASHER
FLAT WASHER
HEX NUT

ROD BRACE

/ WEB OF FRAME

CABLE BRACE

HILLSIDE WASHER
FLAT WASHER

HEX NUT EYE BOLT

/ WEB OF FRAME

()

FIGURE 3.13 Typical rod and cable brace details. (a) Rod brace to frame detail;
(b) cable brace to frame detail. (Metallic Building Systems.)
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FIGURE 3.14 Hillside washer.

Failures of the hillside washer-to-web connection were reported by Miller,® who investigated
damage to several metal buildings from the Feb. 17, 1994, Northridge earthquake in California. He
reported that five out of six such connections in one building failed. The failure mechanism involved
fracture of the hillside washers (Fig. 3.15) and in some cases subsequent pull-through of the rods.
The missing washer of Fig. 3.15 was located more than 15 ft away from the column.

Surprisingly, the building did not collapse. Why? Miller attributed the positive outcome to its
light weight—so that little seismic load was generated—and to framing redundancy. In this context,
redundancy refers to the beneficial effects not normally considered in design, e.g., partial fixity of
column bases and even some help from sheet metal flashing.

Sinno’ attempted to conduct a definitive study of the ultimate behavior of the connection. His lab-
oratory tests identified five possible failure modes, including a fracture of the rod and four failure
modes in the column material and welds. Surprisingly, fracture of hillside washers documented by
Miller was not among them. In any case, it seems that widespread use of standard hillside washers
attached directly to thin webs should be reevaluated.

Fortunately, the problem has been recognized, and now there is an alternative. The proprietary
line of washers has been developed by Triangle Fastener Corp. of Cleveland, Ohio (reportedly,
inspired by a discussion on this topic in the first edition of the book); one heavy-duty product is
shown in Fig. 3.16. The illustrated washer appears so massive as to preclude its fracture under load.
However, the thin column web can still be damaged, and we recommend that a steel reinforcing plate
be placed under the washer. The plate should be fitted between the column flanges and welded to
them (Fig. 3.17). The plate’s thickness can be determined by calculations.
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FIGURE 3.15 This is where a hillside washer was before the Northridge earthquake. (J. R.
Miller & Associates.)

FIGURE 3.16 A proprietary heavy-duty replacement for hillside washers.
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3.3.6 Other Wall Bracing Details at the Bottom of Columns

Some manufacturers offer rod-to-frame connection details that do not involve hillside washers
attached to the frame web. One alternative is to connect the bracing rods to the column flanges with
bolted brackets. In Fig. 3.18a, the rod is connected to a straight column at its interior flange, a solu-
tion that avoids burning holes in the webs of flush-mounted girts normally associated with the
straight columns. In Fig. 3.18b, the rod is bolted to the exterior flange of a tapered column. The rod
is wholly contained within the column depth, to avoid interference with bypass girts often used with
tapered columns. (See the discussion in Chap. 5 on the types of girts used in pre-engineered build-
ings.) Although these details sidestep the issue of direct attachment to an unreinforced web, they
introduce torsion in the column near the base and in the anchor rods.

A radically different solution to the challenge of connecting bracing rods at the base is shown in
Fig. 3.19. Here, the rod is attached not to the column at all, but to a separate foundation clip bolted
directly to the foundation. The obvious advantages of this approach are counterbalanced by the need
to provide additional anchor rods. Also, enlarged foundation piers or walls are needed at the clip
locations, as further discussed in Chap. 12.

3.3.7 Wall Bracing Details at the Top of Frames

So far, we have described common rod-to-column connections at the bottom of the columns. Similar
details are used for the top rod-to-column connections and at the attachments of the horizontal
diaphragm bracing to the frame. With the obvious exception of the foundation clip, the available
details parallel those used at the column base. The commonly offered choices are shown in Fig. 3.20:
(a) direct attachment to the web of the knee; (b) connection to a straight column at the interior flange;
and (c) bolting to the exterior flange of a tapered column.

The details of Fig. 3.20 invite the same comments made for their bottom-of-the-column versions,
except that those arguments can be made even more forcefully here. Indeed, in Fig. 3.20a the thin
column web must not only resist the forces applied by the two rods, but also has to transfer the load
from the horizontal roof diaphragm to the vertical wall bracing. The author has seen this type of a

ADDED PLATE

EACH
END

FIGURE 3.17 Added plate is used for web reinforcement.
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FIGURE 3.18 Details of wall bracing attachment to column flanges. () Attachment
to straight column at the interior flange; (b) attachment to tapered column at the
exterior flange. (Star Building Systems.)
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g OR LARGER ROD
BRACING WITH CLEVIS

ANCHOR BOLTS
NOT BY STAR

FIGURE 3.19 The use of foundation clips sidesteps the difficulties of
attaching bracing rods to column. (Star Building Systems.)

connection fail under heavy load. In Fig. 3.21, which illustrates a failure of the horizontal roof
diaphragm attachment to the rafter web, the rod in tension has pulled through the web, fractured it,
and even locally bent the rafter.

In Figures 3.20b and 3.20c¢, torsion from the eccentricity of forces in the rods relative to the cen-
ters of the columns has to be resisted by the framing itself, since there are no anchor rods to help
resist it.

One method of improving the simple connection of Fig. 3.20a is to introduce a combination of
heavy-duty washers and reinforcing plates, as discussed above for the bottom connection with a hill-
side washer. An even better detail is illustrated in Fig. 3.22. Here, the horizontal and vertical bracing
rods are connected to a bracket bolted to the web with a backup plate, so that the force transfer occurs
within the sturdy bracket rather than within the frame web.

A final comment on the rod-to-column connection: It is important to keep the bracing rods taut, to
avoid rattling and excessive sway of the building. However, it is difficult to tighten the rods solely by
means of a nut behind the hillside washer, especially considering that tightening is done against a thin
web plate. A more reliable detail is to provide a turnbuckle for tightening and to attach the rods to
columns directly. One possible solution is shown in Fig. 3.23; it could be further improved by pro-
viding a web-stiffening plate or angle as discussed above.

3.3.8 Nontypical Wall Bracing Systems

In some cases, the standard rigid-frame-and-bracing scheme described above cannot be used and
other solutions must be sought instead. For example, in a very tall building the proportions of a reg-
ular wall X-brace might exceed the limits of the standard connection details. In that case, a tiered
brace may provide the solution. In the tiered brace, an intermediate compression member—a stiff-
ened girt or a strut similar to those used in roof diaphragms—is introduced to keep the brace pro-
portion reasonable (Fig. 3.24).

In another common scenario, one of the side walls is completely filled with overhead doors
or windows, leaving no space for wall bracing. There are three possible design solutions for this
situation.

The first is to provide bracing only at one side wall and at both end walls in combination with a
relatively rigid roof diaphragm that can effectively distribute torsional loading between the three
sides. This solution and the conditions that must be met for it to be feasible are shown in Fig. 3.25.
This scheme is better suited to smaller buildings.
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FIGURE 3.20 Various details of wall bracing attachment at the top. (Star Building Systems.)
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FIGURE 3.21 Fracture of the rafter web at the point of horizontal rod attachment. Note that the force applied by the
bracing has also laterally displaced the rafter section.

ROOF BEAM

FIGURE 3.22 A bracket for load transfer between roof and wall
bracing. (Butler Manufacturing Co.)
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FIGURE 3.23 Rod brace detail with welded plates and turnbuckles. (Nucor Building Systems.)

The second solution is to design each column as a cantilever fixed into the ground, like a flag-
pole. The foundations and columns designed this way tend to become rather expensive. However,
one particular version of the fixed-base column design called wind post—an exterior column with
fixed base—is relatively common. Wind posts can be used where wall bracing cannot be. Sometimes
it is possible to place wind posts only in the end walls. As with all fixed-base columns, wind posts
generate bending moments in the foundations; they should be used with caution and only when the
foundations for them can be designed in advance. Some other limitations of the scheme relying on
wind posts placed only in the end walls are listed in Fig. 3.26.

The third solution is to use portal frames, small rectangular rigid frames that fit between, and are
attached to, the main building columns (Fig. 3.27). Portal frames are discussed further in the next
section.

Alternatively, concrete or masonry shear walls that possess higher rigidity than the bracing may
be used to provide lateral stability (Fig. 3.28). While expensive to construct specifically for the
bracing purpose, shear walls cost very little in buildings with masonry or precast exteriors.

Various types of wall bracing should not be combined in the same wall, unless a detailed relative-
rigidity analysis is first made.

3.3.9 Portal Frames

As just mentioned, the portal frame is a rigid frame that fits between the main building columns.
Portal frames are typically placed in the side walls—in the direction perpendicular to the span of the
main frames. A portal frame can be integrated into the metal building in one of two ways. The frame
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FIGURE 3.24 Detail of tiered rod brace. (Nucor Building Systems.)

can be placed as shown in Fig. 3.29, with its columns extending to the foundation and being secured
to it with anchor rods. At the top, the portal frame is bolted to the primary frame columns by small
brackets (Fig. 3.30).

Alternatively, the portal frame columns could stop short of the foundation. This requires attach-
ment to the primary frame columns at both top and bottom. A major advantage of not extending the
portal frame columns to the floor is that it avoids enlarging the foundation piers, something that could
be appreciated by the foundation designer who may not know the exact locations of the portal frames
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FIGURE 3.25 Wall bracing provided only at one sidewall. One manufacturer recommends that this “torsional braced
bay” design be used only if all of the following conditions are met: The eave height =20 ft; the width =70 ft; the roof
slope =1:12; no cranes are present; seismic load does not control the design. (Nucor Building Systems.)

FIXED-BASE
WIND COLUMN

FIGURE 3.26 Fixed-based endwall columns. One manufacturer recommends that this bracing option be used only if
all of the following conditions are met: The eave height =18 ft; the width =160 ft; the roof slope =1:12. (Nucor Building
Systems.)

in advance. (The whole topic of designing foundations before the metal building manufacturer is
selected is discussed in Chap. 12.)

The disadvantage of not extending the portal frame column all the way down is that the bottom
part of the primary building column would now have to provide the level of strength and stiffness
comparable to that of the portal frame. This goal may be difficult to achieve, given that the primary
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/M

PORTAL FRAME

FIGURE 3.27 Sidewall portal frame. One manufacturer recommends that it be used only if all of the following
conditions are met: The eave height =30 ft; the width =240 ft. (Nucor Building Systems.)
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FIGURE 3.28 Shear wall.

column is oriented in the weak direction relative to the portal frame. The manufacturers tend to dis-
like this detail and prefer the first one.

The easiest portal frame attachment to the primary frame column can be made by a single angle
bracket, as in Fig. 3.30. Unfortunately, this detail suffers from two shortcomings. The first one: An
angle piece located eccentrically to the plane of the portal frame will likely introduce torsion into it.
A better detail is to align the bracket with the plane of the portal frame, or at least to use a stiffened
angle bracket, as in Fig. 3.31. The second problem is that the portal frame column is unrestrained
against rotation under load. The solution is again shown in Fig. 3.31: The interior flange of the
portal frame can be braced either by a pair of full-depth horizontal stiffeners or a flange brace.

For buildings with low eave heights, adequate space above the top of the opening must be pro-
vided to fit a portal frame. Conversely, in tall buildings there will be some space left between the top
of the portal frame and the eave strut. If that space is substantial, a partial-height X-brace can be pro-
vided above the portal frame (Fig. 3.32). The X-brace allows for transfer of lateral forces from the

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



THE BASICS

50 CHAPTER THREE

PORTAL FRAME RAFTER—'

PORTAL FRAME —
COLUMN

EAVE HEIGHT

——FINISH FLOOR
L

& BUILDING FRAME & BUILDING FRAME
|

NOMINAL BAY

FIGURE 3.29 Portal frame in a sidewall. (Star Building Systems.)

eave strut into the portal frame without introducing weak-axis bending into the primary frame
columns. To maintain reasonable bracing proportions, the distance from the bottom of the portal
frame to the top of the eave strut (the distance X in Fig. 3.32) should be at least 6.5 to 7 ft. Otherwise,
a full-height portal frame is normally provided.

The most certain way to determine the dimensions and clearances of a portal frame is to contact the
manufacturer that will be providing the frames. When the dimensions must be known before the man-
ufacturer is selected, as in public bidding work, the following approach is suggested (after Ref. 7). First,
determine the horizontal frame loads by independent analysis or by following the procedures in some
manufacturers’ catalogues (such as Ref. 7). The independent calculations are rather straightforward;
they involve computing the design wind pressure on the wall and multiplying it by the tributary area of
the end wall. The resulting force is divided by the number of portal frames in the wall to arrive at the
horizontal frame load V. Then, the approximate clearances—the maximum clear height or the minimum
clear width—provided by standard portal frames can be determined as a function of the bay dimensions
and the load V.

When a certain clear height H must be provided, enter Table 3.2 with the bay size and the load V
to determine the minimum clear width W available with standard frames. The maximum frame clear
height H for a given eave height is listed in Table 3.3. The numbers in these tables—and most other
reference data in this book for that matter—should be used only as rough guides, because each man-
ufacturer may have its own standards. Also, nonstandard designs can always be provided, with or
without a cost premium.

3.3.10 Load Path

In a properly functioning building, structural loading is transferred between various building ele-
ments, like a ball in a football game, until it is absorbed by the soil or otherwise extinguished. This
system of load transfer is known as the load path. To illustrate its function, let’s trace the path of a
wind loading acting on a pre-engineered building’s roof.
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FIGURE 3.30 Details of portal frame connection to building frame. (Nucor Building Systems.)

FLANGE BRACE
FBC

(1) 1/2” 8 X 2" A325 |
BOLT H0803/NUT HO300"
[

@ EACH END

ﬁ"lORlZONTAL
— STIFFENER OR

A | FLANGE BRACE PLATE

Z

< /

JH
-

a L 1

FIGURE 3.31 Both flanges of the portal frame column are laterally braced to the building frame. (Nucor Building
Systems.)
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FIGURE 3.32 Nomenclature of sidewall portal frames. (Nucor Building Systems.)

TABLE 3.2 The Minimum Clear Width Provided by Standard Portal Frames as a
Function of Bay Size, Force, and Desired Clear Height.

5% Load 10% Load 15% Load
Clear clear width, W clear width, W clear width, W
Bay height, H (minimum) (minimum) (minimum)
20 12-0” 16-10” 16’-10” 16”-10”
140" 16’-6” 16’-6” 16’-6”
167-0” 162" 16”-2” 167-2”
18’-0” 16-2” 16-2” 167-2”
207-0” 15-117 15-11”7 15-11”
25 12-0” 21°-10” 21-10” 21-10”
14-0” 21°-6” 21°-6” 21-6”
16’-0” 217-2" 217-2" 212"
187-0” 212" 21°-2” 212"
207-0” 20°-11”7 20°-11” 20-11”
30 12-0” 26’-10” 26’-10” 26”-10”
14-0” 26"-6” 26"-6” 26"-6”
16-0” 26"-2" 26°-2" 26”-2"
187-0” 26"-2" 26"-2" 26"-2"
207-0” 25-11”7 25°-11”7 25"-11”

Source: Nucor Building Systems.
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TABLE 3.3 The Maximum Clear Height of Portal Frames as a Function of Bay
Size, Eave Height, and Force.

20" Bay 25" Bay 30" Bay
Load, Eave clear height, H clear height, H clear height, H
(kips) height (maximum) (maximum) (maximum)
5 12 9’-10” 9-6” 9-2”
16’ 13"-8” 137-6” 137-2”
20" 17-6” 17-6” 17-2”
24’ 21"-6” 20"-6” 212"
30 27-4” 27-4” 272"
10 12 9-6” 9-4” 9-2"
16’ 13"-6” 1327 12'-8”
20 17"-4” 17-2" 17°-0”
24’ 21"-4” 20"-8” 20"-6”
30 272" 26"-8” 272"
15 12 9-2” 8’-8” 8’-8”
16’ 137-0” 12°-8” 12°-8”
20 17°-0” 16’-8” 17°-0”
24 21’-10” 207-8” 20-6”
30 26’-8” 27-9” 272"

Source: Nucor Building Systems.

As Fig. 3.3b indicates, wind acts normal to the roof, either toward the surface (pressure) or away
from it (uplift or suction). When wind pressure occurs, the roofing panels, the building’s first line of
defense, are pushed against the purlins and transfer the load by bearing. During wind uplift, the pan-
els are pulled away from the roof; the fasteners holding them in place, if improperly designed, may
fail and let the roofing fly. If the fasteners hold, the purlins get into flexural action, transferring the
load into the primary frames. Again, the connections must be adequate, or the whole assembly of
the roofing and purlins will be in the air.

The primary frames, in turn, resist the load by bending and might also fail if either their strength
or connections are deficient. If the frames hold, and the uplift force is not overcome by the weight
of the structure, the force travels to the anchor bolts attaching the frames to the foundations. And
finally, if the anchor bolts hold, the wind load is transferred to the foundation, which, hopefully, has
sufficient weight to counteract the wind uplift. Otherwise the whole building might be lifted up like
a giant tree with shallow roots.

The final load transfer occurs between the anchor bolts and the foundation and is typically not the
responsibility of the metal building manufacturer. This leaves the outside engineer to complete
the final link of the load path and to design the foundations for the most critical loading effect, a task
discussed in Chap. 12.

3.3.11 Bracing for Stability of Compression Flange

The bracing discussed so far was for lateral resistance of buildings. Each flexural member—purlin,
frame, truss, or joist—needs to be stable under load as well. It is a well-known phenomenon that
the compression flange of members in bending tends to buckle laterally and must be restrained
from doing so by proper bracing. Compression-flange bracing for primary framing members is
usually provided by roof purlins, while the purlins, in turn, rely on the purlin bracing or through-
fastened roofing.

To be effective, this type of bracing should be attached to the compression flange or near it. While
the top-bearing purlins are certainly in the right place for this task, the common purlin bracing con-
sisting of sag rods or sag angles is often attached to the purlin web, some distance away from the
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compression flange. Whether this presents a problem or not depends on the size of the member, level
of stress, and web thickness. A 5-ft-deep moment frame section may easily tolerate a 4-in eccentric-
ity, while an 8-in-deep purlin will not.

The bracing should be designed for a compression force required to restrain the compression
flange from buckling. The force to be resisted by the bracing is usually taken as 2 percent of the com-
pressive flange force in simple-span members and is sometimes increased to 4 percent for continu-
ous members. Brace stiffness should be carefully evaluated, since a deflected brace is essentially
useless. Bracing of primary framing and purlins will be revisited in the following two chapters.

3.4 THE COMPETITION OF METAL BUILDING SYSTEMS

Our study of metal building systems will not be complete without a cursory review of the competition.
Even the die-hard enthusiasts of pre-engineered buildings can benefit from an objective comparison with
other framing systems, as there is no single most economical framing solution for all circumstances.

3.4.1 Open-Web Steel Joists

One of the most economical contemporary framing systems consists of open-web steel joists carry-
ing galvanized metal deck and supported on joist girders or wide-flange steel beams (Fig. 3.33).
Open-web steel joists, popularly known as bar joists, are typically made of double-angle chords (top
and bottom horizontal members) and round bar or angle diagonals. The joists are designed and built
by their manufacturers in accordance with Steel Joist Institute Specifications,'® often using propri-
etary steel design software.

Utilizing high-strength steel, the open-web joists offer an exceptional strength-to-weight ratio.
The joist system is ideal for roof framing supporting uniformly distributed loads, suspended ceil-
ings, and mechanical ducts. The open-web design saves space by allowing passage of piping, con-
duits, and even small HVAC ducts. Concentrated loads present a problem, however, and should be
applied only at the panel points, where diagonals intersect the chords, because the chord sections
are usually rather weak in local bending and the joist capacity may be insufficient. Heavy point
loads may require special joist design.

The joists are unstable during erection, and SJI specifications require several rows of bridging for
lateral bracing. Once the bracing is properly secured and roof deck attached, the system is stable.
The steel deck, together with perimeter steel beams, forms a horizontal roof diaphragm serving
the same function as horizontal roof bracing in metal building systems. Joist spacing is governed by the
roof deck’s capacity.

Steel Deck

N 1

=i Diagonal
Panel Point Bottom Chord Steel Beam or Bar Joist
Joist Girder

FIGURE 3.33 Open-web joist and steel deck system.
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Historically, bar joists have been used with relatively flat roofs, since large slopes present some
difficulties in making sloped bearing seats and require a careful structural analysis. Many engineers
avoid this system when roof slope exceeds 45°.

The open-web joist system is very economical for spans ranging from 25 to 50 ft. Long-span steel
joists are cost effective for even longer spans, from 60 to 144 ft. For a rectangular column layout (a
30- by 40-ft grid is considered by many to be the most economical bay size for an office building),
the joists normally run in the long direction (40 ft in a 30- by 40-ft bay).

Open-web joists can be supported by either hot-rolled wide-flange beams or joist girders. The
joist girders function on the same principle as bar joists—as a minitruss—but are commonly made
of heavier all-angle sections. The panel points of joist girders coincide with bar joist locations. Joist
girders are often preferred to wide-flange sections, especially for longer spans and for larger projects
where more than a few are needed. The system is customarily supported on wide-flange or tubular
columns and requires wall bracing for lateral stability.

3.4.2 Hot-Rolled Wide-Flange Beams

Wide-flange beam and girder system supporting steel roof deck should be familiar to most people
involved in building construction. It is the simplest and most versatile of the framing systems, easily
adaptable to any roof slope and accommodating suspended, concentrated, and axial loads with ease.
The beams can be cantilevered and arranged in complex configurations for nonrectangular plans,
altered or reinforced for localized loads. The flexibility has a price, of course. Unless some of these
complications are actually present, steel beams are likely to be more expensive than bar joists. The
beams tend to become overly deep and heavy as the spans exceed about 40 ft.

Structural engineers have identified two ways to increase the efficiency of this system. The first
one is a continuous-beam principle. Three simply supported beams (Fig. 3.34a) have higher maxi-
mum bending moments and larger vertical deflections than one continuous beam (Fig. 3.34b) cov-
ering the same three spans. Therefore, a three-span continuous beam is more efficient and requires
less metal than three single-span beams.

Continuous framing has its limitations. Being statically indeterminate, it does not tolerate well
any differential settlement of the supports, which can result in large secondary stresses threatening
its integrity. Another problem is a possibility of large temperature stress buildup in a long single
piece of metal. The design professional of record should carefully investigate a potential for prob-
lems caused by these two factors before specifying the continuous framing scheme.

A second way to increase the efficiency of the system lies in the cantilevered-beam scheme.
Instead of one continuous beam, this framing consists of alternating cantilevered and simply sup-
ported beams (Fig. 3.35). The beam connections form hinges, designed not to transmit any bending
moments. The length of cantilevers is selected to produce approximately equal negative moments in
the cantilevers and positive moments in the simply supported beams. This system is statically deter-
minate and is less affected by differential settlement or by temperature stresses. The design success

(a) Three simply—supported beams:

w
ST ETTTTITTT EIIIIIIIII% Max. Moment = 0.125 wi2

] ! ! 1 I ! ] Max. Deflection = 0.013 wi4/El

(b) One continuous beam:
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| | | | Max. Deflection = 0.0069 wl%/El

FIGURE 3.34 The efficiency of continuity.
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FIGURE 3.35 Cantilevered beam framing.

hinges, so to speak, on the proper joint design. Connections that are excessively rigid tend to con-
vert this system into a continuous beam, with all its limitations.

Other avenues to efficiency could be taken by using the LRFD method (see Sec. 3.2.1) and by
specifying high-strength steels.

3.4.3 Steel Trusses

Long-span steel trusses have been used for many decades in both bridge and building structures.
Prior to the advent of metal building systems, roof trusses were the framing of choice for industrial,
warehouse, and commercial applications. Roof trusses have been, and still are, quite economical for
clear spans ranging from about 40 to 140 ft. For example, a portal truss has been designed to span
some 132 ft over an existing building''; in some recent projects, trusslike open-web joists have been
employed to span almost 200 ft. Steel trusses can be designed with a single or double slope of
the top chord. The double slope results in a deeper section at midspan, structurally beneficial.

Historically, trusses supported steel wide-flange purlins, and truss spacing was limited by the
length the purlins could span. Today’s purlin choices include not only those still popular sections but
also open-web joists and even extra-deep steel roof deck. The optimum truss spacing, governed by
the purlin capacity, is generally between 20 and 30 ft, the same as in pre-engineered buildings.

As in the previous two structural systems, lateral stability is provided by horizontal roof
diaphragms made of either steel deck or diagonal bars, in combination with vertical wall bracing. In
the past, trusses were commonly braced laterally by knee braces to the first panel point (Fig. 3.36a).
This solution sacrificed some interior headroom and has lost popularity in favor of a truss design
with some depth at supports, incorporating the column into the trusswork (Fig. 3.36b). In the latter
case, the column is erected and braced first, followed by relatively simple truss-to-column connec-
tions. The trusses are partially assembled in the shop to the maximum permissible shipping width,
around 12 ft, and fully assembled in the field.

3.4.4 Hot-Rolled Steel Rigid Frames

A rigid frame, also known as a moment-resisting frame, consists of the column and beam sections
rigidly joined together by moment-resisting connections. The resulting unified structure is stable and
does not need bracing in its own plane. We have already mentioned rigid frame as the most popular
structure for metal building systems, but the frames can be built by others, too.

In fact, low-rise buildings had traditionally utilized gable frames made of regular wide-flange
members or tapered sections. The taper was achieved by cutting a wide-flange beam web at an angle,
turning one section around and welding the webs together, or simply welding the frame from steel
plates. With the benefits of pre-engineered construction becoming apparent, and with labor costs ris-
ing, custom fabrication of rigid frames fell into disrespect.
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FIGURE 3.36 Roof trusses. (a) Fink truss; (b) Warren truss.

Still, one report'? stated that an efficient steel fabricator in cooperation with an innovative structural
engineer produced gable frames priced under the lowest bids from pre-engineered building manufactur-
ers. Among other features, the engineer could accommodate column fixity in the sidewall direction into
the foundation design, since both the foundation and the superstructure were designed in-house. This
would have been difficult were the foundations and the frames designed by different parties (see dis-
cussion in Chap. 12). It remains to be seen whether this experiment can be successfully replicated.

Rigid frames offer many advantages over the other framing types, such as more effective use of
steel than in simple beams, ease of maintenance and cleaning, as compared to trusses, and ability to
support heavy concentrated loads. The disadvantages include relatively high material unit cost and
susceptibility to differential settlement and temperature stresses. The frames produce horizontal reac-
tions on the foundations, an additional design complication. And, as in any solid-web framing, pipes
and conduits must be placed below the bottom flange unless expensive web openings are provided.

3.45 Heavy (Hybrid) Structures

For large industrial and multistory buildings with flexible and variable loading, extremely long
spans, or heavy cranes, the advantages of the conventional structural systems listed above are read-
ily apparent. Rather than concede this market to the competition, some far-sighted metal building
manufacturers established “heavy structures” divisions instead. In essence, these hybrid structures
utilize conventional structural steel trusses or rigid frames for primary framing, but have cold-formed
secondary members. The buildings are generally clad in metal roofing and siding.

Carter™ traces the increasing popularity of heavy structures to the fact that the relationship
between labor and material costs has changed, and the large fabrication costs of metal building sys-
tems often outweigh the material savings, the traditional advantage of pre-engineered buildings.
Also, the new steel mills have become very efficient in producing steel shapes. As a result, the struc-
ture with the least weight is not necessarily the most economical any longer. Further, structural steel
trusses have an advantage in buildings where framing deflections must be tightly controlled, such as
aircraft hangars, theaters, and precision manufacturing plants. The trusses can be accurately cam-
bered, while rigid frames are difficult to camber. Other reasons for using hybrid structures, accord-
ing to Carter, include corrosive environments and fatigue-inducing applications, where welded
frames are at a disadvantage.

3.4.6 Other Structural Systems

There are many other types of structural framing which could, in some circumstances, be more appro-
priate for the project at hand than metal building systems. Lack of space precludes discussing all of
them even in passing detail. Among the most popular systems we would mention the following:
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e Laminated wood arches. These structures are similar in function to steel rigid frames and share
the same design concepts with their steel brethren. The major advantage of wood arches lies in
their charming and warm appearance, as opposed to a cold, utilitarian look of steel frames. Wood
arches in combination with timber roof decking and masonry walls are used for churches, com-
munity buildings, and upscale residences. Laminated wood arches are cost-effective for spans
from 30 to 70 ft. Roof slopes range from 3:12 to 14:12. This system offers a unique combination
of beauty, strength, ease of installation, and cost efficiency. Among the disadvantages is the fact
that wood, unlike steel, can rot and be infested by termites.

e Precast concrete framing. Precast concrete is heavier and usually more expensive than metal
building systems, but in some circumstances factors like fire resistance and sound protection are
more important than cost. Concrete offers both. Precast, prestressed hollow-core planks are com-
monly available from 6 to 12 in deep and can span distances from 20 to 50 ft. Double-tee panels,
12 to 32 in in depth, are able to span distances from 12 to 100 ft. Precast roof panels are normally
supported on precast concrete frames or masonry walls and rely on shear walls for lateral resis-
tance. Building structures made completely of precast concrete offer some of the same advan-
tages as metal building systems: speed of erection (some projects have been erected in 21/2
weeks—during the winter), single-source responsibility for structural work, and even flexibility
of expansion.

o Special construction. Some truly extraordinary structural systems have been developed for appli-
cations requiring bold appearance, very long spans, and other unusual criteria. Suspension systems
using exterior steel cables for roof support are more common for bridge applications but occa-
sionally find their way into building construction as well. Air-supported fabric structures, such as
the one used in Denver International Airport, offer a breathtaking way of covering massive
amounts of space. The special structures can be used for clear spans in excess of 1000 ft. As the
name suggests, specialists should be sought to help with this type of design.

3.5 THE DECISION TIME

How and when do architects and engineers decide whether or not to specify metal building systems
for the project? How and when do they compare the systems with the other available types of fram-
ing? These are not idle questions. Specified too early by enthusiastic designers, before the project
requirements are fully established, metal building systems may end up being stretched beyond their
optimum range of applications. Specified too late in the design process, the systems might prove
incompatible with the project items that have already been selected.

Let us look briefly at the milestones of a typical building project, which starts when the design-
ers learn that the client has a problem to solve. The problem could be anything ranging from a lack
of operating space to a need for new equipment.

During the first phase, programming, the problem is studied and analyzed. The program report
summarizes the designers’ recommendations on the amount of new space actually needed and estab-
lishes basic requirements for the proposed building. At this stage, it is too early to discuss structural
systems, unless the only solution is already obvious.

During conceptual design and preliminary design, the program requirements are translated into
a proposed layout, size, and mass of the building; various building code aspects are studied; and a
preliminary cost estimate is prepared. This is the best time to get the structural engineers
involved. Unfortunately, all too often the engineers are not brought on board until the prelimi-
nary design is completed, and an opportunity to influence the design decisions dealing with shape
and clear span of the building is missed. Moreover, some large clients prefer to perform schematic
design in-house.

Eli Cohen, one of the most respected engineers of our time, when asked about lessons he had
learned, replied, “You have to spend more time in the conceptual design, because with the first 10
percent of your time you can save 25 percent of the cost of the building.”"*
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At this point, the project can go in one of three directions:

1. Conventional delivery. The building is designed by an outside architect-engineer and later con-
structed by a general contractor selected via public bidding or negotiated process.

2. Design-build. The building is designed and constructed by a single entity that includes both
designers and constructors.

3. Directly sold pre-engineered construction. A local builder, acting as a dealer for the metal build-
ing system manufacturer, contracts directly with the owner, who may or may not be assisted by
an architect.

Obviously, selection of the third method indicates that a metal building system has been already
chosen for the job. If, however, one of the first two delivery methods is pursued, a decision whether
to use metal building systems, and of what type, will be made during the next design phase, design
development. At that time, armed with the information about the building from the preliminary draw-
ings, and after the building code research, structural engineers will determine the design loads on the
structure and evaluate various framing alternatives.

3.6 STRUCTURAL SYSTEM SELECTION CRITERIA

Having discussed the topics of structural loads, design philosophies, the available framing systems,
and project delivery methods we can at last consider some of the criteria for system selection.

3.6.1 Architectural Requirements

The system of choice should satisfy both architectural and structural requirements; the relative
importance of each needs to be established during the schematic design. It is wise to put in practice
the timeless words of Louis Sullivan, “Form follows function.” For most buildings in manufacturing
and other “utilitarian” occupancies, such as factory, storage, and warehouse space, the harmony of
function and structural form is obvious. For other uses such as churches, community, and commer-
cial, architectural expression is probably of dominant importance and might override considerations
of pure structural efficiency.

3.6.2 Fire Resistance

Fire protection requirements specified in local building codes often dictate the choice of structure.
Pre-engineered buildings of light-gage steel construction, trusses, and bar joists systems are difficult
to cover with spray fireproofing; these should be specified with caution when the fireproofing is
needed. Fortunately, this is rarely required for single-story buildings that conform to the “noncom-
bustible, unprotected” classification.

Still, there are circumstances when the building structure must possess a fire rating of one or two
hours. The metal building industry has developed some fire-rated systems that rely on several layers
of gypsum board supported on hat channels spanning between the wall girts. The roofs of metal
buildings are often high enough as not to need any fireproofing, but they too could be covered in gyp-
sum board if needed. The main problem with these designs is, of course, cost: The multiple layers
of gypsum board plus metal siding and wall framing might cost the same or more than the walls
made of concrete block or precast concrete. Also, as discussed in Chap. 11, attaching gypsum board
to the metal building frame dramatically increases the requirements for lateral rigidity of the build-
ing, raising its cost even more. It is often more economical to use “hard” walls, either as part of metal
building systems or their competition, when fire rating is required.
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3.6.3 Cost Efficiency

Throughout the discussion in this chapter, we mentioned the optimum clear span ranges, advantages,
and disadvantages of various systems. Where structural efficiency and cost are of paramount impor-
tance, these guidelines are intended to help an experienced practitioner to narrow down the system
choices. However, the design team should choose a framing system that results in the lowest overall
costs for the building, not just the least expensive structure. If a structural system penalizes other
building systems, it may not be the bargain it appears to be.

3.6.4 Flexibility of Use and Expansion

The design team should carefully evaluate the owner’s requirements for clear span, height, and build-
ing layout, and check this information against recently designed similar buildings. With the infor-
mation and technology revolution in full swing, it is unlikely that a manufacturing plant being
designed today will still contain the same production operations 20 years from now. On the other
hand, a church layout may not change at all.

There is an obvious trade-off between cost efficiency and planning flexibility. For maximum flex-
ibility, framing should be easy to remove, alter, or reinforce to accommodate future demands; all
these are easiest to accomplish with simple-span framing. Of all the framing materials, hot-rolled
structural steel beams are still the most adaptable. Conversely, the most economical building systems
utilize continuity, multispan cantilevered beams, or prestressing. The owner and its team must decide
whether it is wise to spend a little more now for a complete planning flexibility later.

3.6.5 Construction Time

Frequently, the owner will put a premium on shortening duration of construction. This is understandable:
Time is money. Several months shaved off the schedule may mean real savings on the construction
financing, perhaps greater than the differences between the competing structural schemes. The framing
with faster erection time (such as metal building systems) scores some extra points on this item.

3.6.6 Soil Data

All too often, preliminary design and design development proceed without adequate geotechnical infor-
mation; the engineers are expected to recommend a structural system without any soils data. This is
quite unfortunate, because soil properties are crucial to the system selection. With good soil, econom-
ical spread footings are possible; with poor soil, expensive deep foundations might be called for. Much
of the land still available near big cities probably has poor soils considered unsuitable for earlier devel-
opment. A belated realization that expensive piles will be needed can kill a project with tight budgets.
In such circumstances, the choice of a lightweight and flexible building system capable of tolerating
some differential settlements can spell the difference between proceeding with the project or not.

3.6.7 Local Practices

Prevailing local practices can weigh heavily on the system selection and should never be ignored. On
the island of Guam, for example, most buildings are made of concrete; specifying a metal building
system, however seemingly suitable for a new building, might raise many eyebrows. An abundance
of local contractors skilled in a certain type of construction means that there will always be qualified
people interested in submitting a bid with few contingencies. It probably also means that the needed
materials are plentiful and inexpensive.
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3.6.8 The Choice

There are many other factors, often conflicting, that can influence a choice of structural system; most
only remotely relate to structural issues. People skilled in making such decisions realize that selec-
tion of a structural system is more art than science. Various members of the design team may even
initially disagree; in many cases, studies of alternative schemes accompanied by cost estimates are
developed. Most importantly, the decision-making process should allow everyone involved to make
their first and second choice of the systems that are later thoroughly analyzed and debated. The best
solution is not always the most obvious.

Swensson and Robinson" tell about selection of a structural scheme for a large athletic facility. Four
final schemes were considered: a basic gable metal building, a gable truss, a flat truss, and an arch. The
designers eliminated the flat truss because it needed a much larger volume of air-conditioned space than
others. The arches were ruled out as providing less workable finished space than the gabled frames.
And finally, the gable truss system was chosen over the gable metal building despite its higher cost.
Why? Because “the quality and flexibility of design provided by [this scheme] more than made up for
the approximate 10% cost premium....”

With perceptions like this still widespread among engineers, it might be difficult to justify the selec-
tion of a pre-engineered building system for a high-visibility project. In the future, as the metal building
industry continues to prove its mettle in nontraditional applications, and as its technical sophistication
continues to increase, the quality of pre-engineered construction will likely rival that of stick-built struc-
tures. This book is but a small effort in this endeavor.
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REVIEW QUESTIONS

1 Name any three structural systems that directly compete with metal buildings.

2 Explain the common method of attaching vertical rod or cable bracing to metal building
columns. What improvements could be made to this type of attachment?
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3

At what point of the design process should the decision about using metal building systems
be made?

Why is collateral load needed? What value of collateral load is typically used in metal build-
ing systems?

List at least three types of wind damage to buildings.
What part of a metal building system is affected by temperature changes the most?
Is the load combination (Dead + ' Wind + Snow) included in the latest edition of ASCE 7?

Name at least three methods of resisting lateral loads used in metal building systems.
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Source: METAL BUILDING SYSTEMS

CHAPTER 4
PRIMARY FRAMING

4.1 INTRODUCTION

This chapter examines a palette of primary structural systems used in pre-engineered buildings. As dis-
cussed in the previous chapter, a complex process of choosing a framing system involves much more
than structural considerations. Assuming that a metal building system is selected for the project at hand,
the next milestone is choosing among the available types of pre-engineered primary framing. Proper
selection of primary framing, the backbone of metal buildings, goes a long way toward a successful
implementation of the design steps to follow. Some of the factors that influence the choice of main
framing include:

e Dimensions of the building: width, length, and height

e Roof slope

e Required column-free clear spans

e Occupancy of the building and acceptability of exposed steel columns

e Proposed roof and wall materials

After all these factors are considered, the most suitable type of primary framing system frequently
becomes obvious.

4.2 THE AVAILABLE SYSTEMS

Manufacturers call their framing systems many different names, often distilled into an alphabet soup
of abbreviations. Still, only five basic types of metal building framing are currently on the market:

e Tapered beam

e Single-span rigid frame

e Multispan rigid frame

¢ Single-span and continuous trusses
e Lean-to

Each type can be supplied with either single or double roof slope. The most common primary frame
systems are shown in Fig. 4.1. Primary framing is normally made either from high-strength steel
conforming to ASTM A 992 with a minimum yield strength of 50,000 psi or, now rarely, from ASTM
A 36 steel.

Each system has an optimum range of clear spans, as described below, but prior to that discus-
sion we should first define the terms related to measurement of metal buildings. Frame width is mea-
sured between the outside surfaces of girts and eave struts, while the clear span is the distance
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FIGURE 4.1 Types of primary frames. (a) Tapered beam; (b) single-span rigid frame, low profile; (c) single-span rigid frame, medium
profile; (d) multispan rigid frame; (e) single-span truss; (f) continuous truss; (g) lean-to; (k) single-slope post-and-beam. (Adapted from
Star Building Systems design manual.)

between the inside faces of columns.* Eave height is measured between the bottom of the column
base plate and the top of the eave strut; the clear height is the distance between the floor and the low-
est point of the structure, usually the rafter (see Fig. 1.2 in Chap. 1).

How to dimension metal buildings on contract drawings? Manufacturers expect building width
and length to be shown as the distances between the outside surfaces of wall girts (that plane is
known as the sidewall structural line), not between the centerlines of exterior columns.

*The term clear span is occasionally misunderstood, despite its name, as some people measure it at the base and some at the
widest point of the column such as the knee.
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Misunderstanding this convention leads to arguments between designers and manufacturers and to
buildings being supplied in sizes slightly less than the designers had anticipated.

4.3 TAPERED BEAM

Tapered beam, also known as wedge beam or slant beam, is a logical extension of conventional post-
and-beam construction into metal building systems. Indeed, what makes this system different from
a built-up plate girder resting on two wide-flange columns are variability of the beam depth and par-
tial rigidity of beam-to-column connections.

Most often, the beam is tapered by sloping the top flange for water runoff and keeping the bot-
tom flange horizontal for ceiling applications (Fig. 4.1a). A less common version, reminiscent of a
scissors truss, involves the beam with both flanges sloped. That configuration may be especially use-
ful for the roof with a steep pitch used in combination with a low-slope cathedral ceiling. The splices
typically occur at midspan. Tapered-beam system is appropriate when:

e The frame width is between 30 and 60 ft, and eave height does not exceed 20 ft.

o Straight columns are desired (an important consideration for office and retail buildings with dry-
wall interiors).

e The roofing material can tolerate a relatively low roof slope.

Tapered beams lose their attractiveness at spans exceeding 60 ft. Similarly, if the frame width is
under 30 ft, standard hot-rolled framing might be less costly. Tapered-beam frames are typically
specified for offices and small commercial and retail uses with moderate clear span requirements.
Tapered beams are sometimes preferred for buildings with bridge cranes, because their bottom
flanges, being horizontal, make for easy attachments and local reinforcing.

The system is shown in detail in Fig. 4.2. Typical frame dimensions for various spans and roof
live loads are indicated in Fig. 4.3.

Design of tapered beams involves a frequently overlooked nuance. The manufacturers sometimes
assume that beams in this system are connected to columns with “wind connections,” rigid enough
to resist lateral loads but flexible enough to behave under live loads in a single-span fashion. The
question is, how realistic is this assumption? In structural steel design, as AISC Manual of Steel
Construction, vol. 11, Connections' points out, there are certain definitive criteria that these semirigid
connections must satisfy. One such requirement is that “the connection material must have sufficient
inelastic rotation capacity” to prevent it from failure under combined gravity and wind loads.

The AISC manual’s semirigid connection of choice is a pair of flexible clip angles that attach top
and bottom beam flanges to the column (see Fig. 4.4). A flexible behavior of this connection has
been experimentally demonstrated. On the other hand, in metal building systems members are nor-
mally connected to each other by through-bolted end plates as shown in Fig. 4.2. This type of joint
is rather rigid and does not pass the flexibility muster for “wind connections.”

If a joint lacks reserve rotational capacity, it is considered nearly rigid and thus capable of trans-
mitting bending moments across the interface. The ends of the beam so connected to columns will
have some bending moments partially transmitted to the columns. If a simple-span assumption is
made by the manufacturer, the columns are not designed for this bending moment. This dangerous
oversimplification could conceivably result in the columns becoming overloaded by combined axial
and flexural stresses. Whenever a tapered-beam system is proposed, it is wise to investigate the man-
ufacturer’s approach to this issue.

There are certain steps manufacturers can take to increase the connection flexibility. One solution
might be to introduce compressible deflection pads shown in Fig. 4.14 (in a context of another sys-
tem) that absorb some movement of the beam’s ends.

The specifiers could of course sidestep the entire issue by simply adding a note to the contract
documents stating that all beam-to-column connections in the tapered-beam system are to be con-
sidered rigid for the design purposes, but this approach might result in heavier column sections.
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FIGURE 4.2 Details of tapered-beam system. (Metallic Building Systems.)

4.4 SINGLE-SPAN RIGID FRAME

If a tapered-beam system is a carryover from conventional construction, the single-span gabled rigid
frame (Fig. 4.1b and c¢) is a quintessential pre-engineered product. Indeed, one reason for the success
of the metal building industry is the rigid frame. In contrast with the tapered-beam system, the sin-
gle-span rigid frame is designed to take full advantage of connection rigidity: The frame members
are tapered following the shape of the bending-moment diagram.

The deepest part of the frame is the knee, a joint between the beam and the column. For a two-
hinge frame, the usual version of the system, the frame section is most shallow approximately mid-
way between the knee and the ridge (Fig. 4.5); for a less common three-hinge frame, the most
shallow section occurs at the ridge (Fig. 4.1b). The splices are made at the knee, at the ridge, and
depending on the frame width, perhaps elsewhere in the rafter. The splices are typically made using
bolted end-plate connections. The knee splice can occur in three different locations: At the vertical
face of the column (Fig. 4.1 and Fig. 4.6b); diagonally across the knee (Fig. 4.5, and Fig. 4.6a); or
horizontally under the rafter (Fig. 4.8). A typical end-plate rafter splice is shown in Fig. 4.7.

The main reason for the popularity of the gabled rigid-frame system lies in its cost efficiency—
it requires less metal than most other structural systems of the same span and eave height. As
McGuire? has demonstrated and as can be easily verified, a two-hinge gabled rigid frame spanning
60 ft, with the eave height of 14 ft plus the gable height of 10 ft, is 19 percent more efficient than a
similar flat-roof rigid frame, and an incredible 53 percent more efficient than a statically determinate
frame designed on the simple-span principle. This framing system is appropriate when:
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Dimensions shown are tor 25’ bavs. 20" and 30" bays also available.
Building components and dimensions shown are subject to change due to tinai design.

FIGURE 4.3 Typical dimensions of tapered-beam system. (American Buildings Co.)

e Frame width is between 60 and 120 ft. Both smaller and larger spans are increasingly less eco-

nomical.

e Eave height is between 10 and 24 ft.

e Tapered columns are acceptable.

e Headroom at the exterior walls is not critical.

Single-span rigid frames can be classified as being high profile (slope 4:12), medium profile (slope
2:12), and low profile (slope from 1/4:12 to 1:12). The frames of high profile are especially suitable
for the roofing that requires substantial roof slope and for the applications demanding large clear
heights near the midspan. The inward-tapered columns are the norm, but some other column con-
figurations are possible for special conditions (Fig. 4.8).

The single-span rigid-frame system is extensively used anywhere an unobstructed working space
is desired. It is suitable for such diverse applications as auditoriums, gymnasiums, aircraft hangars,

showrooms, churches, recreational facilities, and industrial warehouses (Fig. 4.9).

While the frame width is best kept between 60 and 120 ft, single-span frames over 200 ft wide
can be built for the cases where planning flexibility is paramount. The tables indicating typical
dimensions of single-span rigid frames can be found in Figs. 4.10 and 4.11.
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FIGURE 4.4 Conventional semi-
rigid connection.
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FIGURE 4.5 Details of single-span rigid frame. (Metallic Building Systems.)

4.5 MULTISPAN RIGID FRAME

Multispan rigid frame, also known as continuous-beam, post-and-beam, or modular frame (Fig.
4.1d), utilizes the same design principles as single-span rigid frame. The multiplicity of spans allows
for a theoretically unlimited building size, although in reality a buildup of thermal stresses requires
that expansion joints be used for buildings wider than 300 ft.

Multispan rigid frames may have straight or tapered columns, the latter usually at the exterior.
The rafters are normally tapered. The construction details are similar to single-span rigid frames save
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FIGURE 4.6 Two methods of column to rafter connection at the knee of a
rigid frame. (a) Diagonal; (b) vertical. (Steelox Systems Inc.)

FIGURE 4.7 End-plate rafter splice.
(Steelox Systems Inc.)

for the additional interior columns. Some typical framing dimensions are shown in Fig. 4.12. The
attachments between the interior columns and the rafters are usually assumed as pinned, rather than
full moment connections, and the columns are designed as members with purely axial loads. The rel-
atively high shear stresses in the rafters above the columns often require web stiffeners (Fig. 4.13).

Multispan rigid frames are often the only solution for the largest of buildings, such as warehous-
es, distribution centers, factories, and resource recovery facilities. Multispan rigid frames utilize con-
tinuous framing and are normally more economical than their single-span cousins. The
disadvantages of continuous construction include susceptibility to differential settlement of supports,
as noted in Chap. 3. Soil conditions at the site should be carefully evaluated before this system is
specified. Also, the interior column locations are difficult to change in the future, should that be
required because of a new equipment layout.

4.6 SINGLE-SPAN AND CONTINUOUS TRUSSES

Single-span (Fig. 4.1e) and continuous trusses (Fig. 4.1f) are similar in function to single-span and
multispan rigid frames. The crucial difference between the frames and the trusses lies in the con-
struction of the rafter’s web—open for trusses and solid for frames. An open web allows for passage
of pipes and ducts and thus permits the eave height in a truss building to be lower, which results in
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Straight Tapered Reverse Taper Supermarket
Column Column Column Column

FIGURE 4.8 Various column profiles. (VP Buildings.)

FIGURE 4.9 This open-front industrial facility is ideally suited to single-span rigid-frame construction. (Photo:
Maguire Group Inc.)
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FIGURE 4.10 Typical dimensions of low-profile single-span rigid frame. (Metallic Building Systems.)
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Buitding components and dimensions shown are subject to change due io final design.

FIGURE 4.11 Typical dimensions of high-profile single-span rigid frame. (American Buildings Co.)
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REPRESENTATIVE
CLEARANCE DIMENSIONS
, s 1:12 ROOF SLOPE
BAY SPACING - 251t
ROOF SLOPE - 112
LIVE LOAD - LL (psf)
WIND LOAD - WL (mph)

WITH MBMA (1986)

SPAN SPAN
¥ BLDG. WIDTH

*C = Minimum clearance other than at knee (dimension B). All points where rafter changes shape are
checked and vertical dimension to lowest of these points is given.

WIND LOAD APPLIED IN ACCORDANCE

CLEARANCE DIMENSIONS (FEET-INCHES) * *
LWL 20/80 20/100 25/90 30/90
SPAN|EH.| A B C A B c A B C A B C

10| 7610 7-5| 10-7| 76-8| 7-5| 10-7| 754| 7-6| 10-7| 750| 7-3] 10-5
2 144 76-8| 11-5 14 7| 76-8| 11-5, 14-7]| 76-2| 11-5| 14-7| 76-0| 11-3| 145
2}) %] 7610| 13-5| 16-7| 7610| 13-5| 67| 76-8| 13-3| 16-5| 76-0| 13- 3| 16-5
20} 7610{ 17-5, 20-7] 76-2| 17-5| 20-7] 76-8| 17-3| 20-5] 76-8] 17-3| 20- 5
, |10 1140 68 86140 68 86| 1136 68 89| 132 61, &9
14| 13-8! 11- 1| 12- 9| 11310| 10-8| 12- 9| 13- 6| 1010 12- 9| 113- 0| 10-8| 12- 7
a | 16| 113-6 12-8| 14-9| 113-6| 12 8| 14- 9| 11210] 1210 | 14-10| 112- 8| 12-6| 1410
60 120 113 8] 16-9| 18 9] 113-10| 16-8| 18- 9| 113-2| 16- 9| 18-10) 11210| 1610| 18- 7
s | 2| 168 &7 46| 16-8] 97| 146 115610 85| 44| 1152 96| 144
16| 11610, 13-7| 18- 6| 11610 13- 7| 186 115 8| 13-6| 18- 4| 1156/ 13- 3| 18- 1
Z(t) 20| 11610 17-7 | 226 116- 0| 17-7 | 22- 6 116- 8| 17-5| 22- 4| 116- 6| 17- 2| 22- 1
24| 116-4| 21-7| 26-6) 1154 21-8) 26-6| 116-0] 21-5| 26- 4| 116-0| 21-5| 26 3
12 | 174- 0 8-8| 10-6] 174- 0 8-8| 10-6 173- 8 8-8| 10- 6| 172-10 7-11 | 10-10
3 116 173-6 12-8| 14-9| 173-6| 128 14- 9| 172-8| 12410 | 14- 7| 172-2| 129 14 7
at | 20 173- 6| 16-8| 18-9) 173-6| 16-8| 18- 9 172- 8| 16- 9| 1810} 172- 6| 16-9| 18- 7
60 | 24) 173- 6| 208! 22-9| 173-6| 20-8| 22-9| 172-8| 20-9| 22-10| 172- 4| 20- 9| 22-10
12| 156-10 9-7| 16-1 156-10 9-7| 16- 1 156- 2 9-5| 1511 155- 8 9-3| 15-9
4 1 1] 156-10| 13-7| 20- 1) 156-10| 13-7| 20- 1| 156-0| 13- 5| 19-11] 155- 8| 133, 16 9
at | 90| 156-10| 17-5| 24- 0| 156- 2| 17-7| 24- 1] 156-8| 17-5| 23-11| 156- 8| 17-3| 23- 9
40 | 244 156-8| 21-5| 28-0) 155- 6| 21- 6| 26- 0| 156-2| 21-5| 2711 156-2| 21-3| 27-9
16| 233- 6] 12-8| 14- 9| 233- 6| 12- 8] 14- 9| 23210| 129 14 7| 232-6| 12- 8| 14-7
4 1901 233-8| 16-8| 189 233-8, 16-8| 18-9| 233-6| 16-8| 18- 6| 232-8 169 18 7
124|236 208 229|236 20-8| 29| 2310| 20-9| 2210| 282 8| 20-8| 27
304 233-4| 269| 28-9] 233-8 2-8| 28-9] 232-6| 26-9| 2810] 232- 2| 29| 28 7
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60 130|293 6| 28| 28-9| 2938 26-8| 28-9| 202 6| 26-9| 2810] 292- 2| 26-9| 28 7

**Clearances shown are approximate. Actual clearances may be somewhat different.
FIGURE 4.12 Typical dimensions of multispan rigid frames. (Ceco Building Systems.)
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FIGURE 4.13 Connection of interior columns to rafter in multiple-span rigid frames. (Steelox Systems Inc.)

a smaller building volume to be heated or cooled and thus in lower energy costs. Therefore, trusses
are most appropriate for the applications with a lot of piping and utilities, such as manufacturing
facilities and distribution centers.

An example of simply supported truss framing is Butler Manufacturing Company’s Landmark
Structural System. Figure 4.14 illustrates the details of 3- and 4-ft-deep trusses common in that sys-
tem. Note the deflection pad between the bottom chord of the truss and the column, intended to allow
for some member rotation under gravity loads without inducing bending moments into the column.
In effect, this is a good “wind connection,” discussed above for a tapered-beam system, that provides
lateral resistance in the plane of the truss. In Landmark, lateral resistance along the length of the
building is provided by fixed-base endwall columns, an approach not without some pitfalls, as will
be discussed later in this chapter.

4.7 LEAN-TO FRAMING

Lean-to framing, also known as wing unit (Fig. 4.1g), is not a true self-contained structural system
but rather an add-on to another building system. Tapered beams and straight columns are common
in this type of construction (Fig. 4.15). For the optimum efficiency, the system is best specified for
clear spans from 15 to 30 ft.

Lean-to framing is typically used for building additions, equipment rooms, storage, and a host of
other minor attached structures. Structural details are similar to those of a tapered-beam system,
except that a single slope is usually provided at the top surface and the beam taper precludes the bot-
tom surface from being horizontal.

4.8 OTHER FRAMING SYSTEMS

In addition to the framing described above, the marketplace contains several proprietary systems that
are truly unique as well as those that only pretend to be different by adopting an unfamiliar name
and some unusual details. Some of the “significant others” are mentioned below.
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FIGURE 4.14 Details of Butler’s Landmark Building. (Butler Manufacturing Co.)
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FIGURE 4.15 Lean-to framing. (Metallic Building Systems.)

4.8.1 Single-Slope Frames

Each of the five basic pre-engineered framing systems can be produced in a single-slope, rather than
gable, configuration. The single-slope feature does not significantly affect structural behavior of the
framing, its clear span capacity, or typical details. Confusing the terminology, some companies call
their single-slope rigid-frame products (Fig. 4.14) “lean-to rigid frames.” In such cases, a picture is
truly worth a thousand words.

Single-slope framing is frequently used for office complexes and strip shopping malls, where
rainwater needs to be drained away from the parking areas or from the adjacent buildings.

4.8.2 Trussframes

Coronis Building Systems, Inc., started production of its proprietary framing line in 1956 and has
since developed over 8000 variations of the framing. A typical trussframe* resembles a tapered beam,
except for its web, which is made of truss-type members rather than being solid (Fig. 4.16). Other
trussframe varieties include multispans, cantilevered pole-type shelters, canopies, and lean-tos.

A major advantage of this system, as claimed by the manufacturer, is the absence of horizontal
reactions at the columns under gravity loads, a natural property of tapered-beam framing (or any
other simply supported straight beam, for that matter).

*Trussframe is a trademark of Coronis Building Systems, Inc.
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FIGURE 4.16 Trussframes. (Coronis Building Systems.)

4.8.3 Delta Joist System

Delta Joists* are unlikely to be confused with any other structure. We would have placed this system
in the next chapter, were these triangulated three-dimensional joists produced by Butler
Manufacturing Co. not conceived and sold as a complete roof-support system rather than as mere
roof purlins. The joists, which are available in 1-ft increments, have a constant depth of 25!/4 in,
regardless of loading. Their top and bottom chords are made of hot-rolled steel angles; the diagonals
consist of round bars. The joists possess a very desirable characteristic—lateral stability—which
makes them truly different, since it obviates the need for purlin bracing and perhaps even for tradi-
tional horizontal roof diaphragms.

The Delta Joist system is best suited for buildings with load-bearing masonry or precast walls,
where exterior columns and wall bracing are not needed; it can be adapted for non-load-bearing end-
walls if optional steel frames are used. The system normally provides a roof slope of /4:12 and
requires the building width to be a multiple of 4 ft. The joists can span up to 60 ft, a distance nor-
mally unattainable with the secondary members traditionally used in metal building systems. The
Delta Joist system is intended to support Butler’s proprietary standing-seam roof panels; top flanges
of the joists come prepunched for attachment of the roof clips.

4.8.4 Flagpole-Type Systems and Systems with Fixed-Base Columns

Occasionally, a manufacturer proposes a system that does not look much different from the com-
peting ones but costs less. The savings can sometimes be explained by the fact that all the build-
ing columns, or the exterior columns only, are designed with fixed bases. In this design,

*Delta Joist is a trademark of Butler Manufacturing Co.
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rigid-frame action is either partially or completely transferred from the frame knee to the column
base. In the first approach, the frame knees remain rigid, but, in addition, the columns are fixed
at the base. The second approach relies solely on column fixity; in essence, each fixed column
becomes a flagpole-type structure. The flagpole approach allows the manufacturer to eliminate
not only the expensive rigid frames but the wall and roof bracing as well—and submit a lower
price.

Why doesn’t everybody design that way? The answer is simple: This kind of design, while allow-
ing the manufacturer to realize some savings, penalizes the foundations by subjecting them to high
bending moments that would be absent under a pinned-base scenario. Whether fixed-base design
results in a higher or a lower overall building cost depends on the project specifics. If anticipated
from the beginning, it may be a viable option in cases where the foundation capacity can be increased
at a low cost. Havoc might result, however, if such fixed-base framing is proposed for a building
where the foundations have already been designed—or worse, built—based on a pinned-base
assumption, as we will see in Chap. 10.

Another problem with fixed-base columns: Base fixity is easy to assume, not easy to achieve. For
example, a widespread industry practice of not providing grouted leveling plates under column bases
and not tightening the anchor bolts often leaves the base plates bearing only on one edge and allows
for some “play” between steel and concrete. Moreover, the details used by the metal building man-
ufacturers to accomplish base fixity rarely follow the details found in heavy structural steel build-
ings, such as that of Fig. 4.17.

In Fig. 4.17, anchor bolts transfer their forces via rigid brackets (also known as bolt boxes or
boots) into the column flanges, bypassing the base plate itself. The simple base plate shown in Fig.
4.18a will also develop some moment, but it requires a very substantial plate thickness to avoid rota-
tion under load. The type of deformation illustrated in Fig. 4.18a would bring the base plate much
closer to pinned than to fixed condition, as many experienced engineers agree.’

A typical manufacturer’s detail for fixed base shown in Chap. 12 uses eight anchor bolts and a
relatively thin base plate. This design can decrease, but not fully eliminate, plate deformation under
load (Fig. 4.18b) and probably provides less than full column fixity.

Still another issue that makes achieving column fixity difficult is the fact that even the best-
detailed fixed-base columns bear on foundations that tend to move under load. As discussed in
Chap. 12, these foundations often consist of shallow spread footings. However large, these
moment-resisting or tied footings require that some soil deformation—and therefore rotation
under load—occur, in order for them to become effective. The geotechnical engineers understand
this well.*

Each of the factors discussed above will introduce perhaps a minor amount of base rotation.
Taken in combination, however, they could provide a degree of rotation significant enough to make
a fixed-base assumption in many cases simply unrealistic.

4.9 A ROLE OF FRAME BRACING

Every structural system we have considered, except perhaps Butler’s Delta Joist, requires lateral
bracing of the rafter’s compression flange for full structural efficiency. Under downward loads (dead,
live, and snow), the top flange of primary members is mostly in compression. Fortunately, this flange
carries roof purlins, which provide the necessary bracing. Under wind uplift, however, it is the bot-
tom flange that is mostly in compression. Lacking any help from secondary members, the bottom
flange needs to be stabilized against buckling by flange bracing, consisting usually of bolted angle
sections (Fig. 4.19).

Similar bracing is needed at interior flanges of rigid-frame columns that are normally in com-
pression under downward loads. The bracing connects the interior flange to the wall girts (Fig. 4.20).

Locations of the flange bracing are determined by the metal building manufacturer and need not
concern the specifiers. An absence of any flange bracing at all, however, warrants further inquiry.
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FIGURE 4.17 Typical detail for column fixity used in heavy structural steel buildings.

4.10 CHOICES, CHOICES

Any large manufacturer can provide most of the primary framing systems discussed above. Which
one to specify? Hopefully, the information provided in this chapter, as well as in Chap. 3, will be
helpful. (The dimensions and details shown in the illustrations should be considered preliminary, as
each manufacturer has its own peculiarities.) Also, Fig. 4.21, adapted from Means Building
Construction Cost Data 1995, provides material and total cost per square foot for various types of
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FIGURE 4.18 Details of column bases providing questionable fixity: (a) four
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FIGURE 4.19 Typical flange brace at roof. (VP Buildings.)

FLANGE BRACE

pre-engineered framing. The prices, while somewhat out-of-date, are helpful for comparison pur-
poses among the framing types.

In general, in a large facility that can tolerate interior columns and is unlikely to undergo drastic
changes in layout, multispan rigid-frame construction should be tried first; it usually offers the low-
est cost. If interior columns are objectionable, a clear-span system such as a single-span rigid frame
should be considered. Smaller buildings can be economically framed with tapered beams or even
lean-tos. Proprietary framing systems are difficult to specify for competitive bidding without severe-
ly restricting the competition and are most suitable for negotiated private work.

It helps to understand what is behind the client’s clear-span requirements, as discussed in the pre-
vious chapter. Most clients would like a column-free plan that allows them unlimited flexibility; it’s
when the cost of that flexibility becomes clear that the budgets begin to vote. It is rather dishearten-
ing to see a building with huge clear spans—paid for dearly—promptly subdivided by the partitions
erected by the owner. Whether intended as noise barriers or privacy screens separating various activ-
ities, each partition could have held a column and thus would have afforded some cost savings.
Moreover, specifying buildings with unusually large clear spans restricts the list of bidders to the
largest manufacturers able to produce heavy structures.

The architect, in consultation with the owner, has to decide whether straight, tapered, or other
columns are appropriate for the project. While a utility or a manufacturing building can easily toler-
ate tapered columns of rigid frames, a plasterboard-clad library or a retail establishment probably
would not. Trying to wrap a tapered column in sheetrock is usually not worth the effort and the cost;
a system with straight columns could fit better even if slightly more expensive.
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FIGURE 4.20 Typical column flange brace. (VP Buildings.)

Example 4.1 Selection of Frame Type and Eave Height Select the basic frame type
and eave height for an industrial facility, approximately 80 ft by 250 ft in plan, without cranes.
The building will have a roof pitch of 1:12 and has to resist a 30-psf roof snow load. Several pieces
of equipment measuring 30 by 30 ft by 12 ft high must fit anywhere within the building.

Solution A metal building system with single-span rigid frame offers the best solution,
because:

e The span of 80 ft is within the optimum range of this system.

e Tapered columns are acceptable.

e The eave height will be between 10 and 24 ft.

e This system provides the maximum planning flexibility for equipment placement.

Refer to Fig. 4.10; look in the column for 30-psf live load (snow, really), and in the row for 80-ft
width. The first clear height under the knee, the distance G, that exceeds 12 ft corresponds to an eave
height of 16 ft. However, the clearance provided with this eave height would be too small—only 6

in. Plus, the data in the table represent only a single manufacturer, and others may provide framing
deeper than shown. A conservative choice would be to move to the next eave height—20 ft.

4.11 ENDWALL FRAMING

The foregoing discussion has dealt only with interior frames. What about the endwall framing?
While each manufacturer has a slightly different approach and details of endwall framing, the basic
design is essentially the same. The function of endwall framing is to resist all loads applied to the
building’s endwalls and to support wall girts. In buildings with expandable endwalls, a regular inte-
rior frame is provided at the top of the walls. This frame resists all vertical loads as well as the lat-
eral loads applied to the sidewalls, and the endwall framing is needed only to support wall girts. In
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R131-210 Pre-engineered Steel Bulldings

These buildings are manufactured by many companies and normally
erected by franchised dealers throughout the U.S. The four basic
types are: Rigid Frames, Truss type, Post and Beam and the Sloped
Beam type. Most popular roof siope is low pitch of 1”7 in 12", The
minimum economical area of these buildings Is about 3000 S.F. of
fioor area. Bay sizes are usually 20’ to 24’ but can go as high

as 30’ with heavier girts and purfins. Eave heights are usually 12
to 24’ with 18’ fo 20’ most typical. Pre-engineered buildings become
increasingly economical with higher eave heights.

Prices shown here are for the building sheill only and do not include
fioors, foundations, interior finishes or utilities. Typical erection

cost including both siding and roofing depends on the building
shape and runs $1.35 to $2.60 for one in twelve roof slope and

PRIMARY FRAMING 83

$1.40 to $3.65 per S.F. of floor for four in twelve roof siope. Site,
weather, labor source, shape and size of project will determine the
eretf:ition cost of each job. Prices include erector's overhead and
profit.

Table below is based on 30 psf roof load, 20 psf wind load and no
unusual structural requirements. Costs assume at least three

bays of 24’ each. Material costs include the structural frame, 26 ga.
colored steel roofing, 26 ga. colored steel siding, fasteners,
closures and flashing but no allowance for doors, windows, gutters
or skylights. Very large projects would generally cost less than

the prices listed below. Typical budgst figures for above material
delivered to the job runs $1250 to $1575 per ton. Fasteners and
flashings (included below) run $.46 to $.68 per S.F.

Material Costs per S.F. of Floor Area Above the Foundations
Type Total Width Eave Height
of Building in Feet 10 Ft. 14 Ft. 16 Ft. 20 Ft. 24 Ft.
30-40 $3.90 $4.22 $4.55 $4.98 $5.63
Rigid Frame 50-100 395 3.95 4.27 4.48 498
Clear Span 110 - - - - -
120 - - - 455 -
130 - - - — -
Tapered Beam 30 438 487 5.41 6.22 -
Clear Span 40 417 443 4.65 5.30 -
50-80 4.55 438 4.55 4.98 -
Post & Beam 80 - 335 3.68 3.90 427
1 Post at Center 100 - 3.24 347 384 417
120 - 3.19 3.30 3.52 395
Post & Beam 120 - - - - -
2 Posts 150 - 324 347 3.68 417
@ 1/3 Points 180 - - - - -
Post & Beam 160 - 319 3.30 3.68 4.00
3 Posts 200 - 324 347 373 405
@ 1/4 points 240 - - - -~ -

Typical accessory items are listed in the front of the book. All normal
interior work, floors, foundations, utilities and site work should be
figured the same as usual.

Costs in the table below include allowance for erection, normal
doors, windows, gutters and eractor’s overhead and profit. Figures

do not include foundations, floors, interior finishes, electrical,
mechanical or installed equipment.

Total Cost per S.F. Above the Foundations, 16" Eave Height
Project Size: Basic Building - Add to Basic Building Price
Rigid Frame Using 26 ga. Gaivanized R13 Field Exterior Finish S.F. of Skin
30" to 60’ Spans Roof & Siding Insulation Sandwich wall $6.10
1 in 12 Roof Slope S.F. Floor Area S.F. Floor Area Corrugated fiberglass 3.28
4,0008.F. $7.65 $1.44 Corr. fiberglass-insulated 4.09
10,000S.F, 6.78 1.23 10 year paint 23
20,000 S.F. 6.27 1.17

FIGURE 4.21 Typical square-foot cost of pre-engineered buildings. (From Means Building Construction Cost Data
1995. Copyright R. S. Means Co., Inc., Kingston, MA, 800-334-3509. All rights reserved.)

buildings where endwalls are not expandable, the endwall framing also supports vertical loads and

contains wall cross-bracing (or fixed-base wind posts).

Endwall framing consists of columns (posts), roof beams, and corner posts, all with base plates and
other accessories. Endwall columns are frequently made of either single or double cold-formed chan-
nels with a metal thickness of at least 14 gage, as shown in Figs. 4.2, 4.5, and 4.22. Alternatively, end-
wall columns may be made of hot-rolled or built-up wide-flange sections. End rafters are usually made
of cold-formed channels unless a regular rigid frame is used for future expansion. The rafters are
designed as simple-span members and spliced at each column; a reinforcing channel may be needed at

each splice (Fig. 4.22).
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FIGURE 4.22 Endwall framing viewed from inside the building. (Star Building Systems.)

Endwall columns are commonly spaced 20 ft on centers, a distance governed mostly by the girt
spanning capacities. The column layout may start from a center column at the ridge line. Where no
center column is provided, two endwall columns straddle the ridge line.

In nonexpandable endwalls, a connection between the endwall column and the rafter may consist
of simply bolting the column flange to the rafter web (Fig. 4.2) and connecting the purlin to the
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rafter—not to the column—with a clip angle (Fig. 4.23a). Or, the column may be attached to the
rafter by small endwall connection channels (Fig. 4.22). In either case, a rake angle is needed at the
top of the purlins to support the wall siding.

In expandable endwalls, the column-to-rafter connection requires an additional bracket or clip
angle between the column and the frame rafter (Fig. 4.24a) and between the endwall girt and the
frame column (Fig. 4.24b).

The endwall girts may have either a flush or bypass inset (these terms are explained in the next
chapter, and more details are provided there). Flush girts are designed as simple-span members fram-
ing into the webs of the endwall columns (Figs. 4.22 and 4.23). Bypass girts are designed as contin-
uous members; at the corners, they may be connected to the columns or to intersecting sidewall girts
with special girt brackets (Fig. 4.24).

In some buildings with masonry, glass, or concrete walls, the curtain-wall structure can span
directly from foundation to the roof. There, the endwall framing may consist only of a clear-span-
ning rigid frame, similar to the case of expandable endwalls but without any endwall girts and
columns.

4.12 SOME CONTENTIOUS ISSUES OF DESIGN
AND FABRICATION

4.12.1 Single-Sided Welding

As already noted, primary frames in metal building systems are typically made of welded plates and
bars. The welding between the flanges and the web is normally done by automatic welding equip-
ment and only on one side (some manufacturers even use intermittent welds). Typically, fillet welds
are used, except that thicker plates (1 to 1.5 in) may require partial-penetration welds. There are engi-
neers who consider such single-sided welds structurally deficient.® This distrust is perhaps under-
standable, but there is no overt prohibition of single-sided welding either in AISC or AWS
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(a) (b)

FIGURE 4.23 Endwall framing details for nonexpandable endwalls. (a) Connection between endwall column
and purlin; (b) plan at corner. (Metallic Building Systems.)
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FIGURE 4.24 Endwall framing details for expandable endwalls. (a) Connection between endwall column and
frame rafter; (b) plan at corner. (Metallic Building Systems.)

specifications.

According to a test program performed by Prof. Thomas M. Murray, single-sided welds do not
reduce the ultimate structural capacity of the primary frames, except in the end-plate connections
where seismic loading is involved. The simulation of cyclic seismic forces in the test program pro-
duced repeated local buckling, which resulted in fracture of the single-sided welds in the frame
rafters near the end plates. Some feel that single-sided welding may be acceptable for static loads,
but not for frames subjected to lateral forces, concentrated loading, or fatigue, where double-sided
welds should be used.” Naturally, most rigid frames must resist both gravity and lateral loads.

4.12.2 Fabrication and Erection Tolerances

The normal fabrication and erection tolerances for metal building systems are included in the MBMA
Manual, Sec. 9. It shows tolerances for cold-formed shapes, built-up structural members, and crane
runway beams. The allowable tolerances in the MBMA Manual are generally more lenient than those
used by AISC for fabrication and erection of structural steel. Why would these tolerances be of inter-
est to the specifiers of metal building systems?

The main reason: Structural members in pre-engineered frames are designed with very little mar-
gin of error. Unlike stick-built structures that use a limited selection of framing sizes, the frame com-
ponents of metal buildings can be designed with an efficiency level close to 100 percent. If the
eccentricities that arise from tolerances are not considered in the design, the frames may become
overstressed under the full design loading.

For example, the MBMA -allowed magnitude of sweep (a deviation from the theoretical location
of the web, measured in the weak direction of the member) and of camber (a deviation from the the-
oretical location of the flange, measured in the strong direction) for built-up members other than run-
way beams is:

(Yin) L
10
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where L is the member length in feet. Thus a 20-ft-high column has an allowable sweep of /4 X 20/10
= 0.5 in; an 80-ft-long frame rafter has an allowable sweep of 2.0 in. Presumably, the column has
to be designed for this weak-axis eccentricity of 0.5 in, and torsion in the frame caused by the weak-
axis eccentricity of 2.0 in should be similarly considered to avoid overstress under the design load.
While torsion in the rafter can be relieved by kicker angles connecting the bottom flange of the rafter
to purlins (see Fig. 4.19), an interior column with sweep cannot be readily braced; it must rely on its
own strength to resist the resulting weak-axis eccentricity.

We should note that such “accidental” eccentricities are presumed to be included in AISC equa-
tions for structural steel framing and need not be checked for structural steel. However, as was just
stated, the AISC tolerances are stricter than those of MBMA.

4.12.3 Torsion Resulting from Member Eccentricities

An examination of many commonly used details included in Chaps. 3 and 4 and other chapters sug-
gests that these details sometimes seem to neglect torsional stresses. Torsion can be introduced by
the methods of connecting structural members and by their asymmetric shapes. The issue of torsion
caused by design misalignment of the intersecting elements was already discussed in Chap. 3.
Torsion is present when the endwall columns are framed into the sides of the primary frames (Figs.
4.23 and 4.24), when exterior masonry walls or door jambs are attached to the bottom flanges of eave
struts (see illustrations in Chaps. 7 and 10), and in many other similar cases.

Unfortunately, the so-called open cold-formed steel sections—those that do not form a welded
tube or a pipe—have poor inherent resistance to torsion. Accordingly, it is often desirable to provide
diagonal flange bracing (“kickers”) in the situations just described. Two examples of using endwall
frame flange braces appropriately are shown in Figs. 4.25 and 4.26. Where such flange bracing is
impractical and the torsion-inducing detail cannot be changed, consideration should be given to
using “closed” tubular sections in lieu of stock cold-formed members.
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REVIEW QUESTIONS

1 Name at least three common profiles of exterior columns.

2 Select an eave height for the building with a single-span rigid frame 50 ft wide, carrying a roof
live load of 40 psf, and having a roof pitch of 4:12. The minimum required clear height at the knee
is 15 ft.
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CHAPTER FOUR

NOTE: AT EXPANDABLE ENDWALLS WHERE RAFTER FLANGE
BRACING IS REQUIRED AT BOTH SIDES OF THE RAFTER (AT THE

TIME OF EXPANSION), THOSE FLANGE BRACES ARE INCLUDED &
MUST BE INSTALLED AT THE TIME OF THE EXPANSION

STEEL LINE 1-4 CENTERLINE OF
PURLIN ATTACHMENT RIGID FRAME
(PER DESIGN) ——\ Z PURLIN

RAKE ANGLE—— |

N\ V4

S T [ S —

FLANGE BRACE
(LOCATION VARY
PER DESIGN)
END BAY

RIGID FRAME

) ., | COLUMN TO RAFTER CONNECTION,

8", 10”7, OR VERTICAL SLOTS IN CONNECTION CLIP
12" GIRT | | TRANSFER WIND LOADS WHILE ALLOWING
DESIGNED RAFTER DEFLECTION. HAND
TIGHTEN BOLTS AND BURR THREADS.
(CEE CHANNEL AND H—SECTION
CONNECTIONS TO CLIP ARE SIMILAR)

17 STANDARD ENDWALL
COLUMN CAN BE A CEE
CHANNEL OR H—SECTION

FIGURE 4.25 Endwall framing at rigid frame with Z purlins and flush girts. (Nucor Building Systems.)

3 Why is flange bracing required at the bottom flanges of frame rafters?
4 Which factors make achieving full column fixity at the base difficult?
5 How are endwall columns attached to end rafters?

6 Which primary frame system always uses straight columns?

7 What advantages are offered by trussed frame rafters?

8 How can torsion be relieved in an endwall-column-to-rafter connection?
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CENTERLINE OF RIGID FRAME

STEEL LINE 1

RAKE ANGLE \:

rFIELD WELD
(PER DESIGN)

/*JOIST

| FLANGE BRACE

3 1/2"
SEAT DEPTH—/

STANDARD
ENDWALL STUB
(STUB CAN BE A
CEE CHANNEL OR
H—SECTION) —~_

8”, 10", OR
127 GIRT

—

(LOCATION VARY
PER DESIGN)

END  BAY
RIGID FRAME

COLUMN TO RAFTER CONNECTION,
VERTICAL SLOTS IN CONNECTION
CLIP TRANSFER WIND LOADS

WHILE ALLOWING DESIGNED

RAFTER DEFLECTION. HAND
TIGHTEN BOLTS AND BURR
THREADS. (CEE CHANNEL AND H-—
SECTION CONNECTIONS TO

CLIP ARE SIMILAR)

™~— STANDARD ENDWALL
COLUMN CAN BE A CEE
CHANNEL OR H—SECTION

D WELD

FIGURE 4.26 Endwall framing at rigid frame with open-web joists and bypass girts. (Nucor Building Systems.)
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Source: METAL BUILDING SYSTEMS

CHAPTER 5

SECONDARY FRAMING:
GIRTS AND PURLINS

5.1 INTRODUCTION

Secondary structural members span the distance between the primary building frames of metal build-
ing systems. They play a complex role that extends beyond supporting roof and wall covering and
carrying exterior loads to main frames. Secondary structurals, as these members are sometimes
called, may serve as flange bracing for primary framing and may function as a part of the building’s
lateral load—resisting system. Roof secondary members, known as purlins, often form an essential
part of horizontal roof diaphragms; wall secondary members, known as girts, are frequently found
in wall bracing assemblies.

A third type of secondary framing, known by the names of eave strut, eave purlin, or eave girt,
acts as part purlin and part girt—its top flange supports roof panels, its web, wall siding (Fig. 5.1).

Girts, purlins, and eave struts exhibit similar structural behavior. Since most secondary members
normally encountered in metal building systems are made of cold-formed steel, our discussion starts
with some relevant issues in design of cold-formed steel structures.

5.2 DESIGN OF COLD-FORMED FRAMING

As mentioned in Chap. 2, the main design standard for cold-formed framing is Specification for the
Design of Cold-Formed Steel Structural Members by American Iron and Steel Institute (AISI).! The
Specification, Commentary, Design Examples, and other information constitute the AISI Manual.?
The first edition of the Specification appeared in 1946, with subsequent editions following in 1960,
1968, 1980, 1986, 1989 (by Addendum), 1996, 1999, and 2000 (the last two by Supplement). The
LRFD-based Specification was first issued in 1991.*

In 2002, the title was changed to North American Specification for the Design of Cold-Formed
Structural Members,* to reflect the fact that many of the Specification’s provisions apply not only to
the United States, but also to Canada and Mexico. The provisions common to all three countries are
included in the main body of the document; the country-specific items are placed in the Appendix.
The users of the 2002 Specification have a choice of ASD, LRFD, and LSD—Limit States Design—
formats. (The LSD design approach is widely used outside the United States.) As can be imagined,
the combined Specification does not look any simpler than its notoriously complex predecessors.

The changes between various editions are substantial, a fact that reflects on the continuing
research in this area of steel design. Since the Specification provisions are so fluid, framing manu-
facturers are challenged to comply with the latest requirements. Unfortunately, some have fallen
behind, still using the previous editions.

Anyone who has ever attempted to design a light-gage member following the Specification pro-
visions probably realized how tedious and complex the process was. This fact helps explain why
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cold-formed steel framing is rarely designed in most structural engineering offices. When such framing
is needed, one of two things tends to happen to the engineers: They either uncritically rely on the
suppliers’ literature or simply avoid any cold-formed design at all by specifying hot-rolled steel
members and hoping for a contractor to make the substitution and to submit the required calculations.
In this chapter, we limit our immersion into the actual Specification formulas that could easily have
become obsolete by the time you read this book. Instead, we point out but a few salient concepts.
‘What makes cold-formed steel design so time-consuming? First, materials suitable for cold form-
ing are usually quite thin and thus susceptible to local deformations under load. (Remember how
easy it is to dent a tin can?) This mode of failure is of much less concern in the design of thicker hot-
rolled members. These local deformations can take two forms: local and distortional buckling. The
nature of distortional buckling (Fig. 5.2a) is not very well understood, at least not as well as that of
local buckling (Fig. 5.2b). In local buckling, some part of the compression flange and the web buck-
les when the stresses reach a certain limit; that part then ceases to carry its share of the load. In dis-
tortional buckling, the compression flange and the adjacent stiffening lip move away from the
original position as a unit, also weakening the section. Research on distortional buckling proceeds at a
brisk pace, with some important work done by Bambach et al.’ and Schafer and Pecoz,® among others.
Second, the flanges of light-gage sections cannot be assumed to be under a uniform stress distribu-
tion, as the flanges of an I beam might be (the shear lag phenomenon). To account for both the local
buckling and the shear lag, the Specification utilizes a concept of “effective design width,” in which only
certain parts of the section are considered effective in resisting compressive stresses (Fig. 5.3). This
concept is pivotal for stress analysis and deflection calculations performed for cold-formed members.

Roof Panel

Wall Panel —

Eave Girt
FIGURE 5.1 Typical eave strut.
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!
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\
\

)N N
(a) (b)

FIGURE 5.2 Local deformations of cold-formed Z sections
in flexure, with top flange in compression: (a) distortional buck-
ling; (b) local buckling. (After Refs. 5 and 6.)
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The effective design width depends on the stress in the member, which, naturally, cannot be com-
puted until some section properties are assumed first. Because of this “vicious circle,” a few design
iterations are needed. A common simplified yet conservative procedure for the effective width cal-
culations assumes the level of stress to be the maximum allowable.

Another complication caused by a nonuniform stress distribution across thin, often nonsymmetrical,
sections is their lack of torsional stability. Light-gage compression and flexural members can fail in
torsional-flexural buckling mode by simultaneous twisting and bending, a failure that can occur at
relatively low levels of stress. In plan, purlins that buckle laterally are displaced from their original
positions as shown in Fig. 5.4. The maximum lateral displacement typically occurs in the middle of

1
3b

Nl

_A

w
Fbrt3b
/:@L'\\
~
< FIGURE 5.3 Effective width concept

for C and Z sections (shaded areas are

considered ineffective).

LATERAL
{DISPLACEMENT

==

— ————

T ——

FIGURE 5.4 Purlin movement from lateral buckling. (LGSL.)

PURLIN (TYP)

MAIN FRAME SUPPORTING PURLINS
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the span. Torsional-flexural buckling can be prevented by keeping the compressive stresses very low
or by plenty of bracing, as discussed later in this chapter.

The complexities of light-gage member design do not stop at flexural and compression calcula-
tions. Tedious shear calculations are often accompanied by even more cumbersome web crippling
checks. To be sure, web crippling failures occur in hot-rolled steel members too, but light-gage sec-
tions are incomparably more susceptible. Web crippling failures such as that shown in Fig. 5.5 are
most likely to occur at supports, where shear stresses are at their maximum. Web crippling stresses
are additive to bending stresses, and a combination of both needs to be investigated.

Whenever web crippling stresses are excessive, bearing stiffeners are required at supports, in
which case it is common to assume that the total reaction force is transferred directly through the
stiffener into the primary framing, neglecting any structural contribution of the member’s web. A
small gap might even be left under the flange of a girt or purlin. The stiffeners are usually made of
clip angles, plates, or channel pieces. In Fig. 5.6, the load is transmitted from the web of a Z purlin
via screws or bolts to the clip-angle stiffener and then from the stiffener to the rafter. Some other clip
designs, which not only help the purlin resist web crippling stresses but also stabilize it laterally, are
described later in the chapter (Sec. 5.5.5).

The Specification recognizes the fact that analytical methods of establishing load-carrying capac-
ities of some cold-formed structural framing may not always be available or practical and allows
determination of structural performance by load testing for such cases. The testing procedure is

1 Purlin

FIGURE 5.5 Web crippling.

\—Rofter
_unrlin

- Bearing Clip
/_Angle

— ——

S -

\—Rcfter

FIGURE 5.6 Bearing clip angle acting
as web stiffener.
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described in the Specification section entitled “Tests for Special Cases.” In the 1986 edition, the test
criteria were relatively clear. Specifically, the member or assembly being tested should have been
able to carry twice the live load plus 1.5 times the dead load (the strength test) and not to distort
excessively under 1.5 times the live load plus 1.0 dead load (the deflection test). The values of the
effective section modulus and moment of inertia were established based on the measurements of
strains and deflections. The test results applied only to the specimen being tested. If the testing was
intended to apply to the whole class of sections, as it usually was, the material properties such as
yield strength were measured and the test results adjusted by the ratio of the nominal to actual
strength of the steel. For example, if the nominal yield strength of the steel was 55 ksi but the
actual was measured at 60 ksi, the test results were reduced by the ratio of 55/60 = 0.917. Otherwise,
they would overstate the capacity of similar members made from steel with a yield strength lower
than 60 ksi.

The 1996 and later editions derive the allowable design strength of the member or assembly as
the average value of all the test results divided by a factor of safety. The latter is equal to 1.6 divided
by the resistance factor, which requires some computations to be determined.

5.3 COLD-FORMED STEEL PURLINS

5.3.1 Available Sizes and Shapes

Cold-formed C and Z purlins are the workhorses of the industry. Configurations of these members
have originated at the bending press—they represent the two basic ways to bend a sheet of metal into
a section with a web and two flanges. Light-gage purlins of 8 to 12 in in depth can span 25 to 30 ft,
and even more, depending on the loading, material thickness, and deflection criteria. Purlin spacing
is dictated by the load-carrying capacity of the roof panels; a 5-ft spacing is common. Appendix B
includes section properties for purlin sizes offered by some manufacturers.

Cold-formed purlins are normally made of high-strength steel. Uncoated cold-formed members,
still in the majority, usually conform to ASTM A 570 or A 607. Occasionally, galvanized purlins are
provided. The old designation for galvanized members, ASTM A 446, has been replaced with a new
ASTM Standard Specification A 653.7 The new standard includes the designations of zinc coating,
G60 and G90, which used to be a part of a separate standard, ASTM A 525. (The latter has been
replaced by ASTM A 924, which now covers all kinds of metal coatings applied by a hot-dip
process.) For the products of structural quality (SQ), three grades—33, 40, and 80—are available,
corresponding to the old grades A, C, and E of ASTM A 446. For example, ASTM A 653 SQ grade
40 with coating designation G60 takes the place of the old ASTM A 446 grade C with G60 coating.

The minimum yield strength for steel sections 16 gage and heavier is normally specified as
55,000 psi, although the Light Gage Structural Institute (LGSI) bases its load tables® on a minimum
yield strength of 57,000 psi.

How is it possible that LGSI can use a higher strength of steel than most manufacturers for the
same material specification? The ASTM specifications define the minimum yield strength of steel,
but the actual strength is often higher. It may be possible to justify using the 57 ksi, rather than 55
ksi, yield strength, if a credible program of inspection and material testing is maintained, and only
the steel with a minimum actual strength of 57 ksi is allowed for use. This is what LGSI does,
although this practice is not followed in structural steel design.

Similarly, LGSI member companies have adopted slightly different section properties for their
cold-formed sections than those of most metal building systems manufacturers (Fig. 5.7). LGSI
products try to optimize flange and lip sizes.

Cold-formed purlins can be designed as simple-span or continuous members. The beneficial
effects, as well as the disadvantages, of continuous framing are explained in Chap. 3. The concept
of continuous Z purlins was introduced in 1961 by Stran-Steel Corp., already mentioned in Chap. 1
as a pioneer of pre-engineered buildings. (Prior to that invention, manufacturers used simple-span
cold-formed sections or bar joists.) Cold-formed purlins can be made continuous by overlapping and
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fastening. Light-gage C sections can be easily lapped back to back; theoretically, Z sections can be
nested one inside another. In reality, however, the traditional equal-flange Z sections of thicker gages
might be difficult to nest. Zamecnik® observes in his investigation of a warehouse with the notice-
ably distorted Z purlins that it is “impossible to nest [the] two sections...without bending the web of
the lower purlin away from the bottom flange,” a situation that contributes to undesirable rotation of
the purlins at the supports (see Fig. 5.8). Noteworthy, LGSI Z sections have flanges of slightly
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FIGURE 5.7 Typical C and Z girt and purlin sections: (a) used by major metal building manufac-
turers; (b) offered by LGSI members.

unequal width to facilitate splicing and provide better fit.
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FIGURE 5.8 Forcing Z purlins of identical size one inside another at the
splice causes their rotation at support. (After Zamecnik, Ref. 9.)

A reminder to specifiers: LGSI sections should not be forced on the metal building systems man-
ufacturers or specified indiscriminately, since the manufacturers have their production lines geared
toward their own standard members. Please investigate the availability first. Also, local steel erectors
might not be familiar with LGSI sections and therefore might not be aware of the need to turn every
other purlin upside down, as is needed to achieve the benefits of unequal-flange design. Erectors need
to be educated on the benefits of using unequal-flange sections and on their installation techniques.

5.3.2 Design for Continuity

To achieve some degree of continuity, cold-formed sections are lapped and bolted together for a dis-
tance of at least 2 ft; i.e., each member extends past the support by at least 1 ft (Fig. 5.9). The degree
of continuity may be increased with a longer lap distance, albeit at a cost of the extra material used
in the lap. Some research'” indicates that load capacity of Z purlins continues to increase until the
length of the lap approaches one-half of the span, while other research'' suggests that the limit is
much smaller than that.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SECONDARY FRAMING: GIRTS AND PURLINS

98 CHAPTER FIVE

CONTINUOUS SPAN

SIMPLE SPAN PURLIN LAP
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4 2-4 (ALL OTHERS)

Vfi OPEN HOLES

RAFTER

(a) (b)

FIGURE 5.9 Examples of (a) simple-span and (b) continuous-span purlin laps. (Star Building Systems.)

A purlin can be attached to rafters in various ways, depending on the magnitude of crippling
stress in the purlin’s web. A simple bolting through the member flanges is acceptable if the web crip-
pling stress is not critical; otherwise support clips acting as web stiffeners are needed.

Continuous framing, while offering significant material savings, requires careful consideration.
The effects of potential problems caused by temperature changes and differential settlement have
already been discussed. Further, continuous purlins are subjected to variable bending moments at
different spans, even from uniform loads: the most critical bending stresses in a continuous beam
occur at the end spans. It follows that the end-bay purlins must have stronger sections than the inte-
rior ones. Alternatively, some manufacturers prefer to utilize the same purlins throughout the building
and provide additional splice lengths for the end-bay purlins. Either approach is fine; a potential red
flag might be raised only if the shop drawings indicate the same purlin sections and lap distances at
all locations, although it could simply mean that some cost efficiency has been forgone and all the
purlins are kept to the size controlled by the end spans.

Yet another economical solution is to make the exterior (end) spans shorter than the interior ones.
For example, if the interior spans are 25 ft, the end spans could be 23 or 24 ft. The opposite design,
in which the end spans are longer than the interior, should be avoided, although there are circum-
stances where this is necessary. Then, additional simple-span purlins may be added in the end bays
between the continuous purlin lines. In Fig. 5.10, rwo additional simple-span purlins had to be placed
in this manner to support the loading at the unusually long end spans.
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FIGURE 5.10 Two additional simple-span purlins are placed between continuous purlins in the end bays of this building.

5.3.3 General Methods of Purlin Design

Not too long ago, continuous C and Z purlins were designed by longhand—very long hand—cal-
culations. Today, the increasing complexity of their design necessitates the use of computers. The
larger manufacturers often use proprietary design software; their smaller competitors and independent
designers typically use off-the-shelf computer programs. Some of these programs are listed on the
CCFSS’s website referenced in Chap. 2.

The design input for both the computer and hand calculations includes the detailed information
on the purlin size and dimensions, loading, design strength of steel, the length and number of spans,
the roof slope, the length of splices, the width of support beam flanges, and the manner of lateral
bracing. To conserve space and to avoid enshrining any design formulas, which tend to change from
one AISI Specification edition to the next, we refer the reader to a comprehensive design example
for a four-span continuous purlin found in the AISI Cold-Formed Steel Design Manual.” The analysis
procedure roughly follows that of any continuous beam, with some peculiarities noted below. The
continuity is provided by the properly designed bolted connections.

5.3.4 Prismatic versus Nonprismatic Analysis

Unlike the continuous structural steel framing with compact welded or bolted connections, continuous
cold-formed purlins use overlapping members through-bolted over the supports (see Fig. 5.9). As a
result, the purlin stiffness at the support locations is twice the stiffness elsewhere. How does this
added stiffness affect the purlin design?

There are two opposite approaches to this dilemma: the first one takes into account the increased
purlin stiffness, the second does not. The first approach, which considers the actual (doubled) purlin
section at the supports, is called nonprismatic or full-stiffness analysis model. The second approach
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assumes the purlin section to be constant throughout and is known as prismatic or reduced-stiffness
analysis model.

The AISI Specification does not dictate which analysis model to use, leaving it up to the designer’s
discretion. The prevalent nonprismatic method better represents the actual conditions, while pris-
matic analysis is simpler. Most of today’s design software follows the nonprismatic analysis model,
as does the AISI Manual’s design example.

The two analysis models yield similar but not identical results. For the same structure, the maximum
negative bending moments produced by nonprismatic analysis exceed those produced by prismatic
analysis, and the opposite is true for the maximum positive moments (Fig. 5.11).

Note that any decrease in the maximum negative bending moment under a prismatic analysis
model also decreases the design moment at the splice location. The moment at the end of the lap
computed by the prismatic analysis procedure will be less than that computed by the nonprismatic
procedure. Accordingly, the purlin designed as a “prismatic” member could in some cases become
overstressed under a combination of moment and shear loading at the end of the lap. Indeed, the end
of the lap is a common critical location for purlin design (the others include the supports and the
point of maximum positive moment). Epstein et al.'' recommend that prismatic analysis be used only
when the design is also found to be safe under the nonprismatic analysis model.

T W
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-~ — ~~ -
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FIGURE 5.11 Continuous cold-formed purlins under uniform gravity loading. Note the
difference in the moment diagrams for prismatic and nonprismatic analysis methods.
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5.3.56 Can the Point of Inflection Be Considered a Braced Point?

The point of inflection is where the moment diagram changes its sign, i.e., the moment is zero. This
is where the compression flange, which requires lateral bracing as discussed in Sec. 5.4, ceases to be in
compression. The adjoining part of the flange is loaded in tension and does not require lateral bracing.
An argument has been made that the point of inflection functions as a virtual purlin brace, so that
the laterally unbraced purlin length could be measured from this point, rather than from the end of the
splice. Measuring from the end of the splice is a more conservative approach shown in Fig. 5.11.

Measuring the unbraced length from the point of inflection often reduces the laterally unsup-
ported purlin length and potentially yields a more economical design. However, the point of inflection
is imaginary, and it may shift with the change in loading. For example, under partial loading (Fig.
5.12), the point of inflection is much closer to the support than under full uniform loading (Fig. 5.11).
(Furthermore, the design positive bending moment is larger under partial loading.)

Another argument against using the point of inflection as a bracing point is illustrated in Fig. 5.13.
As can be seen here, the point of inflection does not prevent the bottom flange of a purlin with
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FIGURE 5.12 Continuous cold-formed purlins under partial gravity loading.
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FIGURE 5.13 A point of inflection does not prevent the bottom flange
of a continuous beam with laterally supported top flange from translation
under lateral-torsional buckling. (After Ref. 12.)

continuously laterally supported top flange from moving sideways under the failure mode of later-
al-torsional buckling. Yura'® concludes that “not only it is incorrect to assume that an inflection point
is a brace point but also that bracing requirements for beams with inflection points are greater than
[for] cases of single curvature.”

5.3.6 Some Other Purlin Design Assumptions

In addition to the main design assumptions discussed above, a few more should be mentioned. First,
a relatively minor point: if the unbraced purlin length is measured from the end of the splice, where
exactly is that point taken? It is possible to regard the end of the splice as the point where the bolts
are located and the purlins are physically joined together. A more typical approach is to place the end
of the splice at the actual end of the overlapping purlin, which adds an extra 1.5 in or so on each side
to the splice length and correspondingly decreases the unbraced purlin length.
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Another common design assumption is to consider the splice region between the support and the
end of the lap as being fully laterally braced (as stated, among other sources, in the AIST Manual’s
design example). Despite its wide use, this assumption seems to make sense only if both flanges of
the purlins in the lapped area are effectively restricted from rotation and translation under load.
Restraint of this type can be provided by sturdy antiroll clips, as described in Sec. 5.5.5. Alternatively,
the top purlin flanges must be laterally braced by the roofing or purlin bracing. The bottom flange
can be considered restrained if it is connected directly to the support.

In real life, however, the purlins supporting standing-seam roofing are not always so restrained.
All too often, Z purlins are simply through-bolted to the supports—and forcing them into the splice
tends to cause their rotation as in Fig. 5.8—and are not restrained at the top by anything more than
standing-seam roofing with sliding clips. In dissecting this issue, Epstein et al.'' conclude: “The
presently accepted assumption that the lapped region is laterally braced. ..does not appear to be justified
and may significantly overestimate the calculated strength.”

A related assumption treats the negative moment region between the end of the lap and the inflection
point as a cantilever with an unbraced free end. Obviously, if one questions the stability of the lapped
region itself, this assumption could be questioned as well.

5.4 PURLIN BRACING: AVAILABLE SYSTEMS

5.4.1 Why Purlin and Girt Bracing Is Needed

As structural engineers have long known, an unbraced compression flange of any single-web flex-
ural member, even of a perfectly symmetrical one loaded through its web, has a tendency to buckle
laterally under vertical loading. A singly symmetrical (C section) or a point-symmetrical (Z section)
cold-formed purlin is even more susceptible to buckling because it has its shear center in a location
quite different from the point of loading application, which is typically the middle of the top flange.
Plus, the principal axes of a Z section are inclined to the web, and any downward load produces a
lateral component. Because of these factors, the unbraced C and Z sections tend to twist and to
become unstable even under gravity loading on a perfectly horizontal roof.

In sloped roofs, the purlin web is tilted from the vertical position, a fact that further complicates
the problem of twisting. Gravity loading acting on a sloped C or Z purlin can be resolved into the
components parallel and perpendicular to the roof, both of which tend to overturn the purlin,
although in the different directions if the purlins are properly oriented as shown in Fig. 5.14. A com-
putation based on the member geometry quickly finds that the two components equalize each other
when the slope equals the ratio of the dimensions of the purlin’s flange to its depth. For example, for
an 8.5-in-deep Z purlin with a 2.5-in-wide flange, this slope is about 3.5:12. The torsional (twisting)
loading increases as the roof slope decreases, and reaches its maximum at a perfectly level roof,
because the force component perpendicular to the roof then predominates. The overall torsional
loading effect from the two force components is rather small in a purlin with a slope of 4:12 (Fig.
5.14a), but if the slope decreases to !/4:12, torsion becomes significant (Fig. 5.14b).

At the roofs with appreciable slopes (over 1/2 to 12), proper purlin orientation is facing upslope,
as shown in Fig. 5.15. For near-flat through-fastened roofs the purlins are frequently located in
alternating positions (Fig. 5.16), a design that relies on the roofing acting as a compression brace
between the two purlins facing each other. This design is not applicable for standing-seam roofs
because, as discussed below, standing-seam roofs may not qualify as lateral bracing for purlins.
The opposing purlins are sometimes used in single-slope buildings, where placing all the
purlins in the same direction would produce large bracing forces without a counterbalance from
the opposite slope.

To summarize our discussion in this section and elsewhere, the effective purlin and girt bracing
should accomplish the three main objectives listed below. The origin of the first two criteria is
Section D3 of the AISI Specification'* and of the third, the Commentary to Section D3.2.1. The
braces must be designed and spaced to avoid local crippling at the points of attachment.
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FIGURE 5.14 Gravity load applied at the top flange
of Z purlin can be resolved into components parallel
and perpendicular to the roof: (a) roof with a steep
slope (4:12); (b) roof with a shallow slope (%4:12).

1. To provide lateral flange bracing. Depending on the load direction, either interior or exterior
member flange can be in compression, and lateral bracing may be needed for both flanges.
The closer the spacing of the braces, the smaller the unbraced length of the section in the weak

direction.
To restrain the purlin or girt from rotation and to relieve torsion. Member rotation tends to occur

under essentially any type of loading: gravity, wind, truly vertical or inclined, as should be evi-
dent from Fig. 5.14. In addition, as discussed in Chap. 3, pipes, ducts, conduits, and similar items
are often suspended from roof purlins. Unfortunately, these are often attached to the bottom
flanges of purlins with C clamps or eye bolts, exerting additional torsional loading on the purlins.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SECONDARY FRAMING: GIRTS AND PURLINS
SECONDARY FRAMING: GIRTS AND PURLINS 105

¢

P\)‘\\“

FIGURE 5.15 Typical purlin orientation in medium-sloped roofs.
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'

FIGURE 5.16 Possible purlin orientation at roofs with slopes less than 1:12.

Purlin bracing should help relieve this torsion. (Still, it is best to attach suspended items from the
purlin web, rather than from the flanges. Another possibility is suspending them from a light-
gage steel channel placed between two adjacent purlins. The channel would not only allow some
flexibility of hanger location, but also provide some added bracing for both purlins.)

3. To restrain the whole assembly of purlins and roofing from lateral translation. Even if each
member is properly braced laterally and torsionally, the whole single-slope roof assembly with
purlins oriented in the same direction will tend to move upslope as a unit. The bracing system,
therefore, must be anchored at the ends—and strong enough to extinguish the accumulated bracing
forces. In double-slope roofs, this is typically accomplished by sturdy ridge channels or angles.
Alternatively, an effective roof diaphragm may be provided to span between, and carry all the
bracing forces to, the properly designed primary frames capable of resisting those forces.

Not every purlin bracing system used today is effective in meeting these three objectives.

5.4.2 Types of Purlin and Girt Bracing

What types of bracing are used for secondary members? First, continuous lateral bracing may be pro-
vided by some types of metal roofing, mainly of the through-fastened variety. To qualify, the panels
must be of proper thickness and configuration, with attachments that provide a continuous load path.
Standing-seam metal roofing can provide only a limited degree of purlin bracing, as discussed in
Sec. 5.5.2. Many engineers consider this type of roofing totally devoid of any bracing ability.

Even through-fastened roofing can potentially meet only the first objective of purlin bracing—to
provide lateral flange restraint. Roofing cannot provide torsional stability for purlins, and its
diaphragm strength and rigidity might be insufficient to prevent the whole assembly of purlins and
roofing from lateral movement. Therefore, metal roofing must be supplemented by some other purlin
bracing to ensure that the remaining two objectives are met.
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The second type of purlin bracing is provided by discrete braces, whose spacing is determined by
analysis. An additional purlin brace is normally provided at each concentrated load. Perhaps the most
effective discrete purlin bracing system is provided by closely spaced parallel lines of channel sections
bolted between the purlins (Fig. 5.17). The channels are similar to solid blocking used in wood con-
struction. They represent a superior method of stabilizing purlins against rotation, although this type
of bracing may be more labor-intensive than other systems.

Less effective, but also less expensive, discrete purlin bracing can be provided by steel angles or
strapping running from eave to eave perpendicular to the purlins. These braces are attached to each
purlin and at the ends to the eave struts. The braces can be located either parallel to the roof or in a
diagonal fashion, running from the top flange of one purlin to the bottom flange of the next. Some
of the many variations of discrete purlin bracing are examined immediately below.

5.4.3 Purlin Braces Parallel to Roof Slope

Purlin braces running parallel to the roof slope from eave to eave are perhaps the most common. Flat
strapping connected to purlin flanges by screws is the easiest and cheapest to install (Fig. 5.18).
However, purlin bracing needs to be taut to perform properly, yet flat straps and round rods have a
tendency to sag and are near useless in that condition. In addition, unlike precut angle sections, flat
strapping does not facilitate purlin alignment and can even lock the purlins in temporarily displaced
positions. Finally, because strapping can function only in tension, parallel lines of strapping cannot
fulfill the last two functions of the purlin bracing: assuring torsional stability and restraining the
whole assembly of purlins and roofing from lateral translation under load. For these reasons, bracing
purlins by flat strapping is not particularly effective.

Some manufacturers try to overcome the disadvantages of using strapping by crisscrossing the
straps at regular intervals. In Fig. 5.19, the straps are crisscrossed at every third purlin space and at

SYMM. ABOUT
RIDGE

RIDGE CHANNEL

EAVE STRUT
METAL ROOFING

CHANNEL
BRACING

CHANNEL BRACING

CLIP ANGLE

BOLTS

PURLIN

FIGURE 5.17 Perhaps the most effective system of purlin bracing is provided by closely spaced bolted channels.
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LIGHT—GAGE STRAPPING
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FIGURE 5.18 Lateral bracing of both purlin flanges with strapping. (LGSI.)

SEE BUILDING ROOF PLAN FOR LDOCATIONS
ATTACH STRAP w/#12 X 1 1/4"7 SDS W/0 WASHER

AT EACH PURLIN

SAG STRAP INSTALLATION FOR SIX OR LESS PURLINS

SEE BUILDING ROOF PLAN FOR LOCATIONS
ATTACH STRAP W/#12 X 1 1/4° SDS W/0 WASHER

AT EACH PURLIN

SAG STRAP INSTALLATION FOR MORE THAN SIX PURLINS

FIGURE 5.19 Crisscrossing sag straps. (A&S Building Systems.)
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the ridge. This design could potentially be used for relatively narrow buildings in which bracing
forces are minor. For wider structures, the required bracing sizes can make the strapping too heavy
to be easily bent and crisscrossed in the field. But even for narrow roofs, the system works only if
the eave struts are capable of providing purlin anchorage—a very big “if,” as discussed below.

In contrast to flat strapping, angle bracing can be supplied in sections sized to fit the purlin spacing.
The angles are secured to purlins by fitting precoped tabs into prepunched slots in purlin webs and
bending the tabs with a hammer (Fig. 5.20). Simplicity and speed of erection are the main reasons
for the popularity of this design. However, it suffers from at least two main disadvantages.

First, the design anchorage capacity of a brace connected in this manner is difficult to predict,
especially for a tab that is not bent a full 90°. Second, the braces must necessarily be staggered to
allow for field bending of coped legs, instead of being placed in a straight line and interconnected,
as they should be. Some manufacturers stagger the adjacent sag angle pieces by as much as 12 in.
Because of the stagger, the transfer of forces from brace to brace proceeds through local web bending,
an undesirable situation.

A refinement of the coped-leg design, to allow for alignment and interconnection of the braces,
is shown in Fig. 5.21. Instead of being bent, the coped leg of the bracing angle is inserted in the
purlin slot and attached to the next angle piece. Some manufacturers provide horizontal slots (Fig.
5.21a), others vertical slots (Fig. 5.21b). The braces of Fig. 5.21 are connected with two self-drilling
screws. A stronger attachment could be made by bolts (Fig. 5.22).

Still another—and perhaps better—approach is to dispense with the slotted purlins altogether and
attach the angles to the top and bottom purlin surfaces by self-drilling screws, small rivets, or bolts
(Fig. 5.23).

5.4.4 Anchorage of Purlin Braces at Eaves and Ridge

A simple interconnection by parallel lines of strapping or sag angles does not prevent the purlins
from laterally buckling together as a group (as in Fig. 5.4). It also cannot prevent the whole assembly
of purlins and roofing from lateral translation under load. Effective bracing requires anchorage at its
ends—the ridge and the eaves.

At the ridge, each line of purlin bracing should be anchored to a stiff and strong ridge channel or
ridge angle (Fig. 5.24). This member is designed to resist in compression the accumulated bracing forces
from both slopes of the roof. Simply providing another sag angle at the ridge is usually insufficient.

Field Bend Leg
of Sag Angle

Purlin

Sag Angle

Bend Coped Leg

FIGURE 5.20 Purlin bracing by sag angles installed in prepunched ver-
tical slots.
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FIGURE 5.21 Lateral purlin bracing with in-line interconnected angles. Typically, such brac-
ing is needed at top and bottom flanges: (a) using horizontal purlin slot; (b) using vertical purlin
slot. (LGSL.)

o
oS
BR
¥ s\“‘%&‘?\@
pA

FIGURE 5.22 Bolted connection
between sag angles. (Modified from a
drawing by Star Building Systems. The
company no longer uses this detail.)
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FIGURE 5.23 Purlin bracing by angles attached to purlins with self-drilling screws.

PURLIN

FIGURE 5.24 Ridge angle. (Butler Manufacturing Co.)

At the eave, parallel bracing is usually attached to the eave strut, either directly or by crisscross-
ing the purlin braces (Fig. 5.25). Some manufacturers use special adjustable sag angles between the
eave strut and the first purlin (Fig. 5.26) to facilitate purlin alignment. The adjustability is provided
at the purlin end, where the sag angle becomes a threaded rod with two nuts.

A simple shifting of the purlin brace to the bottom flange of the eave strut (Fig. 5.25a) is not very
effective in providing purlin stability, because the degree of the eave strut’s torsional resistance can
vary widely, as discussed in the next section. Crisscrossing the bracing (Fig. 5.25b) has a better chance
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FIGURE 5.25 Anchorage of parallel bracing at the eave: (a) shifting bracing to the bottom chord of eave strut;
(b) crisscrossing at the eave strut.

of success, but only when one of the crossed braces can function as a compression member. For this
reason, crisscrossing can be effective when sag angles are used, but ineffective with flat straps.

An even better design is to place solid blocking between the eave strut and the first Z purlin (such
as the channel of Fig. 5.17). The blocking provides superior resistance to torsion and lateral buckling
of both those members.

For wide buildings, crisscrossing at the eaves and attachments at the ridge may not be sufficient,
and the angle braces may have to be crisscrossed in some interior bays too, to keep the purlins stable
and reduce the bracing forces (Fig. 5.27).
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EAVE STRUT

ADJUSTABLE
SAG ANGLE

FIGURE 5.26 Adjustable sag angle between the eave strut and the first purlin.
(Butler Manufacturing Co.)

5.45 The Immovable Eave Strut

The eave struts are often assumed to provide a point of anchorage for lateral purlin bracing—an
immovable point in the horizontal direction. How valid is this assumption?

The lateral stiffness of the eave strut section, taken alone, is comparable to or less than that of a
typical Z purlin. For example, the moment of inertia in the weak direction (/) of an 8-in 14-ga Z
purlin with 3.375-in flanges produced by LGSI (see Appendix B, Table B.6) is 3.076 in* and of an
8-in 14-ga Z purlin with 2.5-in flanges, 1.289 in* (Appendix B, Table B.7). In comparison, the I, of
an 8-in 14-ga double-slope eave strut section by LGSI is 2.475 in* (Appendix B, Table B.8), so that
its lateral rigidity falls betw