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Foreword

The increasing complexity of homes, the use of innovative materials and
technologies, and the increased population in high-hazard areas of the United States have
introduced many challenges to the building industry and design profession as a whole.

These challenges call for the development and continual improvement of efficient
engineering methods for housing applications as well as for the education of designersin
the uniqueness of housing as a structural design problem.

This text is an initia effort to document and improve the unique structural
engineering knowledge related to housing design and performance. It compliments
current design practices and building code requirements with value-added technical
information and guidance. In doing so, it supplements fundamental engineering principles
with various technical resources and insights that focus on improving the understanding
of conventional and engineered housing construction. Thus, it attempts to address
deficiencies and inefficiencies in past housing construction practices and structura
engineering concepts through a comprehensive design approach that draws on existing
and innovative engineering technologies in a practical manner. The guide may be viewed
as a “living document” subject to further improvement as the art and science of housing
design evolves.

We hope that this guide will facilitate and advance efficient design of future
housing whether built in conformance with prescriptive (i.e., “conventional”) practices or
specially engineered in part or whole. The desired effect is to continue to improve the
value of American housing in terms of economy and structural performance.

Susan M. Wachter
Assistant Secretary for Policy
Development and Research






Pr eface

This document is a unique and comprehensive tool for design professionals,
particularly structural engineers, seeking to provide value-added services to the producers
and consumers of American housing. As such, the guide is organized around the
following major objectives:

» to present a sound perspective on American housing relative to its history,
construction characteristics, regulation, and performance experience;

» to provide the latest technical knowledge and engineering approaches for the
design of homes to complement current code-prescribed design methods;

* to assemble relevant design data and methods in a single, comprehensive
format that is instructional and simple to apply for the complete design of a
home; and

* to revea areas where gaps in existing research, design specifications, and
anal ytic tools necessitate alternative methods of design and sound engineering
judgment to produce efficient designs.

This guide consists of seven chapters. The layout and application of the various
chapters are illustrated in the figure on page vii. Chapter 1 describes the basic substance
of American housing, including conventional construction practices, aternative
materials, building codes and standards, the role of design professionals, and actual
experience with respect to performance problems and successes, particularly as related to
natural hazards such as hurricanes and earthquakes. Chapter 2 introduces basic
engineering concepts regarding safety, load path, and the structural system response of
residential buildings, subassemblies, and components to various types of loads. Chapter 3
addresses design loads applicable to residential construction. Chapters 4 and 5 provide
step-by-step design procedures for the various components and assemblies comprising
the structure of a home—from the foundation to the roof. Chapter 6 is devoted to the
design of light-frame homes to resist lateral loads from wind and earthquakes. Chapter 7
addresses the design of various types of connections in a wood-framed home that are
important to the overall function of the numerous component parts. As appropriate, the
guide offers additional resources and references on the topics addressed.

Given that most homes in the United States are built with wood structural
materials, the guide focuses on appropriate methods of design associated with wood for
the above-grade portion of the structure. Concrete or masonry are generally assumed to
be used for the below-grade portion of the structure, although preservative-treated wood
may also be used. Other materials and systems using various innovative approaches are
considered in abbreviated form as appropriate. In some cases, innovative materials or
systems can be used to address specific issues in the design and performance of homes.
For example, steel framing is popular in Hawaii partly because of wood's special
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problems with decay and termite damage. Likewise, partialy reinforced masonry
construction is used extensively in Florida because of its demonstrated ability to perform
in high winds.

For typical wood-framed homes, the primary markets for engineering services lie
in special load conditions, such as girder design for a custom house; corrective measures,
such as repair of a damaged roof truss or floor joist; and high-hazard conditions such as
on the West Coast (earthquakes) and the Gulf and Atlantic coasts (hurricanes). The
design recommendations in the guide are based on the best information available to the
authors for the safe and efficient design of homes. Much of the technical information and
guidance is supplemental to building codes, standards, and design specifications that
define current engineering practice. In fact, current building codes may not explicitly
recognize some of the technical information or design methods described or
recommended in the guide. Therefore, a competent professional designer should first
compare and understand any differences between the content of this guide and local
building code requirements. Any actual use of this guide by a competent professional
may require appropriate substantiation as an "alternative method of analysis." The guide
and references provided herein should help furnish the necessary documentation.

The use of alternative means and methods of design should not be taken lightly or
without first carefully considering the wide range of implications related to the applicable
building code’s minimum requirements for structural design, the local process of
accepting alternative designs, the acceptability of the proposed alternative design method
or data, and exposure to liability when attempting something new or innovative, even
when carried out correctly. It is not the intent of this guide to steer a designer unwittingly
into non-compliance with current regulatory requirements for the practice of design as
governed by local building codes. Instead, the intent is to provide technical insights into
and approaches to home design that have not been compiled elsewhere but deserve
recognition and consideration. The guide is also intended to be instructional in a manner
relevant to the current state of the art of home design.

Finally, it is hoped that this guide will foster a better understanding among
engineers, architects, building code officials, and home builders by clarifying the
perception of homes as structural systems. As such, the guide should help structural
designers perform their services more effectively and assist in integrating their skills with
others who contribute to the production of safe and affordable homes in the United
States.
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Chapter 1 - Basics of Residential Construction

Maximum Gust Wind Speeds Experienced

FIGURE 1.8 in Hurricane Andrew!

Hurricane Andrew, 1992 il G B
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Source: Applied Research Associates, Raleigh, NC.
Note:
"Wind speeds are normalized to a standard 33-foot height over open terrain.

Roof sheathing was the most significant aspect of the structural damage,
with 64 percent of the sampled homes losing one or more roof sheathing panels.
As aresult, about 24 percent of sampled homes experienced a partial or complete
collapse of the roof framing system.

Components of Sampled Single-Family Detached Homes with

TABLE 1.3 “Moderate” or “High” Damage Ratings in Hurricane Andrew

I Component Damage Frequency (per cent of sampled homes) ]

| Roof sheathing 24% (64%)" |

flwalls 2% |

| Foundation 0% |

| Roofing 77% |
Interior finish (water damage) 85%

Source: Assessment of Damage to Single-Family Homes Caused by Hurricanes Andrew and Iniki (HUD, 1993).

Note:
*Percent in parentheses includes “low” damage rating and therefore corresponds to homes with roughly one or more shesliting panel

Other values indicate the percent of homes with moderate or high damage ratings only, including major component orasioesural
such as partial roof collapse (i.e., 24 percent) due to excessive roof sheathing loss.

Residential Structural Design Guide 1-19



Chapter 1 - Basics of Residential Construction

Given the magnitude of Hurricane Andrew, the structural (life-safety)
performance of the predominantly masonry housing stock in south Florida was,
with the prominent exception of roof sheathing attachment, entirely reasonable.
While a subset of homes with wood-framed wall construction were not evaluated
in a similarly rigorous fashion, anecdotal observations indicated that additional
design and construction improvements, such as improved wall bracing, would be
necessary to achieve acceptable performance levels for the newer styles of homes
that tended to use wood framing. Indeed, the simple use of wood structural panel
sheathing on al wood-framed homes may have avoided many of the more
dramatic failures. Many of these problems were also exacerbated by shortcomings
in code enforcement and compliance (i.e., quality). The following summarizes the
major findings and conclusions from the statistical data and performance
evaluation (HUD, 1993; HUD, 1998):

* While Hurricane Andrew exacted notable damage, overal residentia
performance was within expectation given the magnitude of the event
and the minimum code-required roof sheathing attachment relative to the
south Floridawind climate (i.e., a6d nail).

* Masonry wall construction with nomina reinforcement (less than that
required by current engineering specifications) and roof tie-down
connections performed reasonably well and evidenced low damage
frequencies, even through most homes experienced breached envelopes
(i.e., broken windows).

» Failure of code-required roof tie-down straps were infrequent (i.e., less
than 10 percent of the housing stock).

» Two-story homes sustained significantly (95 percent confidence level)
greater damage than one-story homes.

* Hip roofs experienced significantly (95 percent confidence level) less
damage than gable roofs on homes with otherwise similar
characterigtics.

Some key recommendations on wind-resistant design and construction
include the following:

» Significant benefits in reducing the most frequent forms of hurricane
damage can be attained by focusing on critical construction details
related to the building envelope, such as correct spacing of roof
sheathing nails (particularly at gable ends), adequate use of roof tie-
downs, and window protection in the more extreme hurricane-prone
environments along the southern U.S. coast.

« While construction quality was not the primary determinant of
construction performance on an overall population basis, it is a
significant factor that should be addressed by proper inspection of key
components related to the performance of the structure, particularly
connections.

» Reasonable assumptions are essential when realistically determining
wind loads to ensure efficient design of wind-resistant housing.

1-20

Residential Structural Design Guide



Chapter 1 - Basics of Residential Construction

Assumptions pertain to wind exposure condition, the internal pressure
condition, and other factors as addressed later in Chapter 3.

Chapters 3 through 7 present design methods and guidance that address
many of the above concerns.

Hurricane Opal

Hurricane Opal struck the Florida panhandle near Pensacola on October 4,
1995, with wind speeds between 100 and 115 mph at peak gust (normalized to an
open exposure and elevation of 33 feet) over the sample region of the housing
stock (Powell and Houston, 1995). Again, roofing (i.e., shingles) was the most
common source of damage, occurring in 4 percent of the sampled housing stock
(NAHBRC, 1996). Roof sheathing damage occurred in less than 2 percent of the
affected housing stock.

The analysis of Hurricane Opal contrasts sharply with the Hurricane
Andrew study. Aside from Hurricane Opal's much lower wind speeds, most
homes were shielded by trees, whereas homes in south Florida were subjected to
typical suburban residential exposure with relatively few trees (wind exposure B).
Hurricane Andrew denuded any trees in the path of strongest wind. Clearly,
housing performance in protected, noncoastal exposures is improved because of
the generally less severe wind exposure and the shielding provided when trees are
present. However, trees become less reliable sources of protection in more
extreme hurricane-prone areas.

Northridge Earthquake

While the performance of houses in earthquakes provides objective data
for measuring the acceptability of past and present seismic design and building
construction practices, typical damage assessments have been based on “worst-
case” observations of the most catastrophic forms of damage, leading to a skewed
view of the performance of the overall population of structures. The information
presented in this section is, however, based on two related studies that, like the
hurricane studies, rely on objective methods to document and evaluate the overall
performance of single-family attached and detached dwellings (HUD, 1994;
HUD, 1999).

The Northridge Earthquake occurred at 4:31 a.m. on January 17, 1994.
Estimates of the severity of the event place it at a magnitude of 6.4 on the Richter
scale (Hall, 1994). Although considered a moderately strong tremor, the Northridge
Earthquake produced some of the worst ground motions in recorded history for the
United States, with estimated return periods of more than 10,000 years. For the most
part, these extreme ground motions were highly localized and not necessarily
representative of the general near-field conditions that produced ground motions
representative of a 200- to 500-year return period event (HUD, 1999).

Table 1.4 summarizes the single-family detached housing characteristics
documented in the survey. About 90 percent of the homes in the sample were built
before the 1971 San Fernando Valley Earthquake, at which time simple prescriptive
requirements were normal for single-family detached home construction. About 60
percent of the homes were built during the 1950s and 1960s, with the rest
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constructed between the 1920s and early 1990s. Styles ranged from complex custom
homes to smple affordable homes. All homes in the sample had wood exterior wall
framing, and most did not use structural sheathing for wall bracing. Instead, wood
let-in braces, Portland cement stucco, and interior wall finishes of plaster or gypsum
wall board provided latera racking resistance. Most of the crawl space foundations
used full-height concrete or masonry stem walls, not wood cripple walls that are
known to be prone to damage when not properly braced.

Construction Characteristics of Sampled Single-Family

— Detached Dwellings ]
| Component Frequency of Construction Characteristics |
[[Number of stories 79% one 18% two 3% other I
flwall sheathing 80% none 7% plywood 13% unknown ||
| Foundation type 68% crawl space 34% dlab 8% other |
| Exterior finish 50% stucco/mix 45% stucco only 6% other |
| Interior finish 60% plaster board | 26% gypsum board | 14% other/unknown !

Source: HUD, 1994,

Table 1.5 shows the performance of the sampled single-family detached
homes. Performance is represented by the percent of the total sample of homes that
fell within four damage rating categories for various components of the structure
(HUD, 1994).

Damage to Sampled Single-Family Detached Homes in the

UAELE L5 Northridge Earthguake (percent of sampled homes)

1 | L

I Estlma;cri \P;rR?%ZW|th|n No Damage Low Damage | Moderate Damage | High Damage I
[Foundation 90.2% 8.0% 0.9% 0.9% |
walls 98.1% 1.9% 0.0% 0.0%

J|Roof 99.4% 0.6% 0.0% 0.0% |

}[Exterior finish 50.7% 46.1% 2.9% 0.3% |

Jlinterior finish 49.8% 46.0% 4.2% 0.0% !

Source: HUD, 1994.

Serious structural damage to foundations, wall framing, and roof framing
was limited to a small proportion of the surveyed homes. In general, the homes
suffered minimal damage to the elements that are critical to occupant safety. Of the
structural elements, damage was most common in foundation systems. The small
percent of surveyed homes (about 2 percent) that experienced moderate to high
foundation damage were located in areas that endured localized ground effects (i.e.,
fissuring or liquefaction) or problems associated with steep hillside sites.

Interior and exterior finishes suffered more widespread damage, with only
about half the residences escaping unscathed. However, most of the interior/exterior
finish damage in single-family detached homes was limited to the lowest rating
categories. Damage to stucco usualy appeared as hairline cracks radiating from the
corners of openings—particularly larger openings such as garage doors—or along
the tops of foundations. Interior finish damage paralleled the occurrence of exterior
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finish (stucco) damage. Resilient finishes—such as wood panel or lap board
siding—fared well and often showed no evidence of damage even when stucco on
other areas of the same unit was moderately damaged. However, these seemingly
minor types of damage were undoubtedly a major source of the economic impact in
terms of insurance claims and repair cost. In addition, it is often difficult to separate
the damage into categories of “structural” and “nonstructural,” particularly when
some systems, such as Portland cement stucco, are used as an exterior cladding as
well as structural bracing. It is also important to recognize that the Northridge
Earthquake is not considered a “maximum” earthquake event.

The key findings of an evaluation of the above performance data are
summarized below (HUD, 1999). Overall, the damage relative to key design
features showed no discernable pattern, implying great uncertainties in seismic
design and building performance that may not be effectively addressed by simply
making buildings “stronger.”

The amount of wall bracing using conventional stucco and let-in braces
typically ranged from 30 to 60 percent of the wall length (based on the street-
facing walls of the sampled one-story homes). However, there was no observable
or statistically significant trend between amount of damage and amount of stucco
wall bracing. Since current seismic design theory implies that more bracing is
better, the Northridge findings are fundamentally challenging yet offer little in the
way of a better design theory. At best, the result may be explained by the fact that
numerous factors govern the performance of a particular building in a major
seismic event. For example, conventional seismic design, while intending to do
so, may not effectively consider the optimization of flexibility, ductility,
dampening, and strength—all of which are seemingly important.

The horizontal ground motions experienced over the sample region for the
study ranged from 0.26 to 2.7 g for the short-period (0.2 second) spectral response
acceleration and from 0.10 to 1.17 g for the long-period (1 second) spectral
response acceleration. The near-field ground motions represent a range between
the 100- and 14,000-year return period, but a 200- to 500-year return period is
more representative of the general ground motion experienced. The short-period
ground motion (typically used in the design of light-frame structures) had no
apparent correlation with the amount of damage observed in the sampled homes,
although a slight trend with respect to the long-period ground motion was
observed in the data.

The Northridge damage survey and evaluation of statistical data suggest
the following conclusions and recommendations (HUD, 1994; HUD, 1999):

e Severe structural damage to single-family detached homes was
infrequent and primarily limited to foundation systems. Less than 2
percent of single-family detached homes suffered moderate to high
levels of foundation damage, and most occurrences were associated with
localized site conditions, including liquefaction, fissuring, and steep
hillsides.

» Structural damage to wall and roof framing in single-family detached
homes was limited to low levels for about 2 percent of the walls and for
less than 1 percent of all roofs.

» Exterior stucco and interior finishes experienced the most widespread
damage, with 50 percent of all single-family detached homes suffering at
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least minor damage and roughly 4 percent of homes sustaining moderate
to high damage. Common finish damage was related to stucco and
drywall/plaster cracks emanating from the foundation or wall openings.

* Homes on dab foundations suffered some degree of damage to exterior
stucco finishes in about 30 percent of the sample; crawl space homes
approached a 60 percent stucco damage rate that was commonly
associated with the flexibility of the wall-floor-foundation interface.

» Peak ground motion records in the near-field did not prove to be a
significant factor in relation to the level of damage as indicated by the
occurrence of stucco cracking. Peak ground acceleration may not of itself
be a reliable design parameter in relation to the seismic performance of
light-frame homes. Similarly, the amount of stucco wall bracing on
street-facing walls showed a negligible relationship with the variable
amount of damage experienced in the sampled housing.

Some basic design recommendations call for

» smplifying seismic design requirements to a degree commensurate
with knowledge and uncertainty regarding how homes actually
perform (see Chapter 3);

» using fully sheathed construction in high-hazard seismic regions (see
Chapter 6);

» taking design precautions or avoiding steeply soped sites or sites
with weak soils; and,

* when possible, avoiding brittle interior and exterior wal finish
systemsin high-hazard seismic regions.

1.7 Summary

Housing in the United States has evolved over time under the influence of
avariety of factors. While available resources and the economy continue to play a
significant role, building codes, consumer preferences, and alternative
construction materials are becoming increasingly important factors. In particular,
many local building codes in the United States now require homes to be specialy
designed rather than following conventional construction practices. In part, this
apparent trend may be attributed to changing perceptions regarding housing
performance in high-risk areas. Therefore, greater emphasis must be placed on
efficient structural design of housing. While efficient design should also strive to
improve construction quality through simplified construction, it also places
greater importance on the quality of installation required to achieve the intended
performance without otherwise relying on “overdesign” to compensate partially
for real or perceived problems in installation quality.
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