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Foreword 

This design handbook contains a concise set of 
typical residential foundation construction details 
and recommends cost-effective insulation levels for 
a variety of basements, crawl spaces, and 
slab-on-grade foundations for most U.S. regions. 

critical design information needed for specifying 
structural integrity; thermal and vapor controls; 
subsurface drainage; waterproofing; backfiling and 
compaction; and decay, termite, and radon control 
measures. 

. The construction details are accompanied by the 

Background 

(DOE) asked Oak Ridge National Laboratory 
(ORNL) to develop a foundations research project. 
One of the project’s first findings was that 70 
percent of the new houses built in 1985 and 95 
percent of then-existing houses had no foundation 
insulation. Follow-up studies showed that it is 
cost-effective to increase the thermal efficiency of 
most new foundations built in the United States, 

potential energy savings from cost-effective 
foundation insulation is estimated to approach 0.5 
quads (0.5 x l U 1 5  Btu), or $5 billion annually. 

A review panel was formed to assist DOE and 
ORNL in providing focus for the project and to 
guide research. This panel, which comprised 
representatives of all the major foundation material 
manufacturers, builders, architects, code officials, 
the Environmental Protection Agency (EPA), the 
Department of Housing and Urban Development 
(HUD), and leading foundation research 
laboratories and universities from the United States 
and Canada, played a critical role in bringing the 
handbook to fruition. First, the panel members 
pointed out that one reason for the large number of 
uninsulated foundations is a lack of clear, 
unconflicting information available in a usable form 
for designers, architects, engineers, and builders. 
Second, they prioritized the importance of about 
twenty research projects and ranked the handbook 
highest. This action lead to an earlier initiation of 
this product than would have occurred otherwise. 
Finally, they offered numerous clarifying and 
insightful comments to several draft versions of this 
handbook. The participation of this very diverse 
group of individuals, who represent most of the 
conventional energy-efficient foundation systems 
and materials, assures me that this handbook is 
accurate (based on current knowledge) and not 
biased towards any one particular solution. 

In the fall of 1983 the U.S. Department of Energy 

- compared with typical uninsulated systems. The 

Ken Labs contributed, at no cost, an extensive 
amount of unpublished draft material he had 
compiled over the years on building foundations. 
John Carmody orchestrated a command 
performance from his fellow authors and 
continually amazed me with the degree of 
sensitivity he used while weaving together all the 
contributions and extensive comments into the final 
draft. 

A number of significant events add to the 
timeliness and importance of this contribution to 
building foundation design libraries. First, a 
number of national building energy codes and 
standards, such as the American Sjociety of Heating, 
Refrigerating, and Air Conditioning Engineers 
(ASHRAE) 90.2 and the Model Energy Code, are 
being revised with moire attention given to 
foundation insulation. Second, the heightened 
awareness of radon penetration through building 
foundations will cause homeowners and builders to 
require more tightly constructed foundations. 
Third, research results from an ASHRAE Special 
Projects 43 suggest that insulated duct energy losses 
in unconditioned basements and crawl spaces are 
significantly higher than previously thought. ’I’hese 
findings will undoubtedly affect foundation design. 
Some building owners will respond by creating 
conditioned basement space, which will increase 
the need for more energy-efficient basement walls. 

to receive more consideration is a growing 
understanding of moislure movement and damage 
in the foundation area. A fifth significant event is 
the Environmental Protection Agency’s (EPA) 
August 13,1987 directive to suspend usage of the 
termiticides chlordane and heptachlor, which are 
suspected carcinogens. At the time of the 
suspension about two-thirds of all U.S. home 
termite treatments used these chemicals. Finally, 
the effect of restrictions on the future availability 
andlor price of chlorofluorocarbon-12 (CFC) may 
affect foundation design. CFC-12 is one of the 
compounds that is believed to be depleting the 
ozone in the stratosphere. Since extruded 
polystyrene is currently blown with CFC-12, some 
changes in this product’s R-value and/or cost care 
likely. 

A fourth event that will cause foundation design 

Approach 

building standards groups to recommend 
foundation levels that are as cost-effective as 
above-grade insulation level recommendations. A 

DOE and ORNL have worked with a number of 

Xi 



consistent methodology is incorporated in this 
handbook for recommended foundation insulation 
levels. A foundation energy use data base was 
developed using a finite difference computer 
program developed at the Underground Space 
Center. This model was then coupled with the 
DOE 2. IC whole-building energy use simulation 
model, which was run at the Lawrence Berkeley 
Laboratory. Eighty-eight different insulation 
configurations and conditions were simulated for 
major climatic regions. 

Thc primary focus of the handbook is on new, 
residential construction, but some of the 
information also pertains to small cornmercial 
buildings cnnd retrofit applications. Most of the 
emphasis is on conventional concrete and masonry 
foundations, although pressure-treated wood 
systems also are covered. The extensive coverage of 
the fundamentals of fourtdabion design apply both 
to conventional as well as more innovative 
construction solutions. A number of innovative 
foundation systems are mentioned in this handbook 
and w-ill be discussed in more detail in later editions. 
This handbook concentrates on specific solutions 
that are more conventional and likely to gain broad 
initial acceptance, due to the large percentage of 
existing foundations that are not insulated at all. 
Once thc overall foundation stock begins to include 
energy efficiency as standard equipment, the 
foundation area will be ripe for innovation. 

ecommeaadatisns 
This handbook contains optimal insulation levels 

for thirteen cities representative of most U.S. 
climates. Based on average energy prices, at least 
some insulation is recornmended for most 
conventional foundation types in all locations 
except Ims Angeles and Miami. Few serious 
conflicts are uncovered when accommodating 
design considerations for energy efficiency, 
structural integrity, radon mitigation, termite 
con1 rol, and moisture damage prevention in 
foundation systems. 

of integrated foundation design practices. The 
suggested practices are accompanied by 
comprehensive technical discussion of relevant 
design criteria that illustrates the justification for all 
recotnmtndations. This design tool does not lead 
directly to a perfect strategy for every project. The 
details represent compromises. For example, 
neither interior nor exterior placement of insulation 
is superior in all cases. The individual situations 
dictate final design. However, site-specific design 
decisions can be made inore easily with the aid of 
this reference. The major conclusion that can be 
drawn from this handbook is that improving the 
thermal efficiency of almost all foundations beyond 

The handbook also provides a valuable summary 

conventional uninsulated practices should be 
strongly considered. There are clearly areas in 
which further research is needed, and as that 
research is completed it is the intent of DOE and 
O W L  to use latcr editions of this handbook to 
disseminate the results. 

I welcome your response to this handbook. 
Please send me your comments and suggestions for 
improving future editions. 

Jeff Christian 
Energy Division 
Oak Ridge National Laboratory 
P.O. Box 2008 
Oak Ridge, Tennessee 37831-6092 

xii 



Acknowledgments 

This handbook includes material on a wide 
range of interrelated subjects, and benefitted from 
the time and talents of many people of diverse 
backgrounds. The development of the entire 
handbook project was overseen by Sam Taylor, 
foundation program manager of the Office of 
Building and Community Systems, U.S. 
Department of Energy. Throughout the project the 
authors worked closely with Jeff Christian and Paul 
Shipp of the Energy Division of Oak Ridge National 
Laboratory. In his role as technical advisor and 
contract manager, Jeff Christian contributed a great 
deal to the general concept and detailed execution of 
the project. 

In addition to the authors, several members of 
the Underground Space Center staff at the 
University of Minnesota made significant 
contributions to the handbook project. George 
Meixel, Jr. and Louis Goldberg provided advice and 
review throughout pertaining to the energy use 
simulations, and Jana Poliakova assisted with heat 
transfer computer simulations. 
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This handbook provides a simplified method for 
estimating the cost-effectiveness of foundation 
insulation measures in all regions of the United 
States. It also provides information on acceptable 
practices of subdrainage, waterproofing, structural 
integrity, thermal efficiency, and radon and termite 
control. All of these systems related to foundation 
design are integrated into a series of construction 
details for basements, crawl spaces, and 
slab-on-grade foundations. 

residential construction, but some of the 
information also pertains to small commercial 
buildings and retrofit applications. The intended 
audience for the handbook is architects, engineers, 
and other residential designers, including builders 
who make foundation design decisions. To address 
this diversc audience, the handbook is in two parts: 
(1) a summary of cost-effective insulation levels, 
recommended practices, and construction details 
for three basic foundation types, and (2) technical 
reference information, including separate chapters 
on thermal design, subdrainage, waterproofing, 
structural design, and radon and termite control. 

The primary focus of the handbook is on new 
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Introduction 
to Foundation 
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1.1 Purpose and Organization of the Handbook 

RATIONALE FOR IMPROVED 
FOUNDATION DESI'GN 

In the past, developments in the design and 
construction of small building foundations focused 
primarily on proven techniques used for the 
structural support of a building, and the energy 
conservation potential of foundation design was 
ignored. More recently, a general awareness of 
energy-conserving construction practices has 
increased in the United States. Although attention 
to foundations has lagged behind other building 
components in this respect, the practice of 
insulating foundations has become more common. 
In spite of some advances, however, the vast 
majority of existing and new residential foundations 
are uninsulated. According to a recent report, the 
total energy savings resulting from the addition of 
foundation insulation to the existing housing in the 
United States is estimated to be 0.43 to 0.49 quads 
per year [Sterling et al. 19851. It was also estimated 
that in 1985 less than 5 percent of the existing 
building stock had foundation insulation. 

As the thermal efficiency of the above-grade 
portion of houses has improved in recent years, the 
relative importance of the foundation has increased. 
Uninsulated foundations no longer represent 10 to 
15 percent of a poorly-insulated building's total heat 
loss; instead, an uninsulated basement may 
represent up to 50 percent of the heat loss in a 
tightly-sealed house that is well insulated above 
grade. It should be noted that insulating 
foundations not only reduces costs but also results 
in more comfortable above-grade spaces and, in the 
case of basements, provides additional habitable 
space at a low cost. 

The desire to improve the themal performance 
of foundations raises a new series of concerns and 
questions related to foundation design. First, the 
energy-saving potential of improved foundation 
design is not well understood. This prevents 
designers and builders from making informed 
cost-effedive decisions and inhibits policymakers 
and the public from understanding the benefits in a 
more general sense. Second, by adding foundation 
insulation to conventional building designs, therma 
and moisture conditions are changed, resulting in 
potentia1 moisture problems, material damage, and 
even structural problems. Also, foundation 
insulation may provide a path for termite entry that 
is not visible for inspection. At the same time, a new 
concern-the entrance of potentially harmful radon 
gas through the foundation-further complicates 
the design. 

These factors require a fresh examination of the 
interrelationship of several building systems that 
interact at the foundation. In this handbook 
recommended practices for foundation design are 
integrated into a comprehensive design approach 
for use by designers and builders. 

Recognition of the practical and economic 
advantages of improved foundation design is the 
best driving force in changing long-standing 
practices. The benefits to the homeowner are: 
(1) reduction in energy costs, (2) the avoidance of 
potentially costly future moisture, radon, termite, 
and even structural problems, (3) creation of more 
comfortable above-grade spaces, and (4) for houses 
with basements, the creation of truly comfortable, 
habitable space at a relatively low cost. All of these 
potential advantages can be used as selling points 
by designers or builders. Simply avoiding future 
problems and callbacks should be an incentive for 
designers and builders to adopt improved practices. 
These advantages, of course, come at a higher initial 
investment in foundation insulation. Either through 
general information dissemination to the public or 
through direct information presented by the 
builder, the homeowner must decide between 
minimizing initial costs or receiving greater 
long-term benefits in reduced operating and 
maintenance costs as well as, in some cases, more 
habitable basement space. 

SCOPE AND ORGANIZATION OF THE 
HANDBOOK 

Current practices related to residential 
foundation design need to be improved in order to 
reduce energy consumption without creating 
moisture, radon, structural, or other 
foundation-related problems. To do this, designers 
and builders must have information to aid them in 
foundation design and constructson. This handbook 
is intended to fulfill this need by providing 
up-to-date informa tion, but it should be recognized 
that many questions will remain only partially 
answered until further research is completed. 
Specifically, the objectives of the handbook are (1) to 
provide a simplified method ior estimating the 
energy savings and cost-effectiveness of foundation 
measures in several regions of the United States, 
and (2) to provide information and construction 
drawings illustrating acceptable practices of thermal 
efficiency, subdrainage, waterproofing, structural 
design, radon control, and termite protection. 
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The information presented in this handbook 
pertains to new residential construction and other 
small nonresidential buildings. Most of the 
handbook focuses on conventional foundation 
systems of cast-in-place concrete or concrete block 
masonry, although wood foundations are also 
addressed. The handbook presents information 
about the basic foundation types-basement, crawl 
space, and slab-on-grade-in all regions of the 
United States. 

which in the broad sense of the word includes 
anyone who is making decisions about the 
construction of building foundations. This includes 
not only architects and engineers but also other 
residential designers, builders, code officials, 
policymakers, and even hoineowners in some cases. 
This broader audience implies the need to present 
information at varying levels of complexity. At the 
most basic level, designers may simply want a 
recommended foundation insulation level for theii 
region and recommended construction details to 
copy. Other designers may desire more complete 
information enabling them to determine the 
cost-effectiveness of various alternatives and to 
understand in greater depth the range of problems, 
solutions, and tradeoffs involved in designing a 
foundation. 

organized into two main parts. The first part 
summarizes design information and includes a 
step-by-step approach to foundation design 
(Chapters 1 through 49. The second part is a series of 
chapters containing technical reference information 
pertaining to the various subjects and systems 
related to foundation design (Chapters 5 through 
11). These are thermal design and analysis, 
structural design, subdrainage, waterproofing, 
radon control, and termite and decay control. The 
technical information divided into subject areas in 
Part 11 of the handbook is summarized and 
integrated into whole system design in Part I. This 
two-part approach is intended to provide direct 
access to simple answers and recommenddtions in 
Part 1 if desired by some designers while also 
providing more detailed discussions of foundation 
design and construction issues in Part 11. 

The handbook is intended to serve designers, 

To address these diverse needs, the handbook is 
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1.2 Using the Handbook in Foundation Design 

The design of a foundation is based on a series of 
decisions that can be organized into three groups, as 
shown in Figure 1-1. First, the basic foundation 
design decisions are made to determine the 
foundation type, construction system, shape and 
size of the building, and whether basement space 
will require heating and air conditioning. All of 
these basic decisions are determined by a number of 

regional, local, and site-specific factors as well as 
individual preference. 

proceeds to two more sets of decisions. One set 
consists of the thermal design decisions that 
determine the placement and amount of foundation 
insulation. These decisions are based on code 
requirements in some cases but usually result from 

Once the basic decisions are made, the designer 

1. MAKE BASIC FOUNDATION 
DESIGN DECtSlONS 
FOUNDATION TYPE 

* CONSTRUCTION SYSTEM 
FOUNDATION SlZE AND SHAPE 

9 CONDITIONING OF BELOW-GRADE 
SPACE 

2. MAKE RETAILED THERMAL 
DESIGN DECISIONS 
PLACEMENT OF INSULATION 
QUANTITY OF INSULATION 

3. SELECT SYSTEMS, 
MATERIALS, AND DETAJLS - INSULATIONiTHERMAL DETAILS 
STRUCTURAL SYSTEM 

* WATERPROOF1 NG 
*SUBDRAINAGE 
RADON CONTROL 

*TERMITE CONTROL 

Figure 1-1: Foundation Design Decision-Making Process 
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an economic analysis that compares the cost of 
insulating the foundation to the iesulting energy 
savings. Finally, the designer mwt select the 
construction materials and details appropriate for 
the foundation design. This last set of decisions 
requires the integration of structural, thermal, 
waterproofing, and drainage materials and details, 
along with radon control and termite protection 
techniques where necessary. 

definite sequence but are arrived at through an 
iterative process. Typically, general insulation 
needs might be estimated, followed by a general 
design for the foundation wall. Insulation 
requirements then might be modified to fit the 
design, and finally, the construction details are 
refined. If placing an appropriate amount of 
insulation on a foundation proves to be difficult to 
construct or unattractive, it may be rejected 
regardless of cost-effectiveness. Thus, simplicity 
and ease of construction are key goals in this 
process. 

decisions d re identified and the factors that 
determine them are discussed. Because these lirst 
decisions are made based on a wide range of factors 
that vary from case to case, this section does not 
make recommendations, but only identifies choices. 

After selecting a foundation type, the designer 
should proceed to the corresponding summary 
chapter: Chapter 2 for basements, Chapter 3 for 
crawl spaces, and Chapter 4 for slab-on-grade 
foundations. Each of these chapters is organized 
into three parts. The first section leads the designer 
through the process of selecting a cost-effective 
insulation placement and thickness for a particular 
climate. The second section presents a series of 
alternative construction details illustrating the 
integration of all the major systems involved in 
foundation design. The designer can use these 
construction details directly or adapt them to fit a 
unique site or building condition. The third section 
of each chapter consists of a summary of 
recommended design practices in all areas 
discussed in the handbook: structural design, 
selection of insulation products, surface and 
subsurface drainage, waterproofing, and radon and 
termite control. 

The final stage oil the design process is the 
preparation of final construction documents. While 
it is  beyond the scope of this handbook to provide 
exact specifications, Appendices A and 119 are 
intended to aid the designer in preparing 
construction documents, These checklists also may 
be ada ted for use during construction inspection. 
If the dp esigner chooses t~ explore alternatives that 
require a more fundamental understanding of 

through 11 should be consulted. 

Design decisions often do not actually ocm r in a 

In this section of Chapter I, the first set of design 

s d foundation design, chapters 6 

BASIC DECISIONS 

Foundation Type and Construction System 
The first decisions the residential foundation 

designer will make are to select a foundation type 
and a construction system. 'The three basic types of 
foundai ions d e e p  basement, crawl space, and 
slab-on-grade--are shown in Figure 1-2. Also 
shown is a shallow or half-bermed basement, which 
is included as one type of basement throughout this 
handbook. Of course, actual houses may include 
combinations of these types and variations from the 
examples shown. 

There are several construction systems from 
which to choose for each foundation type. The most 
common systems, cast-in-place concrete and 
concrete block foundation walls, can be used for all 
four basic foundation types. Other systems include 
wood foundations, precast concrete foundation 
walls, masonry or concrete piers, cast-in-place 
concrete sandwich panels, and various masonry 
systems. A typical design for slab-on-grade 
construction is a cast-in-place concrete grade beam 
at the slab edge, which is appropriate in climates 
with a shallow frost depth. In colder climates, 
deeper cast-in-place concrete and concrete block 
foundation walls are appropriate, although a 
shallower footing can be used depending on soil 
type, groundwater conditions, and correct 
insulation placement. 

Foundation Size and Shape 

process are the overall size and shape of the 
foundation. The size and shape mainly affect the 
relative cost of constructing the foundation and its 
associated energy use. A one-story building will 
have a larger foundation and consequently greater 
foundation construction costs and energy losses 
than a two- or three-story building of the same total 
floor area. 

Two other basic choices rndde early in the design 

Use of Basement Space 

has a final basic choice-----whether or not the 
basement will be used as habitable space requiring 
heating andlor air conditioning. This decision 
primarily affects the energy use associated with the 
basement; generally, higher levels of insulation 
become cost-effective if a basement is conditioned as 
opposed to unconditioned. If basement space i s  
intended to be finished and habitable, it also may 
imply greater attention to the construction details, 
particularly moisture and radon control. 

For buildings with basement space, the designer 
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Building Program and Design 
The foundation type and construction system 

are chosen in part because of aesthetic factors. 
Although it is not usually a major aesthetic element, 
the foundation at the base of a building can be 
raised above the ground plane, so the foundation 
wall materials can affect the overall appearance. A 
building with a slab-on-grade foundation has little 
visible foundation; however, the foundation wall of 
a crawl space or basement can vary considerably 
from almost no exposure to full exposure above 
grade. The building program and resulting design 
also affect the choice of a foundation type if 
habitable basement space is desired. 

Climate 

varies in different climatic regions, although all 
types can be found in every region. There are two 
reasons for this: (I) regional traditions and market 
expectations, and (2) the impact of frost depth on 
foundation design. Regional t-raditions and market 
expectations are discussed below. The impact of 
frost depth basically arises from the need to place 
foundations at greater depths in colder climates. For 
example, a residential footing in southern 
Minnesota must be at least 42 inches below the 
surface, while in states along the Gulf Coast, 
footings need not extend below the surface at all in 
order to avoid structural damage from frost heave 
(see Chapter 6) .  Because a foundation wall 
extending to a substantial depth is required in 
northern climates, the incremental cost of creating 
basement space is relatively small, since it is 
necessary to build approximately half the basement 
wall anyway. In a southern climate the imcremental 
first cost of creating a basement is greater when 
compared with a slab-on-grade with no required 
foundation wall. In this way, climate indirectly 
affects the basic choice of a foundation type, 

This historic perception that foundations must 
extend below the natural frost depth is not entirely 
accurate, however. Slab-on-grade buildings with 
quite shallow foundations can be used in extremely 
cold climates if they are insulated properly. 

The preference for different foundation types 

Cost and Market Factors 
The foundation type and construction system 

are also chosen based on cost and market factors 
that vary regionally or even locally. Virtually any 
foundation type and construction system can be 
built in any location in the United States. The 
relative costs, however, are Likely to differ. These 
costs reflect local material and labor costs as well as 
the availability of certain materials and the 
preferences of local contractors. For example, in 

some regions many contractors specialize in 
cast-in-place concrete foundation walls. Because 
they have the concrete forms and the required 
experience with this system and because bidding is 
competitive, this system is very cost-effective 
compared with other alternatives. In other regions, 
the availability of concrete blocks is greater and 
many contractors specialize in masonry foundation 
walls. In these areas, a cast-in-place concrete system 
may be less competitive economically because fewer 
contractors are available for residential applications. 

More subjective factors that influence a 
designer’s choice of foundation type and 
construction system are the expectations and 
preferences of individual clients and the 
home-buying public. These market influences are 
based not only on cost-effective comparisons but 
also on the area’s tradition. If people in a certain 
region expect basements, then designers and 
builders generally provide them. Of course, 
analyzing the cost-effectiveness of providing a 
basement requires a somewhat subjective judgment 
concerning the value of basement space. These 
more subjective market factors and regional 
preferences tend to increase the availability of 
materials and contractors for these preferred 
systems, which in turn makes these systems more 
Cost-effective choices. 

, 
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1.3 Types and Distribution of Foundations 

The characteristics of foundations in the United 
States are summarized in this section and are 
presented in greater detail in the Assessment ofthe 
Energy Savings Potential of Building Foundations 
Research [Sterling et al. 19851. 

EXISTING HOUSING STOCK 

The Census Bureau’s 1983 County and City Datu 
Book reports that as of April 1980 the United States 
housing stock stood at 86.6 million units, 57.1 
million (66 percent) of which were single-family 
dwellings. In 1987 the 100th million housing unit 
was built. 

The U.S. Department of Energy’s Residential 
Energy Consumption Survey (RECS) partitions the 
existing housing stock by housing type and vintage. 
According to this source, at the beginning of 1980 
the housing stock consisted of 80.9 million units, 
56.1 million (69 percent) of which were single-family 
dwellings. Single-family detached units alone 
accounted for 77 percent of all residential heated 
floor area in the United States, 123x lo9 square feet 
out of a total U.S. residential floor area of 144x lo9 
square feet [Energy Information Administration 
19811. Single-family detached houses alone contain 
more than twice the floor area of all existing 
nonresidential buildings. This fact makes it clear 
that single-family houses-and single-family 
detached houses in particular- deserve special 
consideration in any effort to improve the energy 
efficiency of the existing building stock. 

Single-Family Residential Foundations 
Only two useful published sources of 

information on single-family residential foundation 
types are available. The National Association of 
Home Builders Research Foundation conducts an 
annual survey of housing characteristics by sending 
a lengthy (thirty-two pages in 1984) questionnaire to 
NAHB members, and occasionally publishes 
selected results of general interest. The most recent 
publication, the 1982 Research Results, reports on the 
1979 and 1980 surveys and includes percentages of 
houses built with (1) full basements, (2) partial 
basements, (3) crawl spaces, and (4) slab-on-grade 
floors, on a state-by-state basis. NAHB data describe 
only single-family detached dwellings. Since the 
results are obtained through the NAHB 
membership, the data represent only professional 

builders. They also represent only the contiguous 
forty-eight states. 

The second source of foundation information is 
the annual Characteristics of New Housing Series C25 
Construction Reports, prepared by the Bureau of 
the Census with partial sponsorship of the U.S. 
Department of Hcusing and Urban Development 
(HUD). The 1983 Chmacferistics was issued in 
July 1984 and reports on completions and sales 
during 1933. Foundation types are reported as 
(1) basement, (2) crawl space, and (3) slab-on-grade, 
with partial basements lumped together with full 
basements. The housing features described in 
Charucterisfics are reported only for the four U.S. 
Census regions: northeast, north central, south, and 
west (which includes Alaska and Hawaii). 

The foundation characteristics published in the 
NAHB 1981 Research Results for 1979 through 1980 
have been averaged to smooth out irregularities and 
are mapped in Figure 1-3. It shows the percentage of 
basement (including partial basement), crawl space, 
and slab-on-grade houses on a state-by-state basis. 
The map reveals a remarkably abrupt shift from 
states where basement construction predominates 
to those where the slab-on-grade predominates. The 
shift centers on about the 37th Parallel. In the plains 
and mountain regions, states north of the line are 
characterized by 95 and 96 percent basement 
construction, leaping to a reversal of 95 and 97 
percent slab construction in adjacent states on its 
south side. 

The shift is so uniform and so clear that it is 
convenient to subdivide the forty-eight contiguous 
states into northern basement states and southern 
slab states. Exceptions to the 37th Parallel rule are 
North and South Carolina, and Oregon, in which 
the majority of single-family detached houses are 
built over crawl spaces. Even so, in these three 
states, the slab is favored over the basement in 
North and South Carolina, while the reverse is true 
in Oregon. Also excepted are California and 
Nevada, which belong to the slab states category 
even though the majority of their land areas extend 
above the 37th Parallel. In both cases, it is likely that 
a majority of new construction occurs south of the 
Parallel. 

It is interesting to note that the division between 
the basement and slab states roughly coincides (as 
much as state demarcations permit) with the 60°F 
deep-ground temperature isotherm, as reported on 
a map prepared by the National Well Water 
Association. That isotherm is superimposed on 
Figure 1-3. 
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Unlike data collected by the NAHB, the Bureau 
of the Census publishes estimates of the number of 
houses built annually with each type of foundation. 
These are normalized to percentages in Figure 1-4. 
In 1970, houses were built with nearly an equal 
number of basement and slab foundations, with 
slabs exceeding basements during 1971 and 1972. 
From 1973 through 1979, a larger number of houses 
were built with basements. Since 1979 slab 
foundations have recaptured the major share of new 
construction, increasing by 2 percent per year since 
1980. 

'I'he share of houses built with basements 
declined in all regions, so the national decline in 
basement constniction cannot be attributed solely to 
increased building activity in southern regions. 
Evidently, basements are being viewed today as less 
desirable or less affordable than ten years ago, when 
basements accoixntecl for 45 percent and slabs for 36 
percent of the annual share of houses. 

For the fivs-year period €ram 1979 through 1983, 
75 percent of all houses with slab foundations were 
built For sale, while 56 percent of houses built with 
basements were built for sale. Of all houses built for 
sale, \%.3 percent had slab foundations, 32.2 perccnt 

had basements, and 13.5 percent had crawl spaces. 
Of all custom houses (built by either a builder under 
contract or by the owner), 30.4 percent had slab 
foundations, 41.9 percent had basements, and 27.7 
percent had crawl spaces. The speculative market 
therefore favors slab foundations, while the custom 
market favors basements. These figures are biased 
by the fact that speculative builders built more 
houses in southern regions than in northern areas. 
The supposition that owners who can afford custom 
houses prefer basements is supported by the 
statistics, although there may be other explanations 
of the data. 

accounted for 63 percent of all single-family units 
built from 1979 through 1983; 20 percent were built 
by owners, and 17 percent under contract, 
Speculative builders were responsible for 74 percent 
of all units in the west census region, 63 percent in 
the south, 60 percent in the northeast, and only 49 
percent in the north central region. Owner-builders 
were most actiue in the north central states (30 
percent of all units) where contractors were also 
most actiue (22 percent of all units). 

On a national level speculative builders 
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Chapter 2 

Basement Design 
Summary 



INTRBDUCTION 

This chapter summarizes the major 
recommendations and practices related to basement 
design. In the first section, the results of thermal 
siinulations for various insulation condigurations are 
presented along with recommended optimal levels 
of insulation for each of thirteen U.S. climates. This 
thermal information is presented for three distinct 
basement conditions: (1) a fully-conditioned (heated 
and cooled) deep basement, (2) an unconditioned 
deep basement, and (3) a fully-conditioned shallow 
basement. 

The second section of this chapter includes a 
presentation and discussion of a series of alternative 
construction details recommended for basements. 
The final section contains a summary of 
recommended basement design practices in the 
following areas. location of insulation and vapor 
retarders, subsurface drainage, waterproofing and 
da tnpprooding, radon control, selection of 
insulation products, structural design, surface 
drainage, and termite and wood decay control. 
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2.1 Basement Insulation Placement and Thickness 

FULLY-CONDITIONED DEEP 
BASEMENT 

The term deep basement refers to an 8-foot 
basement wall with the upper 1 foot exposed above 
grade. Fully-conditioned means that the basement is 
heated and cooled to set thermostat levels similar to 
a typical above-grade space. To provide energy use 
information for this type of foundation, computer 
simulations of the heating and cooling loads were 
performed for twelve different insulation 
placements and thicknesses in thirteen U.S. 
climates. Key assumptions in the computer 
simulations are that the basement space is heated to 
a temperature of 70°F and cooled to a temperature of 
78°F when required. 

Insulation Configurations and Costs 
Table 2-1 includes illustrations, descriptions, and 

installation costs for the twelve basement insulation 
configurations that were analyzed. Two basic 
construction systems are shown-a concrete (or 
masonry) basement wall and a pressure-treated 
wood basement wall. 

the concrete/masonry wall: (1) on the exterior 
covering the upper haif of the wall, (2) on the 
exterior covering the entire wall, and (3) on the 
interior covering the entire wall. For the exterior 
cases, costs include labor and materials for extruded 
polystyrene insulation and the required protective 
covering and flashing above grade. Average costs 
are more difficult to determine for interior insulation 
since insulation, framing, and interior finish 
materials may vary. Also, there is disagreement 
over whether the interior finish materials should be 
included as part of the incremental cost of 
insulating. Because of this variability, interior costs 
are assumed to be the same as exterior in this 
analysis, although in reality they could be anywhere 
from 30 percent less to 30 percent more than exterior 
insulation. 

fiberglass insulation is placed in the cavities 
between the wood studs. Costs shown here reflect 
only the additional cost of installing the insulation, 
not the interior finish which would be required with 
or without insulation. A higher cost increment is 
indicated when R-30 insulation is placed in a wood 
wall reflecting the additional depth required in the 
studs. 

There are three general approaches to insulating 

With pressure-treated wood construction, 

il 

Energy Savings 

insulating are given for three cities (Minneapolis, 
Washington, D.C., and Phoenix). A designer may 
use Table 2-1 to compare the differences in 
performance between these various insulation 
placements on a conditioned basement. Also, the 
cost of insulating can be divided by annual savings 
to calculate a simple payback for the investment. 
However, it is important to remember that these 
average energy and construction costs and other 
assumptions may not apply in particular locations 
and must be adjusted to obtain more accurate 
annual savings. These savings are based on average 
U.S. fuel costs. Energy savings as well as heating 
and cooling loads are given for thirteen U.S. cities in 
Chapter 5. 

For each option, annual savings due to 

Optimal Amount of Insulation 
Determining a cost-effective amount of 

insulation requires further analysis that takes into 
account the cost of insulating the basement in the 
context of several economic factors. Using a 
life-cycle cost analysis method described in 
Chapter 5, the configuration with the lowest 
thirty-year life-cycle cost was determined for each 
climate at three different fuel cost levels. 

Economically optimal configurations for 
concrete/masonry walls and wood foundation walls 
are shown in Table 2-2, The thirteen cities are in 
descending order of heating degree days. The 
exception is Phoenix, which has slightly fewer 
heating degree days than Los Angeles but has 
considerably more cooling degree days and 
consistently requires more insulation. 

justified at all fuel price levels in all cities except Los 
Angeles and Miami. In most locations R-10 
insulation or greater covering the entire wall is 
justified with d fully-conditioned basement. For 
locations other than these thirteen cities, the 
designer can determine heating degree days from 
Appendix B and interpolate. For pressure-treated 
wood walls, R-19 insulation is justified in almost all 
locations at all fuel price levels. 

The majority of configurations simulated for 
deep basements had exterior insulation. A check of 
interior configurations shows that there is virtually 
no thermal difference between exterior and interior 
placement for equivalent amounts of insulation. If 
the cost of interior placement is the same as extenor 
placement, then these recommendations apply 
equally to interior placement. As noted above, cost 

For concrete/masonry walls, some insulation is 

” 
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le 2-1: Configurations Analyzed for Fully-Conditioned Deep Basements 

7 Configuration 

Installation 

Lineal Ft ($1 
cost per 

Annual Energv Cost Savings 
Designation 

of Case 
'> 

PHNX 

0.00 

MPLS 
R0 conc 0.00 0.00 0.00 

0.99 
1.17 

4'R5 ext 
4'RlO ext 

4.44 
6.54 

1.64 
1.93 

0.66 
0.78 

, 8'R5 ext 
8'KlO ext 
S'R1.5 ext 
8WO ext 

7.01 
10.87 
14.55 
18.35 

0.79 
0.98 
1.09 
1.18 

2.06 
2.51 
2.72 
2.84 

2.49 

1.23 
1.50 
1.62 
1.69 

1.48 8'RlO int 10.87 0.97 

8TO wood 
8'Rll wood 
8'R19 wood 
8X30 wood 

0.00 
2.44 
3.79 
9.70 

1.66 
2.64 
2.86 
3.01 

0.99 
1.57 
1.69 
1.78 

0.63 
1.02 
1.14 
1.26 

I 1- 

Annual energy cost savings are based on iiicdium fuel price levels shown in Table 2-3. 
See Section 5.4 for underlying assuniptions and annual energy cost savings in other U.S. cities. 
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Heating 

Table 2-2: Op 

Natural Cas .374/therm 

Fuel Oil .527/gal 

Propane .344/gal 

Electricity .019/kWh 
(Resistance heat) 

Basement 
Wall Type 

Cooling 

Concrete or 
Masonry Wall 

Electricity .05lkWh .076ikWh ,114ikWh 

Wood Wall 

Ieating Degree Day 
' d i n g  Degree Day 
cc Table 2-3 for fue 

mal Insulation Conf 

Location 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

- 

HDD' 

9075 
8007 
6177 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 

199 

9075 
8007 
6177 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 

199 

h s e  65°F 
lase 75°F 
ices used in this analysis 

iurations for Deep Fully-Conditioned Basements - 

CDD' 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
41 5 

1139 
1856 

36 
1257 

Table 2-3: Fuel Price Levels Used in Analysis 

Optimal Configurations a13 Fuel Price Levels3 

Low 

SIR10 
SIR10 
8'RlO 
SIR10 
SIR10 
8'RlO 
8'RlO 
8'R5 
4'R5 
4'R5 
4'R5 
None 
None 

R19 
R19 
R19 
R19 
R19 
R1Y 
R19 
R1Y 
R11 
R11 
R19 

None 
None 

Medium 

SIR15 
SIR15 
8'RlO 
8'RlO 
S'R10 
S'R10 
8'RlO 
8'Rl 0 
S'R.5 
8'RlO 
4'K10 
None 
None 

R1Y 
R19 
R19 
R19 
R19 
R19 
R19 
R19 
R19 
R19 
R19 

None 
None 

High 

8'7120 
51r15 
8'R15 
8'R15 
8'R15 
8 ' R E  
51r15 
8'r1u 
51r10 
5'r10 
8'R10 
4'R5 

None 

R19 
R19 
R19 
R19 
R19 
R19 
R1Y 
R19 
R19 
R19 
R19 
R11 

None 

1 Season I Fuel Type I Low Price Level ($1 I Medium Price Level ($1 I High Price Level ($) 

.%l/therm 

.791/gal 

.516/gal 

.028kWh 

.84Ythenn 

1.187igal 

.775/gal 

.042/kWh 
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estimates for interior placement vary, depending on 
the type of insulation and whether interior finish 
materials covering the insulation are included in the 
price. If interior placement can be shown to cost less 
than exterior placement, then higher levels of 
insulation may be justified. 

recommendations, designers should examine the 
underlying assumptions of this analysis and adjust 
them if necessary to suit particular conditions (see 
Chapter 5). Cost- effectiveness ran vary 
considerably, depending on construction details 
and cost assumptions. Fuel price assumptions 
underlying this analysis are shown in Table 2-3. 

Before accepting these optimal 

UNCONDITIONED DEEP BASIEMIEN-I' 

The unconditioned deep basemevt is identical to the 
conditioned deep basement described previously 
except that tlie space is not directly heated or coaled 
to maintain a temperature in the 70°F to 78°F range. 
Instead, it is assumed that the basement 
temperature fluctuates during the year based on 
heat transfer between the basement and various 
other heat sources and sinks including (1) the 
above-grade space, (2) the surrounding soil, and 
(3) the furnace and ducts within the basement. 
Generally, the temperature of the unconditioned 
space ranges between 55°F and 70°F most of the year 
in most climates. 

Pnslalalion Configurations and Costs 

installation costs for the fifteen basement insulation 
configurations that were analyzed.. In addition to 
the twelve configurations simulated for 
fully-conditioned basements, three cases were 
added where insulation is placed between the floor 
joists in the ceiling above tlie basement. This 
approach thermally separates the basement from 
the above-grade space, resulting in lower basement 
temperatures in winter, usually necessitating 
insulation of exposed ducts and pipes in the 
basement. Basement ceiling insulation can be 
applied with either construction system--- 
concretehasonry or wood basement wa!ls-but is 
most commonly used with concretelmasonry 
foundations. Installation costs for ceiling insulation 
are indicated in dollars per square foot as opposed 
to dollars per linear foot of perimeter for wall 
insulation cases. 

Table 2-4 includes illustrations, descriptions, and 

Energy Savings 
For each option, annual savings due to 

insulating are given for three cities (Minneapolis, 
Washington, U.C., and Phoenix). A designer may 

use Table 2-4 to compare the differences in 
performance between these various insulation 
placements 01-1 dn Unconditioned basement. Also, 
the cost of insulating can be divided by annual 
savings to calculate a simple payback for the 
investment. However, it is important to remember 
that these average energy and construction costs 
and other assumptions may not apply in particular 
locations and must be adjusted to obtain more 
accurate annual savings. These savings are based on 
average T7.S. fuel costs. Energy savings as well as 
heating and cooling loads are given for thirteen U.S. 
cities in Chapter 5. 

Optimal Arnosant of Insulation 

insulation requires further analysis that takes into 
account the cost of insulating the basement in the 
context of several economic factors. Using a 
life-cycle cost analysis method dcscribed in 
Chapter 5, the configuration with the lowest 
thirty-year life- cycle cost was determined for each 
climate at three different fuel cost levels. 

in Table 2-5 in three categories: (1) soncretehassnry 
wall insulation, (2) pressure-treated wood wall 
insulation, and (3) ceiling insulation. Due to the 
generally lower basement temperatures, lower 
insulation levels are justified than for the fully- 
conditioned basement in most locations. 

For concietehasonry walls, R-5 insulation on 
the upper wall is justified only in the coldei climates 
at low and medium fuel prices. At the high fuel 
price level, insulation is justified in most locations 
with R-10 insulation on the entire wall in the coldest 
cities. For basements with pressure-treated wood 
walk, R-11 to R-19 insulation is justified in most 
locations. When ceiling insulation is placed ovcr an 
unconditioned basement, X-30 iizsulation is  justified 
in colder cities and some insulation is justified in 
most cities. 

As noted in the previous section, most of the 
concrete wall simulations pertain to exterior 
placement. Interior and exterior placement show 
virtually identical thermal results when the entire 
wall is covered. The cost-effectiveness of interior 
insulation depe t i &  on the installation costs, which 
can vary from 30 percent less to 30 percent more 
than exterior insulation. 

The results prcsciited here for unheated 
basements should be considered with caution since 
unfinished basements that are assumed to bc 
unheated at the time of construction will be heated 
later at soi-ne point in the dwellirig's useful 
economic life. 

Determining a cost-effective ainount of 

Economically optimal configurations are showrz 
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Table 2-4: Configurations Analyzed for Unconditioned Deep Basements 
Annual Energy Cost Savings 

r Lineal Foot 
WASH 

I__- 

installation 
Cost per 

Lineal Ft ($1 
I 

PHNX 

0.00 

Designation 
of Case 
RO conc 

I 
MPLS 

0.00 

0.41 
0.50 

- 
0.51 
0.65 
0.72 
0.77 

Configuration 

lL------ 0.00 0.00 

0.13 
0.16 

4.44 
6.54 

0.19 
0.24 

0.23 
0.29 
0.32 
0.34 

4’R5 ext 
4’RlO ext 

0.13 
0.16 
0.18 
0.18 

8’R5 ext 
8‘RIO ext 
8’R15 ext 
8’WO ext 

7.01 
10.87 
14.55 
18.35 

_- 
10.87 0.62 0.26 0.14 8’RlO int 

8’RO wood 
8 ’ K l l  wood 
8‘R19 wood 
8‘R30 wood 

0.00 
2.44 
3.79 
9.70 

0.36 
0.67 
0.75 
0.81 

0.14 
0.29 
0.31 
0.34 

0.07 
0.15 
0.16 
0.17 

Savings per Sq 
0.09 0.03 
0.10 I 0.04 

Cost per Sq Ft 
0.34 
0.52 
0.86 

K11  ceiling 
K19 ceiling 
R30 ceiling 

0.01 
0.01 
0.00 0.15 0.05 

Annual energy Lost savings are based on medium fuel price levels bhown m Tdble 2-3 
See Section 5 4 for underlying d%u~~phons and annual energy cost savings m other U S cihes 
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Table 2-5: Optimal Insulation Csnf 

Basement 
Wall Type 

Concrete or 
Masonry Wall 

Wood Wall 

Ceili*ag 
Insulation 

Location 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Bismarck 
Minneapolis 
Chicago 
Denver 

Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Boston 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

NDD' 

9075 
8007 
61 77 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

9075 
8007 
61 77 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

9075 
8007 
6177 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

<eating Degree Days, Base 65°F 
3oolinC Degree Days, Ease 75°F 
k e  Table 2-3 for fuel prices used in this analysis. 

Optimal Configurations at 3 Fuel Price Levels3 

CDD2 

64 
9s 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

61 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

__. 

LOW 

4 x 5  
4'R5 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

R11 
R11 
R11 
R11 
R11 
R11 

None 
None 
None 
None 
None 
None 
None 

R30 
R30 
R30 
R30 
R30 
R30 
R11 
R11 

None 
None 
None 
None 
None 

. _.. ._ 
Medium 

4'R10 
4'R5 
4'R5 
4'R5 
4 x 5  
4'R5 
None 
None 
None 
None 
None 
None 
None 

R19 
R19 
R11 
R11 
R11 
R11 
R11 
R11 

None 
None 
None 
None 
None 

R30 
R30 
R30 
R30 
R30 
R30 
R11 
R11 

None 
None 
None 
None 
None 

.. . ... . 

High 

8'1110 
8'r10 
4'R5 
4'R5 
4'R5 
8'R5 
4'r5 
4'r5 
4'R5 
None 
None 
None 
None 

R19 
R19 
R11 
I11 1 
R19 
R19 
R11 
R1 1 
R11 

None 
None 
None 
None 

R30 
R30 
R30 
R30 
R30 
1130 
R30 
R30 
R11 

None 
None 
None 
None 
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FULLY-CONDITIONED SHALLOW 
BASEMENT 

A shallow basement refers to basement space that 
is placed only partially into the ground. In this case 
the lower 3 feet of the wall are below grade and the 
upper 5 feet are exposed above grade. Shallow 
basement walls may be constructed entirely of 
concrete, concrete block, or pressure-treated wood, 
or they may be built in two components--an 
above-grade wood frame wall on top of a concrete or 
masonry foundation wall. The upper 8 to 12 inches 
of the foundation wall is then exposed similar to the 
upper part of a deep basement wall. 

In simulating energy use in houses with shallow 
basements, it is assumed that the basement space is 
fully cundifioned, that is, heated to maintain a 
temperature of at least 70°F and cooled to maintain a 
temperature no higher than 78°F. 

Insulation Configurations and Costs 

installation costs for the thirteen basement 
insulation configurations that were analyzed. Two 
basic construction systems are shown: (1) a 
two-component wall consisting of a concrete/ 
masonry foundation wall with a wood frame wall 
above grade, and (2) a pressure-treated wood 
basement wall. 

For the two-component wall, the cost of 
insulating the above-grade portion of the wall is 
simply the incremental cost of adding fiberglass 
insulation to the 4-foot-high frame wall. The cost of 
interior finishes is not included since it would be 
required with or without insulation. The cost of 
exterior insulation below grade includes labor and 
materials for extruded polystyrene insulation and 
the required flashing and protective covering over 
the 4-foot-high portion of the concrete foundation 
wall that extends 8 to 12 inches above grade. Due to 
the variability in estimating interior insulation costs 
below grade, it is assumed to cost the same as 
exterior insulation. 

Pressure-treated wood construction for shallow 
basements is assumed to be identical to that for 
deep basements. The incremental cost of insulating 

Table 2-6 includes illustrations, descriptions, and 

to R-11 or R-19 levels includes only the cost of the 
insulation since interior finish materials would be 
present in any case. A higher cost increment is 
indicated when Ii-30 insulation is used, reflecting 
the additional depth required in framing the wall. 

Energy Savings 

insulating are given for three cities (Minneapolis, 
Washington, D.C., and Phoenix). A designer may 
use Table 2-6 to compare the differences in 
performance between these various insulation 
placements on a conditioned basement. Also, the 
cost of insulating can be divided by annual savings 
to calculate a simple payback for the investment. 
However, it is important to remember that these 
average energy and construction costs and other 
assumptions may not appIy in particular locations 
and must be adjusted to obtain more accurate 
annual savings. These savings are based on average 
U.S. fuel costs. Energy savings as well as heating 
and cooling loads are given for thirteen U.S. cities in 
Chapter 5. 

For each option, annual savings due to 

Optimal Amount of Insulation 

insulation requires further analysis that takes into 
account the cost of insulating the basement in the 
context of several economic factors. Using a 
life-cycle cost analysis method described in 
Chapter 5, the configuration with the lowest 
thirty-year life- cycle cost was determined for each 
climate at three different fuel cost levels. 
Economically optimal configurations for 
concrete/masonry and wood shallow basement 
walls are shown in Table 2-7 for three fuel price 
levels in thirteen U.S. cities. 

As noted in the previous section, most of the 
simulations pertain to exterior placement. Interior 
and exterior placement show similar thermal 
results. The cost-effectiveness of interior insulation 
depends on the instaIlation costs, which can vary 
from 30 percent less to 30 percent more than exterior 
insula tion. 

Determining a cost-effective amount of 
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Table 2-6: Configurations Analyzed for Fully-Conditioned Shallow Basemc 

Installation 
Cost per 

Lineal Ft (J) 

Annual Energy Cost Savings 
Designation 

of Case 
r Lineal  sot 

WASH PIiNX 
I 

MPLS Configuration 

.................. __ Rllag RObg 
R19ag RObg 

1.22 
1.90 

0.00 
0.19 

0.00 
0.12 

0.00 
0.10 

l71lag li5bg ext 
R19ag R5bg ext 
Rllag  RlObg ext 
KlYag RlObg rxt 
R19ag R15bg ext 
Rl9ag R20bg ext 

5.66 
7.76 
6.34 
8.44 

10.37 
12.77 

1.60 
1.79 
1.89 
2.08 
2.21 
2.28 

0.92 
1.04 
1.09 
1.21 
1.28 
1.32 

0.56 
0.66 
0.65 
0.76 
0.79 
0.82 

Rllag RlObg int 
R19ag RlObg int 

7.76 
8.44 

1.46 
1.61 

1.06 
1.18 

0.62 
0.73 

. .. . . . . . . . ...... .. . I I---- 8'RO wood 
8'1711 wood 
8'R19 wood 

0.00 
2.44 
3.79 

0.37 
1.97 
2.30 

0.16 
1.12 
1.32 

-0.04 
0.65 
0.79 

Annual energy cost savings are based on medium fuel price levels showri in Table 2-3. 
See Section 5.4 for underlying assumptiom and annual energy cost savings in other U.S. cities 
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Table 2-7: Optimal Insulation Confi 

Basement 
Wail Type 

Wood Wall 
Lbove Grade 

Concrete or 
fasonry Wall 
gelow Grade 

Wood Wall 
Above and 
lelow Grade 

tting D e p e  Days 
,ling Ikgree Days 
Table 2-3 for fuel 

Location 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Bismarck 
Minneapolis 
Chicago 
Denver 
Ros t o n 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

iasc 65°F 
ase 75°F 
1ca used in thjs analysis 

WDD’ 

9075 
$007 
6117 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
299 

9075 
8007 
61 77 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

-- 

urations for Shallow Fully-Conditioned Basements 

CDD2 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

.___ 

Optimal Configurations at 3 Fuel Price Levels3 

Low 

R19ag RlObg 
IilYag- IilObg 
R19ag RlObg 
RlYag RlObg 
RlYag KlObg 
R19ag KlObg 
RlYag RlObg 
RlYag RlObg 
Rllag R.5bg 
Rl9ag R5bg 
Rl9ag R5bg 
Rllag RObg 
Rllag RObg 

R19 
R19 
RIY 
R19 
R1Y 
R19 
R19 
R19 
R19 

R19 
R11 

None 

ru 9 

Medium 

Rl9ag R15bg 
Kl’lag R15bg 
R19ag RlObg 
RLYag R15bg 
RlYap KlObg 
R19np RlObg 
R19ag RlObg 
R19ag RlObg 
KlYag RlObg 
RlYag Rlobg 
R19ag R5bg 
R19ag RObg 
RlYag KObg 

R19 
Rl 9 
If19 
R19 
R1Y 
R19 
R19 
R19 
1119 
If19 
R19 
K11 
K11 

High 

R19ag R2Obg 
KlYag 1115bg 
R19ag R15bg 
R19ag Rl5bg 
R19ng K15bg 
RlYag R15bg 
R19ag R15bg 
Rl9ag R15bg 
RlYag Rl Obg 
R1C)ag RlObg 
R19ag RlObg 
R19ag R5bg 
K29ag KObg 

1119 
R 1 Y  
R19 
R19 
K19 
R19 
R1Y 
R19 
1119 
R19 
R19 
R19 
R11 
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ment Construction 

In this section several typical basement wall 
sections are illustrated and described. Figures 2-1 
through 2-3 show configurations with insulation on 
the exterior face of basement walls. Interior 
placement configurations are shown in Figures 2-4 
and 2-5. A typical wood foundation wall section is 
shown in Figure 2-6, and Figure 2-7 illustrates 
ceiling insulation over an unheated basement. 
Included within this group of details are variations 
in construction systems, use of insulation under the 
slab, and approaches to insulating rim joists, 

The challenge at this stage of design i s  to 
develop integrated solutions that address all key 
considerations without significantly complicating 
construction or increasing the cost. There is no one 
set of perfect solutions; recommended practices or 
details often represent compromises and tradeoffs. 
For example, in some regions termite control nay  be 
considered more critical than thermal 
considerations, while the reverse is true elsewhere. 
No particular approach, such as interior versus 
exterior insulation, is considered superior in all 
cases. The purpose of this section is to show and 
describe a variety of reasonable alternatives. 
Individual circumstances will dictate final design 
choices. 

EXTERIOR INSULATION ON 
CONCRETE AND MASONRY WALLS 

Energy use calculations predict virtually no 
difference between exterior and interior insulation 
placements. E Iowever, exterior insulation 
placement has some technical advantages compared 
with interior placement. First, it protects the wall 
and waterproofing from the extremes of the soil and 
above-grade climate. The wall thus maintains a 
stable temperature arid undergoes little 
thermally-induced expansion and contraction, This 
minimizes the need for control and expansion joints 
in larger structures, as well as the potential for 
cracking. Since the wall's temperature i s  maintained 
near the indoor temperature, vapor I ransfer from 
the soil through the wall is eliminated under most 
circumstances. This favors drying of the wall and 
allows interior finishes to be applied sooner. 

Exterior insulation can double as a protection 
board for most waterproofing and dampproofing 
systems, and interior floor area is not reduced. 
Boards applied at the exterior can be stepped to 
approximate a taper for the most efficient thermal 
performance, and no vapor retarder or furring is 
required. In some cases exterior insulation can be 
designed to join with the insulation design of the 

superstructure to form a continuous thermal barrier. 
Also, continuj ty of the insulation barrier minimizes 
condensation at the rim joist and sill region. If only 
the upper portion of a concrete or masonry wall is to 
be insulated, then exterior placement is considered 
superior to interior placement to avoid 
condensation problems and slightly increase 
thermal efficiency. However, in colder climates full 
wall insulation is generally more cost-effective than 
partial wall. Finally, exterior insulation may be 
useful for protecting backfilled foundation walls 
from frost damage during winter construction 
(see Section 6.1). 

suitable for exterior placement are more expensive 
than interior insulation (fiberglass batts) when 
figured on material cost per R-value. However, in a 
complete economic analysis of interior insulation, 
costs of furring, vapor retarder, sealing, and finish 
material may be considered, which can raise the cost 
to bc equal to or more than exterior insulation in 
some cases. In addition, the higher initial cost for 
exterior insulation may be justified based on a 
life-cycle cost analysis that includes the improved 
energy savings. 

High insulation levels (over 2 inches thick) can 
be obtained on the exterior, but the construction 
details may be unattractive and increase costs 
because more complex flashing, protective 
coverings, and additional furring strips may be 
required. Qn the interior, however, virtually any 
thickness of insulation can be accommodated with 
little additional difficulty. Plastic and fiberglass 
insulation materials have no food value but are 
occasionally burrowed into by insects and rodents. 
They also may conceal termite tubes, making 
infestations difficult to detect (this can be true of 
interior placements as well). Finally, exterior 
insulations need to be protected from exposure to 
the sun and physical abuse above grade with an 
applied cement coating or protective panel or 
flashing. With some approaches the protective 
cover is prelaminated to the rigid insulation while in 
other cases it is field-applied. The future 
development of systems that prevent termite entry 
is important. 

On the negative side, insulation products 

Rim Joist Details 
The simplest approach to exterior insulation is 

shown in Figure 2-1, where the insulating sheathing 
extends down over the foundation wall. This 
approach is limited to situations where the 
thickness of the foundation insulation equals the 
thickness of the above-grade sheathing. 
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EXTERIOR SIDING c 

RIGID INSULATION 
USED AS SHEATHING 

PROTECTION BOARD, 
COATING, OR FLASHlNG 

GROUND SLOPES AWAY FROM \K 
WALL AT 5% (6 IN. IN 10 FT.) -., 8-IN. MIN. 

I 

LOW PERMEABILITY SOIL 1 

INTERIOR FINISH MATERIAL 

VAPOR RETARDER 

INSULATION IN 2x4 WALL 

FlNtSH FLOOR 

PLYWOOD SUBFLOOR 

GASKETS OR CAULKING 

PRESSURE-TREATED SJLL PLATE 

GASKET UNDER SlLL PLATE 

OPTIONAL CRACK CONTROL 
REINFORCING 

'MN. ANCHOR BOLTS 
AT 6 FT. O.C. MAX. ' I  
CONCRETE FOUNDATION WALL 
(SIZE AND RElNFORCfNG 
As REQUIRED) 

GRANULAR BACKFILL _____P 

NOTE: SEE CHAPTERS WAND 11 
FOR ADDITIONAL MEASURES THAT 
MAY BE REQUfRED FOR RADON 
AND TERMITE CONTROL 

BARRIER 

------ 2-IN. DIAM. WEEP HOLES 
AT 8 FT. O.C. MAX. 

TWO NO. 4 BARS FOR CRACK 
CONTROL AS REQUIRED 

Figure 2-1: Concrete Basement Wall with Exterior Insulation 
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NOTE: SEE CYAPTERS IO AND 11 
FOR ADDITIONAL MEASURES THAT 
MAY BE REQWRED $04 RADON 
AI40 TERMITE CONTROL 

\-- 2-IN. DIAM. WEEP HOLES 1 
Figrr re 2-2: Concnete Basement Wall with Exterior Insulation 
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INTERIOR FINISH MATERIAL iiiiil--lI_ MTERIOR SIDING 

____I I_ __ VAPOR RETARDER 

INSULATION IN 2x6 WALL ,-- FINISH FLOOR 

CAULKING - -- PLVWOOO SUBFLOOR 

FLASHING COVERS 
TOP OF INSULATION -- 
RIGID INSULATION -I - 

_--. - PRESSURE-TREATED SILL PLATE 

_-------- GASKET UNDER SILL PLATE PROTECTION BOARD, 
COATING, OR FLASHtNG 

GROUND SLOPES AWAY FROM 
WALL A? 5% (6 IN. IN 10 FT.) - 

'iz-1N. ANCHOR BOLTS 
AT 6 FT. O.C. MAX. 
EMBEDDED 7 TO 15 IN. 
AS REQUiRED BY CODE 

BLOCK CURES FILLED 1N 
UPPER COURSE (UPPER 
TWO COURSES FILLED 
WHEN LONG ANCHOR BOLTS 
ARE REQUIRED) , CONCRETE MASONRY WALL / (SEE AN0 REiNFORCING 
AS REQUIRED) 

ISOLATION JOiNT WITH 
SEALANT AS REQUIRED 
FOR RADON CONTROL 

, &IN. CONCRETE SLAB 
WfTH OPTIONAL W.W. MESH 

LOW PERMEABILITY SOIL 

GRANULAR BACKFILL Il___+e 

OPTIONAL DRAINAGE MAT 
OR INSULATED DRAINAGE 
BOARD IN PLACE OF 
GRANULAR BACKFILL 

RIGID INSULATION 

OAMPPROOFING OR WATERPROOFING -- OPTIONAL 2-IN. SAND LAYER 

VAPOR RETARDER 

RIG1D INSULATiON 
FILTER FABRIC 

4-IN. PERFORAT 
DRAINPIPE --- 

4-IN. GRAVEL DRAINAGE LAYER 
-/-- CONCRETE FOOTING - 

NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDlTtONAL MEASURES THAT 
MAY BE REQUIRED FOR RADON 
AND TERMITE CONTROL 

'. 

Figure 2-3: Concrete Masonry Basement Wall. with Exterior Insulation 

------ 2-IN. DIAM. WEEP HOLES 
'\\ '. AT 8 FT. O.C. MAX. 

\---..-- W O  NO. 4 BARS FOR CRACK 
CONTROL AS REQUIRED 



A more flexible and typical approach is shown in 
Figure 2-2 where the foundation insulation fits 
beneath an overhanging 2-by-6 frame wall. This 
approach requires a 2-by-6 frame wall above grade, 
and the overhang cannot exceed 2 inches. 
Overhanging studs have become recornmended 
practice in Canadian building manuals, although 
details vary. Some suggest using a 2-by-4 plate 
under a 2-by-6 wall and insulating outside the plate 
as shown in Figure 2-2 [CMI-IC 19821, while others 
overhang the 2-by-6 plate [CHBA 19871, and 
sometimes the subfloor as well. 

Where a 2-by-6 frame wall is not used, greater 
thicknesses of exterior foundation insulation ca t i  be 
accommodated by placing a flashing over the top of 
the insulation as shown in Figure 2-3. Flashing 
material may be metal, vinyl, or even wood in some 
cases. This detail is probably the most generally 
applicable exterior insulation approach in most of 
the United States. 

Exterior insulation of the rirn joist minimites 
thermal bridges and practically eliminates the 
potential for condensation (see Section 6.2). This 
reduces the requirement for a vapor retarder. 
However, a membrane placed between the 
insulation and rirn joist can be used to prevent cold 
air from infiltrating through cracks and joints which 
can chill wood members inside the insulation. 
Because it is difficult to install a membrane in this 
position, sealing against air infiltration by using 
gasket inaterial or caulking is recommended 
between the following surfaces: subfloor/rim joist, 
rim joist/sill plate, and sill platelfoundation wall. 

Floor and Footing Details 
Heat loss through the basement floor is greatest 

at the perimeter, where the floor is closest to the 
ground surface and where there is a corner effect in 
the heat flow geometry. Insulation beneath the 
entire floor is justified only in very cold climates, 
with wet soils, and with heated basements in 
well-insulated buildings. Although basement floor 
insulation may not be justified economically in 
terms of energy savings, it may be desirable for 
comfort reasons-that is, to provide a warmer floor. 
Highly conductive floor materials, like tile on 
concrete, may feel cold even at room temperature 
because they draw heat from the body so quickly. In 
some cases, a carpet will make the floor feel warmer 
than insulating it underneath. 

and footing details are similar to those shown in 
Figures 2-1 and 2-2. If insulation is desired under 
the slab, then a configuration simildr to that shown 
in Figure 2-3 is common. A thermal bridge occurs 
through the footing, and heat loss at the slab 
perimeter is likely to occur in spite of the underfloor 

Typically, underfloor insulation is not required 

insulation. On the other hand, heat transfer at this 
depth is not usually significant enough to require 
extraordinary measures such ds insulating beneath 
and on the sides of the footing. 

One notable concern related to basement slab 
details is the recommendation to place a 
polyethylene vapor retarder beneath the slab to 
reduce moisture and radon problems. When 
pouring a slab directly on the polyethylene as 
shown in Figure 2-1, concrete with a low 
waterkement ratio and possibly wire mesh 
reinforcing are recommended to reduce shrinkage 
cracking. Another solution is to add an additional 
layer of sand or perhaps gravel above the vapor 
retarder as shown in Figure 2-3. This layer beneath 
the slab can protect the vapor retarder during 
concrete pouring and can absorb some moisture, 
permitting more even curing of the concrete. 

Another concern related to basement footing 
design is the need to create a continuous moisture 
barrier that prevents capillary draw through the 
wall or footing area. As shown in Figures 2-1 and 
2-2, this can be accomplished with a through-wall 
moisture barrier between ia cast-in-place concrete 
wall and the footing. This is more diffilmlt with a 
masonry wall where a direct bond between the 
concrete blocks and footing is required. Instead, 
gravel beneath the footing can be used to prevent 
capillary draw through the footing. 

INTERIOR INSULA'ITION ON 
CONCRETE AN MASONRY WALLS 

While exterior insulation may be desirable for 
certain reasons described above, interior insulation 
is often easier to install and costs less, resulting in a 
greater preference among many builders (see 
Figures 2-4 and 2-5). Very high R-values can be 
obtained by furring out with 2-by-3's detached from 
the wall, creating as large an insulation cavity as 
desired. Lower R-values are obtained easily by 
applying insulation boards to the wall and fastening 
the finish surface over these. One manufacturer 
markets a metal strip that clamps the insulation to 
the wall with screws while simultaneously serving 
as a furring strip for drywall. It minimizes thermal 
bridging by eliminating wood furring strips. 
Another manufacturer embeds V4-inch-thick wood 
strips into polystyrene boards of greater thickness 
so that the thermal bridging is reduced 
substantially. 

Interior insulation i s  expedient if the wall is 
intended to be furred out for finishing, and it is 
convenient as a retrofit measure. It can be installed 
at any time and is independent of curing and 
backfill operations, although it may reduce drying 
of the wall to the interior. 

Fiberglass is inexpensive as a material, but the 
cost of installation and accessories (vapor retarder, 
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EXTERIOR SIDING t 

1 SHEATHING 

-1 

-------.-- --:::_ RIM JOIST (GASKETS OR 
CAULKING ABOVE AND 
BELOW RIM JOIST) 

PRESSURE-TREATED 
SILL PLATE ---___ 
GASKET UNDER 
SILL PLATE -------- 

T I  
GROUND SLOPES AWAY FROM 
WALL AT 5% (6 IN. IN 10 FT.) ) 8-IN.,MIN. 

INTERIOR RNISH MATERlAL 

VAPOR RETARDER 

INSULATION IN 2x6 WALL 

FlNlSH FLOOR 

PLYWOOD SUBFLOOR 

\A- OPTIONAL CRACK CONTROL 
REINFORCJNG 

'/FIN. ANCHOR BOLTS 
AT 6 FT. O.C. MAX. 

CONCRETE FOUNDATION WALL 
(SIZE AND REINFORCJNG 
AS REQUIRED) 

LOW PERMEABILITY SOIL 

GRANULAR BACKFILL --------------b 
OPTIONAL DRAINAGE MAT FINISH MATERIAL 
OR INSULATING DRAINAGE 
BOARD IN PLACE OF 
GRANULAR BACKFILL 

DAMPPROOFING WTTH 
PROTECTION BOARD 
AS REWIRED 

THROUGH-WALL MOISTURE -1. 
BARRIER 

FILTER FABRIC ---, 
COARSE GRAVEL 

VAPOR RETARDER 

A INSULATION IN FRAME WALL 

WATERPROOFING OR . PRESSURE-TREATED PLATE 

RIGID INSULATION IN JOINT 

&IN. CONCRETE SLAB 
WITH OPTIONAL W.W. MESH 

VAPOR RETARDER 

4-IN. PERFORATED 

4-IN. GRAVEL DRAINA 
NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDITIONAL MEASURES THAT 
MAY BE REQUIRED FOR RADON 
AND TERMITE CONTROL 

NOTE: fNSULATlON INSIDE THE 
RIM JOIST RAISES CONCERNS 
OVER CONDENSATtON UNDER 
SEVERE CONDITIONS (SEE CH. 6) 

- TWO NO. 4 BARS FOR CRACK 
CONTROL AS REQUIRED 

\-- - 2-IN. DIAM. WEEP HOLES 
AT 8 Ff. O.C. MAX. 

Figure 2-4: Cast-in-Place Concrete Basement Wall with Interior Insulation 
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.................. .-__ INSULATION IN 2x4 WALL 

- FIBERGLASS BNSldLATlQN 

WlGRD INSULATION CAULKED 
AT ALL EDGES FORMS VAPOR 
RETARDER {OPTION: POLY V.B ) 

..... '/PIN. ANCHOR BOLTS 

EMBE 5 !N" 
AS RE CODE 

91 1 .  4'6 AT6 F 
It 

.............. __ VAPOR RETARDER 

SULATIOM 1N FRAME WALL 
111111 -- C Q ~ C ~ ~ T ~  ~ A S ~ N  

(SIZE AND REINFOR 
AS REQUIRED) 

ILL - ......... worn DECK ON SLEEPERS 

VAPOR RETARDER 

PROTECTION 5OARB 
AS REGBlBlREB 

FILTER SABRIIG I.--. 

-IN. CONCRETE SLAB 
'WITH OPTIONAL W.W. MESH 

VAPOR ~ E T A ~ ~ E R  

.WEEP HOLES 

Figure 2-5: Concrete Masonry Basement Wall with I I I ~ ~ K ~ o ~  Insulation 

32 



sealants, tape, labor) reduces its overall economy. 
Interior insulations are not damaged by heaving 
movements in the backfill, although they offer no 
protection to the wall from such movements. The 
cavity created by the furring readily conceals 
plumbing and wiring. Exposure of the mass of the 
foundation wall to the interior is usually considered 
beneficial to thermal performance, but this is 
unlikely to be very significant in most basements. 
Finally, in spaces that are infrequently used, interior 
insulation may help reduce the time needed to heat 
the room to comfortable conditions. 

On the negative side, interior insulation exposes 
the wall to the external climate and all of its 
temperature and freezeithaw stresses. This has 
several ramifications: (2) the wall is cold during the 
winter and presents a condensation surface to the 
interior, and the insulated wall must have a vapor 
retarder installed at its warm side; (2) some 
waterproofing and darnpproofing materials of 
asphalt and rubber-based materials may lose 
elasticity or become brittle with exposure to severe 
cold; and (3) exposure of the wall to the elements 
increases the need for control and expansion joints 
to accommodate thermal movements. This may not 
be significant in house-size buildings but is a 
consideration in 'long walls with large above-grade 
exposure areas, especially those facing south. Also, 
the furred-out finish makes detection and repair of 
water leakage through the wall more difficult. It also 
conceals condensation problems that may occur, as 
well as termite intrusions. Finally, interior 
insulation consumes interior floor area and thus 
adds to the cost per square foot of finished space. 9 

Rim Joist Details 

temperature and increases the risk of condensation 
on it, the sill plate, and joist ends (see Section 6.2). 
The risk increases with the K-value added but 
depends on the indoor humidity level. 
Condensation may never occur if humidity levels 
are low enough, or it may be a chronic problem 
leading to rapid structural damage given the same 
detail with a more humid interior. Interior 
insulations should be of low vapor permeability 
(certain foams) or sealed with a vapor retarder at the 
inside. Pressure-treated lumber is recommended for 
sill plates and also may be used for rim joists. 

There are three approaches to rim joist detailing 
with interior insulation: 

1. Stuff fiberglass batts into the cavity and carefully 
fit, caulk, and staple a polyethylene vapor 
retarder around surrounding ceiling, joist, and 
sill plate surfaces. This can be awkward and time 
consuming, and depends entirely on 
workrnanship for quality. 'It is the least 

Insulating inside the rim joist lowers its 

acceptable approach for adverse condttions. A 
better sealing surface is provided by using a rigid 
foam board at the interior, and caulking around it 
(Figures 2-4 and 2-51. 

inside, friction-fit into the cavity. Some flexible 
foams are manufactured pre-cut for this purpose. 
Extruded polystyrene also can he cut on the job. 
These simplify the installation, compared with 
batts, since they require no additional vapor 
protection. Note, howtver, that most types of 
foam insulation may not be left exposed to the 
interior, restricting the use of this detail to 
basements with finished ceilings. 

3. Insulate on the exterior of the rim. joist. This is 
the safest approach for high hazard conditions. 
Unfortunately, using exterior rim joist insulation 
with interior wall insulation usually results in an 
uninsulated sill plate where a higher rate of heat 
loss can uccur. 

2. Use vapor-resistant closed-cell foam at the 

Floor and Footing Details 

where the floor is nedrest to the ground surface. 
Although usually only warranted in very cold 
regions, shallow basements, or wet soils, the 
desirability of perimeter insulahon increases with 
high R-value interior insulations. This is because the 
wall itseif is a good conductor that leads directly to 
the surface, and because a well-insulated wall leads 
to colder soil temperatures near the footing which, 
in turn, increase floor heat losses. 

Floors can be insulated on top of the slab, 
beneath a wood deck (Figure 2-5), 3r beneath the 
slab, with <I rigid foam insulation (Figure 2-4). In all 
cases thermal bridges through the footing are 
avoided. Special attention must be given to the 
location of vapor retarders when wood floors are 
used and the insulation placed inside. All wood 
should be pressure-treated. 'The wallifloor joint can 
be left gapped as a condensate drain, but this 15 not 
reconimended in areas of high radon risk. 
Insulation outside the slab greatly reduces the 
likelihood of water vapor migration from soil to the 
interior (see Section 6.2). A 2-inch sand bed is 
recornmended on top <If the foam to aid in 
uniformity of conmete curing, although ii concrete 
mixture with a low water/cement ratio is an 
alternative approach to reduce shrinkage cracking. 

Floor heat losses are greatest at the perimeter, 
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WOOD FOUNDATION SYSTEMS 

In addition to placing insulation on the exterior 
or interior of basement walls, it is also possible to 
place the insulation within the wall. Pressure- 
treated wood foundation systems provide open 
cavities between the studs in the walls, similar to 
above-grade wood frame construction (Figure 2-6). 
This permits fiberglass batts to be placed within the 
wall. 

system has some distinct advantages. Since the 
studs are quite often at least 2-by-6's, there is 
adequate depth for R-19 insulation. In some cases 
larger studs are required, leaving space for even 
greater amounts of insulation. Unlike typical 
interior basement insulation which may require 
additional framing and wall covering to create a 
cavity for the insulation, the insulation cavity is a 
natural by-product of the wood system. The only 
additional cost attributed to insulating the basement 
is for the insulation and vapor retarder. Finally, 
since a permanent wood foundation wall is an 
extension of the wood superstructure, the 
sometimes awkward thermal details that occur at 
the rim joist with a concrete foundation wall can be 
simplified. 

The choices of rim joist details are similar to 
those previously outlined for rim joists setting on 
concrete and masonry foundation walls, As shown 
in Figure 2-6, insulation can be placed inside the rim 
joist, but a good vapor retarder is required. 

One disadvantage of a pressure-treated wood 
system from a thermal viewpoint is that there is 
little mass in the foundation walls compared with a 
concrete or masonry system. However, the concrete 
floor slab is still available to obtain any benefits 
related to thermal storage and passive cooling from 
the ground. 

From a thermal viewpoint, a wood foundation 

INTEGRALLY-INSULATE 
AND MASONRY FOUNDATIONS 

Another approach to insulating basement walls 
is to use one of a vaiiety of products and systems 
with insulation placed within a concrete or masonry 
wall. These techniques generally can be classified 
into five groups appropriate for residential 
foundations: (1) rigid foam plastic insulation placed 
within a cast-in-place wall, (2) polystyrene beads or 
granular insulation materials poured into the 
cavities of convcntional masonry walls, (3) systems 
of concrete blocks with insulating foam inserts, 
(4) formed, interlocking rigid foam units that serve 
as a permanent, insulating form for cast-in-place 
concrete, and (5) masonry blocks made with 
polystyrene beads instead of aggregate in the 
concrete mixture, resulting in significantly higher 
R-values. 

One advantage of this approach is that no 
additional framing or wallcovering is required as is 
necessary with insulation placed on the interior of a 
basement wall. In addition, at least part of the 
thermal mass of a concrete or masonry wall is in 
contact with the basement interior. Placing 
insulation inside masonry walls also eliminates 
convective heat transfer that normally occurs within 
the hollow cores of the blocks, which may 
contribute to the heat loss from a basement. The 
reduction of convective heat transfer in the cores of 
the block wall is a reason to consider insulated 
masonry techniques in addition to more 
conventional interior or exterior insulation. Similar 
to interior or exterior insulation, the rim joist above 
integrally-insulated foundation walls must be 
insulated either from the exterior or interior and the 
vapor retarder applied correctly. 

The key disadvantage associated with insulating 
within the cores of a conventional concrete masonry 
wall is that heat is still lost through the uninsulated 
concrete webs of the block at a relatively high rate. 
Using lightweight insulated concrete improves the 
R-value of the concrete, and specially designed 
blocks with foam inserts reduce the area of the 
concrete webs. Nevertheless, the overall system 
does not offer the complete and evenly-distributed 
insulation provided by rigid insulation boards 
applied over the exterior or interior of a masonry 
wall. The cast-in-place concrete "sandwich" wall, 
however, does provide a continuous evenly- 
distributed layer of insulation within the wall. 

CEILING INSULATION OVER 
UNHEATED BASEMENTS 

4 linal approach to basement insulation, shown 
in Figure 2-7, is to place insulation within the wood 
floor joists in the entire ceiling above the basement. 
Fiberglass insulation usually is used with the vapor 
retarder on the top or warm side of the insulation. 
Like interior wall insulation, additional thicknesses 
of fiberglass can be used with small incremental 
costs. 

From d thermal standpoint, this approach is 
completely different than placing insulation on the 
basement walls as shown in all of the previous 
examples. The conditioned upper level of the house 
is thermally separated from the unconditioned 
basement. In winter, the basement reaches lower 
temperatures with ceiling insulation than when 
walls are insulated. In very cold climates, pipes and 
ducts in the basement may require insulation, and 
foundation walls may be vulnerable to freezing from 
the inside. A major disadvantage of this approach is 
the inability to use the basement for habitable space. 
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- INTERIOR FINISH MATERIAL 
.. . --- -------- 

COARSE GRAVEL BACKFILL 
ON LOWER HALF OF WALL ______) 

&MIL POLYETHYLENE 
WATER SHEDOING MEMBRANE + 

+-  PRESSURE-TREATED PLYWOOD 

PRESSU RE-TREATED 
FOOTING PLATE 

V A W H l  M t  I AMVtH 

FINISH FLOOR 

PLYWOOD SUBFLOOR INSULATION IN 2x4 WALL 

RIM JOIST (GASKETS OR 
CAULKING ABOVE 
BELOW RIM JOIST) 

FIELD-APPLIED TOP PLATE 

WALL SYSTEM TOP PLA 
RlGlO INSULATION CAULKED 

(PRESSURE-TREATED) 

GROUND SLOPES AWAY FROM 
w a u  aT 5% (6 IN. IN i o  FT.) CEILING FINISH MATERIAL 

PRESSURE-TREATED WOOD 
FRAME FOUNDATIUN WALL 

LOW PERMEABILITY SOIL 

4 VAPOR RETARDER 

4 INTERIOR FINISH MATERIAL 

4-IN. CONCRETE SLAB 
WITH OPTIONAL W.W. M f S H  f , OPTlONAL 24N. SAND LAYER 

'I2W 
NOTE: SEE CHAPTERS 10 AND 11 
FOR ADOlTlONAl MEASURES THAT 

GRAVEL 
BENEAl 

W 'i2W - ,e r 

. FOOTING F 
'H FOOTING 

VAWR RETARDER 

Figure 2-6: Pressure-Treated Wood Basement Wall 
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RIM JOIST (GASKETS OR 
ANI) 
. . . . . -. . . . . . . . . . . . . _. .. . .- 

AUL 
EL0 

 RE..^^^^^^^ SILL 
PLATE WITH GASKET ---_. ---._ 

EROLlND SLOPES WVJAY FR -\ 
WALL AT 5% (6 IN. IN 10 FT.9 

lNTERlOR FINISH MATERIAL 

VAPOR RETARDER 

- FINISH FLOOR 

PLYWOOD SUBFLOOR 

ISOLATION JOINT WITH 

VAPOR RETARDER 

NOTE: SEE CHAPTERS 10 AND 11 

MAY BE REQUSREC) FOfl RADQM 
AND TERMITE CONTROL 

FOR ADDITIONAL MEASURES THAT 
TWO NO. 4 BARS FOR CRACK 
CQMTROL AS REQUIRED 

'. .. 
Figure 2-7: Concrete Basement Wall with Ceiling Insulation 
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2.3 Recommended Basement Design Practices 
~ 

LOCATION OF INSULATION AND 
VAPOR RETARDERS 

the slab. A wood floor can be placed on rigid 
insulation over the slab, or the wood deck can be 
supported on sleepers. 

1. 

2. 

3. 

4. 

5. 

4. 

7. 

Rigid insulation placed on the exterior surface of 
a concrete or masonry basement wall has some 
advantages over interior placement in that it 
provides continuous insulation with no thermal 
bridges, protects and maintains the 
waterproofing and structural wall at moderate 
temperatures, minimizes moisture problems, 
and does not reduce interior basement floor area. 

Interior insulation and insulation within wood 
and concrete or masonry walls are effective 
alternatives to exterior insulation. Interior 
insulation placement is generally less expensive 
than exterior placement if the cost of the interior 
finish materials is not included. For some 
products, a vapor retarder must be placed 
correctly on the warm side of the insulation to 
avoid moisture problems. Energy savings may be 
reduced with some systems and details due to 
thermal bridges. 

Insulation placement in the basement ceiling is 
another effective alternative where an 
unconditioned basement is acceptable. With 
fiberglass insulation placed between the wood 
joists, the vapor retarder should tx on the warm 
side of the insulation. 

Exterior insulation at the rim joist can minimize 
thermal bridges, avoid condensation problems, 
and leave joists and sill plates open to inspection 
from the interior for termites and decay. On the 
other hand, exterior insulation can be a path for 
termites and prevent inspection of the wall from 
the exterior. 

Insulation can be placed on the inside of the rim 
joist but with greater risk of condensation 
problems and less access to wood joists and sills 
for inspection from the interior. A vapor retarder 
should be placed on the inside of the insulation 
and sealed to all surrounding surfaces. 

Caulking or gasketing materials at the following 
interfaces minimize air leakage: foundation 
wall/siU plate, sill plate/rim joist, rim 
joist/subfloor, subfloor/above-grade wall plate. 

Underslab insulation in deep basements seldom 
results in cost-effective reductions in heat loss 

SELECTION OF INSULATION 
PRODUCTS 

1. For exterior placement, insulation materials must 
not degrade or lose their thermal resistance when 
exposed to moisture. Exterior placement refers to 
any configuration where the insulation is in 
direct contact with the soil, such as outside the 
basement foundation wall as well as beneath a 
concrete floor slab. Acceptable materials are: (1) 
extruded polystyrene boards (XEPS) under any 
condition, (2) moIded expanded polystyrene 
boards (MEPS) for vertical applications when 
porous backfill and adequate drainage dre 
provided, and (3)  fiberglass or EPS drainage 
boards when an adequate drainage system is 
provided at the footing. 

2. Exterior insulation ma:erials should not be 
exposed above grade and should be covered by a 
protective material-exterior grade PVC, 
galvanized metal or aluminum flashing, a 
cementitious coating, or d rigid protection 
board-extending at least 6 inches below grade. 
Products are available with protective cover 
materials bonded to the rigid insulation. 

3. For interior placement, virtually any batt, blown, 
or foam insulation is acceptable. Most products 
require d vapor retarder on the warm side and 
must be covered with a thermal bamer such as 
%-inch-thick gypsum board for fire protection. 

4. For placement within a wood foundation system, 
batt, blown, or foam insulations are placed 
within the cavities and a vapor retarder is placed 
on the warm side. 

5. For placement within concrete or masonry walls, 
there are several systems, many of which are 
proprietary. These include (1) rigid foam plastic 
insulation placed within a cast-in-place wall, 
(2) polystyrene beads or granular insulation 
materials poured into the cavities of conventional 
masonry walls, (3) systems of concrete blocks 
with insulating foam inserts, (4) formed, 
interlocking rigid foam units that serve as a 

(except for extremely cold climates). Where it is 
desired, it can be placed either beneath or above 

permanent, insulating form for cast-in-place 
concrete, and (5) masonry blocks made with 
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polystyrene beads instead of aggregate in the 
concrete mixture, resulting in significantly higher 
R-values. Insulating foam inserts are available for 
standard concrete block cores and as part of 
specially designed block systems that minimize 
concrete web areas, thus reducing thermal 
bridging. 

STRUCTURAL DESIGN 

1. 

2. 

3. 

Concrete spread footings. Concrete spread 
footings must provide support beneath basement 
walls and columns. All concrete footings must be 
designed to be beneath the maximum frost 
penetration depth or insulated to prevent frost 
penetration and with adequate size to distribute 
the load to the soil. Two No. 4 bars placed 2 
inches below the top of the footing running 
parallel to the wall are recommended to avoid 
differential settlement. Concrete used in spread 
footings should have a minimum compressive 
strength of 2000 psi. 

Gravel bed footing. A compacted gravel bed 
may serve as the footing under a wood 
foundation wall. Beneath the wall the gravel 
layer should be at least 6 inches thick (or 
three-quarters of the footing width, whichever is 
greater), and the bed should extend out from the 
footing at least 6 inches (or three-quarters of the 
footing width). 

Cast-in-place concrete foundation walls. These 
must be designed to resist lateral loads from the 
soil and vertical loads from the structure above. 
The width of the wall and reinforcing required (if 
any) depend on three factors: (1) the height of fill 
against the wall, (2) the soil type and moisture 
content, and (3) whether the building is located 
in an area of low or high seismic activity. 

Where there are stable soils in areas of low 
seismic activity, no reinforcing is required in an 
8-inch-thick basement wall with up to 7 feet of 
fill. Where there are unstable soils or in areas of 
higher seismic activity, no reinforcing is required 
in an 8-inch-thick basement wall with up to 4 feet 
of fill. When these limits are exceeded, a 
structural engineer should be consulted to design 
reinforcing (see Chapter 7). 

Even when no structural reinforcing is 
required, reinforcing is desirable to minimize 
shrinkage cracking. To do this, two No. 4 bars 
running continuously 2 inches below the top of 
the wall and any window openings are 
recommended. An alternative to crack control 
reinforcing is the use of control joints (see 
Chapter 9 for recommended spacing). 

4. 

5. 

6. 

The concrete wall should be anchored to the 
footing in one of two ways: (1) by use of a key, or 
(2) by use of reinforcing dowels. Concrete used 
in the wall should have a minimum compressive 
strength of 2500 psi with a 4- to 6-inch slump. No 
additional water should be added at the job site. 

Concrete masonry foundation walls. These must 
be designed to resist lateral loads from the soil 
and vertical loads from the structure above. Local 
building codes must be consulted to determine 
(1) wall width, (2) steel reinforcing requirements, 
and (3) specifications for block and mortar 
strength. 

Where there are stable soils in areas of low 
seismic activity, no reinforcing is required in a 
12-inch-thick masonry wall with up to 7 feet of 
fill. Where there are unstable soils or in areas of 
higher seismic activity, no reinforcing is required 
in a 12-inch-thick masonry wall with up to 4 feet 
of fill. When these limits are exceeded, a 
structural engineer should be consulted to design 
reinforcing (see Chapter 7). 

When reinforcing is required, it must be 
grouted into block cores. Vertical bars should be 
spaced no more than 48 inches apart or 6 times 
the wall thickness, whichever is less. Mortar 
mixes and strengths should meet the 
requirements shown in Chapter 7. For 
surface-bonded block or other proprietary 
insulated masonry systems, manufacturers and 
local code officials must be consulted for 
appropriate structural specifications. 

d foundation walls. Wood foundation walls 
must be designed to resist lateral and vertical 
loads while utilizing materials that are treated to 
resist decay. Wall sizing and material 
specifications are found in the Permanent Wood 
Foundation System-Basic Requirements [NFoPA 
19871. Local codes should be consulted for 
specific requirements. 

Concrete slab-on-grade floors. Slabs are 
generally designed to have sufficient strength 
and thickness to resist cracking when poured on 
undisturbed or compacted soil. A minimum slab 
thickness of 4 inches i s  recommended using 
concrete with a minimum compressive strength 
of 2000 psi after twenty-eight days. The slab 
should be poured on a 4-inch layer of clean sand, 
gravel, or crushed stone. Welded wire fabric 
placed 2 inches below the slab surface is 
recommended to control shrinkage cracks. 
Otherwise control joints are required (see 
Chapter 9). Generally, concrete slabs should not 
rest on footings or ledges of foundation walls if 
possible. An isolation joint should be provided at 
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the slab edge to permit vertical movement 
without cracking. If a slab is poured directly over 
an impermeable vapor retarder or insulation 
board, a concrete mixture with a low 
watedcement ratio is recommended, or the slab 
should be poured on a layer of sand or drainage 
board material to minimize cracking. 

7. Anchor bolts. Anchor bolts must be embedded 
in the top of concrete or masonry foundation 
walls. Most codes require bolts of 1/2-inch- 
minimum diameter embedded at least 7 inches 
into the wall. in some locations, codes require 
bolts to be embedded 15 inches in masonry walls 
to resist uplift. To provide adequate connection 
between the bolt and masonry wall, bolts either 
must be embedded in a bond beam or the 
appropriate cores of the upper course of block 
must be filled. Generally, anchor bolts can be 
placed at a maximum spacing of 6 feet and no 
farther than 1 foot from any corner. Ends of floor 
joists should be anchored to the sill plate at &foot 
intervals. 

8. Expansive soil. Where expansive soils are 
present, special foundation techniques are 
necessary. Consultation with local building 
officials and a structural engineer is 
recommended. 

9. Design to resist seismic forces. In areas of high 
seismic activity, special foundation techniques 
may be necessary. Consultation with local 
building officials and a structural engineer is 
recommended. 

SURFACE DRAINAGE 

1. The ground surface should slope downward at 
least 5 percent (about 6 inches) over the first 10 
feet surrounding the basement wall to direct 
surface run-off away from the building. 

2. Downspouts and gutters should be used to 
collect roof rainwater and direct it away from the 
foundation walls. 

3. Backfill around the foundation should be covered 
with a low permeability soil, a membrane 
beneath the top layer of soil, or a hard surface 
(concrete or asphalt) to divert surface run-off 
away from the-founda tion. 

SUBSURFACE DRAINAGE 

1. Porous backfill sand or gravel should be used 
against the walls to promote drainage. Backfill 
should be compacted so that settlement is 
minimized, and also overfilled (if necessary) at 
the surface to maintain a slope as settlement 
occurs. 

material can be placed against the foundation 
wall. The drainage mat must extend down to a 
drainpipe at the footing level, Typical drainage 
mat materiais provide cavities for drainage at the 
wall surface; alternative drainage materials are 
porous insulations that provide drainage and 
also serve as insulation. 

3. Perforated drainpipes should be placed with 
holes facing downward alongside the footing on 
either the outside or inside. Outside placement is 
preferred for drainage but inside placement is 
less susceptible to failure. Drainpipes should 
slope 1 inch in 20 feet and lead to an outfall or 
sump. A vertical clean-out pipe with an 
above-grade capped end is recommended to 
flush out the system (see Chapter 8). 

4-inch-diameter perforated drainpipe is 
adequate. The top of the pipe should be below 
the level of the underside of the basement floor 
slab. The pipe should be surrounded by at least 6 
inches of gravel on the sides and 4 inches of 
gravel above and below the pipe. A filter fabric 
that wraps around the entire gravel bed and 
drainpipe is recommended to prevent clogging of 
the drainage area with fine soil particles. 
Otherwise, a graded sand and gravel filter 
system is required. 

5. Surface or roof drainage systems should never be 
connected to the subsurface drainage system. 

6.  A &inch gravel layer should be placed under the 
concrete floor slab for drainage unless local 
conditions have proved this layer to be 
unnecessary. A 6-mil polyethylene vapor 
retarder should be placed above the gravel and 
beneath the slab to reduce moisture transmission 
and radon infiltration into the basement. A 
2-inch sand layer above the polyethylene and 
beneath the slab is desirable for even curing of 
the concrete, resulting in fewer shrinkage cracks. 
An alternative to this sand layer is concrete 
mixed with a low waterkement ratio that also 
reduces shrinkage cracks. 

2. In place of porous backfill, a drainage mat 

4. For most residential applications, 
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7. 

8. 

9. 

10. 

11. 

Two-inch-diameter weep holes through the 
footing 4 to 8 feet apart are necessary to connect 
the underfloor drainage layer to the drainpipe 
system outside the footing. The weep holes are 
also necessary to connect the exterior wall area to 
the area under the slab when the drainpipes are 
placed inside the footing. 

Where the water table is at or above the 
basement floor level and low-permeability soil is 
present, a more extensive underfloor drainage 
system is required (see Chapter 8). If a high 
permeability soil is present, a crawl space or 
slab-on-grade foundation should be considered. 

A wood foundation system should rest on a 
gravel layer with a thickness at least 
three-fourths of the footing width beneath the 
basement walls. The gravel bed extends out from 
the footing plate at least one-half the footing 
plate width. The footing plate width is defined 
by the structural guidelines in Chapter 7. 

A 4-inch layer of gravel connected to a sump 
area in the middle of the basement should be 
beneath the floor of a wood foundation system. 

The sump area for permanent wood, concrete, 
or coricrete masonry systems should be at least 
30 inches deep and either 24 inches in diameter 
or 20 inches square. Concrete, plastic, or clay 
tile simps may be used, 

WATERPROOFING AND 
PPROOFING 

1. At a minimum, a dampproof coating covered by 
a 4-mil layer of polyethylene is recommended in 
all cases to reduce vapor transmission from the 
soil lhrough the basement wall. A dampproof 
coating, however, is not effective in preventing 
water from entering through the wall. A 
through-wall moisture barrier i s  recornmended 
between a concrete wall and footing to prevent 
capillary draw. 

2. Qn sites with anticipated water problems or p r  
drainage, waterproofing is  re~~mmended on the 
basement walls. Since subdrainage systems are 
seldom totally effective by themselves, 
waterproofing is recoinmended when a finished, 
habitable basement space i s  desired. 
Waterproofing may also be prudent on any 
stnicture built where intermittent hydrostatic 
pressure occurs against the basement wall due to 
rainfall, irrigation or SROW melting, 

3. Where waterproofing is applied to basement 
walls, it should be placed on the exterior directly 
over the concrete, masonry, or wood substrate. 
Exterior insulation should be placed over the 
waterproofing. Waterproofing should extend 
down to the level of the drainpipe at the footing. 

4. On sites where the basement floor is below the 
water table, waterproofing can be applied 
beneath the floor slab. However, the difficulty 
and expense of this waterproofing approach, 
combined with increased structural requirements 
to resist hydrostatic pressure, make it a very 
unlikely application for a residential basement. 
On such sites, a crawl space or slab-on-grade 
foundation is recoinmended. 

5. Appropriate waterproofing materials include 
liquid-applied membranes, plastic and rubber 
membranes, and bentonite clay-based materials. 
See Chapter 9 for characteristics of various 
waterproofing materials, 

RADON CONTROL 

The techniques for minimizing radon basement 
infiltration are appropriate where these is a 
reasonable probability that radon may be present. 
To determine this, contact the state health 
department or environmental protection office. 

1. Concrete and masonry walls should be 
rein forced to minimize macking. Masonry walls 
should be parged. 

waterproofed on the exterior. 

should be placed on tog of all masonry walls so 
that open block cores arc sealed. 

4, Wire mesh reinforcing should be placed in the 
concrete Rosr slab to minimize cracking. 

5. 1Plie floor slab should be poured over a 6-mil 
polyethylene membrane over a 4inch gravel 
drainage layer. The &mil polyethylene sheet is a 
barrier for water vapor and radon gas. When 
pouring a slab directly over an impermeable 
vapor retarder or insulation, concrete with a. low 
waterkenmerit ratio is recommended to minimize 
shrinhage cracking. An alternative to a ]low 
water/cement ratio is to pour the slab on a 2-iplcba 
sand layer placed over the polyethylene. This 
protects the vapor retarder and permits more 
even curing. 

2. All types of basement walls should be 

3. A solid brick course, bond beam, or cap block 
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6,  

7. 

8. 

9.  

The joint between the concrete floor slab and 
basement wall must be sealed. Expansion joint 
material can be placed between the wall and 
floor, but a liquid sealant should be poured into 
the joint over a foam backing rod. A plastic 
extrusion can be used to form a recess at the top 
of the joint to be filled with sealant 

All pipes, drains, and sump pit covers that 
penetrate the basement floor or walls should be 
sealed completely. All ducts, plumbing, doors, 
and other openings between basements and 
adjoining crawl spaces should be sealed. 

Sump pits should be sealed and vented, 
preferably above the roof. If necessary, a fan 
through a 4-inch PVC vent pipe can be added to 
increase the ventilation rate. 

The subslab or exterior foundation drainage 
system should be designed so that it can be used 
to collect and discharge soil gas if necessary (see 
Chapter 10 for design details). 

5. The sill plate should be at least 8 inches above 
grade and should be pressure-treated to resist 
decay. The sill plate should be visible for 
inspection from the interior. Since termite 
shields are often damaged or not installed 
carefully enough, they are considered optional 
and should not be regarded as sufficient 
defense by themselves. 

6. Exterior wood siding and trim should be at least 
6 inches above grade. 

7. Porches and exterior slabs should slope away 
from the foundation wall, be reinforced with 
steel or wire mesh, and be at least 2 inches 
below exterior siding. In addition, porches and 
exterior slabs should be separated from all wood 
members by a 2-inch gap visible for inspection 
or a continuous metal flashing soldered at all 
seams. 

8. Hollow steel columns should be filled solidly 
with grout, and the inside surfaces should be 
treated with terrniticides. Solid steel bearing 
plates can be used as a termite shield at the7op 
of a wood post or hollow steel column. 

9. Wood posts on the basement floor slab should 
be pressure-treated or placed on a concrete 
pedestal raised 1 inch above the floor. 

TERMITE AND WOOD DECAY 
CONTROL 

Techniques for controlling the entry of termites 
through residential foundations are necessary in 
much of the United States. Refer to the map in 
Chapter 11 and consult with local building officials 
and codes for further details. 

z 
1. 

2. 

3. 

4. 

Soil moisture around the basement should be 
reduced by using gutters and downspouts to 
remove roof water, and by installing a complete 
subdrainage system around the foundation (see 
Chapter 8 for details). 

All roots, stumps, and wood should be 
removed from the site. Wood stakes and 
fomwork should also be removed from the 
foundation area. 

Soil treatment is recommended on aI? sites 
vulnerable to termites. See Chapter 11 for 
appIication rates and locations, 

A bond beam or course of cap blocks should be 
placed on top of all concrete masonry 
foundation walls to ensure that no open cores 
are left exposed. Alternatively, all cores on the 
top course can be filled with martar. The mortar 
joint beneath the top course or bond beam 
should be reinforced. 
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Chapter 3 

Crawl Space 
Design Summary 



This chapter summarizes the majoi 
recommendations and practices related to crawl 
space design. The first section presents the results 
of thermal simulatioiis fur various insulation 
conligi~ralions along with recommended optimal 
levels of insulation for thirteen U.S. climates This 
thermal information is presented for two distinct 
conditions-vented and unvented crawl spaces. 

The second section of this chapter piesents and 
discusses a series of altmnative constriilction details 
recorninended for crawl spaces. The final section of 
the chapter sumlnai izes recommended crawl space 
design pactices in the following areas: location of 
insulation and vapor retarders, subsurface 
drainage. waterproofing and dampproofing, radon 
control, selection of insulation products, structural 
design, surface drainage, and termite and wood 
decay control. 
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3.1 Crawl Space Insulation Placement. and Thickness 

To provide energy use information for buildings 
with crawl space foundations, heating and cooling 
loads were simulated for twenty-six different 
insulation placements and thicknesses In thirteen 
U.S. climates. From a thermal point of view, there 
are two distinct types of crawl spaces-vented and 
unvented. In the computer simulations, it is assumed 
that the temperature of the vented crawl space is 
similar to the outdoor temperature, although in 
reality it can vary between the interior house 
temperature and the exterior temperature. Insulated 
at the perimeter, unvented crawl spaces are similar 
to unheated basements, with temperatures that 
fluctuate between 50°F and 7WF most of the year, 
depending on climate and insulation placement. 
Crawl spaces also can vary in height and 
relationship to exterior grade. For these simulations, 
it is assunred that crawl space walls are either 2 feet 
or 4 feet high with only the upper 8 inches of the 
foundation wall exposed on the exterior. 

Insulation Configurations and Costs 
Tables 3-1 and 3-2 include illustrations, 

descriptions, and installation costs for the 
twenty-six crawl space insulation configurations 
that were analyzed. Two basic construction systems 
are shown fur unvented crawl spaces-+ concrete 
(or masonry) foundation wall and a pressure-treated 
wood foundation wall. For vented crawl spaces, 
concrete (or masonry) walls are shown 

In a vented crawl space, insulation is placed 
between the floor joists in the crawl space ceiling. 
The two most common approaches to insulating 
concreteimasonry walls in an unvented crawl space 
are (1) covering the entire wall on the exterior 
(2 or 4 feet high), and (2) covering the entire wall on 
the interior (2 or 4 feet high). As shown in Table 3-1, 
costs are lower for insulation on the interior 
compared with the same amount on the exterior, 
because no flashing or protective cover is required 
un the interior as it is €or exposed exterior 
insulation. 

In addition to these conventional approaches, 
several cases were simulated where insulation is 
placed on the interior wall and horizontally on the 
perimeter of the crawl space floor (extending either 
2 or 4 feet into the space). With pressure-treated 
wood construction, fitperglass insulation is placed in 
the cavities between the w d  studs. Costs shown 
here reflect the additional cost of installing the 
insulation and a fire-protective covering on the 
interior. 

Energy Savings 

insulating are given for three cities (Minneapolis, 
Washington, D.C., and Phoenix). A designer may 
use Tables 3-1 and 3-2 to compare the differences in 
performance between these various crawl space 
insulation placements. Also, the cost of insulating 
can be divided by annual savings to calculate a 
simple payback for the investment. However, it is 
important to remember that these average energy 
and construction costs and other assumptions may 
not apply in particular locations and must be 
adjusted to obtain more accurate annual savings. 
These savings are based on average U.S. fuel costs. 
Energy savings as well as heating and cooling loads 
are given for thirteen U.S. cities in Chapter 5. 

Optimal Amount of Insulation 

insulation requires further analysis that takes into 
account the cost of insulating the crawl space in the 
context of several economic factors. Using a 
lifecycle cost analysis method described in 
Chapter 5, the configuration with the lowest 
thirty-year lifecycle cost was determined far each 
climate at three different fuel cost levels. 

configurations, the crawl space cases are divided 
into five categories: (1) unvented spaces with 
2-foot-high concrete/masonry walls, (2) unvented 
spaces with 2-foot-high wood walls, (3)  unvented 
spaces with 4-foot-high concret e/masonry walls, 
(4) unvented spaces with 4-foot-high wood walls, 
and (5) vented crawl spaces with concrete walk The 
economicaly optimal configurations for these 
categories of crawl spaces are shown in Tables 3-3 
and 3-4. 

The thirteen cities are in descending order of 
heating degree days. The exception is Phoenix, 
which has slightly fewer heating degree days than 
Cos Angeles but has considerably more cooling 
degree days and consistently requires more 
insulation. For locations other than these thirteen 
cities, the designer can determine heating degree 
days from Appendix 8 and interpolate. 

For unvented crawl spaces with 
concretelmasonry walls, insulation ranging from 
R-5 to 33-10 is justified at a11 fuel price levels in all 
cities except LDS Angeles and Miami. In several 
cases, placing insulation horizontally on the crawl 
space floor in addition to the wall is the optimal 

For each option, annual savlngs due to 

Determining a cost-effective amount of 

To determine economicaIly optimal 
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Table 3-1: Configurations Analyzed for Crawl Spaces 

Installation 
Cost per 

Lineal Ft ($) 

Annual Energy Cost Savings 
Designation 

of Case 

2'RO unvented 

1 
PHNX 

1 
MPLS .-. .. ._......._.. .. Configuration 

0.00 0.00 0.00 0.00 

I I 

2'R5 exttver 
2'RlO extlver 

2.00 
2.97 

0.39 
0.47 

0.23 
0.28 

0.14 
0.17 

2'RS intlver 
2'RlO intlver 

1.15 
2.12 

0.38 
0.46 

0.22 
0.26 

0.13 
0.15 

I IL-- 
2'walW2'flr R5 
2'walW2'flr R10 

2.28 
4.24 

0.50 
0.57 

0.26 
0.29 

0.13 
0.15 

2'waW4'flr R5 
2'walV4'flr R10 

3.42 
6.36 

0.53 
0.62 

0.12 
0.14 

0.26 
0.29 

I- 

.._....._......_.__. I IL 
2'RO wood 
2'Rll  wood 
2'R19 wood 

0.33 
0.50 
0.54 

0.19 
0.28 
0.30 

0.10 
0.16 
0.17 

0.00 
1.32 
1.76 

Annual energy cost savings are based on medium fuel price levels shdwn in Table 3-5. 
See Secliori 5.4 for underlying assumptions and annual energy cost savings in other U.S. cities. 
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Table 3-2: Configurations Analyzed for Crawl Spaces 

Configuration 

I-.---- 
t.  I 

I -  

Designation 
of Case 

4’RO unvented 

4’R5 extfver 
4‘RlO ext/ver 
4’R15 ext/ver 
4’R20 extlver 

4’waW4’flr R5 
4’walV4’flr R10 

4’RO wood 
4’Rll wood 
4’R19 wood 

RO vented 

R11 ceiling 
R19 ceiling 
R30 ceiling 

- 
Installation 

Cost per 
Lineal Ft ($1 

0.00 

3.13 
5.09 
6.76 
7.84 

4.59 
8.48 

0.00 
2.62 
3.51 

Cost per Sq Ft 
0.00 

Cost per Sq Ft 
0.34 
0.52 
0.86 

MPLS 

0.00 

Annual Energy Cost Savings 
* Lineal Foot 

WASH 

0.00 

0.51 
0.61 
0.66 
0.69 

0.53 
0.61 

0.39 
0.63 
0.68 

0.30 
0.34 
0.37 
0.39 

0.26 
0.29 

- 
0.22 
0.35 
0.36 

1 
PHNX 

0.00 

0.17 
0.20 
0.21 
0.22 

0.12 
0.13 

0.12 
0.19 
0.19 

Savings per Sq Ft 
0.00 

Savings per Sq Ft 
0.19 0.10 0.04 
0.23 0.12 0.05 
0.25 0.13 0.05 

Annual energy cost sawngs are based on medium fuel price levels shown in Table 3-5. 
See Seclon 5 4 for underlying assumptions and annual energy cost savmgs in other U.S. cities 
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Crawl Space 
Wall Type 

2-Foot-High 
Concrete or 

Masonry Wall 

4-Foot-High 
Concrete or 

Masonry Wall 

2-Fnot High 
Wood Wall 

4-Foot-tIigh 
Wood Wall 

Location 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Bismarck 
Minneapolis 
Chicago 
Denver 
Roston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoeiiix 
Los Angeles 
Miami 

I_____ ..... 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

HUD 

9075 
8007 
6177 
6014 
5593 
5121 
4812 
4122 
3021 
2409 
1442 
1595 
199 

9075 
8007 
6177 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

.. 

9075 
8007 
61 77 
6014 
5593 
512 1 
4812 
4122 
3021 
2407 
1442 
1595 
199 

9075 
8007 
61 77 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

:uratism for Unvented Crawl Spaces 

CDD 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
415 
1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

L 

Optimal Configurations at 3 Fuel Price keve1s3 

Low 
......... 

2'R10 intlver4 
2'RlO intlver4 
2'R5 intiver 
2'K5 intlver 
2'R5 intlver4 
2'R5 int/ver4 
2'RS intiver 
2'R5 intiver 
2'R5 intivei 
2'R5 intlver 
2775 intiver 

None 
None 

4'R5 intlver 
4'1x5 intiver 
4'R5 intiver 
4'R5 intiver 
4'R5 intlver 
4'R5 intiver 
4% intiver 
4'R5 intlver 

None 
None 
None 
None 
None 

R19 
R19 
R19 
R11 
R11 
R11 
R11 

None 
None 
None 
None 
None 
None 

R11 
R11 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

Medium 

2'RlO intiver4 
2 ~ 1 0  int/ver4 
2'RlO int/ver4 
2'RlO intiver' 
2'LiIO intiver' 
2'R5 int/ver' 
2'R5 intiver 
2'R5 intiver 
2'R5 intlver 
2'R5 intiver 
2'R5 intivsr 

None 
None 

4'RlO intiver 
4 3 5  int/ver 
4'R5 intiver 
4'R5 intiver 
4'RFi intlver 
4'115 intlver 
4'R5 intiver 
4'R5 intiver 
4'R5 intiver 
4'R5 intiver 
4'1~5 intiver 

None 
None 

R19 
R1Y 
R19 
Rl1 
K19 
R19 
R11 
1x1 I 

None 
None 
None 
None 
None 

R19 
1-39 
x11 
R11 
R11 
R11 
R11 

None 
None 
None 
None 
None 
None 

High 

2'RlO int/ver5 
2'RlO int/ver4 
2'RlO intiver' 
2'RlO intiver4 
2'RlO int/ver4 
2'R5 intiver' 
2'R5 int/ver 
2'R10 intiver 
2'R5 intlver 
2'R5 intlver 
2'R5 intker 

None 
None 

4'RlO intlver 
4'RlO intiver 
4'RlO intiver 
4'R5 intiver 
4'RlO intiver 
4'RlO intiver' 
4'RS intlver 
4'115 inliver 
4'R5 intiver 
4'R5 intiver 
4'R5 intlver 

None 
None 

......... .- 

R19 
R19 
R19 
R19 
R l 9  
R19 
R19 
R19 
1x1 1 
R11 
R11 

None 
Nolie 

R19 
R19 
R19 
R11 
R19 
R19 
R11 
R11 

None 
None 
None 
None 
None 

leating Degree Days, Rase 65°F 
holing Degree Days, Base 75°F 
k e  Table 3-5 for fuel prices used in this analysis 

'2'walL'S'flr R5 int i s  the optimal configuration. The cases shown in the 

b4'walL'4'fli R5 int is the optimal configuration. The cases shown in the 
table are slightly less optimal but more common practice. 

, 

i2'wall/2'flr R5 int i s  t l k  optimal configuration in these cases. The cases 
shown in the table are slightly less optimal but more common practice. 

table are slightly less optimal but more common practice 
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configuration. Since this is somewhat 
unconventiond, Tables 3-3 and 3-4 indicate the 
optimal conventional configurations (interior or 
exterior vertical insulation) and then, using 
footnotes, indicate where additional floor insulation 
produces a superior configuration in economic 
terms. 

When exterior and interior crawl space wall 
insulation are compared, thermal results are very 
similar for equivalent amounts of insulation. Since it 
is assumed that exterior insulation costs more to 
install, however, interior placement is always 
economically optimal in comparison. For unvented 

Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

crawl spaces with pressure-treated wood walls, 
insulation ranging from R-21 to R-19 is justified in 
most locations. In vented crawl spaces, ceiling 
insulation ranging from R-11 to R-30 is justified in all 
locations except Miami. 

Before accepting these optimal recommendations, 
designers should examine the underlying 
assumptions of this analysis and adjust them if 
necessary to suit particular conditions (we 
Chapter 5). Cost-effectiveness can vary 
considerably, depending on construction details 
and cost assumptions. Fuel price assumptions 
underlying this analysis are shown in Table 3-5. 

6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

Table3-4: On 

Insulation 
Placement 

Ceiling Over 
Crawl Space 

Heabng Degree Day 
Zouhng Degree Day: 
See Table 3-S tor fuel 

mai Insulation Coni 

7 
mrations far Vented Crawl Spaces 

CDD2 

64 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

Optimal Ca 

LOW 

R19 
R1 9 
R1Y 
R19 
R1Y 
R1Y 
R19 
R19 
R11 
R1 I 
R11 
R11 

None 

figurations at 3 Fuel Price Levels3 

Medium 

I730 
1130 
R19 
R19 
R1Y 
R19 
R19 
R1Y 

R11 
R11 
Rl1 

None 

ru 1 

High 

R30 
R30 
R30 
R30 

R30 
I719 
K19 
K19 
R19 

m u  

rC19 
r a  1 

None 

Table 3-5: Fuel Price Levels Used in Analysis 

Season Fuel Type 1 Low Price Level ($1 I Medium Price Level ($) 1 High Price Level ($1 

Heating 

.374/therm 

.527lgal 

.344/gal 

.019/kWh 

Natural Gas 

Fuel Oil 
Propane 

Electricity 
(Resistance heat) 

t I __.__I___.__ __ I___ __II_ 

Cooling Electricity .-5likWh 1 .076ikWh t- .114/kWh 

.561ltherin 

.7Yllgal 

.516/gal 

.028lkWh 

.842/therm 

1 .187lgal 

.775lgal 

,0421 kWh 
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onstruction Details 

Crawl spaces range in nature from being heated 
at above-room temperatures (when used as a hot air 
distribution system) to being unheated and thus 
near the outdoor temperature (when the building is 
supported on piers without an enclosing foundation 
wall). In terms of construction details, crawl spaces 
can be divided into two general categories: 
(1) unheated and unvented, and maintained at a 
temperature somewhere between the indoors and 
outdoors, or (2) vented, and approaching the 
outdoor temperature. Construction details for 
fully-heated crawl spaces (either used as a plenum 
or connected to a heated basement) are similar to 
unvented crawl spaces. They differ mainly in that 
higher levels of insulation arc cost-effective. 

drainage problems, and are too often considered an 
expedient way of elevating the building above the 
moisture hazard, with destructive results. 
Condensation and decay are common, and can 
continue for long periods of time without notice due 
to the infrequency or unlikelihood of inspection. By 
the time problems are detected in the living space, 
remedies are difficult and expensive. Most crawl 
space problems can be prevented if drainage, 
dampproofing, and thermal detailing 
considerations receive the same attention as in 
basement design. 

sections are illustrated and described. Figure 3-1 
shows a typical vented crawl sgace with insulation 
placed in the floor joists above the space. In Figures 
3-3 and 3-4, insulation placed outside the 
foundation wall of an unvented crawl space is 
shown, while Figures 3-5 and 3-6 show insulation 
placed inside the wall of an unvented crawl space. 
Included in this group of illustrations are variations 
in construction systems and approaches to 
insulating the rim joist area. 

I'he challenge at this stage of design is to 
develop integrated solutions that address all key 
considerations without significantly complicating 
the construction or increasing the cost. 'fiere is no 
one set of perfect solutions; recommended practices 
or details often represent tradeoffs and 
compromises. For example, in some regions terniite 
control may be considered more critical than 
thermal considerations, while the reverse is true 
elsewhere. The purpose of this section is to show 
and describe a variety of reasonable alternatives. 
Individual circumstances will dictate final design 
choices. 

Crawl spaces are often used on sloping sites with 

In this section several typical crawl space wall 

VENTED CRAWL SPACES 

Vented crawl spaces may have perimeter 
foundation walls (enclosed crawl spaces), or the 
floor may be carried on beams spanning over a 
system of piers for which no walls are necessary 
(open crawl spaces). Pier foundations are not 
common in northern regions, except for buildings 
with few pipes and ducts below the floor, for decks 
and porches, and for some structures on very steep 
sites. In the latter case, the piers are elongated into 
columns, or yilati. Crawl spaces created by pier 
foundations are usually screened to keep out 
vermin and for decorative purposes. 

Vent openings in enclosed crawl spaces bring 
the crawl space temperature close to that of the 
outdoors, but the temperature at any given motnent 
depends largely on winds and the exposure of the 
vents to the wind. This makes the precise 
temperature difficult to predict with any accuracy. 

over an unvented one is that venting minimizes 
radon and moisture-related decay hazards by 
diluting the crawl space air. Venting complements 
other moisture and radon control measures such as 
ground cover and proper drainage. The principal 
disadvantages of a vented crawl space over an 
unvented one are that (1) pipes and ducts must be 
insulated against heat loss and freezing, and (2) the 
entire floor area must be insulated, which may 
increase the cost. Vented crawl spaces are often 
provided with operable vents that can be closed to 
reduce winter heat losses. Although not their 
original purpose, closing the vents can also be used 
in summer to keep out moist exterior air that can 
have a dew point above the crawl space 
temperature. Homeowners often forget to operate 
the vents, calling into question their desirability. 

A typical vented crawl space wall section is 
shown in Figure 3-1. Since the vented crawl space 
will be near the outdoor temperature, footings must 
be below the frost depth with respect to both the 
interior and the exterior grade. The large depth of 
the ceiling cavity accommodates high insulation 
levels without any penalty in additional framing 
costs, so R-values well in excess of wall levels may 
be economical. 

The principal advantage of a vented crawl space 
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EXTERIOR SIDtNG b 
SHEATHING I 

RIM JOIST 

PRESSURE-TREATED 

PLATE -----------\ 
CRAWL SPACE VENY AT 
TOP OF FOUNDATION WALL 

GROUND SLOPES AWAY FROM 
WALL AT 5% (6 IN. IN 10 FT.) .- 

INTERIOR RNlSH MATERRAL 

VAPOR RmARDER 

INSULATIQN IN 2x4 WALL 

FINISH FLOOR 

.PLYWOOD SUBFLOOR 

7-!N!(W. 

I 

. .  
'/z-IN. ANCHOR BOLTS AT 6 FT. O.C. MAX. 

O '  T-- 
. .  

0 

0 . .  
111111111 

CONCRETE FOUNDATIOW WALL 
(SIZE AND RElNFORCtNG 

lllllll 

, . .  
NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDITIONAL MEASURES THAT 
MAY BE REQUIRED FOR RADON 
AND TERMFTE CONTROL 

NOTE: INSULATION INSIDE THE 
AIM JOIST RAISES CONCERNS 
OVER CONDENSATION UNDER 
SEVERE CONDITIOIJS (SEE CH. 6) 

0 NO. 4 BARS FOR CRACK 
COMfROL AS REQUIRED 

CONCRETE FOOTlNG 

Figure 3-1: Concrete Crawl Space Wall with Ceiling Insulation 
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Figure 3-2: Approximate Areas Where a Vapor Retarding Grsuiid CQVCT is Recorninended for a 
Crawl Space 

Ground Cover ~~~~~r~~~~~ 
Ground cover membranes that restrict 

evaporation of soil moisture have been shown to be 
the single most important way to prevent 
condensation and wood decay problems in crawl 
spaces. However, ground covers aren‘t required 
everywhere; in 1962, the Building Research 
Advisory Board (BRAB) recommended that they be 
installed j n all northern climates where the total 
annual precipitation exceeds 20 inches, including 
the water equivalent of snowfall (Figure 3-2) This 
was offered a5 a tentative rule. A subsequent 
climatic map of wood decay hazard prepared by 
Scheffer shows the demarcation between 
“1owest”and ”moderate” ham tcl almost coincident 
with 20 inches annual precipitation [Verrall and 
Amburgey], so it still seems to be a useful guideline. 

The ground cover material should have a perm 
rating of no inure tlrm 1.0 and must be rugged 
enough to withstand foot and knee traffic. 
Recommended materials include 6-rnil 
polyethylene, 45- or 55-pound smooth roll roofing 
(federal specification Class A, Type I), and 45mB 
EPDN mernbranes. Roll roofing is not 
recorninended for very wet soils, as fungi can 
decompose it over time. All debris must be removed 
and the soil levcled before laying the membrane. 
Edges of the meiitbrane need only be lapped 4 to 6 
inches. No sealing is required. 

It is not necessary to carry the ground cover 
membrane up the face of the wall unless the interior 
grade is below that outside. This helps confine 
water that may leak through the wall to the 
underside of the membrane. 

* 
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Vent Requirements 
A rectangular plan crawl space requires a 

minimum of four vents, one on each wall, located 
no farther than 3 feet from each corner. The vents 
should be as high on the wall as possiblc to best 
capture breezes, and landscaping should be 
planned to prevent obstruction of the vents. The 
total free (open) area of all vents should be no less 
than 1/mo of the floor area. The gross area of vents 
required depends on the type of vent. This can be 
found by multiplying the '/1500 area by the factors in 
Table 3-6. In the absence of a ground cover, the vent 
area should be increased lo Vt5o of the floor area. 
Ventilation alone should not be relied upon where 
soils are known to be moist. 

Ventilation standards in the United States for 
crawl spaces have not changed in forty years. Most 
experts seem to feel they are adequate, stating that 
houses observed with serious moisture problems 
usually don't meet the standard, or fail in other 
respects (such as venting clothes dryers into the 
craw1 space or inadequately protecting against 
surface and groundwater infiltration). The most 
common vent-related failures include: (1) providing 
the required Vi5[rn in gross vent area instead of free 
area, (2) providing vents only on one pair of walls, 
or not near the corners, and (3)  obstructing the 
vents on the inside by ducts and plumbing, or on 
the outside by shrubbery, condenser units, porches, 
and patios. Another common problem is the failure 
of homeowners to open operable vents that have 
been closed for the winter. 

it should be noted that the National Building 
Code of Canada and the Canada Housing and 
Mortgage Corporation (CHMC) require '/mc the floor 
area in vent, or three times the standard practice in 
the United States. 

Accessibility 

neglected in design. There should be adequate 
Accessibility is an obvious issue that is often 

space under all beams, pipes, and ducts to allow a 
person to access all areas of the crawl space, and 
especially all of the perimeter. Leaving ddequate 
spice also prevents ventilation from being impeded. 
Codes and standard practice guides usually cdll for a 
minimum of 18 inches between the crawl space floor 
atid the underside'of the joists, but this is often 
inadequate after ducts and plumbing are installed. 
Instead, a minimum of 24 inches under the joists is 
advisable. An dccess way into the crawl space must 
also be provided. 

UNVENTED CRAWL SPACES 

It is not necessary to vent a crawl space for 
moisture control it it is continuous with an adjacent 
basement, and venting is clearly incompatible with 
crawl spaces used as heat distribution plenums. In 
fact, there are several advantages to designing crawl 
spaces as semi-heated zones. Duct and duct 
insulation is not necessary, and the foundation is 
insulated at the crawl space perimeter instead of its 
ceiling. This usually requires less insulation, 
simplifies installation difficulties in some cases, and 
can be detailed to minimize condensation hazards. 
However, venting ot crawl spaces may be desirable 
in areas of high radon hazard. 

Moisture problems in crawl spaces are common 
enough that many agencies are unwilling to endorse 
them without vents, although they have been 
recommended, "except under severe moisture 
conditions," by the University or' Illinois's Small 
Homes Council [Jones 19SOI. Soil type and the 
groundwater level are key factors influencing 
moisture conditions. It should be recognized'that a 
crawi space can be designed as a short basement, 
and, having a higher floor level, is subject to less 
moisture hazard in most cases. Viewed in this way, 
the main distinction between unvented crawl spaces 
and basements is in the owner's accessibility and 
likelihood of noticing moisture problems. 

Table 3-6: Crawl Space Vent Area Requirements 

1.0 
1.225 
2.0 

,ouvers + 'kin.  hardware rloth 2.0 
2.29 

Louvers i 16-mesh screen 3.0 

'As deterrmned by the ' i l j m  formula 
Vent areas may be reduced by one-halt if the crawl 
space flour soll IS dusty dry 

3'ihe indicated amount or four vents, whichever i b  
greater 

Source Verrall and Ambulgey 
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Exterior Insulation 

virtually no difference between exterior and interior 
applications, exterior wall insulation for crawl 
spaces has certain technical advantages. These 
include: (1) providing thermal protection for the 
wall and moisture-proofing membrane from 
temperature stress, (2) eliminating thermal bridges 
that cause condensation on perimeter framing 
members, and (3) leaving inside wall materials 
visible for inspection for decay and termites. 
Exterior insulation can act as a path for termites, 
however, and prevent inspection of the foundation 
wall from the exterior. 

A typical approach to exterior crawl space wall 
insulation is shown in Figure 3-3. Most exterior 
insulation details for basements shown in Chapter 2 
are suitable for crawl spaces as well. The 
partially-heated interior allows the footing depth to 
be determined by its relation to the exterior grade 
alone. 

A problem with vertical. exterior insulation on a 
crawl space wall is that it can only extend as deep as 
the top of the footing. This depth usually does not 
exceed 4 feet in the United States and is 
considerably more shallow in most areas of the 
country. The exterior insulation can be 
supplemented in two ways: (1) with insulation 
placed horizontally around the perimeter of the 
interior crawl space floor, and (2) with insulation 
extending horizontally from the exterior face of the 
foundation wall. The first approach results in a 
thermal bridge through the footing that reduces the 
effect of insulating the floor perimeter, The second 
approach, shown in Figure 3-4, provides a 
continuous insulation system with no thermal 
bridges. The horizontal insulation should be sloped 
away from the wall and must be placed on 
well-compacted soil to reduce movement after 
backfilling. Under certain circumstances this 
exterior horizontal insulation approach can be used 
to reduce frost penetration, resulting in shallower 
footing depth requirements (see Section 6.1). 

Although heat transfer siinulations show 

Interior Insulation 
Interior crawl space wall insulation is more 

common than exterior, primarily because less 
expensive materials can be used and no unusual 
flashing details or protective covers are required 
Anrother advantage to interior insulation is that 
crawl space floor insulation can be added with no 
thermal bridge. On the other hand, interior wall 
insulation may be considered less desirable than 
exterior insulation because it (1) increases the 
exposure of the wall to thermal stress and freezing, 
(2) may increase the likelihood of condensation on 
sill plates, band joists, and joist ends, and (3)  often 

results in some thermal bridges through framing 
members. Finally, placing the insulation at the 
inside may increase thc risk of frost heave by 
isolating the footing from interior heat. A typical 
approach to interior crawl space insulation is shown 
in Figure 3-5. Rigid board insulation is easier to 
apply to the interior wall than batt insulation since it 
requires no framing for support, is continuous, and 
may require no additional vapor retarder. While 
insulation placed around the crawl space floor 
perimeter as shown in Figure 3-5 may provide a 
good thermal solution, it may also create additional 
paths for termite entry. 

As shown in Figure 3-5, fiberglass batt insulation 
is commonly placed inside the rim joist. This rim 
joist insulation must be covered on the inside with a 
polyethylene vapor retarder or a rigid foam 
insulation that acts as a vapor retarder. In place of 
fiberglass, simply using tight-fitting rigid foam 
pieces in the spaces between floor joists is an 
effective solution. Less expensive fiberglass batts 
are an alternative to rigid foam insulation on the 
interior crawl space wall. It is possible to install. 
them in a crawl space similar to a basement 
installation, but this requires a concrete slab, a 
furred-out stud wall, and a vapor retarder on the 
studs. This represents a more expensive and less 
likely approach than simply using rigid foam with 
no furring or slab. 

A common, low-cost approach to insulating 
crawl space walls is simply draping fiberglass batts 
with a vapor retarder facing over the inside of the 
wall. In some states, codes require the batt material 
to be approved with respect to flame spread. These 
can be laid loosely on the ground at the perimeter to 
reduce heat loss through the footing (Figure 3-6). 
With this approach it is difficult to maintain 
continuity of the vapor retarder around the joist 
ends and to seal the termination of the vapor 
retarder Good installations are difficult because of 
difficult working conditions, and a vapor-proof 
installation will prevent easy inspection for 
termites. An alternative is to insulate the band joist 
on the outside and the foundation wall on the 
inside. The sill plate remains a thermal weak point, 
but it is exposed to the warm interior and is easily 
inspected for both decay and termites. 

Woad Foundation Systems 
Pressure-treated wood systems can be used for 

unverited crawl spaces, thus permitting fiberglass 
insulation to be placed within the wall cavities. The 
characteristics and details are identical to those for 
pressure-treated wood basement systems shown in 
Chapter 2. 



EXTERIOR SIDING c 
SHEATHING b 

CAULKING --- 
FLASHING COVERS 
TOP OF INSULATION ___ 

RIGID INSULATION 

RIM JOIST 

PROTECTION BOARD, 
COATING, OR FLAS 

GROUND SLOPES AWAY FROM 
WALL AT 5% (6 IN, IN 10 FT.) 

GRANULAR BACKFILL 

GRANULAR BACKFILL -____) 

OPTIONAL DRAINAGE MAT 
OR INSULATING DRAINAGE 
BOARD IN PLACE OF 

(I LOW PERMEABILITY SOIL ’ 

RIGID lNSULATlON 

FILTER FABRIC 

COARSE GRAVE 

INTERIOR FINISH MATERIAL 

VAPOR RETARDER 

/.----- INSULATjON IN 2x4 WALL 

FINISH FLOOR 

PLYWOOD SUBFLOOR 

---+ 7 GASKETS OR CAULKING 

--- PRESSURE-TREATED SILL PLATE 

GASKET UNDER SILL PLATE 
_- 

------- BOND BEAM 
(OPTION: FILL CORES 
OF TOP COURSE) 

AT 6 FT. O.C. MAX. 
EMBEDDED 7 T 0  15 IN. 
AS REQUIRED BY CODE 

COHCRETE MASONRY WALL 
{SIZE AND REINFORCING 
AS REQUIRED) 

VAPOR RETARDER COVERS 

----- ‘/PIN. ANCHOR BOLTS 

FLOOR AND EXTENDS TO 
TOP of WALL 

NOTE: NEED FOR PERIMETER 
DRAINAGE SYSTEM DEPENDS 
ON LOCAL CONDITIONS 

NOTE: SEE CHAPTERS 10 AND 11 
FOR ADOlTlONAL MEASURES THAT 
MAY BE REQUIRED FOR RADON 
AND TERMITE CONTROL 

l- CONCRETE FOOTING 

Figure 3-3: Concrete Masonry Crawl Space Wall with Exterior Insulation 
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EXTERIOR SlDlNG --- - - - -  

2x6 WALL OVERHANGS 
RIM JOYST UP TO 2 IN. 

GASKETS ow CAULK! 

E-TREATED SlLb PLATE 

GASKET UMBER SILL PLATE 
.................. .--.-._____ 

'h-lN, ANCHOR BOLTS 
AT 6 FT. Q.C. MAX. 

Figure 3-4: Concrete Crawl Space Wall with Exterior Insulation 



-4 SHEATHING ___.I_.__ 

RIM JOIST (GASKETS OR 
CAULKING ABOVE AND 
BELOW RIM JOIST) - 
PRESSURE-TREATED SILL PLATE 
(GASKET UNDER SILL PLATE) ---- 

_ - _ _ -  --. -. -.-_ 

'-. ---1 

GROUND SLOPES AWAY 
FROM WALL AT 5% 
(6 IN. IN 10 FT.) 

- 
EGRANULAR BACKFiLL -------+ 

OPTIONAL DRAINAGE MAT 
OR INSULATING DRAINAGE 
BOARD IN PLACE OF 
GRANULAR BACKFILL --# 

INTERIOR FINISH MATERIAL 

VAPOR RETARDER 

/ INSULATION IN 2x4 WALL 

D 

- 

b 

, FINISH FLOOR 

PLYWOOD SUBFLOOR 

RIGID INSULATION CAULKED 
AT ALL EDGES FORMS VAPOR 

w- '/PIN. ANCHOfl BOLTS 
AT 6 FT. Q.C. MAX. 

RlGlD INSlJLATION 

CONCRETE FOUNDATION WALL 
(SIZE AND REINFORCING 

. 0 '  

. D  

AS REQUIRED) 

NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDlTlOElAL MEASURES THAT 
MAY BE REQUtREO FOR RADON 
AND TERMITE CONTROL 

NOTE: WSULATION INSIDE M E  
RtM JOIST RAISES CONCERNS 
OVER CONDENSATION UNDER 
SEVERE CONDITIONS (SEE CH. 6) 

. .  
I )  VAPOR RETARDER 

0 . .  
PTIONAL REID INSULATION 
AY EXTEND HORIZONTALLY 

, .  

mTER FABRIC -- 
COARSf GRAVE 

rklkl. DRAINPIPE 

TWO NO. 4 BARS FOR CRACK 
CONTROL AS REWIRED 

WE: MEED FOR FERIMETER 
ORAiNAGE SYSTEM DEPENDS 
ON LOCAL CONDITIONS CONCRETE FOOTING 

Figure 3-5: Concrete Crawl Space Wall with Interior Insulation 
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EXTERIOR SIDING 

SHEATHlNG 

PRESSURE-TREATED SILL 

-------A PLATE (GASKET UNDER 
SILL PLATE) -------- 

GROUMO SLOPES AWAY 
FROM WALL AT 5% 
(6 IN. IN 10 FT.) 

a 

LOW P E R ~ E ~ ~ I L ~ ~ Y  SOIL 

GRANULAR BACKFILL 

Q~TIONAL DRAINAGE MAT 111111 
OR INSULATING DRAlNAGE 
BOARD IN PLACE OF 
GRANULAR BACKFILL -, 

INTERIOR FINISH MATERIAL 

VAPOR RETARDER 

INSULATION IN 2x4 WALL 

~ FINISH FLOOR 

PLYWOOD SUBFLOOR n 

VAPOR RETARDER SEALED TO 
SUBFLOOR ABOVE AND FLOOR JOISTS 

'12-IN. ANCHOR BOLTS 
AT 6 FT. O.C. MAX. 

VAPOR RETARDER EXTENDS 
ABOVE GRADE ON WALL 

FIBERGLASS INSULATION WITH 
VAPOR RETARDER ON INSIDE 

VAPOR RETARDER 

OPTIONAL CONCRETE 
MUD SLAB ON FLOOR 

FILTER FABRIC -- 
COARSE GRAVE 

4-IN. DRAINPIPE 

NOTE: NEED F 
DRAINAGE DE 

CONCRETE FOUNDATION WALL 
(SIZE AND REINFORCING 
AS REQUIRED) 

TWO NO. 4 BARS FOR CRACK 
CONTROL AS REQUIRED 

CONCRETE FOOTING 

NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDITiONAL MEASURES THAT' 
MAY BE REQUIRED FOR RADON 
AND TERMITE CONTROL 

NOTE: ~NS~LATIQN INSIDE THE 
RIM JOIST RAISES CONCERNS 
OVER COND~NSATION UNDER 
SEVERE CONDITIONS (SEE CH. 6) 

Figure 3-6: Concrete Crawl Space Wall with Interior Insulation 

58 



3.3 Recommended Crawl Space Design Practices 

LOCATION OF VENTS, INSULATION, 
AND VAPOR RETARDERS IN A 
VENTED CRAWL SPACE 

1. 

2. 

3. 

A vented crawl space is designed to permit 
outside air to circulate in the crawl space in order 
to reduce moisture problems and, where 
applicable, radon gas problems. The 
conventional recommendation for total crawl 
space vent area is Vi50 of the floor area when a 
vapor retarder on the ground is not used or l / i ~ o o  

of the floor area when a ground cover is present. 
Vents should be placed on all four sides of the 
crawl space if possible and located no farther 
than 3 feet from the corners. 

In a vented crawl space, insulation should be 
applied between the floor joists over the crawl 
space in uniform thickness to the entire floor 
area. A vapor retarder should be on the warm 
side of the insulation. Exposed pipes and ducts 
should be insulated. 

In regions with 20 inches or more annual 
precipitation, a &mil polyethylene vapor retarder 
should be placed over the entire crawl space floor 
and extend up over the foundation wall on the 
interior (see Figure 3-2). Polyethylene sheets 
should be overlapped 4 to S inches. 

LOCATION OF INSULATION AND 
VAPOR RETARDERS IN AN 
UNVENTED CRAWL SPACE 

1. An unvented crawl space is quite similar to a 
conventional unconditioned basement. Outside 
air infiltration is minimized, there is no venting, 
and the space is heated indirectly from the 
above-grade spaces. Insulation must be placed 
on the perimeter walls and sometimes on the 
perimeter of the floor to enhance thermal 
performance. Moisture control techniques 
(discussed below) are required to reduce 
humidity, condensation, and decay. 

2. Rigid insulation placed on the exterior surface of 
a concrete or masonry crawl space wall has some 
advantages over interior placement because it 
provides continuous insulation, protects and 
maintains the structural wall at moderate 
temperatures, and minimizes condensation 
problems. 

Interior insulation and insulation within wood 
and concrete or masonry walls are alternatives to 
exterior insulation. Interior insulation placement 
is generally less expensive than exterior 
placement. For some products a vapor retarder 
must be placed correctly on the warm side of the 
insulation to avoid moisture problems. Energy 
savings due to thermal bridges may be reduced 
with some systems and details. 

Exterior insulation at the rim joist can minimize 
thermal bridges, avoid condensation problems, 
and leave joists and sill plates open to inspection 
for termites and decay from the interior, On the 
other hand, exterior insulation can be a path for 
termites and prevent inspection of the wall from 
the exterior. 

5. Insulation also can be placed on the inside of the 
rim joist but with greater risk of condensation 
problems and less access to wood joists and sills 
for inspection. A vapor retarder should be placed 
on the inside of the insulation and sealed to all 
surrounding surfaces to reduce the risk of 
condensation problems. 

insulation, sealing against air infiltration 
minimizes condensation problems. Caulking or 
gasket materials at the following interfaces 
minimize air leakage: foundation wallisill plate, 
sill platelrim joist, rim joist/subfloor, 
subfloor/above-grade wall plate. 

7. Since vertical crawl space walls often do not 
.extend very deeply below grade, additional 
horizontal insulation may be desirable. 
Horizontal insulation can be placed in the soil 
outside the foundation wall on- on top of the soil 
around the perimeter of the interior crawl space 
floor. 

8. A &mil polyethylene vapor retarder should be 
placed over the entire crawl space floor and 
extend over the foundation wall on the interior in 
regions with 20 inches or more annual 
precipitation. Polyethylene sheets should be 
overlapped at least 6 inches. 

6 .  With either exterior or interior rim joist 
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SELEC'X'ION OF INSULATION 
PRODUCTS 

1. For extei ior placement, insulation materials must 
not degrade or lose theii thermal resistance when 
expo7ed to moisture. Exterior placement nefers to 
any confguration where the insulation is in 
direct contact with the soil, such as outside the 
crawl space foundation wall as well as laying on 
the soil floor of the crawl space. Acceptable 
materjizls are: (1) extruded polystyrene boards 
(XEPS) under any condition, (2) molded 
expanded polystyrene boards (MEPS) for vertical 
applications when porous backfill and adequate 
drainage are provided, and (3 )  fiberglass or bPS 
drainage boards when an adequate drainage 
system is provided at the footing. 

2. Exterior insulation materials should not be 
exposed above grade and should be covered by a 
protective rnaterial-exterior grade PVC, 
galvanized metal or aliini inuni flashing, a 
cementitious coating, or a rigid protection 
board extending at least 6 inches below grade. 
Products are available with protective cover 
materials bonded to the rigid insulation. 

foundation wall, virtually any batt, blown, or 
foam insulation is acceptable Most products 
requiie a vapor retarder on the warm side and 
must be covered for file protection. 

4. For placement within a wood foundation system, 
ball, blown, or foam insulations are placed 
within the cavities. A vapor retarder i s  placed on 
the warm side and a fire-protective covet may be 
necessary. 

5. For placement within concrete or masonry walls, 
there are several systems, many of which are 
prvprietaty These include (1) rigid foam plastic 
insulation placed within ,* cast-in-place wall, 
(2) polystyrene beads or granular lnsulaliair 
materials poured into the cavities of conventional 
masonry walls, (3) systems of concrete blocks 
with insulating foam inserts, (4) formed, 
interlocking rigid foam units that serve as a 
permanent, insulating form for cast-in-place 
concrete, and (5) masonry blocks made with 
polystyrene beads instead of aggregate in the 
concrete mixture resulting in significantly higher 
R-value.;. Insulating foam inserts are available for 
standard concrete block cores and as part of 
specially designed block systems that minimize 
concrete web areas, thus reducing thermal 
bridging. 

3. For inteiior placement vertically on the 

1. Concrete spread footings. Concrete spread 
footings must provide support beneath 
foundation walls, piers, and cohnmns. All 
concrete footings must be designed to be beneath 
the maximum frost penctration depth cpr 
insulated to prevent frost penetration arid with 
adequate size to dislribute the load to the soil. 
fwo No. 4 bars placed 2 inches below the top of 
the footing running parallel to the wall are 
recommended to avoid differential settlement. 
Concrete used in spread footings should have a 
minimum compressive strength of 2000 psi. 

2, Gravel bed footing. A compacted gravel bed 
may serve as the footing under a wood 
foundation wall. Beneath &he wall the gravel 
layer should be a i  least 6 inches thick (or 
three-quarters of the footing width, whichever is 
greater), and the bed should extend out from the 
footing at least 6 inches (or three-quarters of the 
footing width) , 

3. Cast-implace concrete foundation walls. These 
must be designed to resist lateral loads from the 
soil and vertical loads from the structure above. 
Where soils are stable in areas of low seismic 
activity, no reinforcing is required in a 
6-inch-thick crawl space wall with up to 4 feet of 
611. Where soils are unstable or in areas of higher 
seismic activity, no reinforcing i s  required in an 
8-inch-thick crawl space wall with up to 
4 feet of fill. The concrete wall should be 
anchored to the footing in one of two ways: (1) by 
use of a key, or (2) by use of reinforcing dowels. 
Concrete used in the wall should have a 
minimum compressive strength of 25130 psi with 
a 4- to fi-iiich slump. No additional water shoulld 
bc added at the job site. 

4. Concrete masonv fsun tion ~valls. These must 
be designed to resist lateral loads from the soil 
and vertical loads from the structure above. Local 
building codes must be consulted to determine 
(1) wall width, (2) steel reinforcing requirements, 
anad (3) specifications for block and mortar 
strength. Under most conditions, no reinforcing 
is required in an 8-inch-thick masonry wall with 
up tu 4 feet of fill. When reinforcing is required, it 
must be. grouted into block cores. Vertical bars 
should be spaced no inore than 48 inches apart or 
6 times the wall thickness, whichever is less. 
Mortar mixes and strengths should meet the 
requirements shown in Chapter 7. For 
su rface-bonded block or other proprietary 
insulated masonry systems, manufacturers and 
local code officials must be consulted for 
appropriate structural specifications. 
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5. 

6 .  

7. 

8. 

9. 

Wood foundation walls. Wood foundation walls 
must be designed to resist lateral and vertical 
loads while utilizing materials that are treated to 
resist decay. Wall sizing and material 
specifications are found in the Ptrrriancizt Wood 
Foundation Systan-Basic Requirements 
[NFoPA 1987j. 1,ocal codes should be consulted 
for specific requirements. 

Anchor bolts. Anchor bolts must be embedded 
in the top of concrete or masonry foundation 
walls. Most codes require bolts of 
I/:-inch-minimum diameter embedded at least 
7 inches into the wall. In some locations, codes 
require bolts to be embedded 15 inches in 
masonry walls to resist uplift. To provide 
adequate connection between the bolt and 
masonry wall, bolts either must be ernbedded in 
a bond beam or the appropriate cores of the 
upper course of block must be filled. Generally, 
anchor bolts can be placed at a maximum spacing 
of 6 feet and no farther than 1 foot from any 
corner. Ends of floor joists should be anchored to 
the sill plate at &foot intervals. 

Piers and curtain walls. In place of a continuous 
structural foundation wall and footing, the 
structure can be supported on piers with 
nonloadbearing curtain walls in between. 
Consult Chapter 7 for specific requirements. 

Expansive soil. Where expansive soils are 
present, special foundation techniques are 
necessary. Consultation with local building 
officials and a structural engineer is 
recommended. 

Design to resist seismic forces. In areas of high 
seismic activity, special foundation techniques 
may be necessary. Consultation with local 
building officials and a structural engineer is 
recommended. 

SURFACE DRAINAGE 

1. 

2. 

3. 

The ground surface should slope downward at 
least 5 percent (about 6 inches) over the first 10 
feet surrounding the crawl space wall to direct 
surface run-off away from the building. 

Downspouts and gutters should be used to 
collect roof rainwater and direct it away from the 
foundation walls. 

Backfill around the foundation should be covered 
with a low permeability soil, a membrane 
beneath the top layer of soil, or a hard surface 
(concrete or asphalt) to divert surface run-off 
away from the foundation. 

SUBSURFACE 'D 

1. 

2. 

3. 

4. 

Where the crawl space floor is at the same level 
or above the surrounding exterior grade, no 
subsurface drainage system is required. On sites 
with a high water table or poorly draining soil, 
one recommended solution is to keep the crawl 
space floor at the same level as exterior grade. On 
a sloping site, subdrainage may be required on 
the uphill side if the soil is non-porous (see item 
3 below) . 
On sites with porous soil and no water table near 
&he surlace, placing the crawl space floor below 
the surface is acceptable with no requirement for 
a subdrainage system. 

Where it is necessary or desirable to place the 
crawl space floor beneath the existing grade and 
the soil is non-porous, a subsurface perimeter 
drainage system similar to that used for a 
basement is recommended (see Chapter 2). 

A permanent wood foundation system should 
rest on a gravel layer that is at least as thick as 
three-fourths of the footing plate width beneath 
the foundation walls. The gravel bed extends out 
from the footing plate at least one-half of the 
footing plate width. A 4-inch layer of gravel 
connected to a sump area in the middle of the 
crawl space is recommended over the crawl 
space floor. The sump area should be at least 
30 inches deep and either 24 inches in diameter 
or 20 inches square. Concrete, plastic, or clay tile 
may be used. 

WATERPROOFING AND 
DAMPPROOFING 

Generally, no waterproofing or dampproofing 
on the exterior foundation walls of crawl spaces is 
considered necessary, assuming that drainage is 
adequate and a &mil polyethylene vapor retarder 
covers the floor and interior walls. 
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RADON CONTROL 

The techniques for minimizing radon infiltration 
through a crawl space are appropriate if there is a 
reasonable probability that radon is present. To 
determine this, contact the state health department 
or environmental protection office. 

1. 

2. 

3. 

The primary radon control recommendation for 
crawl spaces susceptible to radon exposure is to 
provide substantial outside air ventilation. Vents 
should be placed on all four sides of the crawl 
space. 

In vented and unvented cases, a 6-mil 
polyethylene membrane placed on the crawl 
space floor is recommended. 

If the crawl space must remain unvented, then all 
of the radon control techniques recommended 
for basements also apply to crawl spaces 
(see Chapter 2). 

TERMITE AND WOOD DECAY 
CONTROL 

Techniques for controlling the entry of termites 
through residential foundations are necessary in 
much of the United States. Refer to the map in 
Chapter 11 and consult with local building officials 
and codes for further details. 

1. 

2. 

3. 

4. 

Soil moisture around the crawl space should be 
reduced by using gutters and downspouts to 
remove roof water. In non-porous soils or where 
the water table is near the surface, a complete 
subdrainage system should be installed around 
the foundation (see Chapter 8 for details). 

All roots, stumps, and wood should be removed 
from the site. Wood stakes and formwork should 
also be removed from the foundation area. 

Soil treatment is recommended on all sites 
viilnerable to termites. See Chapter 11 for 
application rates and locations. 

A bond beam or course of cay blocks should be 
placed on top of all concrete masonry foundation 
walls to ensure that no open cores are left 
exposed. Alternatively, all cores on the top 
course can be filled with mortar. The mortar joint 
beneath the top course or bond beam should be 
reinforced. 

5. 

6.  

7. 

8. 

The sill plate should be at least 8 inches above 
grade and should be pressure-treated to resist 
decay. The sill plate should be visible for 
inspection from the interior. Since termite shields 
are often damaged or not installed carefully 
enough, they are considered optional and should 
not be regarded as sufficient defense by  
themselves. 

Exterior wood siding and trim should be at least 
6 inches above grade. 

Porches and exterior slabs should slope away 
from the foundation wall, be reinforced with 
steel or wire mesh, and be at least 2 inches below 
exterior siding. In addition, porches and exterior 
slabs should be separated from all wood 
members by a 2-inch gap visible for inspection or 
a continuous metal flashing soldered at all 
seams. 

Wood posts within a crawl space should be 
pressure-treated and placed on a concrete 
pedestal raised 8 inches above the soil floor. 
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Chapter 4 

Slab-on-Grade 
Design Summary 



‘1 his chapter summarizes the major 
recommendations and practices related to 
slab-on-grade foundation design. In the first 
section, the results of thermal simulations for 
various insulation con figuiations are presented, and 
recommended optimal levels of insulation for each 
of thirteen U.S. climates are shown. 

The sccsnd section of this chapter presents and 
discusses a series of alternative construction details 
recommended for slab-oii-gtade foundations. The 
final section of the chapter summarizes 
recommended design practices in the following 
areas: location of insulation arid vapor retarders, 
subslab drainage, radon control, selection of 
insulation products, structural design, surface 
drainage, and termite and wood decay control. 
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4.1 Slab-on-Grade Insulation Placement and Thickness 

To provide energy use information for buildings These savings are based on average U.S. fuel costs. 
Energy savings as well as heating and cooling loads 
are given for thirteen U.S. cities in Chapter 5. 

with slab-on-grade foundations, heating and 
cooling loads were simulated for twenty-one 
different insulation placements and thicknesses in 
thirteen U.S. c h a t & .  Key assumptions in the 
computer simulalions are that the interior space 
above the slab is heated to a temperature of 70°F and 
cooled to a temperature of 78°F when required. 

Insulation Configurations and Costs 
Tables 4-1 and 4-2 include illustrations, 

descriptions, and installation costs for the 
twenty-one slab-on-grade insulation configurations 
that were analyzed. The construction system in all 
cases is a concrete (or masonry) foundation wall 
extending 2 feet or 4 feet deep, with the upper 8 
inches of the foundation wall exposed on the 
exterior. 

The three most common approaches to 
insulating slab-o ti-grade foundations with 
concretelmasonry walls are (1) placing insulation 
vertically on the entire wall on the exterior (2 or 4 
feet deep), (2) placing insulation vertically on the 
entire wall on the interior (2 or 4 feet deep), and 
(3) placing insulation horizontally under the slab 
perimeter (extending 2 or 4 feet). When insulation is 
placed either vertically or horizontally on the 
interior, it is important to place insulation in the 
joint between the slab edge and foundation wall. As 
shown in Tables 4-1 and 4-2, costs are lower for 
insulation on the interior (vertically or horizontally) 
compared with the same amount on the exterior, 
because no flashing or protective cover is required 
on the interior as it is for exposed exterior 
insulation. In addition to these conventional 
approaches, some cases were simulated where 
insulation is placed horizontally on the building 
exterior (extending either 2 or 4 feet into the 
surrounding soil). 

Energy Savings 

insulating are given for three cities (Minneapolis, 
Washington, D.C., and Phoenix). A designer may 
use Tables 4-1 and 4-2 to compare the differences in 
performance between these various slab-on-grade 
insulation placements. Also, the cost of insulating 
can be divided by annual savings to calculate a 
simple payback for the investment. Ii-Iowever, it is 
important to remember that these average energy 
and construction costs and other assumptions may 
not apply in particular location? and must be 
adjusted to obtain more accurate annual savings. 

For each option, annual savings due to 

Optimal Amount of Insulation 
Determining a cost-effective amount of 

insulation requires further analysis that takes into 
account the cost of insulating the slab-on-grade 
foundation in the context of several economic 
factors. Using a life-cycle cost analysis method 
described in Chapter 5, the configuration with the 
lowest thirty-year life-cycle cost was determined for 
each climate at three different fuel cost levels. 

The economically optimal con fjgurations for 
slab-on-grade foundattons are shown in Table 4-3. 
The thirteen dties are in descending order of 
heating degree days. 'I'he exception is Phoenix, 
which has slightly fewer heating degree days than 
1.0s Angeles but has considerably inore cooling 
degree days and consistently requires more 
insulation. For locations other than these thirteen 
cities, the designcr can determine heating degree 
days from Appendix tC and interpolate. 

Some insulation is justified at every fuel price 
level in every location except Los hngeles and 
Miami. In several cases, placing insulation on the 
cxterior extending into the soil is the optimal 
configuration. Since this is somewliat 
unconventional, Table 4-3 indicates the optimal 
conventional configurations (exterior vertical, 
interior vertical, or interior horizontal insulation), 
and then, using footnotes, iridicates where exterior 
horimntal insulation is a superior configuration in 
economic terms. 

Comparing exterior and interior vertical wall 
insulation, thermal results are very similar for a 
I-inch thickness of insulation. Since it is assumed 
that exterior insulation costs more to install, interior 
placement is always economically optimal in 
comparison. However, when the thckness 
increases to 2 inches or more, exterior placement 
performs better thermally since it is difficult to 
insulate the slab edge on the interior to a thickness 
greater than I inch. Thus, exterior msuiation can be 
cconomically optimal at greater thicknesses in spite 
of its higher initial cos1 

Although Table 4-3 indicates a singie optimal 
recommendation tor each climate a t  a given fuel 
price, in many cases two or more configurations are 
nearly equal in life-cycle cost. For example, interior 
horizontal and interior vertical insulat~on are 
usually quite similar in performance for a given 
length and thickness. 



Table 4-1: Configurations Analyzed for Slab-on-Grade Foundations 
Installation 

Cost per 
Lineal Ft ($1 

Annual Enerw Cost Savings 
c Lin& Foot 

WASH 
1 

PHNX 
Designation 

of Case 

2'RO 

E 
MPLS 

0.00 0.00 0.00 0.00 

2'R5 extlver 
2'RlO exther 

2.25 
3.50 

0.40 
0.47 

0.22 
0.26 

0.12 
0.15 

2'R5 inttver 
2'RlO intlver 

1.30 
2.19 

0.38 
0.43 

0.21 
0.23 

0.11 
0.12 

2'R5 intlhor 
2'RlO intlhor 

1.65 
2.80 

0.10 
0.11 

0.39 
0.44 

0.49 
0.56 

0.20 
0.22 

0.24 
0.28 

4'R5 intthor 
4'RlO intthor 

2.69 
4.52 

0.12 
0.12 I I 1  

Annual energy cost savings are based on medium fuel price levels shown in Table 4-4. 
See SEction 5.4 for underlying assumptions and annual energy cost savings in other U.S. cities 
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Table 42: Configurations Analyzed for Slab-on-Grade Foundations 

Annual Enerev Cost Savings installation 
Cost per 

Lineal Ft ($) 
r Lin& Foot Designation 

of Case 
4'RO 

MPLS Configuration 

1 
WASH 

0.00 

PHNX 

0.00 0.00 0.00 

I I  4'R5 extlver 
4'RlO exttver 
4'R15 exther 
4'RZO extlver 

3.53 
5.70 
7.69 
9.68 

0.49 
0.60 
0.65 
0.68 

0.27 
0.33 
0.35 
0.37 

0.15 
0.18 
0.19 
0.20 

0.14 
0.16 
0.17 
0.17 

4'R5 inffver 
4'RlQ int/ver 
4'R15 inffver 
4320  intlver 

2.59 
4.40 
6.23 
8.06 

0.25 
0.30 
0.32 
0.33 

0.48 
0.57 
0.60 
0.62 

0.56 
0.60 

2'RS extlhor 
Z'R10 extlhor 

0.35 
0.37 

0.25 
0.23 

3.53 
5.70 

4'R5 exthor 
4'RlO extlhor 

4.43 
7.90 

0.58 
0.63 

0.35 
0.37 

0.25 
0.23 

Annual enerhy cost 5avings are based on medium fuel price levela shown in Table 4-4 
See Sechun 5 4 for underlyng assumphons and annual energy cost savings ~n other U S ahes 
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It should be noted that for 311 cases with interior Before accepting these optimal recommendations, 
vertical or horizontal insulation. it is assumed that designers should examine the underlvinn 

Cooling 

R-5 insulation is placed in the gap between the slab 
edge arid the foundation wall. A simulation with no 
insulation in the gap indicates that encrgy savings 
are reduced by ayproxiniately 40 percent, compared 
with a similar configuration with the slab edge 

assukptions of this analysis and adjdst &ern if 
necessary to suit particular conditions (see 
Chapter 5). Cost-effectiveness can vary 
considerably, depending on construction details 
and cost assumptions. Fuel price assumptions 
underlying this analysis are shown in rable 4-4. 

Electricity .05l/kWh 

- 
insulation in place. 

Table 4-3: Optimal Insulation Clnnfi 

Type of 
Foundation 

Concrete or 
Masonry Wall 
at Slab Edge, 

2 or 4 Feet 
Deep 

Lasatian 
-. ..... 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

iase 6YF 
law 75°F 

<eating Degree Uayr 
Zooling Degrce Days 
See Table 4-1 for fuel prices used in this analysis 

HDD' 

90'75 
8007 
61 77 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

earations for Slab-on-Grade Foundati 

64 
98 

181 
83 
74 
0 

539 
299 
415 
1139 
1856 

36 
1257 

Table 4-4: Fuel Price Levels Used in Analysis 

1,OW 

4'R5 intlhor 
2'R5 intlver' 
2'R5 intiver' 
2'RS intlver 
2'115 intlver 
Z'R5 intiver 
2'R5 intlver' 
2'R5 intiver 
2'175 intlver 
2'R5 intlver 
2'R5 intlver 

None 
None 

....... 

- ......... 

hlediurn 

4' R5 intlhor 
4'K5 int/ver4 
4'R5 intlhor' 
4'133 intlhor4 
4'115 intihor 
4'R5 intihor 
2'R5 intiver' 
2 ' ~ 5  intiver' 
2'115 intive2 
2'R5 intlver' 
2'R5 intiver' 

___ .......... 

None 
None 

..... 

High 

4'R10 intlhor 
4'1110 intlver' 
4'RlO extlver4 
4'R5 intlhor4 
4'17.5 iiitlhor 
4'RlO int/hor 
4'R5 intlver4 
4'R5 int/ver4 
2'K5 int/ver4 
2'RFi intlver' 
2'R5 intlver4 

None 
None 

'2'R5 extihor is th? optimal configuration. The cases shown in the table are 
slightly less optimal but more common practic?. 

Fuel Type ~o~~ price ~ e i p r i  ($1 
..... .... ........... 

Natural Gas .374/therm 

Fuel Oil .527/gai 

Electricity .019/kWh 

Heating Propane 

(Resistance heat) 

.561ltherm .842ltherm 

.028lkWh 

68 



4.2 Slab-on-Grade Construction Details 

Good construction practice demands elevating 
the slab above grdde by no less than 8 inches to 
isolate the wood framing from rain splash, soil 
dampness, and termites, and to keep the subslab 
drainage layer above the surrounding ground. This 
exposes the edge of the slab to the air via the frost 
wall. The most intense heat losses are through this 
small area of foundation wall above grade, so it 
requires special care in detailing and installation. 
Heat is also lost from the slab to the soil, through 
which it migrates to the exterior ground surface and 
the air. Heat losses to the soil are greatest at the 
edge, and diminish rapidly with distance from it. 
Both components of the slab heat loss-at the edge 
and through the soil-must be considered together 
in designing the insulation system. 

In this section, several typical slab-on-grade 
foundation details are illustrated and described. 
Figure 4-1 shows exterior insulation applied to a 

grad: beam foundation. Insulation applied to the 
exterior of concrete and concrete masonry 
foundation walls is shown in Figures 4-2 and 4-3. 
Figures 4-4 and 4-5 illustrate bidat ion placed 
vertically inside a concrete foundation wall as well 
as beneath the slab perimeter. The same two 
situations are illustrated for masonry foundation 
walls in Figures 4-6 and 4-7. 

The challenge at this stage of design is to 
develop integrated soh  tions that address all key 
considerations without significantly complicating 
the construction or increasing the cost. There is no 
one set of perfect solutions; recommended practices 
or details often represent compromises and 
tradeoffs. No particular approach is considered 
superior in all cases. This section shows and 
describes a variety of reasonable alternatives. 
Individual circumstances will dictate final design 
choices. 

INTERIOR FINISH MATERIAL 

VAPOR RETARDER 

INSULATiON IN 2x4 WALL 

PLATE (GASKET UNDER 
SILL PLATE) ----------_ ,,-- @IN. CONCRETE SLAB 

’ WITH OPTIONAL W.W. MESH 

VAPOR RETARDER PROTECTION BOARD, 
COATING, OR FLAWING &IN. GRAVEL LAYER 

NCHOR BOLTS 

TWO NO. 4 BARS FQR CRACK 
CONTROL AS REQUIRED 

CONCRETE GRADE BEAM 

NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDITIONAL MEASURES THAT 
MAY BE REQUIRED FOR RADON 
AND TERMITE CONTROL 

EXTEND HORIZONTALLY 
INTO THE SOIL 

Figure 4-1: Slab-on-Grade and Integral Grade Beam with Exterior Insulation 
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-__.--- INTERIOR FINISH MATERlAL 
EXTERIOR SIDING -. 

SNEATHlNGi ISOLATION JOINT 

SILL PLATE O V € R H A N ~ ~  

-__/.--- VAPOR RETARDER 

PRESSURE-TREATED 2x6 

- __ I __ - . . .- - - - 

WALL AT 5% 86 IN. IN 10 F T . I \  

Figure 4-2: Slab-on-Grade and Concrete ~~~~~a~~~~ Wall with Exterior Insulation 

EXTERiOR SIDING 

VAPOR RETARDER SHEATHING .................... ~ 
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Figure 4-3: Slab-on-Grade and Concrete Foundation Wall with Exterior Insulation 
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EXTERIOR INSULATION 

Insulation can be placed vertically outside the 
foundation wall or grade beam. This approach 
effectively insulates the exposed slab edge above 
grade and extends down to reduce heat flow from 
the floor slab to the ground surface outside the 
building. Vertical exterior insulation is virtually the 
only method of reducing heat loss at the edge of an 
integral grade beam and slab foundation 
(Figure 4-1). With a cast-in-place concrete 
foundation wall, up to 2 inches of exterior insulation 
can be placed under an averhanging 2-by-6 frame 
wall (Figure 4-2). Alternatively, a metal flashing 
over the top of the exterior insulation permits any 
thickness to be used with a conventional 2-by-4 
frame wall as shown in Figure 4-3 applied to a 
masonry foundation wall. A major advantage of 
exterior insulation is that the interior joint between 
the slab and foundation wall need not be insulated, 
which simplifies construction. A disadvantage, 
however, is that the depth of exterior insulation is 
limited to the footing depth. Additional exterior 
insulation can be provided by extending insulation 
horizontally from the foundation wall (Figure 4-1). 
Since this approach can reduce frost penetration, it 
can be used to reduce footing depth requirements 
under certain circumstances (see Section 6.1). 

In all cases, the exposed area of exterior 
insulation must be covered with a protective 
coating, flashing, or board. With some approaches 
the protective cover is prelaminated to the rigid 
insulation while in other cases it is field-applied . An 
important area for innovation is the development of 
systems that prevent termite entry through the 
insulation. 

One potential conflict related to all types of 
slab-on-grade construction is that the need for a 
vapor retarder beneath the slab is not conducive to 
even curing of the concrete, resulting in shrinkage 
cracking. One solution shown in Figure 4-2 is to 
place a sand layer over the vapor retarder that will 
absorb some moisture during curing and also 
protect the vapor retarder during construction. 
Alternatives are to use a drainage board material in 
place of the sand or to pour concrete with a low 
waterkement ratio directly over the polyethylene. 

INTERIOR AND UNDERSLAB 
INSULATION 

Insulation also can be placed vertically on the 
interior of the foundation wall or horizontally under 
the slab. In both cases, heat loss from the floor is 
reduced and the difficulty of placing and protecting 
exterior insulation is avoided. Interior vertical 

insulation is limited to the depth of the footing but 
underslab insulation is not limited in this respect. 
Usually the outer 2 to 4 feet of the slab perimeter is 
insulated but the entire floor may be insulated if 
desired. 

It is essential to insulate the joint between the 
slab and the foundation wall whenever insulation is 
placed inside the foundation wall or under the slab. 
Otherwise, a significant amount of heat transfer 
occurs through the thermal bridge at the slab edge. 
Unfortunately, this joint is difficult to insulate, the 
insulation is generally limited to no more than 
1 inch in thickness, and common practice often is 
not in compliance with good structural design 
practice. Both the American Concrete Institute 
I19851 and the Building Research Advisory Board 
[1968] recommend against pouring the slab on a 
shelf formed in the foundation w-aI1, regardless of 
whether or not the joint is insulated or an expansion 
joint is provided. To avoid cracking, the slab should 
be able to move vertically if the fill settles. 

Two solutions to designing this floorlwall joint 
are shown in Figures 4-4 and 4-5 for a cast-in-place 
concrete foundation wall. The beveled wall and the 
notched wall sections permit 1 inch of rigid 
insulation to be placed in the joint and also permit 
the slab to move vertically. Either detail can be used 
for vertical interior or subslab insulation. Concrete 
masonry foundation walls are more difficult to 
resolve successfuIly. Figures 4-6 and 4-7 illustrate 
two solutions. The detail in Figure 4-6 uses a 
&inch-wide block on the top course that permits 
insulation in the joint and vertical movement of the 
slab. This detail is designed for a 2-by-6 above-grade 
wall; however, a similar detail with a 4-inch-wide 
top course could be used with a 2-by-4 above-grade 
wail. The other alternative shown in Figure 4-7 
effectively provides insulation in the joint but 
diverges from ideal structural practice. The slab 
rests on a ledge and becomes thinner near the 
insulated edge. 

foundation is to place insulation above the floor 
slab. A wood floor deck can be placed on sleepers, 
leaving cavities that can be filled with rigid board or 
batt insulation, or a wood floor deck can be placed 
directly on rigid insulation above the slab. This 
approach avoids construction detail problems 
inherent in the more conventional approaches 
discussed above, but may lead to greater frost depth 
in the vicinity of the slab edge. 

Another option for insulating a slab-on-grade 
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WITH OPTIONAL W.W. MESH 

ure 4-4: Slab-ow-Grade and Concrete Farutidation Wall with Interior lnsulaficln 

Figuse 4-5: Slab-on-Grade and Concrete Foundatisn Wall with Insulation Under the Slab Perimeter 
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INSULATION IN 2x6 WALL 

PRESSURE-TREATED SILL 
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Figure 4-6: Slabat-Grade and Masonry Foundation Wall with Insulation Under Slab Perimeter 
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Figure 4-7: Slab-on-Grade and Masonry Foundation Wall with interior Insulation 
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n-Grade Desi n Practice 

LOCATION OF INSULATION AN 
VAPOR RETARDERS 

1. Insulation can be placed in five locations on a 
slab-on-grade structure supported on foundation 
walls and footings. These are: (1) vertically on the 
exterior of the foundation wall, (2) horizontally 
on the exterior of the foundation wall, 
(3) vertically on the interior of the foundation 
wall, (4) horizontally under the slab perimeter, 
and (5) horizontally on top of the slab covered by 
a wood deck. 

slab-on-grade, insulation can be placed: 
(1) vertically on the exterior face of the grade 
beam, (2) horizontally on the exterior of the 
grade beam, (3) horizontally under the slab 
perimeter, and (4) horizontally on top of the slab 
covered by a wood deck. The same four options 
apply for an integral slab and grade beam as well 
as a slab and gmde beam separated by an 
isolation joint. 

3. Insulation must be placed in the joint between 
the slab and foundation wall or grade beam 
whenever there is subslab insulation or 
insulation inside the fouridation wall. Typically, 
the thickness of insulation in this joint cannot 
exceed 1 inch. This approach is not possible with 
an integral slab and grade beam since there is no 
joint. Instead, insulation must be placed on the 
exterior slab edge and beneath the integral slab 
and grade beam to avoid thermal bridges. 

4. A 6-mil polyethylene vapor retarder should be 
placed beneath all slabs. If fiberglass insulation is 
placed above the slab between wood sleepers, a 
vapor retarder should be placed above it. 

2. On a grade beam foundation with a 

s F INSULATION 
P 

1. Whether insulation is outside or inside the 
foundation wall or under the slab, it is exposed to 
the soil. Under these conditions, insulation 
materials must not degrade or lose their thermal 
resistance when exposed to moisture. Acceptable 
materials are: (1) extruded polystyrene boards 
(XEPS) under any condition, and (2) molded 
expanded polystyrene boards (MEGS) for vertical 
applications when porous backfill and adequate 
drainage are provided. 

2. Exterior insulation materials should not be 
exposed above grade and should be covered by a 
protective material-exterior grade PVC, 
galvanized metal or aluminum flashing, a 
cemeiititious coating, or a rigid protection 
baard-extending at least 6 inches below grade. 
Products are available with protective cover 
materials bonded to the rigid insulation. 

3. For insulation placed beneath a wood deck over 
the concrete slab, virtually any batt, blown, or 
foam insulation is acceptable. Most products 
require a vapor retarder on the warm side. 

STRUCTURAL DESIGN 

1. Concrete spread footings. Concrete spread 
footings must provide support beneath 
foundation walls, piers, and columns. Similarly, 
grade beams at the edge of slab-on-grade 
foundations support the superstructure above. 
All concrete footings must be designed to be 
beneath the maximum frost penetration depth or 
insulated to prevent frost penetration and with 
adequate size to distribute the load to the soil. 
Two No. 4 bars placed 2 inches below the top of 
the footing running parallel to the wall are 
recommended to avoid differential settlement. 
Concrete used in spread footings should have a 
minimum compressive strength of 2000 psi. 

2. Cast-in-place concrete foundation walls. 
Concrete used in the wall should have a 
minimum Compressive strength of 2500 psi with 
a 4- to 6-inch slump. No additional water should 
be added at the job site. 

mixes and strengths should meet the 
requirements shown in Chapter 7. For 
surface-bonded block or other proprietary 
insulated masonry systems, manufacturers and 
local code officials must be consulted for 
appropriate structural specifications. 

4. Concrete slab-on-grade floors. Slabs are 
generally designed to have sufficient strength 
and thickness to resist cracking when potired on 
undisturbed or compacted soil. A minimum slab 
thickness of 4 inches is recommended using 
concrete with a minimum compressive strength 
of 2000 psi after twenty-eight days. The slab 
should be poured on a 4-inch layer of clean sand, 
gravel, or crushed stone. Welded wire fabric 
placed 2 inches below the slab surface i s  

3. Concrete masonry foundation walls. Mortar 

74 



recommended to control shrinkage cracks. 
Otherwise control joints are required 
(see Chapter 9). Generally, concrete slabs should 
not rest on footings or ledges of foundation walls 
if possible. An isolation joint should be provided 
at the slab edge to permit vertical movement 
without cracking. If a slab is poured directly over 
an impermeable vapor retarder or insulation 
board, a concrete mixture with a low 
watedcement ratio is recommended, or the slab 
should be poured on a layer of sand or drainage 
board material to minimize cracking. 

5. Anchor bolts. Anchor bolts must be embedded 
in the top of concrete or masonry foundation 
walls and grade beams. Most codes require bolts 
of 1/2-inch-minimum diameter embedded at 
least 7 inches into the wall. In some locations, 
codes require bolts to be embedded 15 inches in 
masonry walls to resist uplift. To provide 
adequate connection between the bolt and 
masonry wall, bolts either must be embedded in 
a bond beam or the appropriate cores of the 
upper course of block must be filled. Generally, 
anchor bolts can be placed at a maximum spacing 
of 6 feet and no farther than 1 foot from any 
comer. 

t 

6. Expansive soil. Where expansive soils are 
present, special foundation techniques are 
necessary. Consultation with local building 
officials and a structural engineer is 
recommended. 

SURFACE DRAINAGE 

1. 

2. 

3. 

The ground surface should slope downward at 
least 5 percent (about 6 inches) over the first 
10 feet surrounding the foundation wall to direct 
surface run off away from the building. 

Downspouts and gutters should be used to 
collect roof rainwater and direct it away from the 
foundation walls. 

Backfill around the foundation should be covered 
with a low permeability soil, a membrane 
beneath the top layer of soil, or a hard surface 
(concrete or asphalt) to divert surface run-off 
away from the foundation. 

SUBSLAB DRAINAGE 

A 4-inch gravel layer should be placed under the 
concrete floor slab for drainage unless local 
conditions have proved this to be unnecessary. 

RADON CONTROL 

The techniques for minimizing radon infiltration 
through a slab-on-grade foundation are appropriate 
where there is a reasonable probability that radon 
may be present. To determine this, contact the state 
health department or environmental protection 
office. 

1. Place a solid brick course, bond beam, or cap 
block on top of all masonry foundation walls to 
seal open block cares. Otherwise, fill open block 
cores in the top course with concrete. 

2. Place wire mesh reinforcing in the concrete floor 
slab to minimize cracking. 

3. The floor slab should be poured on a &mil 
polyethylene sheet over a $-inch gravel drainage 
layer. The 4-mil polyethylene membrane is a 
barrier for vapor and radon gas. When pouring a 
slab directly over an impermeable vapor retarder 
or insulation, a concrete mix with a low 
waterkement ratio is recommended to minimize 
shrinkage cracking. An alternative to a low 
waterkement ratio is to pour the slab on a 2-inch 
sand layer placed over the polyethylene. This 
protects the vapor retarder and permits more 
even curing. 

4. The joint between the concrete floor slab and 
foundation wall or grade beam must be sealed. 
Expansion joint material can be placed along the 
slab edge but a liquid sealant should be poured 
into the joint over a foam backing rod. 

5. All pipes, drains, and ducts that penetrate the 
concrete floor should be sealed completely. 

TERMITE AND WOOD DECAY 
CONTROL 

Techniques for controlling the entry of termites 
through residential foundations are necessary in 
much of the United States. Refer to the map in 
Chapter 11 and consult with local building officials 
and codes for further details. 

1. Soil moisture around the foundation should be 
reduced by using gutters and downspouts to 
remove roof water. 

2. All roots, stumps, and wood should be removed 
from the site. Wood stakes and formwork should 
also be removed from the foundation area. 

3. Soil treatment is recommended on all sites 
vulnerable to termites. See Chapter 11 for 
application rates and locations. 
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4. A bond beam or C O U ~ S C  of cap blocks should be 
placed on top af all concrete masonry foundation 
walls to enstiif that no open cores are left 
exposed. Alternatively, all coles 011 the top 
course can be filled with mortar. d hc mortar joint 
beneath the top course or bond beam should be 
reinforced. 

5. The sill plate should be at least 8 inches above 
grade and sl~ould be pressure-treated to resist 
decay. Since termite shields are often damdged 
or not installed carefully enough, they are 
consideled optional and should not be regarded 
as sufficient defense by th~mselvcs. 

6 .  Exterior wood siding and trim should be at least 6 
inches above grade. 

7. Porches and exterior slabs should slope away 
from the foundrllion wall, be reinforced with 
steel or wire mesh, and be at least 2 inches below 
exterior siding. In addition, porches and exterior 
slabs should be separated from all wood 
members by a ?-inch gap visible for inspection or 
a continuous metal flashing soldered at all 
seams. 
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Chapter 5 

Calculation and 
Analvsis of 
Energy Use 



This chapter contains five sections The first, Soil 
TeenmpematurPs briefly introduces theories of soil 
temperatures and provides references for readers 
seeking further details. Section 5.2, Calculatioiz of 
Foundation IIeat Transfer, discusses mechanisms of 
foundation heat transfer and describes the 
procedures used to calculate the energy savings due 
to foundation insulation. Complete results of the 
numerical simulations are presented in Section 5.3, 
Results of Computer Sirnulations: Loads and Energy Use. 
These energy use results are translated into annual 
energy cost savings in Section 5.4. Finally, 
Section 5.5 provides the economic analysis 
assumptions and methodology used to select the 
optimal. amount of insulalion in each climate. 



5.1 Soil Temperatures 

Scientists and engineers have been working with 
ground temperature prediction problems for 
hundreds of years. The mathematical rnoclel most 
commonly used today was presented by Lord 
Kelvin (Sir W. Thornson) in 1861 as a way of 
explaining the pattern of measured ground 
temperatures published at that time. Kusuda and 
Achenbach [1965] statistically analyzed a large body 
of measured data from the United States and 
concluded that the theoretical model gives 
acceptable predictions throughout most of the 
country, if accurate estimates of the variables can be 
made. 

There is a significant body of literature in several 
fields discussing theory and predictive techniques. 
Some of the best discussions are by Ingersoll et al. 
[1954], van Wijk [1966a and 1966b1, and kirkham 
and Powers [1972]. Chang [I9581 and Kucuda and 

Achenbach [ 19653 compiled ternperaturc records, 
and Kusuda [19b7] and Carson [1%3] discussed 
statistical analysis of field-measured data. 
Coniputer methods have been reviewed by 
Cocrdrich I19821 and MacArthur e: al. [1983]. 
Ground climate analysis as relatecl to suitability of 
earth tempered design practices has been discussed 

Undisturbed ground temperatures are useful as 
background in understanding ground heat transfer 
phenomena. Buildings and other heat exchangers 
buried in the soil alter the ground temperature, 
however, so whtle they may be useful as initial 
input in heat transfer calculation methods, the 
accuracy of a method depends in large part on how 
successfully it accounts for the temperature 
disturbance. 

by L,abs [1981]. 
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Figure 5-1: Annual Ground Temperature Fluctuation at Various Depths 

81 



----- 

A, =: 22°F 

a = 0.6FTz/OAV 

Figure 5-2: Ground Temperature Amplitude in Relation to Depth 
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UNDISTURBED GROUND 
TEMPERATURES 

In the equation below, the theoretical solution 
for temperature in a semi-infinite solid with 
temperature variation at the surface is arranged to 
predict the temperature T, at depth z on day t of the 
year. It should be noted that this approach does not 
account for the latent heat of fusion for water when 
the soil pore water freezes or thaws. 

where: 

T,-ground temperature at depth z on day T ("F) 
T,,, -mean annual or "deep" ground temperature 

A,-amplitude of annual ground surface 
("9 

temperature ("F) 
z -depth  below surface (feet) 
e-Euler's number, 2.71828 (exponential 

+--logarithmic decrement (ft-') 
L-lag time (days) 
t-time, beginning midnight December 31 

t,---a phase constant (days) 

function) 

(days) 

The factor (3601365) converts days into degrees, for 
which the cosine is computed. The logarithmic 
decrement 4 is a function of soil thermal and 
physical properties: 

4 = ( r r / 365d05  

4 = ( ~ p c / 3 6 5 k ) ~ '  

or: 

The lag time is given by the relation: 

or: 

where: 

a-ldpc, the soil thermal diffusivity (ft?/day) 
k-soil thermal conductivity (Btdft-day-OF) 
p-soil density (Ib/ft3) 
c-soil specific heat (BtullWF) 

The ground temperature wave equation reveals that 
the temperature varies sinusoidally throughout the 
year at all depths (Figure 5-1). The lag is about one 
week per foot in soils of average thermal properties. 

The amplitude of the variation decreases 
exponentially with depth (Figure 5-2) according to 
the relation: , 

A, = A, e 

The combined term (emze) is commonly known as 
the decrement factor. It governs the attenuation in 
amplitude with depth. The combined quantit ( 24) 

dumping dtpthor relaxation distance. The amplitude is 
damped out altogether for practical purposes below 
depths of 15 to 25 feet, depending on soil 
properties. The temperature at this steady condition 
is constant at T,. 

is sometimes called the thermal inertia, and (4- Y -  ) the 

Deep Ground Temperahe T, and Surface 
Amplitude A, 

the country and can be estimated from the 
temperature of well water (Figure 5-3). The deep 
ground temperature in most regions of the United 
States is close to the annual average air temperature, 
although it i s  significantly higher in areas of deep 
and persistent snow cover (3.5"F to 5°F higher in the 
United States; as much as 9°F in some settled areas 
of Canada). The daily average ground surface 
temperature is very close to that of the air measured 
a few feet above it (in the absence of snow), so the 
annual temperature amplitude of the ground 
surface with grass cover can be approximated from 
local records, provided that the air is also measured 
over grass. Temperatures from city weather stations 
are often measured on or near buildings and do not 
reflect natural conditions. 

In general, A, is greater than the annual air 
temperature amplitude in coastal regions, and is 
roughly equal or slightly less inland. Field values of 
A, analyzed by Kusucla and Achenbach [ 19651 are 
plotted against air temperature amplitudes mapped 
by Visher [1954] in Figure 5-4. Regional influences 
on T,  and A, are discussed in more detail by Labs 
[1981]. 

The deep ground temperature T, varies across 
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Tkerwal Diffusivity a 

The thernd  diffusivity determines both Ihe lag 
time and the depth of penetration of temperature 
variation. It is the thermal conductivity divided by 
the heat capacity, and has units of ft'iday, when k is 
in Btuift-day-OF, density p in Ib/ft3, and specific he& 
c in Btullb-OF. I'hermal diffusivity varies widely with 
moisture content but seems to remain fairly 
constant below depths of 2 to 3 feet. Cluster analysis 
of best-fit values for field conditions reported by 
Kusuda and Achei-tbach [1965] suggests that 0.33 
ft'lday, 0.52 It2/day, and 0.75 ft2/day can be used to 
represent "dry," middle-range, and "wet" soils 
[Labs and I Iarrington 19821. 

an average) best synchronizes the cosine function 
with field conditions. This places maximum and 
minimum surface temperatures at 44.6 _t 5 days 
after the sdstices, which agrees almost exactly with 
the theory of periodic heat flow in a semi-infinite 
solid [Labs 19811. 

Limitations 
The theoretical solution assumes that (1) the soil 

is homogeneous, (2) conduction is the only 
significant acting heat transfer process, (3) soil 
thermal properties are constant over time, (4) the 
soil is und isturbed by influences from adjacent 
buildings, stearn tunnels, and irregular surfaces, 
(5) the temperature wave at the ground surface is 
sinusoidal over the year, arid (6) there is no change 
in phase of the material (no f r e e h g  or thawing). 
None of these conditions is fully met at most sites, 
yet experimental data show that the formula can 
predict carth temperatures within 2°F or 3°F of 
measured values if accurate estimates of T,,, A,, and 

Phase CoTPstant to 
The phase constant represents the number of 

days by w-hich the phase of the surface ground 
temperature wave is shifted from January day 1. 
According to field data analyzed by Kusuda and 
Achenbach [1945], a phase shift of 34.6 *5 days (as 

m 52 

D - 4 4  

Figure 5-3: Well Water Temperatures 
Source. NdRorial Well Water Association. 



LY can be selected. The model does not give good 
estimates of T, in regions of heavy seasonal snow 
cover or where there are large fluctuations in 
groundwater level near the surface. Due to ordinary 
irregularities in weather, no generalized method can 
predict temperatures in the upper 2 to 3 feet of earth 
with much accuracy, except as long-term normals. 

GEOTHERMAL HEAT FLOW 

Geothermal heat refers to heat energy that is 
conducted from the center of the earth to the earth's 
crust, where it is lost by radiation to deep space. The 
geothermal gradient is the increase in deep ground 
temperature with depth along the heat flow path 
from the earth's center. Geothermal gradients have 
been measured in mines, bore holes, and other 
shafts around the world. The gradient ranges 
between 0.5"' and 2°F per 100 feet. A value of 
1.4"F/100 feet has been cited as average 
[Jumikis 19771. 

If the thermal conductivity of the earth's crust is 
taken as 1.4 Btu/ft(hr)"F (the ASHME value for 
"average rock'), the geothermal heat flow fig can be 
figured: 

This amounts to less than 0.5 Htu/ft2 per day, or 172 
Btdft' per year. Lee 119651 has reported that the 
mean value for North America is 1.19 
microcalories/(cm')sec, or 138 Btuift' annually. 
These values are insignificant from any thermal 
engineering standpoint, so designs that claim to be 
"earth powered" or to '*wick up" geothermal heat 
are mistakenly labelled, wrongly conceived, or 
both. A glance at the map of steady-state 
temperatures shows that all heated buildings in the 
United States lose heat to the deep earth, except in 
some extreme southern locations, when the earth 
may be an unwanted source of heat gain. 

U 
0 BARE AND VEGETATED COVER 

Figure 5-4: Ground Surface Temperature Amplitudes 
Numerical values: Ground surfaw amplitudes figured by least squares ilnalysis of field measurernents [Kusuda and Athenbach 19651. Isoieiiipcrature lines 
me annual air temperature amplitudes, after Vishm (ZSS4l. 
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of Foundation 

INTRODUCTION A N  

The dynamics of undisturbed soil temperatures 
are further complicated by the effects that occur as 
heat flows from a foundation into the ground. The 
heat loss characteristics of foundations are 
determined by the interrelationships between inside 
temperature, ground surface temperature, deep 
ground temperature, and other factors such as soil 
moisture and groundwater flow. The annual effects 
of these relationships can be studied properly only 
by sophisticated computer methods. 

As implemented in this work, the calculation of 
energy loads resulting from building heat loss is a 
two-step process. The first step i s  to determine the 
amount of energy that flows into or from the 
foundation at each time of the year. The second step 
is to ascertain the proportion of the energy load of 
the entire house, including the above-grade portion, 
that the below-grade energy flow represents. From 
these results, comparisons between different 
insulation strategies can be made and cost 
implications can be calculated. 

The procedure for obtaining results for this 
economic analysis began with the selection of a 
simulation procedure that would provide a valid 
estimate of the annual foundation heat flows. A 
method for coupling these fluxes with the operation 
of the above-grade portion of the house was then 
developed. After choosing the number of 
foundation types and insulation strategies to be 
studied, a set of cities was selected that represented 
the various cliinates typically encountered around 
the country. Computer simulations of the various 
building configurations were then performed for 
each of the cities and the resulting data set was used 
for a cost analysis (Section 5.3). 

foundation heat transfer and the procedures used to 
predict the energy savings resulting from 
foundation insulation. (Complete results of the 
numerical simulations are presented in Section 5.4.)  
After presenting the important heat transfer 
mechanisms, a brief survey of several computer 
modeling studies also is given to provide a 
background for the computer modeling performed 
for this project. Current limits on the accuracy of 
these computer predictions are discussed. Finally, 
the reasons for choosing the finite difference 
analysis integrated with the DOE-2 whole-house 
simulation program are summarized, and the 
details of this approach are presented. 

This section discusses the calculation of 

BACKGROUND ON BELOW-G 
HEAT TRANSFER SIMULATIONS 

Factors Affecting Foundation Heat Transfer 
Modeling the heat flow path from a foundation 

begins with defining the internal conditions within 
the building. This is done either by setting the 
interior building air temperature or by defining how 
the energy i s  generated within the building. 
Through conductive, convective, and radiative heat 
flow, the energy or temperature boundary condition 
is then transmitted to the interior surface of the 
foundation wall or floor, From the foundation 
component, the heat flows into the ground, to the 
outside air, or possibly, back into the building. This 
heat flow is governed by the temperature gradients 
between the inside and outside surfaces of the 
foundation wall or floor as well as the thermal 
properties of these components. If the components 
are hollow, convective and radiative exchange also 
may occur within the wall or floor. 

As the heat flows from the building into the 
surrounding soil, several mechanisms occur. For 
typical soils found around building foundations, 
heat conduction is the dominant mechanism; it is 
governed by the thermal conductivity of the soil. 
The soil thermal conductivity is a function of the 
various soil constituents such as quartz, silt, clay, 
organic matter, air, and water. Of these 
constituents, the soil moisture content exerts the 
greatest influence on the thermal conductivity. Such 
factors as the soil water thermal conductivity, 
convection of soil moisture, and vapor diffusion 
within the soil pores can result in the soil thermal 
conductivity varying by more than a factor of eight 
between dry conditions and 5Q percent saturation 
[Mostaghiini and Pfender 19821. Furthermore, 
depending on the soil type, the thermal 
conductivity and the influence of soil moisture will 
vary considerably. Figure 5-5 shows the variation of 
thermal conductivity as a function of soil moisture 
content for three types of soil: a quartz sand, a loam, 
and a peat soil [deVries 19751. Thus, the conductive 
heat flow into the ground is greatly dependent on 
both the type of soil or distribution of soil types 
surrounding the foundation and the amount of 
moisture in the soil. 

Computer simulations have indicated that the 
soil moisture can have another direct impact on the 
foundation heat transfer. One of the majar factors 
influencing the moisture distribution in the soil is 



the temperature field. In general, if a temperature 
gradient occurs, a moisture gradient also will be 
evident since soil moisture is normally driven away 
by warmer temperatures. Therefore, in a purely 
diffusive field, the soil moisture content is usually 
lower in the higher temperature region and higher 
in the lower temperature region. Since the 
temperature distribution depends on the soil 
moisture flow and the thermal conductivity, which, 
in turn, is a function of the thermally-driven 
moisture distribution, then the phenomenon of 
coupled heat and mass transfer exists in the ground. 
Depending on soil type, this coupled effect can be 
important. Computer simulations of a basement 
wall backfilled with a sandy soil have shown that 
the coupled effect increases the wall heat loss by 9 
percent during the winter and by over 40 percent in 
the summer, compared with a simulation that 
ignores the coupled effect. The coupled effect 
results in no appreciable differences for the 
simulated clayey soil [Shen 19861. 
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In addition to the moisture diffusion effects, 
moisture flow due to drainage and infiltration can 
greatly affect soil temperatures as the process of 
advection becomes important. For instance, as rain 
drains into the soil, the colder or warmer 
temperatures of the rainwater depress or elevate soil 
temperatures as the rainwater "washes" through 
the soil. Seasonal variations in soil moisture 
resulting from rainy seasons, snow melt, or 
fluctuations in the local water table can augment 
foundation heat loss at specific times of the year. 

Another determinant of thermal conductivity 
occurs in cold climates, when the thermal 
conductivity of the soil changes when the soil 
freezes. The conductivity of water increases by four 
times when it changes phase from liquid to solid. 
Kersten [1949] has found that the thermal 
conductivity of a saturated silty clay loam at 25°F is 
1.5 times the conductivity at 40°F. The frozen zone 
of the soil reaches fram the earth surface down to 
the depth of the frost line and includes the zone 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
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Figure 5-5: Thermal Conductivity (A) in Relation to Volumetric Soil Water Content (0) at 50°F 
Source. deVnes 1975 
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where the greatest tlzemal gradients exist between 
the foundation and the soil. Therefore, this freezing 
can exert a strong influence on the foundation heat 
loss. Latent effects Lecorne important during the 
transition months when the soil undergoes freezing 
or thawing. Energy is required to change the phase 
of the sod moisture. Consequently, the soil 
temperature remains constant (near the freezing 
point temperature) at the location where the sod 
moisture freezes 01 thaws. Hence, during freezing, 
latent ef fects attenuate foundation heat loss and, 
similarly, during thawing the phase change 
enhances heat loss. 

also affects the soil temperature. Surface ground 
cover determines the extent of the interchange 
between thp soil and the climatic conditions. The 
energy flow at the earth's surface is governed by the 
outside air tempcratiiril, solar gain, and wind 
effects. Kusuda [ 19711 has compared different 
ground covers ranging from asphalt to bare soil to 
grass and found that during the summer, the earth 
temperatures under the asphalt surface are 
"tremendcmsly affected" by solar gain and are as 
much as 8°F higher than under the grass cover. 
However, when the surface is painted white, the 
earth temperatures are similar to the bare surhce 
results and the temperatures measured at the 
surface coincide well with the monthly average air 
temperatures throughout the year. The surface 
temperatures measured for short grass cover agree 
with the white and bare surfaces for all months 
except for April to July, when the surface 
temperatures are approximately PO percent 1owe~. 
The surface temperature of the long grass cover is 
almuf 10 percent Mow the bare surface values from 
April to October. In a parametric shdy done for this 
handbook, it was found that ignoring snow cover in 
the winter months can result in as much as 20 to 30 
percent overprediction of heat loss. I'hesefore, 
location of driveway$, 3hading horn trees, the 
amount of surface vegetation, 5now cover, and even 
shading due to the house will influence the 

Finally, the type of g o m d  cover at the surface 

Beecause of the difficulty in modeling all of the 
phenomena that may influence the: earth contact 
heat transfer from foundations, it has keen the 
practice of modelers :o identify the dominant 
mechanism responsible for heat flow (in this case 
heat conduction) and model this component as well 
as possible given the uncertainty of soil proprti-ties 
and boundary conditions. In these analyses, either a 
constant soil thermal conductivity i s  assumed 
[Wang 1979; Underground Space Center 19831, or in 

some cases, some spatial or seasonal variation of the 
coiiduativity has been considered [Shigp 1999; 
Szydlowski and Kuehn 1980; Mitalas 19821" The 
accuracy of this process can only be assessed by 
comparison with data obtained from a 
well-characterized test site. 

Several investigators have used experimental. 
data to validate their computer modds. Shipp 119791 
has used his computer model to predict the heat loss 
from Willianwon I IaI1, an underground bookstore 
located on the 1Jniversity of Mimesofa campus. 
Using measured soi! thermal conductivities and air 
temperatures from the site, he found that the 
transient two-diruensional analysis provides results 
that are "representative of the mean behavior" of 
the wall heat fluxes measured at ten different 
locations inside the building. 

two-dimensioraal finite difference model against 
experimental data obtained from an instrumented 
basement in Granville, Ohio. The m ~ d e l  uses 
low-order ~ourier series curve fit approximations of 
the actual boundary conditions, and the measured 
seasonal variation in soil thermal conductivity is 
modeled with periodic step changes. CompaPiwn of 
calculated and measured basement wall and mil 
temperatures sho'i*~s that while the model does no$ 
account for the higher order fluctuations, the 
predicted results can again be said to represent the 
hean behavior of the measur~d data. 

Mitalas [198?] has described a simplified 
calculation method for predicting basement heat 
loss. Me obtained model parameters with the aid of 
two- and three-dimensional finite element 
sirnullation programs. The mode! assumes an upper 
and lower soil domain, and defines an arbitrary 
thermal conductivity for each. A constant deep 
ground temperahre undary is placed 48 feet 
below the earth surface, and the model assumes a 
constant basement air ~ ~ ~ ~ ~ ~ t ~ r ~  

earth surface using a Fourier wries 
The Mtalas model was vali 

Szydlowski and K~xehn [19BQ30] have verified their 

tempraturn hundary son& 

majority of case5. For two of the basements, the 
discrepancy in results could be attributed to 
differences between actud and assumed sod 
thermal conduclivities. Three-dimensional effects, 
solar shading, arid an incorrect assumption for the 
basement air teangerature also are cited as reasons 
for some of the differences in results, Mitalas, 
however, notes that much of the error could be due 
to groundwater effects. Location of the water table 
directly influences the depth at which the deep 
ground constant temperature boundary condition i s  
imposed. Depending on the height of the water 
table, incorrect positioning of the deep ground 
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boundary causes either under or overprediction of 
the basement heat loss. This error is felt most: 
greatly in the calculation of the basement floor heat 
loss. 

these fifteen basements, it is assumed that the 
conductance between the basement and lower 
boundary is 1.5 times the value originally calculated 
by the simulations. This factor is built into the shape 
factor calculation procedure. With this simplified 
approach using Basement Heat toss Factors 
(BHLFs), Mtalas anticipates that prediction of '"both 
the total foundation heat loss and the heat loss 
through sections of the foundation [will fall] within 
2 10 percent of measured values.'' [Mitalas 19871 

using the results of a transient, two-dimensional 
finite difference program [Shipp 19831. The model 
was validated against detailed thermal data 
measured in three cmditianed basements in 
Granville, Ohio. After an initial start-up period, the 
predicted wall heat fluxes for the lhree basemenls 
were found to track well with the monthly variation 
of the measured results. For January 1981 the 
maximum variance of the predicted wall heat loss 
was a deviation of 0.9 3tu/hr-ft2 from the 
7.4 Btu/hr-ft2 measured value. A comparison of 
preditted and measured floor heat loss values 
shows that seasonal fluctuations in the local water 
table level produce large deviations between 
measured and predicted results during certain times 
of the year. This is particularly true for the test site 
with the lowest elevation. Despite the discrepancies 
in the Boor heat loss results, comparisons of the 

nedicted and measured overall basement heat 
uxes show good agreement. 

Because of the underprediction of heat loss for 

A simplified rocedure for estimating 
foundation heat P oss also was developed by Shipp 

From parametric studies, Richmad and Besant 
K 
j1985J have found that a temperature change of 
1.8"F in the ground temperature located 17 feet 
below the ground surface can produce a 6 percent 
change in the floor heat loss. kcause floor heat loss 
is very sensitive to the ba t ion  of the water table, 
lrnowfedge of the water table elevation and any 
seasonal variations are necessary when comparing 
simulation and experimental results. RCichmond and 
&sant dsu observed from steadystate firrite 
element sirnutations that ignoring radiative heat 
exchange between the basement d n g  and ff oar 
can result in errors on the ode r  of 10 percent for the 
floor heat loss. From transient simulations, model 
predictions were compared to measured data from 
an instrumented basement. For the sevenmonth 
heating season energy load, the model agrees 
within 9 percent of the measured data, Results 
using the Mitalas method and a simplified approach 
developed try Yard et al. 1[1984] are also well within 
this error range. 

Complications Due to Three-Dirnensiczml 
Effects 

With the exception of Mitaias's method, the 
approaches described above are based on 
two-dimensional models and ignore thxee- 
dimensional effects which occur, for example, at 
corners. The heat loss values calculated by the two- 
dimensional simulation correspond to wall and floor 
sections located on a plane of symmetry that bisects 
the rectangular foundation into two equally sized 
rectangles. In order to calculate the total envelope 
losses, the calculated center wall flux values are 
assumed to be per unit perimeter and the total wall 
heat flow is calculated by simply multiplying the 
center wall fluxes by the perimeter. The floor fluxes 
are area-weighted for the calculation of the total 
floor heat flow. 

Some investigations have been performed to 
evaluate the ability of this approach to approximate 
threedimensional effects. From calorimeter box or 
"mimic box" tests of uninsulated basement walls, it 
was found that corner effects increase the total 
basement wall heat loss by about 10 percent 
compared with the loss calculated using center wall 
numbers. This applies to an uninsulated basement 
with four corners and a perimeter of about 130 feet 
[Swinton and Platts 1981j. 

Walton [ 19873 has performed numerical 
simulations of a number of uninsulated basement 
and slab configurations. For a 28-by-Sfoot 
rectangular basement (168-foot perimeter), he found 
that the total steady-state heat fluxes (Btu/hr-fi?) 
obtained from the three-dimensional approach are 
29 percent greater than the two-dimensional planar 
calculation. For the same sized slab gmmetry, the 
three-dimensional results are 30 percent greater. 
However, when an area-weighting of Walton's 
two-dimensional planar floor heat fluxes is used to 
calculate the total foundation heat flow numbers (in 
Btuht), agreement with the three-dimensional 
simulation is improved. For the uninsulated 
basement, the total heat flow calculated from the 
three-dimensional simulation is 5396 BtuRtr, whiIe 
the area-weighted two-dimmsionaf results give a 
k a t  flow of B890 Btukr. This reflects a b u t  a 9 
percent e m  in total k a t  flow by negfecting 
three-dimensional effects. 

Looking at just the wall heat flow numbers, 
extending center wall flux values to the entire 
perimeter of the wall produces a negative 6 percent 
error. The area-weighting produces an 
underprediction of about 16 percent for the floor 
heat flow. For the dab, the total heat flow from the 
three-dimensional model is 2751 Btu/hr and 2413 
Btuhr for the two-dimensional approach, for an 
error of 12 percent. It should be remembered, 
though, that depending on the size and aspect ratio 
of &e foundation, three-dimensional effects can 
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become more or less pronounced than described 
here. A procedure coupling results from 
two-dimensional rectangular and cylindrical 
simulations has been developed that can closely 
approximate the results of three-dimensional 
simulations. Agreement within 2 percent of the 
three-dimensional test case results has been 
obtained [Walton 19871. 

As insulation is added to the foundation, 
three-dimensional effects become less important. 
Swiiiton and Platts (19811 have found that corner 
effects at the walls are greatly reduced for insulated 
basement walls. Mitalas investigated corner effects 
in insulated basements using a three-dimensional 
computer model. He simulated the exterior corner 
of basements with insulation along the full height of 
the wall and those with insulation halfway down 
below grade. Three-dimensional effects were only 
significant for the partially insulated wall at the floor 
and the uninsulated section of the wall 
[Mitalas 19821 ~ The three-dimensional effects 
studied by Mitalas are incorporated in his BHLFs. 

When comparing the energy savings provided 
by different insulation strategies, the influence of 
corner effects can vary depending on the strategy 
employed. For example, the energy saved by fully 
insulating a basement wall (compared with an 
uninsulated wall) is higher when corner effects are 
considered than if they are neglected. Yet when 
comparing djfferent levels of insulation, this may 
not necessarily be the case. As insulation is added to 
the basement wall, the heat loss through the floor 
and lower portion of the wall represents a greater 
proportion of the total foundation heat loss. 
Consequently, for a particular partially insulated 
configuration, three-dimensional effects become 
more pronounced as the R-value of the insulation is 
increased. The influence of these corner effects on 
relative energy savings requires further examination 
with a well-verified three-dimensional computer 
code. Regarding current modeling practices, Shipp 
points out that ignoring corner effects leads to 
conservative estimates of the benefits of insulating 
foundations [Shipp 19831. For a cost analysis that 
could affect future policy decisions and building 
codes, it is appropriate to be in error on the 
conservative side rather than being overly 
optimistic. 

Complications Due to Variations in Interior 
Conditions 

Defining the thermal conditions within the 
building foundation envelope is an important 
consideration for modelers. In most basements, a 
change in the basement air temperature of about 2°F 
can lead to a 5 to 10 percent change in the basement 
heat loss [Mitalas 19821. Obviously, how the 

basement air temperature is modeled is extremely 
important. Carmody et al. [1986] have studied the 
energy savings and cost-effectiveness of various 
insulation strategies for deep bdsements in 
Minnesota. Using a two-dimensional finite 
difference program, the effect of interior basement 
temperature was also investigated. As expected, the 
interior temperature has a great impact on both heat 
loss and relative savings due to insulation. For 
example, the basement heat loss when the interior 
temperature is modeled at 55°F is less than half the 
heat loss at 75°F for all the cases simulated. This is 
an especially important effect when assessing the 
energy savings due to insulating unconditioned 
foundations. 

The interior temperature for these spaces is 
governed by (1) the heat loss from the heating 
system and exposed ducts in the space, (2) standby 
losses of the water heater, (3) heat flowing into the 
space from the above-grade portion of the house, (4) 
air infiltration, and (5) the heat flowing from the 
foundation. Because of these fluxes into the space, 
adding insulation to unheated foundations may 
contribute to increasing the internal air 
temperatures rather than producing direct energy 
savings. Thus, large errors in calculating energy 
savings would result when unconditioned 
foundations are modeled using a constant air 
temperature. 

Investigators have developed algorithms lo 
model how the energy is generated within the 
space. These can give a more realistic description of 
the interior space than what is obtained when the 
interior space boundary condition is governed by a 
fixed temperature [Shipp 1983; Parker 19861. A more 
ideal situation, however, would be to couple the 
below-grade simulation with the simulation of an 
appropriate abnve-grade house. This would not 
only give a more accurate description of an 
unconditioned foundation but also provide a way to 
simulate the daily perturbations that normally occur 
with interior temperatures of conditioned 
foundations, thus making it possible to assess the 
response of the foundations to these thermal 
transients. 

Error Ranges 
As can be seen from the above discussion, the 

heat flow from a building foundation is governed by 
a complex interaction of quite different physical 
phenomena. Many of these phenomena are not 
easily quantifiable and, depending upon the 
particular site, the individual contribution by each 
mechanism to the overall foundation heat loss can 
vary greatly. By modeling only the conductive heat 
flow, errors in the range of 10 percent [Mitalas 19821 
to as much as 50 percent [Walton 19871 have been 
cited in the literature. 



However, because of the paucity of experimental 
data from well-characterized test sites with which to 
validate models accurately, it is difficult to establish 
confidently an error range for design predictions 
based only on thermal conduction models. Since the 
purpose of this chapter is to gain an understanding 
of the energy use and economic implications of 
various foundation types and configurations, it is 
important that the numbers generated are obtained 
from a model that accurately reflects differences 
caused by climate and building design. All other 
parameters must be held fixed, and it should be 
inferred that any errors brought about by these 
assumptions apply equally in all the cases. In terms 
of the state of the art reported in the literature, the 
calculation procedure used in this handbook is the 
best available. 

SELECTION OF THE CALCULATION 
METHOD 

For this study, the simulation method used for 
predicting the energy savings associated with 
foundation insulation had to be capable of 

1. determining the impact of insulation 
placement on foundation heat transfer for a 
range of residential foundation types 
including deep basements, walk-out 
basements, slab-on-grade foundations, and 
crawl spaces, 

conditioned and unconditioned cases and 
estimating crawl space temperatures for use 
in the heat transfer calculations, 

transfer on both the heating and the cooling 
load for cities throughout the United States, 
and 

4. being easily used by the investigators for this 
project. 

2. estimating basement temperatures for 

3. determining the effect of foundation heat 

In addition, it is desirable to be able to change the 
ground thermal properties and include the effects of 
different ground surface conditions due to the 
variety of possible surface materials-plants, bare 
soil, pavement, or snow cover. Although 
three-dimensional effects, neighboring buildings, 
shading of the ground surface, and soil freezing are 
important aspects of foundation heat transfer, they 
are relatively expensive to calculate and 
consequently are left for future studies. 

The methods for predicting foundation heat 
transfer examined for potential use in this study 
were developed by Mitalas [1982], Shipp [1983], 
Spelk [1980], and the Underground Space Center 
119831. Although many other simulation methods 

have been developed, project time limits 
constrained the detailed consideration to this group. 

None of the calculation methods considered 
could meet all of the four criteria listed above. The 
HEATPAK building energy analysis program 
developed by Speltz came closest to satisfying the 
four essential criteria [Scientific Design 1984). 
However, the foundation insulation placements 
that HEATPAK could analyze did not include all of 
the configurations that were needed, and the author 
was not available to extend the capabilities of this 
simulation during the period of this project. Since 
the magnitude of the foundation heat transfer is 
strongly dependent on inside temperature, and 
because there is very little measured data that define 
typical air temperature variations inside a space 
bounded by a foundation, especially in hot climates, 
project staff insisted that the simulation of 
foundation heat transfer used for this study contain 
a method for estimating inside temperature. The 
earth contact algorithms developed by Mitalas and 
the Underground Space Center both require that the 
user specify the inside temperature for the 
basement, crawl space, or first-floor living area for 
slab-on-grade construction. Consequently, these 
simulation methods were not able to provide 
acceptable predictions of the impact of foundation 
insulation on the cooling load. 

estimating the heating and cooling loads of a wide 
variety of foundation configurations contains most 
of the information needed for this study, and these 
equations are very easy to use. Similar predictions 
of foundation heat transfer were obtained for (1) a 
deep basement test case with a constant inside 
temperature when simulated with this regression 
method, (2) the Mitalas algorithm as implemented 
in HOTCAN [Dumont et al. 19821, and (3) the 
Underground Space Center’s finite difference code. 
However, as previously discussed, specification of a 
constant inside temperature is not appropriate for 
many foundation zones. 

During discussions concerning the simplified 
methods that were used to estimate the inside 
temperature for the heated and unheated 
conditions, Dr. Shipp supported the suggestion that 
a public domain algorithm be developed for 
producing the inside temperatures to be used in 
generating the foundation heat transfer data for this 
study. Therefore, with the cooperation of Dr. Shipp 
at Oak Ridge National Laboratory, the DOE-2 
Applied Science Division at Lawrence Berkeley 
Laboratory, and the Underground Space Center 
staff, a method was developed for merging the 
results from the Underground Space Center’s finite 
difference computer program for predicting earth 
contact heat transfer with DOE-2, a comprehensive 
building energy analysis program. The method for 

Shipp’s set of regression equations for 
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merging these computer programs includes a 
sophisticated method for estimating the inside 
temperature of the earth contact mne that was not 
previously available in the methods developed by 
Mitalas, Shipp. and the IJnderground Space Center. 
The linite difference model makes it possible to 
analyze the detailed heat transfer associated with 
the different foundation insulation placcmcnts. 
Integration with DOE-2 then makes i t  possible to 
use this information to compute heating and cooling 
loads for the building 

CALCULATION OF FOUNDATION 
HEAT FLUXES 

The foundation heat flux data used for this study 
were generated using a below-grade heat transfer 
simulation model developed and validated at the 
IJnderground Space Center at the University of 
Minnesota. The mode). is a two-dimensional finite 
difference heat conduction program based on the 
Patankar-Spaldiiig approach [Patankar 4986)], the 
methud also used by the Shipp model [Shipp 19791. 
Ihe program models a two-dimensioiial cross 
section of the building foundation and generates 
daily heat flux data for the foundation wall and floor 
for an entire year after periodic steady-state 
temperature corditions have been attained. 

verification of the & ~ Q w - ~ c x ~  elenaents of 
HQ1'C14N 3.0, a residential energy analysis 
conzputer program [Yuill and Wray 19871. The 
Mitalas method was used by MOTCAN 3.0 to 
perform the below-grade calculations. Reasonable 
agreement was obtained between the two methods, 
especially considering differences in the handling sf 
water table effects. It can be inferrcd that the results 
grnerclted from the finite difference model fall 
within the ernx ranges cited in the above 
discussion 

In gencrating data for this handbook, a large 
number of foundation configurations and cities 
needed to be studied. To meet these demands, it 
was estimated that a data base consisting of results 
from ds many as 1131 simulations was required. In 
order to reduce the number of time-consuming 
finite difference simulations, a superposition/ 
numerical scaling procedure was derived. The 
mcthcd defines scaled variables that are 
independent 04 climate Using this approach, over a 
six-fold reduction in the number of finite difference 
runs was attained without adversely affecting the 
integrity of the heat flux data. A full description of 
the procedure and the validation of the 
inethedology is given by §hen et al. [1988]. 

Results from the model. were used for the 

Key Assumptions 
Several points should be made about the 

assumptions that were used to perform the 
superpositisn/scaling procedure, Inherent in the 
derivation of the governing equations i s  the 
assumption that the thermal properties do not 
change in value throughout the year. Consequently, 
in the caw of the soil, no moisture movement effects 
are modeled and the seasonal variation in the soil 
thermal conductivity is also ignored. Because the 
influence of soil moisture is still very much a 
research question and requires detailed knowledge 
of soil type, weather patterns, and site information, 
the assumptiorz of a constant soil thermal 
conductivity can be. considered valid given the 
intent and scope of the project. The soil properties 
used for the simulations are 1.0 Btu/hr-ft-"F for the 
thermal condixctivity, a density of 115.0 lb,/€t3, and 
a specific heat of 0.24 Btu/lb,-"F. 1 hese reflect the 
thermal properties of a moist sandy soil. 

modeling of the hundargr condition at the earth's 
surface. Necessarily, the complex interactions 
occurring at the ground surface must be simplified, 
Because of the mathematics of the superposition 
procedure, the daily average outdoor air 
temperature is assumed to vary sinusoidally over 
the year. The appropriate sine curves are ~ a ~ ~ ~ ~ ~ t ~ ~  
from ASHME WYEC weather data tapes for each 

~ s m e  data can be viewed as the 

temperature and, .as such, should 
appropriately to calculate the lon 
varying temperatures in the soil surrounding a 

solar radiation is not modeled in order to maintain 

Several assumptions are also made regarding the 

building foundation Furthermore, the effect of 

effects are very Sit@ specific, depe 
ground cover, tqwgraglhy, and exposure, ~~~o~~~ 
the sun's heating of the ground is not regarded as 

snow cover $§hen et al. 19881, although for the 
purposes of this handbook, it was decided not to 
simulate snow cover for northern climates. Because 
of the ldrge variation and uncertainty in snow cover, 
in terms of depth and duration, at a particular site 
and also from site to 3ite for a given climate, it was 
felt that the most widely applicable energy load 
calculations would bc those that did not mode9 
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snow cover. This assumption is consistent with the 
approaches of other simulation procedures 
[Shipp 1983; Yard et al. 19843. Ignoring snow cover 
results in higher foundation heat loss but also leads 
to more conservative estimates when calculating the 
building design energy loads. The surface heat 
transfer coefficient is assumed to be 5.0 Btu/hr-f?-%, 
applied over the entire year. 

In performing the calculations, the constant 
deep ground temperature boundary condition is 
assumed to be at a depth where the influence of 
fluctuating outside air temperatures is negligible. 
Even &ugh it has been obsefved that the height of 
the local water table can greatly influence 
foundation floor heat loss, the focation of the water 
table is very site specific. ft was therefore deckid to 
place the lnrwerboundary a€ B depth of443 fee€ where 
the ground temperature is constant. figher floor 
heat losses occur for situations where the water 
table Lies above the depth assumed for these 
simulations. The assumptions made to perform 
these simulations are consistent with those of other 
simuiatiun procedures and shouk.3 not be expected 
to affect the accuracy of the ntethad. 

THE WHOLE-HOUSE SlMlJLAT1CON 
METHOD 

simulate four foundation types: slab-on-grade 
foundations, shailow basements, d bssemnts, 

conditioned spaces, while the - basements are 
modeled as both conditioned and unconditioned 
spaces. The crawl space foundaticmsare simulated 
8s mdit ioned  spaces. 

an indoor air temperature. 
For ""d"""bL3=fying conditio spaces this is aet as a constant 
temperature throughout the year; for the 
uraeonditioned spaces a sinusoidal variation is 
assumed. As discussed a b e ,  this approach does 
not take into account the dynarsric interartiofis 
between the Inrilding and the foundation. 
Consequently, a p e d u r e  was developed to 
sirnufate these interactions by cwpiing the results 
of the finite difference mns with DOE-2, a building 
energy analysis program [Huang et al. 19881. 

The finite difference program was used to 

and crawl s m. The slabaregrade 7 oundations 
and the s J low basements are cons- I 

The finite difference progrm mod& the in* 

Overview of the WE-2 Program 
D O E S  is a detailed multi-zone burly simulation 

pmgrm widely used in the United States and 
abroad fox calculating the energy consumptiun of 
buildings. For the Foundation Hundbuolk, the 
WE-2.1C program was used to incorporate the 

fluxes from the two-dimensional finite difference 
foundation model into a whole-house building 
sirnulation. DOE-2.1C can model the impact of 
hourly variations in ambient climate conditions and 
internal loads on the building load, as well as 
varying equipment performance characteristics and 
realistic operating conditions such as themostat 
setbacks and window venting. Since it is beyond the 
scope of this chapter to describe completely the 
DOE-2 program, readers should refer to the PX)E-2 
reference and engineering manuals fur more &tails 
on the program [LEK 1980;1384]. For the pu-e of 
the handbook, the building simulations were 
performed using the LOADS and SYSTEM 
programs of DOE-2.1C. 

The LOADS program calculates the hourly 
heating and cooling loads of a building or thermal 
zone at a set indoor temperature. Heat transfer by 
conduction and radiation through the building skin 
are calculated using response factors. The effects of 
shading from building overhangs and adjacent 
buildings are considered in caiculating the solar 
radiation striking walls and windows. Heat transfer 
between thermal uwres within the building, such as 
between the first floor and basement of a house, is 
calcui[ated using steady-state UA*b,T principles. 
Once the net heat gain into the building or mne has 
been determined, the resultant space cooling bad is 
calculated using a modified version of the room 
thermal response factor or weighting factor 
technique [Mitalas and Stephenson 19671. This load 
represents the amount of heat that must be added or 
extracted from the zone to maintain the reference 
set temperature defined by the user. Since this load 
is not calculated at the tme indoor temperature of 
the space and does not include the impact of 
systgms operations, it cannot be used directly as a 
measure of building energy consumption. 

The SySmMS rograrn contains algorithms fox 
simulating the r orntance of the heating, 
ventilation, an gep air conditioning (WAC) 
equipment used to control the temprature and 
humidity of the building or zone. SYSTEMS 
combines the loads output from the LOADS 
pmgram with the building description inputs to find 
the capacity, air-flow rate, efficiency, part load 
characteristics, and thermostat settings of the 
system, as well as the temperature and schedule for 
window venting. It also solves for the indoor air 
temperature, the true hourly faad on the system, 
and its energy consumption. Since the actual zone 
temperature differs from the reference temperature 
used earlier, the heat fluxes passed from the 
LOADS program are modified in SYSTEMS based 
an the resultant zone temperature. 

developmental version of the DOE-2. IC program. 
Compared with earlier versions of DOE-2 such as 

The whoh-hou& simulations were done using a 



2.0 or Z.lA, DOE-2.lC offers improved modeling of 
solar gain, internal walls, and residential 
infiltration; weighting factor calculations; and new 
system performance curves that more accurately 
model part load effects in residential air 
conditioners. DOE-2.lC also has the flexibility of 
allowing user input functional values into the 
LOADS simulation. This feature made it possible to 
incorporate the foundation fluxes from the finite 
difference model without changing the DOE-2. IC 
program code. 

The developmental DOE-2.1C version used for 
the Foundation Ilandhook simulations has 
enhancements not found in the public release 
version of 2. IC. It is anticipated that these features 
will be incorporated into future release versions of 
the program. This allowed for the following 
additions to be made to the Residential (RESYS) 
portion of the SYSTEMS program for improved 
modeling of basement OK crawl space conditions in 
residential buildings: (1) a fixed percentage of the 
heat input or extraction rate of the conditioned zone 
can be assigned to unconditioned zones to simulate 
duct losses into thosc spaces, and (2) inputs have 
been added for assigning to the basement or crawl 
space a sinusoidal heat flux with a yearly frequency 
and user-specified amplitude, time lag, and offset. 
This modification was added to model long-term 
periodic variations in underground heat fluxes due 
to the seasonal variations in the air temperatures of 
unheated basements and crawl spaces. The 
developmental code also enables a significant 
improvement in the calculation of the custom 
weighting factors for heavy wall elements, of which 
foundation walls are good examples. 

To estimate the changes in space conditioning 
energy use due to differing levels of foundation 
insulation, the enhanced DOE-2.1C program was 
used to simulate a prototypical one-story house of 
average size and construction under typical 
operating conditions in each of the thirteen 
locations listed in Section 5.4. The assumed thermal 
integrity (i.e., level of insulation) of the house was 
changed depending on its location and amount of 
foundation insulation. Such a sliding base case 
results in calculated energies representative of the 
most prevalent condition found in the field. A 
tighter all-around construction i s  assumed for the 
higher foundation insulation measures on the 
assumption that these measures would be used only 
on a house whose above-grade portion is already 
well insulated. 

The prototype building used for the 
whole-house simulations was tailored to reflect 
average current construction practices as 
determined through review of survey data 

[NAHB 19811. The building is a one-story ranch 
house of typical lightweight wood frame 
construction with a floor area of 1540 square feet 
and exterior dimensions of 28-by-55-by-8 feet. 
Table 5-1 gives the basic dimensions of the 
proto type building. 

of the prototype building. However, it should be 
noted that the actual computer input does not 
contain all of the architectural details shown, and 
differs in some ways to facilitate numerical analysis. 
An average solar loading on the building surfaces is 
achieved by apportioning the amounts of walls, 
roof, windows, and doors equally in the four 
cardinal directions. Similarly, average shading from 
two adjacent houses is considered by modeling 
building shades with a 0.5 transmittance located 20 
feet away on all sides of the house. The simulations, 
therefore, model the energy consumption of a 
prototypical house under average rather than 
typical conditions. The nondirectional orientation 
used, while hardly typical, yields results that are 
averages for thousands of typical houses with 
various orientations. 

Figure 5-6 is a close architectural representation 

Table 5-1: Prototype Building 

Building Component Dimensions 

Floor area 
House volume 
Gross wall area 

Net wall area 
Window area 
Door area 

Roof area 
Roof tilt (4:12 pitch) 
Ceiling area 
Foundation floor area 
Perimeter length 

1540.0 ft.’ 
12320.0 ft.3 
1328.0 ft.’ 
1123.7ft.’ 
184.8 ft.’ 
19.5 ft.’ 

1623.3 ft.’ 
18.43” 

1540.0 ft.‘ 
1540.0 ft.’ 

166.0 ft. 
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uilding Envelope Csradiftioaps 
Three levels of thermal integrity in the 

above-grade structure were used in the si rnulations 
depending on the location and the level of 
foundation insulation. These levels are termed 
”low,” “medium,” and “high” in the following 
discussion. ?he amounts of insulation in the 
building components for the three levels are given 
in Table 5-2. 

The low construction is assumed in simulating 
foundations with no or low levels of insulation in 
the lollowing locations: Atlanta, Fort Worth, Los 
Angeles, Miami, Phoenix, and Washington. The 
medium construction is assumed in simulating 
foundations with high levels of iiisulation in the 
above locations, or with no or low levels of 
insulation in the other colder locations (Bismarck, 
Boston, Chicago, Denver, Kansas City, 
Minneapolis, and Seattle). The high construction is 
assumed in simulating fouiidatioiw with high levels 
of insulation in the seven colder locations. 

The prototype house was modeled with 
standard lightweight wood frame construction. The 
R-11 wall is assiirned to liave 2-ly-4 16-inch 
on-center framing occupying 25 percent of the wall 
area (including firebreaks and window framing). 
The I<-19 or R-27 walls are assumed to have 2-by-6 
24-inch on-center framing occupying 20 percent of 
the wall area. Due to insulation compression within 
the wall cavity, the K-19 bdtts are assumed to have 
an dfective R-value of 18.0 after installation. The 
wall exterior consists of aluminum siding and 
V2-insh fiberboard sheathing. Fot the K-27 wall, the 
additional R-value is achieved with R-8 rigid board 
insulation in place of the fiberboard sheathing. 

The ceiling was modeled with l/z-inch drywall 
with 2-by-6 24 inch on-center framing covering 10 
percent of the ceiling area Insulation is assumed to 
consist of fiberglass batts placed between the joista 
f3r the I<-19 ceiling, as well as 011 Lop of the joists for 
the R-30 and R-49 ceilings. The ceiling/roof assembly 
is modeled as a single delayed layer, with the 
thermal effects of the attic treated as a pure 

resistance of 1.46 (Btu/hr-”F-ft2). ‘I’o simulate the 
solar gain on the roof correctly, the tilt and area of 
the prototype roof are used, but the U-values of the 
ceiling layers are modified by the ratio of ceiling to 
roof area, S Q  that the seiling conductance remains 
unchanged. 

total window area of 184.8 square feet, or a 
window-to-floor ratio of 12 percent. The windows 
are assumed equally distributed on the exterior 
walls to avoid directional bias in the simulations and 
to reflect the statistical randomness of building 
orientations. The thermal characteristics of the 
window glazings are based on ASHIWE winter 
U-values with the outside film coefficient subtracted 
[ASHRAE 19821. The outside air film resistance 
must be subtracted from the ASHRAE value since it 
is calculated within the DOE-2 program based on 
the wind speed. and air temperature every hour. 

The solar characteristics of the windows were 
simulated using; default values in DOE-2.1C for 
standard single-, double-, and triple-pane windows. 
‘The DOE-2 program uses precalculated 
transmission and absorption coefficients to 
determine the solar gain as a function of the angle of 
incidence of solar radiation. In addition to the solar 
characteristics of the glass, the simulations also 
included shading coefficients of 0.63 during the 
summer and 0.80 during the winter for the 
additional shading due to window drapes anti sash. 

The effects of infiltration on building heating and 
cooling loads were simulated using the 
Sherman-Grimsrud model. This i s  a simplified 
physical model for air infiltration in residential 
buildings. Developed at LRL, 

The prototype building was simulated with a 

T ~ I P  only information necessary for the model is the 
geometry and leakage of the strucfure. The leakage 
quantities, expressed in terms of effectiue areas, are 
total leakage area arzd the leakage areas of the floor and 
ceiling. Weather parameters are mean wind speed, 
terrain class, and average temperature difference. The 
model separates the infiltratiou problem into two 
distinct parts: stack and wind-regimes. Each regime is 

.---.- .._........... 

age area of the house expressed as a fraction of the to- 
tal f loor  a rea .  This parameter  is used  by the  
Sherman-Grimsrud infillration model to calculatP the 
infiltration rate into the house [Sherman 19801. 
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treuted srparutdy, the frunsition between them is 
shnrp. The model ha5 been tested with data porn 
several sites, dzfferirig in clirriute and construction 
methods. [Sherrnuri et al. 19801. 

A fractional-leakage-area of 0.0005 
corresponding to average residential construction 
was used for all of the simulations. The building i s  
assumed to be in a typical suburban area with low 
buildings and trees within 30 feet. The 
corresponding Sherman-Grimsrud inputs are: 
Shielding-coefficient = 0.19, Terrain-parameter 1 
=r 0.85, and 'Terrain-parameter 2 =: 0.20. 

Building Operating Conditions 
The assumed building operating conditions are 

based on earlier LBL studies that defined typical 
operating conditions in U.S. homes based on survey 
data and other studies [€hang 19871. The heating 
thermostat is set at 70°F all day, with no night 
setback, and the cooling thermostat at 78°F. During 
the heating season, window venting is assumed 
when indoor temperatures rise above 78"F, while in 
the cooling season, venhng is assumed down to 
72°F if the following criteria arc met: (1) the outdoor 
temperature is lower than that indoor and not 
higher than 713"F, (2) the enthalpy of outdoor air is 
lower than that indoor, and (3)  the air conditioning 
load that hour can be met totally through natural 
ventilation. Since occupants typically would not 
adjust windows after going to bed, a time of day 
schedule is added to keep window conditions fixed 

temperatures drop below the heating setpoint. 
A daily internal load of 56,100 Btu was modeled 

based on a n  occupancy by 3.2 persons, a lighting 
level of 1 kWh/ft2, and average appliance saturation 
levels and energy uses developed from survey data. 
A breakdown of this internal loads by end-use is 
given in another report [Huang 19873. 'f ie 
hour-by-hour internal loads profile was taken from 
a schedule developed by the California Energy 
Commission [CEC 19841. 

The building was simulated with a central space 
conditioning system consisting of a furnace and an 
air conditioner. The furnace was modeled with a 
rated capacity of 50,000 Btuhr and a full-load 
efficiency of 77 percent. The energy use results from 
these simulations were later scaled down to reflect a 
furnace efficiency of 68 percent, which was then 
used in the economic analysis. The air conditioner 
was modeled with a rated capacity of 36,000 Btu/hr 
and a full-load COP of 2.41, or an EER of 8.24. 
Default curves in DOE-2.1C were used to simulate 
the hourly performance of the air conditioner as a 
function of temperature, humidity, and part load 
ratios [Building Energy Simulation Group 19841. 

, behveen 11 p.m. and 7a.m, unlessindoor 

A duct loss factor of 10 percent is assumed for 
the distribution system. For the slab-on-grade 
foundation, this duct loss is assumed to be to the 
ambient air. For the unheated basement and crawl 
space foundations, the duct loss was simulated in 
SYSTEMS as an additional heat gain into the 
unconditioned spaces which contributed to raising 
the temperatures significantly in those spaces 
during the winter. For the heated basements, no 
duct loss factor is considered since the ducts are 
assumed to be in conditioned spaces. 

Weather Data 
The UOE-2.1C simulations for ,311 thirteen cities 

were done using WYEC (Weather Year for Energy 
Calculations) weather tapes developed recently by 
ASHRAE [Crow 19831. 

INCORPORATION OF FOUNDATION 

SIMULATION 
HEAT FLUXES INTO DOE-2 

I n  the current DOE-2.1C LOADS program, heat 
transfer through underground surfaces is calculated 
using a steady-state approximation in which an 
effective U-value or reduced surface area is input by 
the user in conjunction with monthly underground 
temperatures. For the Fmindation Handbook 
simulations, this simplified calculation was replaced 
by a function to insert average houriy heat fluxes 
each day based on the finite difference simulations. 

The finite difference simulations yield daily heat 
fluxes at each node of the finite difference grid for a 
representative 1-foot vertical section through the 
foundation and surrounding subsoil. These heat 
fluxes are integrated over the 28-by-55 footprint of 
the prototype foundation, assuming no lateral heat 
flow, to produce files o f  average hourly heat fluxes 
into the prototype building for each day of the year, 
In the DOE-2.1C LOADS simulation, these files are 
read through a user-defined function, supplanting 
the standard heat flux calculation for underground 
SUI faces. Three interior conditions are simulated by 
the finite difference model: (3) the same constant 
indoor temperature as used in DOE-2 LOADS; (2) a 
different constant indoor temperature; and (3) a 
series of sinusoidal varying indoor temperatures of 
different amplitudes, 

The fluxes calculated under the first condition 
are substituted for the standard heat flaw 
calculation for underground surfaces in DOE-2 
LOADS. The fluxes calculated with the second 
condition are used to derive steady-state 
conductances for the foundation, while those 
calculated under the third condition are used to 
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derive the periodic changes in heat flows due to 
seasonal variations in the indoor air temperature. 
There is a causal relationship between the net heat 
flow and the zone temperature as calculated in 
DOE-2 SYSTEMS. For cases with larger seasonal 
fluctuations in the zone temperature, gag., 
unconditioned basements and crawl spaces, 
iterative simulations are made using the zone 
temperatures from the preceding DOE-2 run to 
determine the net heat flux for each subsequent 
simulation. In most instances, convergence between 
the calculated zone temperatures and energy uses is 
attained by the fifth iteration. A full description of 
the procedure is provided in Wuang et al. [1988]. 
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5.3 Computer Simulation Results: Loads and Energy Use 

The computer modeling methodology described 
in the previous section was applied to a wide range 
of foundation configurations in several diverse 
climates. Eighty-eight typical configurations were 
identified and then divided into the following 
foundation type categories: fully-conditioned 
basement (twelve cases), unconditioned basement 
(fifteen cases), fully-conditioned shallow basement 
(thirteen cases), unvented crawl spaces (twenty-two 
cases), vented crawl spaces (four cases), and 
slab-on-grade foundations (twenty-two cases). 
Illustrations and descriptions of these cases appear 
in Chapters 2,3, and 4. Heating and cooling loads 
were simulated for a prototypical one-story house 
(28 by 55 feet) using each of these eighty-eight 
configurations in thirteen U.S. cities. The cities 
selected as representative of a range of U.S. climates 
are listed in Table 5-3. 

Using below-grade heat transfer simulations 
from the University of Minnesota, the DOE-2.1C 
program produces separate heating and cooling 
season loads for the entire prototypical house (not 
just the foundation component). For each insulation 
configuration, the change in the load compared to 
the insulated case is expressed. These changes in 
heating and cooling loads are then converted into 
changes in energy use by taking into account the 
heating and cooling system efficiencies. Total 
heating system efficiency, including duct losses, is 
assumed to be 68 percent for houses with 
fully-conditioned deep and shallow basements, as it 
is assumed that ducts are within conditioned spaces 
and losses are eliminated. This is based on the 
assumption that the total seasonal furnace efficiency 
is 68 percent. Where ducts are located in 
unconditioned spaces, it is assumed that duct losses 

Table 5-3: Cities Selected as Representative of a 
Range of U.S. Climates - 

Location 

Bismarck 
Minneapolis 
Chicago 
Denver 
Boston 
Seattle 
Kansas City 
Washington, D.C. 
Atlanta 
Fort Worth 
Phoenix 
Los Angeles 
Miami 

Heating Degree 
Davs (Base 65°F) 

9075 
8007 
6117 
6014 
5593 
5121 
4812 
4122 
3021 
2407 
1442 
1595 
199 

Cooling Degree 
Days (Base 75°F) 

61 
98 

181 
83 
74 
0 

539 
299 
415 

1139 
1856 

36 
1257 

further reduce system efficiency by 10 percent, 
resulting in a total heating system efficiency of 61.2 
percent for unconditioned basements, crawl spaces, 
and slab-on-grade foundations. In all cases, cooling 
system efficiency is calculated based on a SEER of 
9.2 and assuming 10 percent duct losses. 

various house sizes, the simulation results €or the 
prototypical house are divided by the foundation 
perimeter. Adapting the results for a 55-by-28-foot 
house to other shapes and sizes introduces an error 
of 5 to 10 percent for rectangular buildings ranging 
from approximately 20 by 40 feet to 40 by 80 feet. 
Beyond these limits errors increase. 

In examining and using the results of these 
computer simulations it is important to remember 
the assumptions on which they are based (described 
in Section 5.2). The potential sources of error 
inherent in the computer modeling are listed below. 

To present results in a format that is adaptable to 

1. Lack of accuracy in estimating inside 

2. Variation in soil domain, including thermal 

3. Differences in surface boundary conditions, 

temperatures. 

conductivity and water table. 

including snow cover, sod, bare soil, 
concrete, blacktop, and shading. 

4. Reduced heat loss due to adjacent buildings. 
5. Three-dimensional (corner) effects. 
6 .  Soil freezing. 
7. Coupled heat and moisture transport. 
8. Effect of solar gains on the exposed portion of 

The remainder of this section consists of twenty 

the foundation. 

tables that provide heating season loads and 
energy use as well as cooling season loads and 
energy use for all cases and climates analyzed in 
preparing this handbook. The tables are in 
five groups: (1) fully-conditioned deep basements, 
(2) unconditioned deep basements, 
(3)  fully-conditioned shallow basements, (4) crawl 
spaces, and (5) slab-on-grade foundations. Across 
the top of each table is the total bad or total energy 
use in each climate for the 55-by-28-foot prototypical 
house used in the analysis. Beneath these totals are 
a row of numbers that represent the total load (or 
energy use) divided by the building perimeter (166 
feet). These numbers are intended to provide a basis 
of comparison for the load and energy use changes 
expressed for each case in the remainder of the 
table. Reductions in load or energy use are 
presented as negative numbers while increases due 
to insulation (which occasionally occur in the 
cooling season) appear as positive numbers. 
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FULLY-CONDITIONED DEEP BASE 

Table 5-4: Heating Season Loads for Fully-Conditioned Deep Basements 
...~ ~~~~ ~ 

BIS MPLS CPIl DEN BOS SEA KC WASH ATL FTW PHNX LA MIA . . . . . . . . . . . . .. . . . . . 
t - 0 3  95 104 95 80 87 56 58 21 18 2 

Cases 

'Total Load 
LoadlLin Ft 0.96 0.83 0.62 0.57 0.62 0.57 0.48 0.52 0.34 0.35 0.13 0.11 0.01 

_____ 

8'RO conc 
4'R5 ext 
8'R5 ext 
4'RlO ext 
8'RIO ext 
8'K15 ext 
8%20 ext 
8'RlO jnt 
8'KO wood 
8'Rll wood 
8'R19 wood 
8'R30 wood 

0.00 
-0.22 
- 0.28 
--0.26 
-0.35 
- 0.37 
- -  0.39 
- 0.34 
-0.23 
--0.36 
- -  0.39 
-0.41 

0.00 
--0.20 
-0.2s 
- 0.23 
- 0.30 
- 0.33 
- 0.34 
- 0.30 
- 0.20 
--0.32 
-0.35 
--0.36 

0.00 
- 0.16 
-0.20 
-0.19 
--0.24 
-0.26 
- 0.27 
-0.24 
-0.16 
-0.25 
- -  0.27 
- 0.29 

0.00 0.00 
--0.16 -0.15 
-0.20 -0.19 
-0.19 -0.18 
--0.24 -0.23 
--0.26 -0.25 
-0.28 -0.26 
-0.24 -0.23 
---0.16 -0.15 
---0.26 -0.25 
-0.28 -0.27 
-0.29 -0.28 

0.00 0.00 
-0.15 -0.13 
-0.19 -0.16 
--0.18 -0.15 
-0.24 -0.20 
-0.24 -0.21 

0.27 -0.22 
-0.23 -0.19 
-0.16 -0.13 
- 0.2s -0.21 
-0.27 -0.22 
-0.28 -0.24 

0.00 
-0.12 
-0.15 
--0.14 
-0.18 
- 0.19 
--0.20 
-0.18 
-0.12 
-0.19 
- -  0.20 
- 0.21 

0.00 
--0.09 
- -  0.11 
-0.10 
-0.13 
-0.14 

-0.15 
- 0.13 
- 0.09 
-0.14 
-0.15 
--0.16 

0.00 
-0.11 
- 0.14 
- 0.13 
--0.16 
-0.18 
-0.18 
-0.16 
-0.11 
-0.17 
--0.18 
-0.19 

Loads axe expressed in MBtu per lineal foot of foundation perimeter. 
Negative iiumhers indiiate decreased loads resulting from insulation. 
Total Load refers io the heating season load for a 55 by 28 foot one-story house with a basement 
I.oad/Lin Ft refers to :he total house load divided by the foundation perimeter (166 feet). 

Table 5-5: Heating Season Energy Use for Fully-Conditioned Deep Basements 

Cases 

Total Energy Use 
Energy UselLin Ft 

8'RO conc 
4 x 5  ext 
8'K5 ext 
4'R10 ext 
8'RlO ext 
8'RIS ext 
8 ' N O  ext 
8'RlO int 
8'RO wood 
8'Kll wood 
8'R19 wood 
8'R30 wood 

. . . . . . . . ... 

0.00 0.00 
-0.04 -0.03 
--0.05 -0.03 
-0.05 -0.03 
-0.06 ---0.04 
- - -  0.07 - 0.04 
-0.07 -0.04 
-0.06 .--0.04 
---0.04 -0.03 
-0.07 -0.04 
-0.07 --0.04 
--0.07 -0.05 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 - 

BIS MPLS CHI DEN 88s SEA KC WASH ATL FTW PHNX LA MIA 

234 202 151 139 152 140 117 128 83 86 31 26 2 
1.41 1.22 0.91 0.84 0.92 0.84 0.70 0.77 0.50 0.57. 0.19 0.16 0.01 

0.00 
- 0.33 
- 0.42 
--- 0.39 
-0.51 
-0.55 
-0.57 
-. 0.50 
- 0.33 
-0.53 
--0.58 
-0.61 

0.00 
-0.29 
- 0.37 
-0.34 
-0.45 
--0.48 
-0.51 
- 0.44 
--- 0.30 
- 0.47 
-0.51 
-- 0.54 

0.00 
-0.23 
- 0.29 
-0.27 
- -  0.35 
- 0.38 
-0.40 
..- 0.35 
-0.23 
-0.37 
-0.40 
- 0.42 

0.00 0.00 
-0.23 -0.22 
-0.29 -0.28 
-0.27 -0.26 
-0.36 -0.34 
-0.39 -0.37 
-0.41 -0.39 
-0.36 -0.34 
-- 0.24 - 0.23 
-- 0.38 -0.36 
-0.41 -0.39 
-0.43 -0.41 

0.00 0.00 0.00 0.00 
-0.23 -0.19 -0.17 -0.13 
--0.29 -0.24 --0.21 -0.16 
-0.27 -0.22 -0.20 -0.15 
-0.35 -0.29 -0.26 --0.19 
-0.38 -0.31 -0.28 -0.21 
---0.39 -0.33 ---0.29 -0.22 
-0.34 -0.29 -0.26 ---0.19 
-0.23 -0.19 -0.17 -0.13 
--0.37 -0.30 -0.27 -0.20 
-0.40 --0.33 -0.30 --0.22 
-0.42 -0.35 -0.31 -0.23 

0.00 
-0.16 
-0.20 
-0.19 
-0.24 
- 0.26 
- 0.27 
- 0.24 
-0.16 
-0.25 
-0.27 
-0.28 

0.00 0.00 
-0.06 -0.04 
-0.08 -- 0.05 
-0.08 -0.04 
---0.09 -0.06 
-0.10 -0.06 
-0.10 -0.06 
-0.09 -0.06 
-0.06 -0.04 
-0.10 ---0.06 
---0.10 -0.06 
-0.11 -0.07 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Energy use is expwssed in MBtu per lineal foot of foundation perimeter. 
Negative numbers indicate decreased energy use rP5ulting from insulation. 
rota1 Energy Use refers to the heating season energy use for a 55 by 25 foot one-story house with a basement. 
Energy UseiLin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assurnpkions: The total heating system efficiency is 68% and there are no duct losses. 
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Table 5-6: Cooling Season Loads for Fully-Conditioned Deep Basements 

cases I BIS MPLS CHI DEN BOS SEA KC WASH ATL FTW PHNX LA MIA 

Total Load 
Loadkin Ft 

8’RO conc 
4’R5 ext 
8’R5 ext 
4’R10 ext 
S’R10 ext 
S‘R15 ext 
8 K20 ext 
8’fWl int 
8‘RO wood 
8 ’ R l l  wood 
8’R19 wood 
B‘R30 wood 

1188 
7.15 

1440 1YOi) 1229 1290 
8.67 11.45 7.40 7.77 

317 
1.91 

4188 3865 
25.23 23.28 

4516 7666 15422 548 15053 
27.21 46.18 92.91 3.30 90.68 

0.00 
0.00 
0.02 
0.00 
0.02 
0.02 
0.02 
0.02 
0.00 
0.02 
0.02 
0.02 

0.00 
--0 11 
-- 0 09 
-0.12 
-0.11 
-- 0.07 
- 0.07 
-0.09 
-- 0.07 
-- 0.07 
- 0.04 
-- 0.04 

0.00 
-- 0.35 
- 0.34 
- 0.42 
-- 0.37 
-- 0.37 
- 0.37 
- 0.30 
-- 0.19 
-0.34 
-0.34 
.- 0.34 

0.00 0.00 
--0.02 -0.04 

0.02 0.00 
-0.02 -0.05 

0.00 0.00 
0.02 0.00 
0.02 0.00 
0.02 0.00 
0.02 0.00 
0.04 0.04 
0.04 0.04 
0.05 0.04 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.02 
0.02 

0.00 0.00 
-1.68 -0.83 
-1.75 -0.83 
--- 2.03 ... 1.01 
-2.19 -0.99 
- 2.40 --- 1.06 
---2.51 1.11 
-2.07 -0.95 
-1.29 -0.60 
-- 2.12 .. 0.94 
-2.31 -0.99 
-2.37 -1.02 

0.00 0.00 0.00 
-0.41 0.05 -8.37 
---0.28 0.35 -9.72 
-0.49 0.07 -9.84 
-0.28 0.69 ---11.62 
---0.30 0.88 --12.47 
-0.28 1 . 0 2  -12.95 
-0.25 0.71 -11.48 
-- 0.19 0.26 - 7.72 
-0.23 0.81 - 11.85 
-0.19 1.08 ---12.70 
---0.18 1.25 -- 13.28 

0.00 0.00 
--0.12 -1.94 
-0.12 -2.14 
.. 0.14 - - -  2.21 
- -  0.14 -2.23 
-0.16 -2.28 
..- 0.16 - -  2.28 
---U.ll -2.12 
-0.09 -1.7.5 
-0.14 ---2.31 
--0.16 -2.37 
-0.16 --2.37 

Loads are expreswd in kW1i per lineal foot of foundation perimeter 
Negative numbers indicate decreased Inads resulting from insulaimx-. 
Positive numbers indicate increased loads resulting iron1 insulation. 
Total Load refers to the cooling season load lor a 55 by 28 fuot onestoty house with a basement. 
Loadkin Ft refers to the total house load divided by the foundation perimeter 1166 feet). 

’ 

Table 5-7: Cooling Season Energy Use for Fully-Conditioned Deep Basements 

9.41 10.84 8.98 8.83 5.93 18.30 16.14 17.90 27.79 55.68 5.86 53.49 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.04 -0.17 -0.01 -0.02 0.00 -0.84 --0.-12 --0.17 0.05 -3.89 -0.09 -0.70 
-0.09 -0.16 0.00 -0.01 0.00 --0.88 -0.41 -0.12 0.20 --4.60 ---0.09 - -  0.67 

0.01 -0.04 -0.19 --0.01 ---0.02 0.00 -1.02 -0.49 -0.22 0.05 -4.72 --0.10 -0.82 
0.01 --0.03 -0.16 0.01 -0.02 0.00 -1.11 -0.48 ---0.11 0.37 -6.02 -0.10 -0.48 

Energy use is expressed in kWh per h e a l  foot of  foundation perimeter. 
Negative nuinbers indicate decreased energy use resulting from insulation. 
Positive numbers indicate increased energy use resulting from insulahon. 
Total Energy Use refers to the cooling seas011 energy use for a 55 by 28 foot one-story house with a basement. 
Energy Use/Lin Ft refers io the total house energy use divided by the foundation perimeter (166 feet). 
Assumphuns: The cooling system SEER-9.2 and tlirrt, are 10% duct losses. 
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UNCBNDITIBM D DEEP BASEMENTS 

Table 5-8: Heating Season Loads for Unconditioned Deep Basements 

MPLS CHI DEN BQS SEA KC WASH ATL FTW PIINX LA MIA 

1 

Wall Ins Cases 

Total Load 
LoadKin Ft 0.55 0.47 0.34 0.27 0.35 0.30 0.24 0.32 0.19 0.17 0.06 0.07 0.01 

......... ......... .................... ....... ......... -‘““r 78 57 46 58 49 39 53 32 29 10 11 

8’R0 conc 
4’R5 cxt 
8’R5 ext 
4’KIU ext 
8’RIO ext 
8’R15 ext 
8’R20 ext 
8’R10 int 
8’RO wood 
8’Rll wood 
8‘R19 wood 
8%30 wood 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.05 -0.05 -0.04 --0.03 - -  0.03 -0.03 ---0.02 -0.03 -0.02 -0.02 -0.01 0.00 
--0.07 -0.06 --0.05 -0.04 -0.05 -0.05 -0.03 -0.03 -0.02 ---0.03 -0.01 -0.01 
-0.07 ---0.06 -0.04 ---0.04 -0.04 -0.04 -0.03 -0.03 ---0.02 -0.03 -0.01 0.00 
-0.09 -0.08 -0.06 ---0.06 --0.06 ---0.06 -0.04 -0.04 -0.03 --0.03 -0.01 -0.01 
--0.10 -0.09 -0.07 -0.06 -0.07 -0.06 -0.04 -0.05 -0.03 ---0.04 -0.01 -0.01 
-0.11 ---0.09 -0.07 --0.07 -0.07 -0.07 -0.0.5 --0.05 --0.03 -0.04 -0.01 -0.01 
-0.09 -0.08 -0.06 --0.05 ---0.06 --O.O6 ---0.04 --0.04 -0.03 -0.03 -0.01 ---0.01 
-0.05 -0.05 -0.03 -0.03 -0.03 -0.03 -0.02 --0.02 -0.02 --0.02 0.00 0.00 
---0.10 -0.08 -0.06 --0.06 -0.06 -0.06 -0.04 -0.04 -0.03 -0.04 -0.01 -0.01 
-0.11 ---0.09 -0.07 ---0.07 -0.07 -0.07 -0.05 -0.05 --0.03 -0.04 -0.01 -0.01 
-0.11 -0.10 -0.07 -0.07 --0.07 -0.08 -0.05 -0.05 -0.03 -0.04 -0.01 -0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Ceiling ~ n s  Cases I 
Total Load 91 78 57 46 58 49 39 53 32 29 10 11 1 

0.06 0.05 0.04 0.03 0.04 0.03 0.03 0.03 0.02 0.02 0.01 0.01 0.00 

-0.01 ---0.01 -0.01 --0.01 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00 0.00 0.00 
-0.02 -0.01 -0.01 -0.01 --0.01 -0.01 ---0.01 -0.01 0.00 0.00 0.00 0.00 0.00 

........ .................... .......... 

Loads are expressed in MBtu Fer lineal foot of foundation perimeter for wall insulation cases. 
Loads are expressed in MBtu per square foot of basement ceiling area for ceiling insulation cases 
Negative numbers indicate decreased loads resulting from insulation. 
Total Load refers to the heating season load for a 55 by 28 foot one-story house with a basement. 
Load/Lin Ft refers to the total house load divided by the foundation perimeter (166 feet). 

Table 5-9: Heating Season Energy Use for Unconditioned Beep Basements 

64 86 53 47 16 19 2 
0.38 0.52 0.32 0.29 0.10 0.11 0.01 

8‘RO conc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4775 exi ---0.09 -0.08 -0.06 -0.06 -0.06 -0.06 -0.04 ---0.04 -0.03 --0.04 -0.01 --0.01 0.00 
8’R5 ext -0.11 --0.10 -0.07 --0.07 -0.07 -0.07 -0.05 -0.05 -0.04 -0.04 -0.01 -0.01 0.00 
4’RlO ext -0.11 -0.09 -0.07 -0.07 -0.07 -0.07 -0.05 --0.05 --0.04 -0.04 -0.01 -0.01 0.00 
8‘RlO ext -0.15 -0.13 -0.10 -0.09 --0.10 -0.10 -0.07 -0.07 -0.05 --0.06 -0.01 ---0.01 0.00 
8’R15 exl ---0.16 -0.14 -0.11 -0.10 -0.11 -0.11 -0.07 -0.08 -0.05 --0.06 -0.01 -0.01 0.00 
8’R20 ext -0.17 ---0.15 -0.11 - - - O . l l  -0.11 -0.11 -0.08 -0.08 -0.05 -0.06 -0.01 -0.01 0.00 
8‘RlO int -0.14 --~0.12 -0.09 ---0.09 -0.09 -0.09 -0.06 --0.06 ---0.05 -0.05 -0.01 -0.01 0.00 
8‘RO wood -0.08 -0.07 -0.05 -0.05 -0.05 --0.06 --0.04 -0.04 --0.03 -0.03 -0.01 -0.01 0.00 
8’Rll wood --0.16 -0.14 -0.10 -0.10 -0.10 -0.10 -0.07 --0.07 -0.05 --0.06 -0.01 --0.01 0.00 
8’K19 wood -0.17 --0.15 -0.11 --0.11 -0.11 -0.11 -0.08 -0.08 -0.05 -0.06 -0.01 -0.01 0.00 

0.19 -0.16 -0.12 -0.12 -0.12 -0.12 -0.08 --0.09 -0.06 -0.07 -0.01 -0.01 0.00 ......... ~ 

............... 

127 93 74 94 80 64 86 53 47 16 19 2 
0.08 0.06 0.05 0.06 0.05 0.04 0.06 0.03 0.03 0.01 0.01 0.00 ......... .......... 

-0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 0.00 0.00, 0.00 

Energy use is expwsed in MBtu per lineal foot of foundation perimeter for wall insulation cases. 
Energy use is expressed in MBtu per square foot of basement ceiling area for ceiling insulation cases. 
Negative numbers indicate decreased energy use resulting from insulation. 
Total Energy Use refers to the heating season energy use for a 55 1Jy 28 foot one-story house with a basement 
Energy UseiLin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assumptions: The total heating system efficiency is 68% and there ;re no duct IOSSPS. 
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0.97 
0.69 
1.25 
1.41 
1.50 
1.34 
0.90 
1.64 
1.71 
1.87 

Wall Ins Cases 

Total Load 
Loadkin Ft 

8'RO conc 
4'R5 ext 

BIS MPLS CHI DEN BOS SEA KC WASH ATL FIW PHNX LA MIA 

475 604 1018 622 710 179 2751 2704 3478 6035 12422 472 1329 
2.86 3.64 6.13 3.75 4.28 1.08 16.57 16.29 20.95 36.36 74.83 284 80.M 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.53 0.48 0.64 0.69 0.48 0.12 -0.14 0.87 0.57 1.63 --2.28 0.09 0.00 

___ 

8'R5 ext 
4'KlO ext 
8'RlO ext 
8'R15 ext 
8'EO ext 
S'R10 int 
8'RO wood 
S'K11 wood 
8'R19 wood 
8'R30 wood 

0.99 1.27 1.08 0.90 0.23 0.72 1.57 1.22 2.81 -2.12 0.12 0.18 
0.64 0.85 0.83 0.60 0.18 -0.07 1.04 0.72 2.12 -2.69 0.11 --0.04 
1.31 1.68 1.36 1.17 0.26 1.01 2.00 1.70 3.92 -2.63 0.16 0.21 
1.52 1.89 1.50 1.34 0.30 1.24 2.28 1.96 4.49 -2.88 0.18 0.30 
1.63 2.01 159  1.43 0.32 1.38 2.44 2.10 4.81 -3.00 0.19 0.34 
1.47 1.87 1.43 1.29 0.28 1.41 2.28 1.93 4.15 -2.21 0.18 0.23 
0.97 1.20 1.01 0.85 0 18 1.06 1.64 122  2.54 -1.10 0.11 0.23 
1.80 2.16 1.63 1.45 0.32 1.73 2.54 2.07 4.58 -2.24 0.16 0.30 
1.93 2.37 1.73 1.59 0.34 1.96 2.86 2.46 5.28 -2.44 0.16 0.39 
2.07 2.54 1 8 5  1.70 0.39 2.08 3.02 2.60 5.72 -2.69 0.16 0.42 

Table 5-11: Cooling Season Energy Use for Unconditioned Deep Basements 

Ceiling Ins Cases 
Total Load 
Load/Sq Ft 

Wall Ins Cases 

Total Energy Use 
Energy UseiLin Ft 

8'R0 conc 
4'R5 ext 
8'R5 ext 
4'RlO ext 
8'RlO ext 
8'R15 ext 
8'K20 ext 
8 W 0  int 
8'RO wood 
8'Rll wood 
8'R19 wood 
8'R.U) wood 

.-- 

475 604 1018 622 710 179 2751 2704 3478 6035 12422 472 13290 
0.31 0.39 0.66 0.40 0.46 0.12 1.79 1.76 2.26 3.92 8.07 0.31 8.63 

BIS MPLS CHI DEN BOS SEA KC WASH ATL FTW PHNX LA MIA 

779 836 1115 902 902 570 2247 2027 2464 3983 7871 663 8074 
4.69 5.04 6.72 5.43 5.43 3.43 13.54 12.21 14.84 23.99 47.17 3.99 48.64 

R11 ceiling 
R19 ceiling 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.37 0.33 0.44 0.45 0.31 0.08 -0.08 0.52 0.32 0.93 
0.65 0.67 0.81 0 72 0.57 0.13 0.45 0.90 0.66 1.57 
0.46 0.45 0.58 0 52 0.37 0.10 -0.04 0.60 0.39 1.19 
0.89 0.92 1.12 0.90 0.72 0.14 0.64 1.15 0.92 2.20 
0.99 1.04 1.25 1.01 0.86 0.17 0.80 1.34 1.06 2.56 
1.05 1.10 1.34 1.07 0.92 0.18 0.89 1.44 1.13 2.77 
0.95 1.01 1.24 0.96 0.82 0.14 0.91 1.33 1.05 2.34 
0.60 0.66 0.80 0.64 O S 4  0.11 0.64 0.93 0.67 1.40 
1.10 1.24 1.35 1.07 0.92 0.18 1.00 1.43 107  2.53 
1.20 1.34 1.58 1.17 1.02 0.19 1.25 1.73 1.35 3.02 
1.31 1.45 1.69 1.25 1.08 0.23 1.32 1.83 1.43 3.30 

I 

0.22 0.27 0.34 0.24 0.27 0.06 0.46 0.42 0.35 0.66 0.00 0.06 0.33 
0.28 0.35 0.42 0.29 0.34 0.08 0.58 0.51 0.44 0.84 0.00 0.07 0.39 

0.00 
--- 1.10 
-- 1.02 
- 1.30 
- 1.27 
- 1.38 
-- 1.41 
- 1.05 
-0.54 
- 1.07 
- 1.13 
- 1.23 
_I___ 

0.00 0.00 
0.05 0.08 
0.08 0.19 
0.06 0.06 
0.10 0.19 
0.11 0.25 
0.11 0.28 
0.11 0.17 
0.06 0.19 
0.09 0.28 
0.09 0.28 
0.09 0.34 

Ceiling Ins Cases 

Total Energy Use 779 836 1115 902 902 570 2247 2027 2464 3983 7831 663 8074 
Enerm Use/% Ft 0.51 0.54 0.72 0.59 0.59 0.37 1.46 1.32 1.60 2.59 5.09 0.43 5.24 

R11 ceiling 0.14 0.17 0.21 0.15 0.16 0.03 0.27 0.23 0.1'3 0.38 0.00 0.04 0.20 
819 ceiling 0.18 0.23 0.26 0.18 0.20 0.05 0.33 0.29 0.24 0.47 0.01 0.04 0.25 
R30 ceiling 0.31 0.39 0.46 0.29 0.36 0.07 0.68 0.53 0.44 0.82 0.14 0.07 0.49 

Energy use is expressed in kWh per lineal foot of foundation perimeter for wall insulation cases. 
Energy use is expressed in kWh per square foot of basement ceiling area for ceiling insulation casej. 
Negative numbers indicate decreased energy use resulting from insulation. 
Positive numbers indicate increased energy use resulting from insulation. 
Total Energy Use refers to the cooling season energy use for a 55 by 28 foot one-story house with a basement. 
Energy UseiLin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assumptions: 'The cooling system SEER-9.2 and there are 10% duct losses. 
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SWALLOW BASEMENTS 

Table 5-12: Heating Season Loads for Fully-Conditioned Shallow Basements 

Total Load 
ImadiLin t;l 

Rllag RObg 
R19ag RObg 
Rllag li5bg ext 
R19ag R5bg ext 
Rllag RlObg ext 
R19ag RlObg ext 
Rl9ag R15bg exi 
R19ag R20bg ext 
Rllag KlObg int 
R19ag RlObg int 
RO wood 
R11 wood 
R19 wood 

...... 

1915 MFLS CHI DEN BOS SEA KC WASH ATL F1'W PHNX LA MIA 

150 139 104 90 104 93 78 89 57 56 20 18 2 
0.96 0.84 0.63 0.54 0.63 0.56 0.47 0.54 0.35 0.34 0.12 0.11 0.01 

. .. . . . . . . . . . . . . . _.. . . . . . . .. . . .... . .. . . . . . . . . . . _. . . . . 

0.00 
-0.02 
- 0.22 
- -  0.24 
-0.26 
-0.28 
--0.30 
-0.31 
-0.25 
-0.28 
- 0.05 
- 0.27 
~~ 0.31 

0.00 
-0.02 
-0.19 
-0.22 
-0.23 
- -  0.25 
-0.27 
-0.28 
-- 0.22 
- 0.25 
- 0.05 
-- 0.24 
-0.28 

0.00 
-0.02 
-0.1s 
- 0.17 
- 0.18 
-0.20 
- 0.21 
- 0.22 
-0.18 

-0.19 
0.04 

-0.19 
- 0.22 

0.00 0.00 
-0.02 -0.02 
-0.15 -0.15 

0.17 -0.16 
-0.18 -0.17 
-0.20 -0.19 

0.21 -0.20 
-0.22 -0.21 
-0.18 -0.17 
-0.19 -0.19 
-0.05 -0.04 
-0.19 -0.18 
-0.22 -0.21 

0.00 0.00 0.00 0.00 
-0.02 -0.01 -0.01 -0.01 
~ ~ 0 . 1 5  -0.12 -0.11 -0.08 
-0.15 --0.14 -0.12 -0.09 
-0.18 -0.1s -~0.13 -0.10 
--0.19 -0.16 ---0.14 -- 0.11 
-0.20 -0.17 -0.15 -0.11 
-0.21 -0.18 --0.16 -0.12 
---0.17 -0.14 -0.13 --0.03 
-0.19 -0.16 -0.14 -0.10 
-0.04 -0.03 - -  0.03 -0.02 
---0.18 -0.15 -0.14 -- 0.10 
-0.21 --0.18 -0.16 -0.12 

0.00 
- 0.01 

0.10 
0.11 

-0.12 
- 0.13 
-0.13 
-0.14 
-0.11 

-0.12 
-0.05 
-0.12 
-0.14 

0.00 
0.00 

-0.04 
- -  0.04 
-0.04 
- 0.05 
- -  0.05 
- 0.05 
- 0.04 
-- 0.05 
-0.01 
- 0.04 

~ 0.05 

0.00 
-0.01 
- 0.02 
- 0.03 
--0.03 
-0.03 
-0.03 

0.03 
-0.03 
-0.03 

0.01 
-0.03 
-0.03 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Loads are expressed in MBtu per lineal foot of foundation perimeter. 
Negative numbers indicate decreased loads resulting from insulation. 
Total Load refers to the heating season load for a 55 by 28 foot one-story house with a basement 
LoadiLin Ft refers to the total house load divided by the foundation perimeter (166 feet). 

Table 5-13 Heating Season Energy Use far Fully-Conditioned Shallow Basements 

I Cases I BLS MPLS CHI DEN 50s SEA KC WASH ATL FI'W I'HNX LA MIA 

'Total Load 
Loadilh Ft 

235 I 1.42 
204 

1.23 
153 

0.92 
132 153 

0.80 0.92 
136 

0.82 
114 132 84 82 

0.69 0.79 0.51 0.49 
29 

0.18 

Kllag RObg 
R19ag KObg 
Rllag K5bg ext 
R19ng RSbg ext 
Kllag RlObg ext 
R19ag KlObg ext 
R19ag R15bg ext 
K19ag R20bg ext 
Rllag KlObg int 
R19ag RlObg int 
KO wood 
R11 wood 
R19 wood 

0.00 
-0.04 
-0.32 
-0.36 
.- 0.38 
-0.42 
-0.44 
---0.46 
-0.37 
- 0.41 
--0.08 
-0.40 
-0.46 

0.00 
-0.03 
-0.28 

-0.37. 
-0.34 
-0.37 

0.39 
- 0.41 
- 0.33 
- 0.36 
- 0.07 
- 0.35 
- 0.41 

0.00 
- 0.03 
- 0.22 
.- 0.25 
.- 0.27 
- 0.29 
- -  0.31 
- 0.32 
- 0.25 
-- 0.28 
-- 0.06 
-- 0.28 
- 0.32 

0.00 0.00 
0.02 0.03 

-0.23 -0.22 
-0.25 - 0.24 
-0.27 -0.26 

-0.29 -0.28 
-0.31 0.30 
-0.32 - 0.31 

0.26 -0.25 
-0.28 -0.27 
-0.07 - 0.05 
-0.28 -0.27 

-0.32 -0.31 

0.00 
-0.02 
-0.22 
-0 24 

0.26 
-0.28 
-0.30 
- 0  31 

0.25 
-0.28 
-0.06 

0 27 
-0.31 

0.00 0.00 
-0.02 -0.02 
-0.18 -0.16 
-0.20 --0.18 
-0.21 -0.19 
-0.23 -0.21 
--0.25 --0.22 
-0.26 - -  0.23 
-0.21 -0.19 
-0.23 -0.21 
-0.0s -0.04 
-0.22 -0.20 
-0.26 -0.23 

0.00 
- 0.01 
-0.12 
-0.13 
- -  0.14 
-0.15 
-0.17 
- 0.17 
--0.14 
-0.15 
- 0.03 
- -  0.15 
- 0.17 

0.00 
-0.01 
-0.15 
-0.16 
- 0.17 
- 0.18 
-0.20 
-0.20 
-0.17 
-0.18 
- 0.07 
-0.18 
---0.20 

0.00 
-0.01 
-0.06 
- -  0.06 
-0.06 
-0.07 
--0.07 
--0.07 
-0.05 
-0.07 
--- 0.02 
- 0.07 
- 0.07 

27 3 
0.16 0.02 

0.00 0.00 
-0.01 0.00 
-0.03 0.00 
--0.04 0.00 
--0.04 0.00 
-0.05 0.00 
-0.05 0.00 
---0.05 0.00 
-0.04 0.00 
-0.04 0.00 

0.01 0.00 
-0.04 0.00 
-0.05 0.00 

__I. ._. . . . .. . . . . . .. 

Energy use is expressed in MUtu per lineal foot of foundation perimeter. 
Negative numbers indicate decreased energy use iesulting from insulation. 
Total Energy Use refers to the heating season energy use for a55 by 28 foot one-story house with a basement 
Energy UselLin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assumptions: The total heating iystem efficiency is 68% and there are no duct losses. 
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Table 5-14: Cooling Season Loads for Fully-Conditioned Shallow Basements 

Cases 
Total House 
Loadkin Ft 

Rl lag RObg 
R19ag RObg 
R1 lag  IGbg ext 
R19ag R5bg put 
Rllag RXObg ext 
R19ag RlObg ext 
R19ag Rl5bg ext 
R19ag R20bg ext 
Rllag R1Obg int 
R19ag RlObg int 
RO wood 
R11 wood 
R19 wood 

BIS MPLS CHI DEN BOS SEA KC WASH ATL ETW PNNX LA MIA 

1296 1651 2217 1375 1478 328 4824 4302 4915 8727 17809 575 16856 
7.81 9.95 13.36 8.29 8.90 1.98 29.06 25.92 29.61 52.57 107.29 3.46 ****** 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.11 -0.14 --0.60 ---0.14 -0.11 -0.02 ---0.51 -0.26 --0.69 -0.78 .--2.07 0.00 -1.24 

0.14 0.07 -0.34 0.21 0.30 0.12 -0.90 -0.09 -0.23 1.89 -8.00 0.00 -2.00 
0.04 0.05 -0.49 0.07 0.11 0.11 -1.40 -0.41 -0.51 0.95 -10.14 -0.04 -3.25 
0.23 0.09 -0.30 0.26 0.25 0.14 ---1.01 ---0.12 --0.19 2.24 -9.47 0.00 -2.31 
0.07 -0.(15 -0.48 0.11 (1.11 0.12 -1.47 -0.42 -0.53 1.32 -11.62 -0.02 -3.62 
0.09 -0.04 -0.46 0.04 0.14 0.12 -1.50 -0.41 -0.51 1.55 -12.24 --0.02 ---3.7.5 
0.09 0.09 --0.46 0.05 0.14 0.14 ---1.57 -0.41 -0.51 1.66 -12.61 -0.02 -3.82 
0.26 0.26 -0.11 0.26 0.37 0.18 -0.76 0.09 -0.02 2.38 -8.90 0.05 -2.01 
0.14 0.05 -0.34 0.11 0.21 0.14 -1.22 -0.23 -0.35 1.48 -11.13 0.02 --3.29 

0.32 0.28 ---0.04 0.44 0.46 0.19 ---0.6C 0.25 0.19 2.90 -9.27 0.14 -1.89 
0.21 0.16 -0.21 0.18 0.34 0.18 -2.13 -0.09 -0.19 2.1.2 -12.10 0.04 --3.29 

0.62 0.67 0.51 0.81 0.67 0.23 1.82 1.73 1.64 6.20 4.12 0.19 4.75 

Loads am expresbed in kWh per lineal foot of foundahon penmeter 
Negative number5 iiidicate decreased loads resulting from Insulahon 
Posihve numbers inkcate mrreahed 1oad.j r e d h n g  from insu~ahon 
Total Load rrfcr5 to the cooling season load for a Xi by 28 foot one-story house with .a basement 
Load/Lin Ft refers to the total house load divided by the foundahon penmeter (lh fecct) 

Table 5-15: Cooling Season Energy Use for Fully-Conditioned Shallow Basements 

Cases 
Total House 
Load/Lin Ft 

Rllag RObg 
R19ag RObg 
Rllag R5bg ext 
R19ag R5bg ext 
Rllag KlObg ext 
R19ag Rl0bg ext 
Rl9ag R15bg ext 
1tl9ag IC?Obg ext 
Rllag RlObg int 
R19ag RlObg int  
RO wood 
R11 wood 
R19 wood 

BIS MPLS CHI DEN BOS SEA KC WASH ATL FTW PHNX LA MIA 

1.501 1667 1958 1554 1553 989 3374 2905 3167 5245 1.0271 479 9654 
9.04 10.04 11.80 9.36 9.36 5.96 20.33 17.50 19.08 31.60 61.87 5.90 58.16 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (j.00 0.00 
lllll__ ___ __I_ _l_lll_l____-_li_ 

--0.05 --0.08 -0.34 --0.07 -0.04 -0.01 ---0.4.2 .--0.17 ---0.41 -0.50 --0.89 0.00 -0.48 
0.07 0.01 -0.19 0.10 0.13 0.07 -0.66 -0.10 -0.15 1.23 --3.23 -0.02 ---0.35 
0.02 0.04 -0.27 0.02 0.06 0.05 -0.92 -0.30 --0.33 0.64 -4.18 -0.03 -0.81 
0.12 0.03 ---0.17 0.12 0.12 0.08 --.0.72 -0.14 --0.17 1.56 -3.83 -0.02 -0.40 
0.04 -0.02 -0.27 0.05 0.0.5 0.07 -0.95 -0.30 -0.36 0.93 --4.83 --0.U3 ---0.90 
0.07 -0.02 -0.25 0.01 0.07 0.07 -0.95 -0.30 ---0.34 1.08 --5.10 --0.02 -0.91 
0.06 0.08 .--0.25 0.01 0.07 0.07 ---0.99 .--0.30 -0.33 1.16 --5.25 -0.02 -0.93 
0.14 0.15 -0.07 0.12 0.17 0.09 -0.62 -0.02 -0.06 1.62 --3.56 -0.01 --0.35 
0.08 0.03 -0.19 0.04 0.10 0.07 -0.84 -0.21 --0.26 1.02 -4.58 ---0.01 -0.79 
0.27 0.30 0.22 0.37 0.32 0.11 1.04 1.02 1.10 3.63 1.99 0.10 2.19 
0.13 0.13 -0.03 0.20 0.21 0.10 -0.53 0.12 0.14 1.82 -3.70 0.07 -0.14 
0.11 0.08 -0.11 0.06 0.17 0.10 -0.80 -0.14 -0.15 1.47 --4.94 -0.01 -0.64 

Energy use is expressed in kWh per lineal foot of foundation perimeter. 
Negative numbers indicate decreased energy use resulting from msulation. 
Positive numbers indicdte increased t:nergy use resdting from iusdation. 
Total Energy Use refers to the cooling wa5on energy use for a 55 by 28 foot one-story house with d basement. 
Energy UseLin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assumptians: The cooling system SEER -: 9.2 and the= are 10% duct losses. 

105 



CRAWL SPACES 

Table 5-16: Heating Season Loads for Crawl Spaces 

BlS MPLS CHI DEN BO5 SEA KC WASH ATL FTW PHNX LA MIA 

78 58 46 58 50 40 54 33 30 11 13 2 

0.47 0.35 0.27 0.35 0.30 0.24 0.32 0.20 0.18 0.07 0.08 0.01 

.. .. .. .. . Unvented Cases 

Total Load 

LoadiLin Ft 

. .. . . ... 

__ .. . . . ._. ..._ ._...__... . ._. _. . . . . 

2'RO unvented 
2'R5 extiver 
2'RlO extiver 
2'R5 intiver 
2'RlO intiver 
2'RO wood 
2'Rll wood 
2'R19 wood 
2'waIW'flr K5 
2'walU4'flr R5 
2'waIllP'flr Rl0 
2'wa11/4'flr R10 
4'RO unvented 
4'R5 extiver 
4'K10 extiver 
4'R15 extiver 
4'R20 extiver 
4'RO wood 
4'Rll wood 
4'R19 wood 
4'walU4'flr R5 
4'wa11/4'flr R10 

0.00 0.00 0.00 
-0.05 ---0.04 -0.03 
-0.06 ~--0.05 ---0.04 
-0.05 -0.04 -0.04 
-0.06 - -  0.05 -0.04 
-0.04 -0.04 -0.03 
-0.07 -0.06 ---0.04 
-0.07 --0.06 -0.05 
-0.07 -0.06 -0.05 
-0.08 -0.07 --0.05 
-0.08 --0.07 -0.05 
-0.09 ---0.08 -0.05 

0.00 0.00 0.00 
-0.07 --0.06 -0.04 
-0.08 -0.07 -0.05 
--0.08 -0.08 --0.06 
-0.09 ---0.08 -0.06 
-0.05 -0.05 -0.04 
-0.08 -0.07 --~0.06 
-0.09 -0.08 -0.06 
-0.08 ---0.07 -0.05 
-0.09 -0.08 -0.05 

0.00 
- -  0.03 
-0.04 
-0.03 
- 0.04 
- 0.03 
-- 0.04 
- 0.05 
- 0.04 
- -  0.05 
- 0.05 
--0.06 

0.00 
-0.04 
-0.05 
-- 0.05 
- 0.06 
-0.03 
--0.05 
-0.06 
- 0.05 
-- 0.06 

0.00 
- 0.03 
--- 0.04 
- 0.03 
- 0.04 
- 0.03 
--0.04 
-0.05 
-0.05 
-0.05 
-0.05 
-0.06 

0.00 
-0.04 
-0.05 
- 0.06 

0.06 
- 0.03 
- 0.06 
--. 0.06 
-0.05 
-0.06 

0.00 
- 0.03 
- 0.04 

~ 0.03 
-0.04 
- 0.03 
-0.04 
-0.05 
-0.05 
-0.05 
- 0.05 
-0.C6 

0.00 
- 0.04 
- 0.05 
- 0.06 
- 0.06 
- 0.03 
--0.06 
- 0.06 
-0.05 
- 0.06 

0.00 0.00 0.00 
-0.03 --~0.03 -0.02 
-0.03 -0.03 -0.02 
-0.03 -0.03 -0.02 
-0.03 -0.03 -0.02 
-0.02 -0.02 -0.02 
--0.03 -0.03 -0.02 
-0.04 -0.04 -0.03 
-0.03 --0.03 -0.02 
-0.04 -0.04 -0.03 
-0.04 -0.04 -0.03 
-0.04 .- 0.04 -0.03 

0.00 0.00 0.00 
--0.03 -0.03 -0.02 
-0.M ---0.04 -0.03 
-0.04 -0.04 -0.03 
---0.04 -0.04 -0.03 
-0.03 -0.03 -0.02 
-0.04 -0.04 -0.03 
--0.04 -0.04 -0.03 
-0.04 -0.04 ---0.03 
-0.04 -0.04 ---0.03 

0.00 
--0.02 
- 0.03 
- 0.02 
- 0.03 
- -  0.02 
-0.03 
-0.03 
-0.03 
-0.03 
-0.03 
--0.03 

0.00 
- 0.03 
- -  0.03 
- -  0.04 
- 0.04 
- 0.02 
.- 0.04 
- 0.04 
- 0.03 
-0.03 

0.00 0.00 0.00 
-0.01 0.00 0.00 
--0.01 -0.01 0.00 
-0.01 0.00 0.00 
-0.01 -0.01 0.00 
-0.01 0.00 0.00 
- 0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -- 0.01 0.00 

0.00 0.00 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 
--0.01 -0.01 0.00 
-0.01 -0.01 0.00 
-0.01 -0.01 0.00 

-. . . . . . . ..-.I 
Vented Cases 

Load/% Ft 0.05 0.04 0.05 0.04 0.03 0.04 0.03 0.02 0.01 0.01 0.00 
Total Load . . .. .. . -*o,:i 76 60 76 65 51 66 42 36 14 19 3 

RO vented 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
R11 ceiling vent -0.02 -0.02 0.02 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 0.01 0.00 0.00 0.00 
R19ceilingvent -0.03 -0.03 -0.02 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 0.00 -0.01 0.00 
R30ceilingvent -0.03 -0.03 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.01 0.00 -0.01 0.00 

Loads are expressed in MBtu Fer lineal foot of foundation peiimeter for unvented cases 
Loads are expressed in MBtu per square foot of crawl space ceiling area for vented cases. 
Negative numbers indicate decreased loads resulting from insulation. 
Total Load refers to the heating season load for a 55 by 28 foot one-story house with a crawl space. 
Loadkin Ft refers to the total house load divided by the foundation perimeter (166 feet). 
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Table 5-17 Heating Season Energy Use for Crawl Spaces 

Unvented Cases 

Total Energy Use 
Enerw Usekin Ft 

2’RO unvented 
2’R5 ext/ver 
2’KlO ext/ver 
2‘R5 intiver 
2’RlO inb‘ver 
2’RO wood 
2‘Rll wood 
2‘1R19 wood 
2‘wa11/2’flr R5 
2’walV4’flr R5 
2’wa11/2’flr RZO 
2’wa11/4‘flr R10 
4’RO unvented 
4’R5 extiver 
4’RlO extiver 
4‘R15 extlver 
4‘UO extlver 
4‘RO wood 
4‘Rll wood 
4’RlY wood 
4’walli4’flr R5 
4’wa11/4’flr R10 

Vented Cases 

Total Energy Use 
Energy UseiSq Ft 

RO vented 
R11 ceiling vent 
R1Y ceiling vent 
R30 ceilinr vent 

-0.08 
-0.10 
-- 0.07 
-0.11 
-0.11 
-0.11 
-0.12 
-0.13 
-0.14 

0.00 
-0.11 
-0.13 
-0.14 
-0.14 
-0.08 
- 0.14 
- 0.15 
- 0.12 
- 0.14 

-0.07 -0.07 
-0.09 -0.07 
-0.06 -0.06 
-0.10 -0.07 
-0.10 -0.08 
-0.10 -0.08 
-0.11 -0.08 
-0.11 -0.09 
-0.12 -0.09 

0.00 0.00 
-0.10 -0.07 
-0.11 -0.09 
--0.12 -0.10 
-0.13 -0.09 
-0.08 -0.07 
-0.12 -0.09 
-0.13 -0,lO 
-0.11 -0.09 
-0.12 -0.09 

-0.05 
-0.06 
-0.05 
-0.07 
- 0.07 
- 0.07 
- 0.08 
- 0.08 
-- 0.09 

0.00 
-0.07 
--. 0.08 
- 0.09 
- 0.09 
- 0.06 
- 0.09 
- 0.09 
- 0.08 
-0.09 

- 0.05 
-0.07 
- 0.05 
- 0.07 
- 0.08 
.- 0.07 
- 0.08 
- 0.08 
-0.09 

0.00 
-0.07 
--0.09 
-0.09 
-0.10 
-0.06 
-0.09 
-0.10 
-0.08 
-0.09 

BIS MPLS CHI DEN 80s SEA KC WASH ATL FTW PHNX LA MIA 

147 127 94 74 95 81 65 88 55 49 18 21 3 
0.89 0.77 0.57 0.45 0.57 0.49 0.39 0.53 0.33 0.29 0.11 0.12 0.02 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.08 -0.07 -0.06 -0.05 -0.05 -0.05 -0.04 -0.04 -0.03 -0.04 -0.01 -0.01 0.00 
-0.10 -0.09 -0.07 -0.06 -0.06 -0.06 -0.05 -0.05 --0.04 -0.04 -0.01 -0.01 0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.05 -0.05 -0.04 -0.03 -0.03 -0.01 
-0.06 -0.05 -0.05 -0.04 -0.04 -0.01 
-0.05 -0.04 -0.04 -0.03 -0.03 -0.01 
-0.07 -0.05 -0.05 -0.04 -0.05 -0.01 
-0.08 -0.06 -0.06 -0.04 -005 -0.01 
-0.08 -0.06 -0.06 -0.04 -0.05 -0.01 
-0.08 -0.07 -0.06 -0.04 -0.05 -0.01 
-0.09 -0.06 -0.06 -0.04 -0.05 -0.01 
-0.10 -0.07 -0.07 -0.05 -0.05 -0.01 

0.00 0.00 0.00 0.00 0.00 0.00 
-0.07 -0.06 -0.06 -0.04 -0.05 -0.01 
-0.08 -0.06 -0.07 -0.05 -0.05 -0.01 
-0.09 -0.07 -0.07 -0.05 -0.06 -0.02 
-0.10 -0.07 -0.07 -0.05 -0.06 -0.02 
-0.06 -0.04 -0.04 -0.03 -0.04 -0.01 
-0.09 -0.07 -0.07 -0.05 -0.06 -0.02 
-0.10 -0.07 -0.07 -0.05 -0.06 -0.02 
-0.08 -0.06 -0.06 -0.04 -0.05 -0.01 
-0.10 -0.07 -0.07 -0 05 -0.05 -0.01 

-0.01 
-0.01 
--0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
- 0.01 

0.00 
-0.01 
-0.01 
- 0.01 
-0.01 
-0.01 
.-- 0.01 
-0.01 
- 0.01 
-0.01 

188 162 124 97 124 106 83 108 69 58 23 32 4 
0.12 0.11 0.08 0.06 0.08 0.07 0.05 0.07 0.04 0.04 0.01 0.02 0.00 

0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.04 -0.04 -0.03 -0.02 -0.03 -0.03 -0.02 -0.02 -001 -0.01 -0.01 -0.01 0.00 
-0.05 -0.04 -0.03 -0.03 -0.03 -0.03 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 0.00 
-0.05 -0.05 -0.04 -0.03 -0.04 -0.03 -0.03 -0.03 -0.02 --0.02 -0.01 -0.01 0.00 

Eriergy use IS expressed in MBtu per h e a l  foot of foundation penmeter for unvented cases 
Energy use I$ exprebsed in MBtu per square foot of crawl space ceiling area for vented cases 
Negative numbers indicate decreased energy use resulhng from insulahon 
Total Energy Use refers to the heahng season energy use for a 5.5 by 28 foot one-story house w t h  a crawl space 
Energy UseiLn Ft refers to the total house energy use dvided by the foundation penmeter (166 feet) 
Assumphvns The total heahng bystem efficiency IS 688 and there are no duct losses 

107 



Table 5-18: Coding Season Loads for Crawl Spaces 

1Jnvented Caws 

’Total Load 
LoadiJLin Ft 

~ 

2’KO unvented 
2775 cxtiver 
2’RJ.O extiver 
Z’R.5 intiver 
2’R 10 intiver 
2‘KO wood 
2‘RJl wood 
2‘R19 wood 
2’wa1112‘flr R5 
2’wa1114’flr K5 
2’waW’fk R10 
2‘walli4’flr RIO 
4’RO unvented 
4’R5 extiver 
4’R10 exliver 
4’R15 extiver 
4’W-0 extiver 
4’KO wood 
4 ‘ R l l  wood 
4‘R19 wood 
4 ’ ~ a l l i 4  ’ flr R5 
4’wallil’flr R10 

Vented Cases 

Total Load 
LoadiSq Ft 

R O  vented 
till ceiling vent 
R19 ceiling vent 
R30 ceiling vent 

___ 

BZS MPLS CI-I1 DEN BQS SEA KC WA4.SH A T L  FTW PHNX LA MIA 

598 745 1155 754 806 191 3000 2938 3540 6217 12293 463 12566 
3.60 4.49 6.96 4.54 4.86 1.15 18.07 17.70 21.32 37.45 74.06 2.79 75.70 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

...... . .. . . . .. . .. .. . - ._.... . . ... ... . . . 

~ 
.. . . . . . . . .. . . . . . . . . . . ._......._..I_̂ 

0.37 
0.42 
0.49 
0.58 
0.41 
0.65 
0.65 
1.02 
1.36 
1.15 
1.47 
0.00 
0.58 
0.71 
0.76 
0.79 
0.58 
0.95 
1.04 
1.36 
1.50 

0.28 0.39 0.34 0.34 0.11 -0.41 
0.30 0.44 0.39 0.37 0.14 0.49 

0.48 1.08 0.55 0.53 0.18 0.07 

0.67 0.64 0.60 0.57 0.19 0.05 

1.13 1.91 0.92 0.95 0.23 0.95 
1.59 1.64 1.20 1.24 0.30 0.64 
1.20 1.71 1.01 1.04 0.26 1.10 
1.55 1.47 1.27 1.31 0.32 1.38 
0.00 0.00 0.00 0.00 0.00 0.00 
0.51 0.62 0.51 0.49 0.18 -0.25 
0.58 0.78 0.65 0.62 0.19 -0.25 
0.64 1.02 0.71 0.64 0.21 -0.26 

0.46 1.62 0.44 0.44 0.12 -1.25 

0.35 1.36 0.37 0.37 0.11 -0.02 

0.57 0.92 0.62 0.62 0.18 -0.04 

0.69 0.55 0.74 0.67 0.23 0.25 
0.64 1.48 0.53 0.51 0.14 0.19 
1.02 0.99 0.87 0.87 0.25 0.37 
1.01 1.11 0.95 0.92 0.26 0.46 
1.59 2.16 1.20 1.24 0.30 1.75 
1.63 1.45 1.31 1.38 0.34 1.89 

0.12 0.25 1.13 -2.26 
0.11 0.28 1.36 -2.70 
0.35 0.44 1.43 -1.94 
0.42 0.64 1.80 --2.28 
0.30 0.41 1.25 -1.59 
0.53 0.69 2.01 -2.44 
0.51 0.76 2.19 -2.56 
1.25 1.29 2.90 -1.63 
1.78 1.77 3.67 -1.31 
1.38 1.59 3.36 --1.93 
2.00 2.17 4.22 -1.61 
0.00 0.00 0.00 0.00 
0.32 0.48 1.77 ---2.67 
0.44 0.69 2.28 -3.20 
0.44 0.76 2.49 -3.16 
0.49 0.81 2.67 ~-3.59 
0.55 0.67 1.77 -1.73 
0.97 1.10 2.97 -2.81 
1.04 1.31 3.36 --2.95 
1.78 1.77 3.67 ---1.31 
2.05 2.24 4.29 -1.57 

0.12 -0.02 
0.14 -0.07 
0.12 0.04 
0.19 0.14 
0.12 0.12 
0.16 0.30 
0.21 0.41 
0.21 0.71 
0.18 0.94 
0.32 0.92 
0.34 1.18 
0.00 0.00 
0.16 0.21 
0.16 0.12 
0.16 0.07 
0.18 0.12 
0.14 0.32 
0.19 0.42 
0.26 0.67 
0.18 0.94 
0.39 1.31 

. . . . . . . .. .. . . . . . . 
713 935 1323 935 944 226 3355 3132 3604 7339 13537 466 13358 

0.46 0.61 0.86 0.61 0.61 0.15 2.18 2.03 2.34 4.80 8.79 0.30 8.67 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.16 0.20 0.22 0.15 0.18 0.06 0.30 0.26 0.36 0.26 --~0.38 0.06 0.45 
0.18 0.26 0.23 0.18 0.21 0.06 0.28 0.31 0.42 0.28 -0.49 0.07 0.50 
0.20 0.28 0.30 0.19 0.22 0.07 0.38 0.34 0.46 0.31 -0.58 0.08 0.54 

. . . . . . . . . . . . . . . . . . . . . . . .. . . . .. .. . . . . . _. .. 

I 

Loads are expressed In kWh per lineal foot of foundation perimeier for unvented cases. 
Loads are expresed in kWh per square foot of crawl space ceiling area for vented cases. 
Negative numbcri indicate decreased loads resulting from insulation. 
Positive numbers indicate increased loads resulting from insulation. 
Total Load refcrs to the cooling season load for a 55 by 28 foot one-story house with a crawl space 
LoadLjn Ft refers to the total house load divided by the foundation perinieter (166 feet). 
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Table 5-19: Cooling Season Energy Use for Crawl Spaces 
Unvented Cases 

Total Energy Use 
Energy UseiLin Ft 

2’KO unvented 
2’RS extiver 
2’RlO extiver 
2‘R5 itither 
2’1il0 intiver 
2’RO wood 
2‘Rll wood 
2’RlY wood 
2 ’ wall/2 ’ flr 1 - 3  
2‘wa11/4‘flr It5 
2’wa11/2’flr R10 
2’wa11/4’flr RIO 
4‘RO unvented 
4‘1i5 extiver 
4’R10 extiver 
4’R15 extiver 
4‘1U0 ext/ver 
4’ 80 wood 
4’Rll wood 
4’RlY wood 
4’walli4’flr PG 
4’wa11/4’flr R10 

Vented Cases 

Total Fmergy Use 
Energy UseiSq Ft 

R O  vented 
R11 ceiling vent 
R19 ceiling vent 
K30 ceiling vent 

Brs MPLS CHI DEN BOS SEA KC WASH ATL FTW PHNX LA MIA 
l___l__.--.lll 

858 930 1203 981 964 576 2385 2159 24Y9 407Y 7764 658 7688 
5.17 5.60 7.25 5.91 5.81 3.47 14.37 13.01 15.05 24.57 46.77 3.96 4fJ.31 

0.00 0.00 0.00 0.00 0.00 0.00 0.m) 0.00 0.00 0.00 0.00 0.00 0 . ~ ~  
0.25 0.21 0.25 0.25 0.19 0.07 -0.17 0.08 0.14 0.66 -1.07 0.08 0.21 
0.28 0.20 0.27 0.29 0.22 0.08 --0.23 0.07 0.15 0.80 --1.30 0.08 0.09 
0.33 0.33 0.99 0.32 0.26 0.07 --0.80 0.20 0.23 0.8.1. -0.92 0.07 0.14 
0.39 0.34 0.66 0.40 0.32 0.11 0.02 0.25 0.39 1.06 -1.08 0.13 0.23 
0.28 0.25 0.82 0.27 (1.22 0.06 0.02 0.18 0.22 0.74 -0.7.5 0.07 0.36 
0.43 0.46 0.41 0.43 0.34 0.11 0.07 0.29 0.37 1.16 -1.15 0.08 0.31 
0.45 0.40 0.58 0.45 0.38 0.08 0.06 0.31 0.44 1.27 ---1.21 0.13 0.37 
0.67 0.75 1.14 0.63 0.59 0.13 0.54 0.70 0.55 1.63 -0.75 0.12 0.52 
0.88 1.05 1.01 0.77 0.73 0.17 0.32 1.01 0.89 2.07 -0.58 0.11 0.61 
0.79 0.86 1.08 0.72 0.66 0.14 0.71 0.87 0.87 1.96 --0.90 0.20 0,661 
1.00 1.08 0.92 0.87 0.84 0.17 0.81 1.23 1.20 2.47 -0.75 0.21 0.80 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.40 0.34 0.38 0.39 0.30 0.11 -0.08 0.19 0.24 1.05 -1.27 0.M 0.26 
0.47 0.41 0.46 0.47 0.38 0.09 --o.o6 0.27 0.40 1x5 -1.51 0.10 0.20 
0.51 0.46 0.64 0.51 0.39 0.10 -0.07 0.28 0.45 1.48 -1.6.1 0.11 0.17 
0.52 0.48 0.34 0.53 0.41 0.13 -0.117 0.30 0.48 1.57 -1.70 0.11 0.22 
0.40 0.45 0.92 0.39 0.30 0.08 0.14 0.30 0.38 1.01 -0.81 0.08 0.29 
0.63 0.70 0.60 0.60 0.54 0.13 0.24 0.55 0.57 1.67 -1.34 0.11 0.39 

0.88 1.05 1.30 0.77 0.73 0.17 0.98 1.02 0.8Y 2.07 -0.58 0.11 0.61 
1.02 1.12 0.91 0.90 0.88 0.19 1.17 1.26 1.25 2.52 -0.72 0.25 0.91 

l_____i-.-... __.___..__~I.__l_.-._. ~ 

0.71 0.70 0.70 0.68 0.59 0.14 0.37 0.M 0.73 1.97 -1.37 0.17 0.52 

__I__..- 

910 1019 1272 1071 1022 594 2549 2235 2500 4646 8315 655 8004 
0.59 0.66 0.83 0.70 0.66 0.39 1.66 1.45 1.62 3.02 5.40 0.43 5.20 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.OO 
I-__- ._.-_I 

0.10 0.14 0.14 0.10 0.12 0.03 0.19 0.16 0.21 0 . 1 8 - 0 . 1 5  0.04 0,31 
0.12 0.18 0.25 0.12 0.14 0.03 0.19 0.19 0.24 0.20 -0.20 0.04 0.36 
0.13 0.20 0.20 0.13 0.14 0.04 0.25 0.21 0.27 0.23 ---0.23 0.05 0.40 

Energy use is expressed in kWh per lineal foot of foundation perimeter for unvented cases. 
Energy use is expressed In kWh per square foot of crawl space ceiling area for vented cases. 
Negative numbers indicate decreased energy use resulting from insulation. 
Positive numbers indicate increawd energy use resulting kern insulation. 
Total Energy Use refers to the cooling season energy use for a 55 by 28 bot one-story house with a crawl space 
Energy Use/Lin Ft refers to the total house energy usii divided by the foundation perimeter (166 feet). 
Assumptions: The cooling system SEER = 9.2 and there are 10% duct losses. 
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E FOUNDATIQNS 

Table 5-20: Heating Season Loads for Slab-o Grade Foundations 

2 Ft Wall Cases 

Load/l.in Ft 

2’RO 
2‘R5 extlver 
2’RlO ext/ver 
2’R5 iniiver 
2’RlO iniiver‘ 
2‘RlO iniiver 
2’RlO inf/ver** 
2’R5 inthor 
2’RlO inthor 
2’R5 exthor 
4’R5 ext/hor 
2’RlO exthor 
4’RlO exthor 

4 Ft Wall Cases 
Total Load 
LoadflLin Ft 

4‘RO 
4’R5 ext/ver 
4’RlO ext/ver 
4’R15 ext/ver 
4’RZO extiver 
4’R5 intlver 
4’RlO int/ver 
4’R15 intlver 
4’R20 int/ver 
4’R5 intlhor 
4’RlO int/hor 

.._........ ~ 

BIS MPLS CHI DEN BOS SEA KC WASH ATL ETW PHNX LA MIA 

88 76 60 45 56 47 40 52 32 29 11 11 1 
0.53 0.46 0.36 0.27 0.34 0.28 0.24 0.31 0.19 0.17 0.06 0.07 0.01 

0.00 0.00 0.00 
-0.05 -0.05 -0.04 
-0.06 -0.05 -0.05 
-0.05 -0.04 -0.04 
-0.03 ---0.02 -0.02 
-0.06 -0.05 --0.04 
-0.06 -0.05 -0.04 
-0.05 -0.05 --0.04 
-0.06 --0.05 -0.04 
-0.06 -0.06 -0.05 
-0.07 -0.06 -0.05 
-0.07 ---0.06 -0.06 
-0.08 -0.07 -0.06 

0.00 
- 0.03 
- 0.04 
.- 0.03 
- 0.02 
- 0.04 
-0.M 
-- 0.03 
-0.04 
-0.04 
-0.04 
-0.05 
-0.05 

0.00 
-0.03 
- 0.04 
-0.03 
-0.02 
-0.04 
-0.04 
-0.03 
-0.04 
-0.04 
-0.04 
-0.05 
-0.05 

0.00 
-0.03 
-0.04 
-0.03 
-0.02 
-0.04 
-0.04 
-0.03 
- 0.04 
- 0.04 
- 0.04 
- 0.@4 
- 0.05 

0.00 
-0.03 
- 0.04 
-- 0.03 
-- 0.02 
- 0.03 
- 0.03 
-0.03 
.- 0.03 
- 0.04 
--0.04 
.- 0.04 
- 0.04 

0.00 0.00 
-0.02 -0.02 
-0.03 -0.02 
-0.02 -0.02 
--- 0.01 - 0.01 
-0.03 -0.02 
-0.03 -0.02 
-0.02 --0.02 
--0.03 -0.02 
-0.03 -0.02 
-0.03 - -  0.02 
--0.04 -0.02 
-0.04 -0.03 

0.00 
-0.02 
-0.02 
--0.02 
-0.01 
-0.02 
-0.02 
--0.02 
-0.02 
-0.03 
---0.03 
-0.03 
-0.03 

0.00 
- 0.01 
- 0.01 
- 0.01 

0.00 
- 0.01 
- 0.01 
- 0.01 
- 0.01 
- 0.01 
- 0.01 
-0.01 
- 0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

88 76 60 45 
0.53 0.46 0.36 0.27 

0.00 0.00 0.00 0.00 
-0.06 -0.06 -0.05 -0.04 
-0.08 -0.07 -0.06 -0.05 
-0.08 -0.07 -0.06 -0.05 
-0.09 --0.08 -0.07 -0.06 
-0.06 -0.06 -0.05 -0.04 
-0.07 -0.07 -0.06 -0.05 
-0.08 ---0.07 -0.06 -0.05 
-0.08 ---0.07 --0.06 -0.05 
-0.07 -0.06 -0.05 -0.04 
-0.08 -0.07 -0.06 --0.05 

56 
0.34 

0.00 
-0.04 
-0.05 
-0.06 
---0.06 
-0.04 
-0.05 
-0.05 
-0.06 
-0.05 
---0.05 

47 
0.28 

40 52 32 
0.24 0.31 0.19 

29 
0.17 

0.00 
- 0.04 
-0.05 
-0.05 
-0.06 
-0.04 
-0.05 
-0.05 
-0.05 
-0.04 
-0.05 

0.00 0.00 0.00 
-0.04 -0.03 -0.02 
-0.05 -0.04 -0.03 

0.05 -0.04 -0.03 
-0.05 0.04 -0.03 

-0.04 -0.03 -0.02 
-0.04 -0.04 0.02 

0.05 0.04 -0.03 
-0.05 -0.04 -0.03 
-0.04 -0.03 -0.02 

0.05 -0.04 -0.02 

0.00 
-0.03 
-0.03 
--0.03 
-0.03 
-0.02 
---0.03 
-0.03 
-0.03 
-0.03 
--0.03 

11 
Q.06 

0.00 
-- 0.01 
- 0.01 
- 0.01 
- 0.01 
-- 0.01 
- 0.01 
- 0.01 
- 0.01 
- 0.01 
- 0.01 

11 
0.07 

1 
0.01 

0.00 
0.00 

--~0.01 
-0.01 
-0.01 

0.00 
-0.01 
-0.01 
--0.01 
- - -  0.01 
- 0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Loads are expressed in MBtu per lineal foot of foundation perimeter. 
Negative numbers indicate decreased loads resulting from insulation. 
Total Load refers to the heating sea~on load for a 55 by 28 foot one-story house with a slab-on-grade foundation. 
Loadkin I? refers to the total. house load divided by the foundation perimeter (166 feet). 
All cases with interior vertical or horizontal insulation are modeled with R-5 insulation placed between the slab edge and the foundation wall except as 

* No insiilation is placed between the slab edge and the foundation wall. 
*‘R-10 insulation is placed between the slab edge and the foundation .wall. 

noted. 
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Table 5-21: Heating Season Energy Use for Slab-on-Grade Foundations 

2 Ft Wall Cases 
Total Energy Use 
Energy UseiLin Ft 

2 x 0  
2’1-5 extiver 
2’RlO extiver 
2’R5 intiver 
2’1-30 inVver* 
2’RlO intiver 
2’RlO int/ver** 
Z’K5 inthor 
2’KlO inVhor 
2‘R5 extihor 
4’R5 exfhor 
2’RlO exthor 
4‘RlO extihor 

4 Ft Wall Cases 

Total Energy Use 
Energy UseiLin Ft 

4‘RO 
4’R5 extiver 
-2’RlO extiver 
4‘R15 extiver 
4’KZO extiver 
4’U5 intiver 
4‘RlO intiver 
4’R15 intiver 
4’R20 intiver 
4‘R5 intihor 
4’KlO intlhor 

BIS MYLS CHI DEN 8 0 s  SEA KC WASH ATL FTW PHNX LA MIA 

144 124 97 73 92 76 66 84 52 47 17 18 2 
0.87 0.75 0.59 0.44 0.56 0.46 0.40 0.51 0.31 0.28 0.10 0.11 0.01 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-0.08 -0.07 -0.06 -0.05 -0.06 -0.U5 -0.05 -0.04 -0.03 -0.03 -0.’01 -0.01 0.00 
-0.10 -0.09 -0.08 -0.06 -0.07 -0.06 -0.06 -0.05 -0.03 -0.04 -0.01 -0.01 0.00 
-0.08 -0.07 -0.06 -0.05 -0.05 -0.05 -0.05 -0.04 -0.03 -0.03 -0.01 ---0.01 0.00 
--0.04 --0.04 -0.03 --0.03 ---0.03 -0.03 ---0.03 --0.02 ---0.02 -0.02 -0.111 0.00 0.00 
-0.09 -0.08 -0.07 -0.06 -0.06 -0.06 -0.05 -0.04 -0.03 -0.04 -0.01 -0.01 0.00 
-0.10 -0.09 -0.07 -0.06 -0.06 -0.06 -0.06 -0.05 -0.03 -0.04 -0.01 -0.01 0.00 
--0.08 -0.08 -0.06 --0.06 -0.06 -0.05 -0.05 -0.04 --0.03 -0.03 -0.01 -0.01 0.00 
-0.10 -0.09 -0.07 -0.06 -0.06 -0.06 -0.06 -0.05 -0.03 -0.04 -0.103 -0.01 0.00 
-0.10 -0.09 -0.08 -0.07 -0.07 -0.06 -0.06 -0.05 -0.04 -0.04 -0.02 -0.01 0.00 
-0.11 --0.10 -0.09 -0.07 -0.07 -0.06 --0.07 ---0.06 --0.04 ---0.05 -0.02 -0.01 0.00 
-0.11 -0.10 -0.09 -0.08 -0.08 -0.07 -0.07 -0.06 -0.04 -0.05 -0.02 --0.01 0.00 
-0.12 -0.11 -0.10 -0.08 -0.08 -0.08 -0.07 -0.06 -0.04 -0.05 --0.02 -0.01 0.00 

144 124 97 73 Y2 76 66 84 52 47 17 18 2 
0.87 0.75 0.59 0.44 0.55 0.46 0.40 0.51 0.31 0.28 0.10 0.11 0.01 
0.00 0.00 

-0.10 -0.09 
-0.13 -0.11 
-0.14 -0.12 
-0.14 ---0.13 
-0.11) -0.09 
-0.12 -0.11 
-0.13 -- 0.12 
-0.14 -0.12 
-0.11 -0.10 
---0.13 -0.11 

0.00 
-0.08 
-0.10 
- 0.11 
--- 0.11 
-0.08 
-0.09 
-- 0.10 
-0.10 
-0.08 
- 0.10 

0.00 0.00 0.00 0.00 0.00 0.00 
--0.07 -0.07 -0.07 -0.06 -0.05 --0.04 
-0.08 -0.08 -0.08 -0.07 -0.06 -0.04 
-0.09 -0.09 -0.09 -0.08 -0.07 -0.05 
-0.09 -0.10 -0.09 ---0.08 -- 0.07 -- 0.05 
-0.07 -0.07 -0.07 -0.06 -0.05 -0.03 
-0.08 -0.08 -0.08 -0.07 -0.06 -0.04 
-0.08 -0.09 -0.08 -0.08 -0.06 -0.04 
-0.09 -0.09 -0.09 -0.08 -0.07 -0.04 
-0.07 -0.07 -0.07 -0.06 -0.05 -0.03 
-0.08 -0.09 -0.08 -0.08 -0.06 -0.04 

0.00 0.00 
-0.04 -0.01 
-0.05 -0.I)l 
-0.05 -0.802 
--0.06 -0.02 
-0.04 -0.01 
-0.05 -0.01 
-0.05 ~--0.111 
-0.05 -0.111 
-0.04 -0.01 
-0.05 -0.01 

0.00 
-0.01 
-0.01 
-- 0.01 
-0.01 
- 0.01 
---0.01 
-0.01 
-0.01 
- 0.01 
-- 0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 - 

Energy use is expressed in MBlu per h e a l  foot of foundation perimeter. 
Negative numbers iridicate decreased energy use resulting from insulation. 
‘Total Energy Use refers to the heating Ljeason energy use for a .% by 28 foot one-story house with a slab-on-grade foundation. 
Energy Use/Lin Ft refers to the total house energy use divided by the foundation perimeter (166 feet). 
Assumptions: The total healing system efficiency is 68% and there are no duct losses. 
All cases with interior vertical or horizontal insulation are modeled with K-5 insulation placed between the slab edge and the foundahon wall except as 

* No insulation is placed between the slab edge and the foundation waU. 
**R-lU insulation is placed between the slab edge and the foundation wall. 

noted. 
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Table 5-22: Cooling Season Loads for Slab-on-Grade Foundations p 
LoadiLin Ft 

2‘110 
2’R5 extiver 
2’RlO extiver 
2’K5 intiver 
2’RlO intiver“ 
2’RIO intiver 
2‘RIO int/vcr** 
2’R5 intilior 
2’RlO intihor 
2’KS extihor 
4’RS extihor 
2‘RJO exthior 
4’RlO extihor 

4 Ft Wall Case 

Total Load 
LoadiLin Ft 

4’R0 
4’R5 extiver 
4’RiO extiver 
4 W 5  extiver 
4’R20 extiver 
4’R5 intiver 
4’1110 intiver 
4’1-35 inl/ver 
4’R20 intiver 
4‘R5 intihor 
4’RIO intihor 

......... ~ 

~ 

~ 

BIS MPLS CHI DEN BBS SEA KC WASH ATL F f W  PHNX L A  MIA 

795 1047 1167 971 1050 220 3642 3381 4065 6701 12566 587 13381 
4.79 6.31 7.03 5.85 6.32 1.32 21.94 20.37 24.49 40.37 75.70 3.53 80.61 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.37 0.3.5 0.32 0.44 0.41 0.18 -0.44 0.16 0.37 1.24 -1.96 0.18 0.25 
0.44 0.41 0.39 0.51 0.49 0.23 --0.51 0.18 0.42 1.45 -2.33 0.19 0.37 
0.46 0.48 0.49 0.53 0.53 0.19 --0.05 0.34 0.51 1.41 --1.63 0.19 0.34 
0.25 0.28 0.30 0.28 0.32 0.11 -0.04 0.23 0.34 0.81 --0.88 0.11 0.2.5 
0.57 0.58 0.60 0.62 0.62 0.2.5 0.00 0.44 0.62 1.66 -1.81 0.23 0.41 
0.60 0.62 0.64 0.65 0.65 0.23 0.02 0.48 0.65 1.75 -1.93 0.23 0.49 
0.64 0.69 0.69 0.65 0.69 0.23 0.41 0.65 0.76 1.68 -- 1.34 0.23 0.49 
0.76 0.83 0.85 0.76 0.79 0.25 0.57 0.83 0.90 2.00 -1.47 0.26 0.58 

-0.55 --0.78 -0.90 --0.37 -0.19 0.12 --2.72 -1.10 -1.25 --0.72 -4.65 0.07 --0.69 
-0.41 --~0.62 -0.67 -0.25 --0.09 0.16 -2.51 --0.91 -1.02 -0.28 -4.52 0.09 -0.55 
-0.12 ---0.19 -0.41 0.05 0.18 0.21 -2.12 -0.71 -0.88 0.23 --4.26 0.07 -0.07 

0.07 0.00 ---Q.18 0.19 0.35 0.25 -1.80 -0.46 --0.51 0.87 -4.17 0.11 0.12 

. .. . . . ... . . . . . . . . .. . 

. . . . . . . .. . . . . .. . . ... 

. .. . . . . . .- . . . . . . . . . . _. . . . . . . . . . . . . . . . . . . . . . . . . . . 

798 1050 
4.81 6.32 

0.00 0.00 
0.51 0.51 
0.65 0.65 
0.72 0.74 
0.76 0.79 
0.04 0.67 
0.79 0.83 
0.87 1.01 
0.94 1.10 
0.95 1.17 
1.18 1.47 

................... ___ 

1170 
7.05 

0.00 
0.48 
0.62 
0.69 
0.72 
0.69 
0.87 
0.90 
0.99 
1.13 
1.40 

-. . . . . . . . . . . . 

____I 

974 
5.87 

0.00 
0.58 
0.72 
0.79 
0.83 
0.69 
0.83 
0.90 
0.97 
0.99 
1.20 

1053 220 
6.34 1.32 

0.00 0.00 
0.57 0.25 
0.71 0.30 
0.76 0.35 
0.81 0.35 
0.69 0.25 
0.85 0.30 
0.90 0.35 
1.02 0.37 
1.10 0.32 
1.34 0.39 

- ... . . ... . . . . . . 
3648 

21.98 
3384 

20.39 
4067 

24.50 
6707 12572 

40.40 75.73 
589 13381 

3.55 80.61 

0.00 
-0.39 
-0.46 
--0.48 
-0.49 

0.04 
0.12 
0.23 
0.32 
1.10 
1.68 

0.00 
0.28 
0.39 
0.42 
0.44 
0.49 
0.69 
0.78 
0.85 
1.17 
1.45 

0.00 
0.51 
0.65 
0.72 
0.78 
0.69 
0.88 
0.97 
1.06 
1.20 
1.57 

0.00 0.00 
1.68 - -  2.37 
2 10 -2.90 
2.35 -3.14 
2.47 --3.30 
1.89 -2.05 
2.31 -2.37 
2.63 --2.51 
2.81 - 2.56 
2.54 -1.45 
3.30 -1.43 

0.00 0.00 
0.16 0.42 
0.21 0.48 
0.23 0.58 
0.25 0.64 
0.19 0.51 
0.23 0.62 
0.25 0.72 
0.25 0.78 
0.34 0.74 
0.46 1.22 

Loads are expressed in kWh per lineal foot of foundation Ferirneter. 
Negative nunibrrs indicate decreased loads resulting from insulation. 
Positive nuinhers indicate increased loads resulting from insulation. 
Total Load refers to the cooling season load for a 55 by 28 foot one-story house with a slab-on-grade foundation. 
ILoadilin Ft refers to the total house load divided by the foundation perimeter (166 feet). 
All cases with interior vcrtical or horizontal insulation are modpled with R-5 insulation placed between the slab edge and the foundation wall except as 

’ No insulation is placed between the slab edge and the foundation wall. 
“R-10 insulation is placed between the slab edge and the foundation wall. 

noted. 



Table 5-23: Cooling Season Energy Use for Slab-on-Grade Foundations 

2 Ft Wall Cases 
Total Energy Use 
Enertry Use/Lin Ft 

2'RO 
2'K5 extlver 
2'R10 extlver 
2'1C5 intiver 
2'RlO inliver* 
2'1110 intlvcr 
2'81 0 intiver** 
2 'Kj  intihor 
TRIO intlhur 
2'U.S extlhor 
4'R5 extihor 
2'HO extihor 
4'RZO extihor 

4 E't Wall Cases 

Total Energy Use 
Energy UseiLm Ft 

4 ' It0 
4'R5 extlver 
4'RW extlver 
4'K15 cxtivrr 
4'RZO extlver 
4'R5 rntiver 
4'RlU mtiver 
49715 intiver 
4'R20 intiver 
4'115 1ntIhor 
4'111 0 inthor 

BIS MPLS CHI DEN BOS SEA KC WASH ATL FTW PHNX LA MIA 

999 11.52 1242 1143 1129 601 2790 2450 2831 4414 7027 754 8256 
6.02 6.94 7.48 6.89 6.80 3.62 16.81 14.76 17.05 26.59 47.75 4.54 49.73 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01) 
0.25 0.25 0.21 0.31 0.27 0.08 --.0.20 (1.0Y 0.23 0.74 ---0.87 0.09 0.23 
0.28 0.28 0.26 0.37 0.33 0.13 -0.25 0.12 0.23 0.87 -1.05 0.11 0.35 
0.30 0.32 0.32 0.36 0.35 0.09 0.02 0.20 0.30 0.87 -0.72 0.10 0.28 
0.17 0.19 0.19 0.18 0.22 0.06 -0.01 0.13 0.19 0.51 .--0.40 0.05 0.22 
0.36 0.39 0.38 0.41 0.40 0.13 0.05 0.25 0.37 0.98 -0.81 0.13 0.31 
0.37 0.40 0.40 0.42 0.42 0.12 0.06 0.29 0.39 1.03 -0.86 0.13 0.40 
0.39 0.45 0.41 0.44 0.43 0.13 0.26 0.40 0.47 0.99 -0.58 0.13 0.35 
0.47 0.52 0.52 0.50 0.49 0.13 0.37 0.50 0.54 1.15 -0.64 0.14 0.43 

-0.35 -0.55 ---(I.hO -0.24 -0.08 0.05 .--1.54 -0.61 -0.06 -0.35 -2.16 0.05 0.(?0 
---U.26 -0.45 -0.44 -0.16 0.00 0.07 -1.39 -0.52 -0.52 -0.09 -2.07 0.06 0.M 
-0.16 -0.24 -0.32 0.01 0.11 0.10 -1.25 -0.45 ---0.57 0.08 -1.93 0.04 0.39 

___. 

_- ---I.___.- 

0.00 . - -0 . l l  ---0.14 0.09 0.23 0.12 --0.99 -0.31 -0.36 0.45 -1 

1000 1154 1244 1143 1130 601 2792 2450 2833 4418 7l42Y 755 8256 
6.02 6.95 7.49 6.89 6.81 3.62 16.82 14.76 17.07 26.b1 47 77 4 55 4Y 73 

0.00 0.00 0.00 0.00 0.00 
0.33 0.34 0.31 0.40 0.38 
0.40 0.41 0 40 0.50 0 45 
0.45 048 0.45 0.54 0 49 
0.49 0.51 0.48 0.55 0 52 
0.40 0.40 0 42 0.46 0.44 
0.51 0.52 0.55 0.55 0.53 
0.54 0.66 0.59 0.61 0.57 
0.60 0.73 0.66 0.64 0.66 
0.60 0.77 0.72 0.66 0.71 
0.74 0.98 0.90 0.78 0.86 

0.00 0.00 
0.13 -0.15 
0.15 -0.20 
0.19 --0.20 
0.20 - -  0.20 
0.14 0.10 
0.15 0.15 
0.19 0.25 
0.20 0.31 
0.18 0.72 
0.21 1.06 

0.00 
0,13 
O.?h 
0 27 
0.28 
0.32 
0.42 
(1.47 
0.51 
0.70 
0.86 

0.00 
0.29 
0.39 
0.43 
0.46 
0.39 
0.52 
0.57 
0.63 
0.73 
0.93 

0 OD 000 
0.99 -1 05 
1.24 -1 31 
1.41 -1 40 
1 4 8  - 1 4 7  
I 1 1  0Yl 
1 3 4  -10.1. 
1.56 -1 11 
1.67 1 13 
1 4 7  - 0 6 6  
1 9 6  -062  

0.00 0.00 
0.08 0.40 
0.11 0.46 
0.12 0.55 
0.13 0.61 
0.10 0.45 
0.13 0.51 
0.12 0.58 
0.13 0.63 
0.20 0.48 
0.31 0.78 

Energy use is exprecsed in kWh per lineal foot of foundation penmeter 
Negative numbers indicdtr decreased energ] iibe resulhng from insulation 
Positive numbers indicate increased energy use resultmg from imiilatmn 
Total Energy Use refers to the cooling season energy ii>e for d 55 by 28 foot one-story house with a slab on g r d e  foundation 
Energy UseiLin i t  retrts tu the total house energy u5e dmded by the foundation penmetrr (166 teet) 
Assuniphon3 1 he cooling bystem SFER = 9 2 and there are 10% dut t losse$ 
All caw5 rnth uitenor vertical or honzontal msulahon are modeled mtli R-5 insuldhon placed between the slab edge and the founddh ,ti wall except a5 

* No msidahon 15 placed between the slab edge and the foundation wall 
"R-111 msdahon is placed between the slab edge and the foundation wall 

noted 
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Annual Ener avings Resulting fr m Insulation 

In the previous section, heating and cooling 
season energy use savings are presented separately 
for each of the eighty-eight foundation insulation 
configurations analyzed in thirteen U.S. cities. In 
order to provide total annual energy cost savings 
resulting from foundation insulation, these energy 
use numbers must be multiplied by the appropriate 
fuel prices for heating and cooling and then 
combined. Of course, different fuels are available at 
different prices in these representative cities. ‘The 
most accurate analysis for an individual building 
would be obtained by multiplying actual local fuel 
costs by the energy use savings presented in 
Section 5.3.  

To illustrate the combined effects of heating and 
cooling season energy use, total annual cost savings 
due to foundation insulation have been calculated 
for all cases in Tables 5-24 through 5-28. The fuel 

price levels used in the analysis reflect the average 
U.S. cost of natural gas applied to the heating 
season energy use and the average W.S. cost of 
electricity applied to the cooling season energy use. 
The results should be adjusted to reflect local fuel 
prices. 

In virtually all cases, electricity will be used to 
provide cooling energy. Several differerit fuels, 
however, may be used to provide heating energy. 
Table 5-30 in Section 5.5 indicates equivalent fuel 
price levels for fuel oil, propane, and electricity 
(used for resistance heating) in addition to natural 
gas. The equivalent electric prices for heating are 
quite low compared to average rates, indicating that 
if electric resistance heating is actually used, savings 
will be much greater than shown even for the high 
fuel price level. 

Table 5-24: Annual Energy Cost Savings fox Fully-Conditioned Deep Basements 
Heating: $561 per MBtu Cooling: $0.08 per kWh 

Cases 

8‘RO conc 
4’R5 ext 
8‘R5 ext 
4’RlO ext 
8’RlO ext 
8’R15 ext 
8‘R20 ext 
8’RlO int 
8‘RO wood 
8’Rll  wood 
8’R19 wood 
8‘R30 wood 

BIS MPCS 

0.00 
1.85 
2.34 
2.18 
2.85 
3.08 
3.22 
2.82 
1.88 
3.00 
3.24 
3.41 

0.00 
1.64 
2.06 
1.93 
2.51 
2.72 
2.84 
2.49 
1.66 
2.64 
2.86 
3.01 

CHI 

0.00 
1.32 
1.65 
1.55 
2.00 
2.15 
2.25 
1.97 
1.32 
2.10 
2.26 
2.38 

DEN 80s SEA KC WASH ATL FTW PHNX L A  MIA 

0.00 
1.30 
1.65 
1.54 
2.01 
2.17 
2.27 
1.99 
1.33 
2.12 
2.29 
2.41 

0.00 0.00 
1.25 1.27 
1.58 1.61 
1.47 1.50 
1.92 1.96 
2.08 2.12 
2.17 2.21 
1.90 1.93 
1.27 1.29 
2.03 2.06 
2.19 2.22 
2.31 2.34 

0.00 0.00 
1.11 0.99 
1.40 1.23 
1.32 1.17 
1.70 1.50 
1.84 1.62 
1.92 1.69 
1.68 1.48 
1.12 0.99 
1.79 1.57 
1.93 1.69 
2.03 1.78 

0.00 
0.74 
0.91 
0.88 
1.10 
1.19 
1.24 
1.09 
0.73 
1.15 
1.23 
1.30 

0.00 
0.91 
1.10 
1.07 
1.32 
1.42 
1.48 
1.31 
0.89 
1.38 
1.47 
1.54 

0.00 
0.66 
0.79 
0.78 
0.98 
1.09 
1.18 
0.97 
0.63 
1.02 
1.14 
1.26 

0.00 0.00 
0.22 0.06 
0.27 0.06 
0.25 0.07 
0.33 0.04 
0.35 0.04 
0.37 0.04 
0.32 0.04 
0.22 0.05 
0.34 0.05 
0.37 0.09 
0.39 0.09 

Energy costs in the table are dollars saved per foot of foundation perimeter resulting from insulating 
The heating cost of $5.61 per MBtu represents the average U.S. cost for natural gas. 
The cooling cost of $0.076 per kWh represents the average U.S. cost for electricity. 
Assumptions: The total heating system efficiency is 68% and there are no duct losses. 

The rooling system SEER = 9.2 and there are 101 duct losses. 
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Table 5-25: Annual Energy Cost Savings for Unconditioned Deep Basements 
Heating: $5.61 per MBtu Cooling: $0.08 per kWh 

Wall Ins Cases 
B’RO conc 
I’R5 ext 
8‘R5 ext 
4’RlO ext 
B’R10 ext 
B’R15 ext 
S‘R20 ext 
8’RlO int  
8‘RO wood 
8‘Rll wood 
8‘R19 wood 
8‘R30 wood 

BIS MPLS CHI DEN BOS SEA KC WASH ATL ETW PHNX LA MIA 

0.00 0.00 0.00 0.00 0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.46 0.41 0.30 0.28 0 30 0.31 0.23 0.19 0.16 0.13 0.13 0.03 0.00 
0.59 0.51 0.36 0.35 0.37 0.40 0.25 0.23 0.17 0.13 0.13 0.04 -0 01 
0.56 0.50 0.36 0.35 0.36 0.38 0.28 0.24 0.19 0.16 0.16 0.04 0 00 
0.75 0.65 0.45 0.45 0.48 0.52 0.32 0.29 0.20 0.14 0.16 0.05 - 0  01 
0.84 0.72 0.51 0.49 0.53 0.58 0.35 0.32 0.21 0.14 0 18 0.05 -0.01 
0.89 0.77 0.54 0.52 0.57 0.62 0.37 0.34 0.22 0.15 0.18 0.05 -0.02 

0 4 3  0.36 0.24 0.25 0.26 0.30 0.16 0.14 0.11 0.07 0.07 0.03 - 0 01 
0.79 0.67 0.47 0.47 0.50 0.56 0.32 0.29 0.20 0.14 0.15 0.06 -0 02 

0.95 0.81 0.56 0.56 0.60 0.67 0.37 0.34 0.21 0.12 0.17 0.07 -0.02 

-- 

0.73 0.62 0.43 0.43 0.46 0.51 0.29 0.26 0 18 0.12 0.14 0.04 0.01 

0.88 0.75 0.51 0.51 0.56 0.62 0.34 0.31 0.20 0.12 0.16 0.07 0.02 

I Ceiling Ins Cases 
8’Rll ceiling 0.10 0.09 0.06 0.06 0.06 0.07 0.04 0.03 0.02 0.01 0.01 0.01 --0.O2 
8‘K19 ceiling 0.13 0.10 0.07 0.08 0.08 0.09 0.05 0.04 0.02 0.01 0 . 0 2  0.01 -0.02 
8 ’ W  ceiling 0.19 0.15 0.10 0.12 0.11 0.13 0.06 0.05 0.02 0.00 0.00 0.01 -0.W 

Energy costs for wall insulation cases in the table are dollars saved per f m t  of foundation perimeter resulting from insulating. 
Energy msts for ceiling insulation cases in the table are dollars saved per square foot of basement ceiling area resulting from insulating 
The heating cost of $5.61 per MBtu represents the average US. cost for natural gas. 
The cooling cost of $0.076 per kwh represents the average U.S. cost for electricity. 
Assumptions: The total heating system efficiency is 68% and there are no duct losses. 

The cooling system SEER = 9.2 and there are 10% duct losses. 

Table 5-26: Annual Energy Cost Savings for Fully-Conditioned Shallow Basements 
Heating: $5.61 per MBtu Cooling: $0.08 per kWh 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.21 0.19 0.17 0.14 0.14 0.13 0.14 0.12 0.10 0.10 0.20 0.04 0.04 
1.79 1.60 1.27 1.26 1.21 1.22 1.07 0.92 0.69 0.74 0.56 0.19 0.03 
2.00 1.79 1.43 1.40 1.35 1.36 1.20 1.04 0.78 0.84 0.66 0.23 0.06 
2.11 1.89 1.50 1.48 1.42 1.44 1.26 1.09 0.81 0.86 0.65 0.22 0.03 
2.33 2.08 1.65 1.62 1.57 1.58 1.39 1.21 0.90 0.96 0.76 0.26 0.07 
2.48 2.21 1.75 1.72 1.67 1.68 1.47 1.28 0.95 1.02 0.79 0.27 0.07 
2.56 2.28 1.81 1.78 1.72 1.74 1.52 1.32 0.98 1.05 0.82 0.28 0.07 
2.06 1.84 1.46 1.45 1.39 1.41 1.23 1.06 0.78 0.82 0.62 0.21 0.03 

Energy costs in the table are dollars saved per foot of foundation perimeter resulting from insulating. 
The heating cost of S.61 per MBtu represents the average U.S. cost fornahiral gas. 
The cooling cost of $0.076 per kWh reprwents the averdge I1.S. cost for electricity. 
Assumptions: The total heatjng system efficiency is 68% and there are no duct losses. 

The cooling system SEER=9.2 and there are 10% duct losses. 

..? 
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Table 5-27; Annuall Energy Cost Savings for Crawl Spaces 
Heating: $5.61 per MBtlu Cooling: $0.08 per kWh 

Unvented Cases 
2'RO unvented 
2'R5 extiver 
2'RlO extiver 
2'R5 intiver 
2'1i10 intiver 
2'R0 wood 
2'Rll wood 
2'R19 wood 
2'waIliZ'flr Ii5 
2'wa1114'flr R5 
2'wa1112'flr R10 
Z'walIi4'flr R10 
4'RO unvented 
4'R5 extiver 
4'KlO extiver 
4'R15 extiver 
4'R20 extiver 
4'K0 wood 
4'R11 wood 
4'RlY wood 
I'walli4'fir R5 
4'wall/4'ilrRIO 

Vented Cases 

. . . . . . . . . 

. . . . . . . . . 

R O  vented 
R11 ceiling vent 
R19 ceiling vent 
R30 ceiling vent 

BIS 

0.00 
0.44 
0.52 
0.43 
0.52 
0.37 
0.57 
0.60 
0.57 
0.43 
0.66 
0.71 
0.00 
0.57 
0.68 
0.74 
0.77 
0.45 
0.72 
0.76 
0.63 
0.71 

MPtS 

0.00 
0.39 
0.47 
0.38 
0.46 
0.33 
0.50 
0.54 
0.50 
0.53 
0.57 
0.62 
0.00 
0.51 
0.61 
0.56 
0.69 
0.39 
0.63 
0.68 
0.53 
0.61 

CHI DEN BOS 

0.00 0.00 0.00 
0.30 0.28 0.29 
0.35 0.33 0.34 
0.30 0.27 0.28 
0.35 0.33 0.34 
0.25 0.24 0.24 
0.37 0.36 0.37 
0.40 0.38 0.39 
0.37 0.36 0.37 
0.37 0.39 0.41 
0.41 0.41 0.43 
0.43 0.44 0.46 
0.00 0.00 0.00 
0.38 0.36 0.38 
0.46 0.43 0.45 
0.50 0.47 0.49 
0.50 0.49 0.51 
0.30 0.28 0.29 
0.46 0.45 0.47 
0.49 0.48 0.50 
0.38 0.39 0.41 
0.42 0.44 0.46 

...... ~ .... SEA 

0.00 
0.30 
0.35 
0.30 
0.36 
0.25 
0.39 
0.42 
0.41 
0.46 
0.47 
0.53 
0.00 
0.39 
0.47 
0.51 
0.53 
0.31 
0.50 
0.54 
0.46 
0.52 

KC WASH 

0.00 0.00 
0.25 0.23 
0.30 0.28 
0.32 0.22 
0.28 0.26 
0.20 0.19 
0.30 0.28 
0.32 0.30 
0.27 0.26 
0.35 0.26 
0.30 0.29 
0.34 0.29 
0.00 0.00 
0.32 0.30 
0.37 0.34 
0.40 0.37 
0.42 0.39 
0.23 0.22 
0.37 0.35 
0.38 0.36 
0.27 0.26 
0.30 0.29 

AT'k FTW r m x  LA MIA 

0.00 0.00 
0.17 0.15 
0.20 0.18 
0.15 0.13 
0.18 0.15 
0.13 0.11 
0.19 0.17 
0.20 0.17 
0.17 0.13 
0.17 0.11 
0.18 0.14 
0.17 0.12 
0.00 0.00 
0.21 0.18 
0.23 0.20 
0.25 0.21 
0.26 0.22 
0.15 0.13 
0.24 0.19 
0.23 0.19 
0.17 0.11 
0.17 0.11 

0.00 0.00 0.00 
0.14 0.04 0.00 
0.17 0.04 0.00 
0.13 0.04 -0.01 
0.15 0.04 -0.01 
0.10 0.03 -0.01 
0.16 0.05 -0.02 
0.17 0.05 ---0.02 
0.13 0.05 ---0.03 
0.12. 0.06 -0.011 
0.15 0.05 -0.04 
0.14 0.05 --0.05 
0.00 0.00 0.00 
0.17 0.05 -0.01 
0.20 0.05 --0.01 
0.21 0.05 ---0.01 
0.22 0.05 -0.01 
0.12 0.04 -0.02 
0.19 0.06 - -  0.02 
0.19 0.05 -0.03 
0.12 0.06 -0.04 
0.13 0.05 ---0.06 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.22 0.19 0.15 0.13 0.15 0.15 0.10 0.10 0.06 0.06 0.04 0.04 --0.02 
0.26 0.23 0.18 0.15 0.18 0.17 0.12 0.12 0.07 0.06 0.05 0.05 -0.02 
0.28 0.25 0.19 0.17 0.20 0.19 0.13 0.13 0.08 0.07 0.05 0.05 -0.03 

Eneigy costs for unvented caws in the table are dollars saved per lineal foot of foundation perimeter resulting from insulating. 
Energy costs for vented cases in the table are dollars saved per square foot of crawl spare ceiling area xesulting from insulating 
The heating cost of 55.61 per MBtu represents the avrragr U.S. cost of natural gas. 
The cooling cost of $0.076 per kWh represents the average U.S. cost of electricity. 
Assumptions: The total heating systeiri efficiency is 68% and there are no duct losses. 
The cooling system SEER = 9.2 and there are 10% duct losses. 
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Table 5-28: Annual Energy Cost Savings for Slab-on-Grade Foundations 
Heating: $5.61 per MBtu Cooling: $0.08 per kWh 

Unvented Cases 

2'KO 
Z'K5 extlver 
2'R10 ext/ver 
2'R5 intlver 
2'RlO xntiver" 
Z'R10 intiver 
2'RlO int/ver** 
2'1G intihvr 
2'RlO intihor 
? ' E  extlhor 
4 ' E  extihor 
2'KlO extihor 
4'R10 e x t h r  
4'RO 
4 x 5  extlver 
4'IilO extiver 
4'R15 ext/ver 
4'K20 exfiver 
4'R5 intlver 
4'R10 intlver 
4'R15 1rtUver 
4'R20 inVver 
4'R5 int/hvr 
4'RlO mtihor 

___ BIS 

0.00 
0.45 
0.53 
0.43 
0.24 
0.49 
0.52 
0.45 
0.50 
0.59 
0.62 
0.6.5 
0.69 
0 00 
0.55 
0.68 
0.73 
0.77 
0.55 
0.61 
0.69 
0.72 
0.57 
0.66 

MPLS 

0.00 
0.40 
0.47 
0.38 
0.21 
0.43 
0.45 
0.39 
0.44 
0.56 
0.58 
0 60 
0.63 
0.00 
0.49 
0.60 
0.65 
0.68 
0.48 
0.57 
060 
0.62 
0.49 
0.56 

CHI 

0.00 
0.35 
0.41 
0.32 
0.18 
0.36 
0.38 
0.32 
0.36 
0.51 
0.52 
0.53 
0.56 
0.00 
0.43 
0.52 
0.56 
0.59 
0.40 
0.47 
0.50 
0.52 
0.4!) 
0.47 

DEN BOS SEA KC WASH 

0.00 0.00 
0.28 0.29 
0 33 0..34 
0.27 0.28 
0.15 0.15 
0.31 0.32 
0.32 0.33 
0.28 0.29 
0.31 0.32 
0.40 0.38 
0.41 0.40 
0.42 0.42 
0 4 5  0.44 
0.00 0 00 
0.35 0.36 
0.42 0.44 
0.46 0.47 
0.48 0.50 
0.34 0.35 
0.40 0 42 
0.43 0.45 
0.44 0.46 
0.35 0.36 
0.41 0.42 

0.00 0.00 0.00 
0 29 0.29 0.22 
0.34 0.34 0.26 
0.28 0.27 0 21 
0.15 0.15 0.11 
0.32 0.30 0 23 
0.34 0.32 0.24 
0.29 0.26 0.20 
0.34 0.29 0.22 
0..3 0.47 0.35 
0.35 0.47 0.35 
0.38 0.48 0.37 
0.41 0.48 0 37 
0.00 0.00 0 00 
0.36 0.35 0.27 
0.43 0.43 0.03 
0.47 0.46 0.35 
0.49 0.48 0.37 
0.36 0.33 0 25 
0.42 0.39 0.30 
0 45 0.41 0.32 
0.47 0.42 0.33 
0.38 0.31 0.24 
0.45 0.34 0.28 

ATL 

0.00 
0.14 
0.17 
0.13 
0.07 
0.15 
0.15 
0.12 
0.13 
0.27 
0.26 
0.27 
0.27 
0.00 
0.17 
0.21 
0.22 
0.23 
0.16 
0.18 
0.20 
0.20 
0.14 
(1.15 

FTW 

0.00 
0.13 
0.16 
0.12 
0.06 
0.13 
0.14 
0 11 
0.12 
0.28 
0.27 
0.26 
0.25 
0.00 
0.16 
0.19 
0.20 
0.21 
0.14 
0.16 
0 17 
0 17 
0.12 
0 12 

PHNX 

0.00 
0.12 
0.15 
0.11 
0 06 
0.12 
0.13 
0.10 
0.11 
0.25 
0.25 
0.23 
0.23 
0.00 
0 15 
0 18 
0.19 
0.20 
0.14 
0.16 
0.17 
0.17 
0.12 
0.12 

LA MIA 
0.00 0.00 
0.0.3 --0.02 
0.03 -0.03 
0.03 -0.02 
0.01 ---0.02 
0.03 -0.02 
0.03 -0.03 
0.03 -0.03 
0.03 -0.03 
0.03 0.00 
0.03 -0.01 
0.04 --0.03 
0.04 -0.04 
0.00 0.00 
0.03 -0.03 
0.w -0.03 
0.04 -0.04 
0.04 --0.05 
0.03 -0.03 
0.04 -0.04 
0.04 -0.04 
0.04 -0.05 
0.03 -0.04 
0.03 -0.06 

Energy k-osts in the table are dolldrs saved per foot oi foundation perimeter resulting from insulating. 
The heating cost of $5.61 per MRtu represents the average U.S. cost of natural gas. 
The cooling cost of$0.076 per kWh represents the average U.S. cost of electricity. 
Assumptions: The t o ld  heating system efficiency b 68% and there dre no duct losses. 

All cases with interior vertical or horizontal insulation are modeled with K-5 insulation placed between the shb edge and the foundation wall except as 

* No insulation is placed between the slab edge and the foundation wall. 
""K-10 rnsulation is placed between the slab edge and the foundation wall. 

The cooling system SEER= 9.2 and there are 1 0 1  duct losses. 

noted. 
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INTRODUCTION 

In Section 5.3 the results of detailed sirnulations 
of building energy use with various foundation 
levels are presented. This energy use information i s  
translated into fuel cost savings in Section 5.4. 
Detailed energy use information alone does not help 
in determining the cost-effectiveness of foundation 
insulation. Calculating fuel cost savings provides a 
tool to determine the simple payback, but this 
approach has limitations. To determine the optimal 
insulation configuration accurately, an economic 
analysis is required that takes into account a number 
of economic factors. 

Energy conservation investments are typically 
characterized by high initial costs being slowly 
offset by reduced fuel expenditures. Thus, the basic 
economic problem is comparing the cost of a known 
investment with estimated fuel expenses. In 
essence, improvements to the foundalion insulation 
levels are purchased today to reduce tomorrow’s 
fuel bill. 

The tradeoff between investment and energy 
savings from foundation insulation is further 

complicated by the fact that the thermal returns 
from such improvements are characterized by 
strong diminishing returns. The first insulation 
increments typically yield large fuel savings; later 
ones produce only modest reductions. Other 
iniportaiit economic factors to consider include the 
interest on borrowed money (or of foregone interest 
payments from a cash payment), applicable state, 
federal, and property taxes, and of course the future 
fuel prices. For foundation systems, the problem is 
to determine the level of insulation that will result in 
the lowest life-cyde cost for the building. 

method of estimating the least cost level of insulation 
for foundation systems. ‘I his technique, the PZ, P2 
method, is a comprehensive but quick and 
convenient way to do the calculations. It can be 
used to duplicate the results of a more detailed cash 
flow analysis in a fraction of the time. It is used in 
the final analysis to determine the optimum levels of 
insulation for foiindation insulation levels around 
the United States. 

This section outli ties the life-cycle savings 

1 

I 
I 

FUEL COSTS 

APlTAL COSTS 

0 11 19 30 

R-VALUE 

Figure 5-7: Optional Y.,ife-Cycle Cost for Insulation Options 
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METHOD AND ASSUMPTIONS 

The basic procedure used to optimize insulation 
levels was to evaluate all competing insulation 
increments and then select the level with the lowest 
combined life-cycle cost for conservation-related 
expenditures and energy consumption. The 
economic optimization for a foundation insulation 
component can be described in six steps: 

1. Determine the practical levels of insulation. 
2. Evaluate the heating and cooling system 

parameters. 
3. Estimate the energy consumption associated 

with each case. 
4. Determine the installation cost of each case. 
5. Calculate the life-cycle cost of each case. 
6. Determine the optimal level of insulation. 

The optimization scheme can be depicted as a 
series of three cost curves as shown in Figure 5-7. 
The total cost of an energy-conserving investment is 
proportional to the sum of the investment and 
fuel-related costs for the project over its useful life. 

To the extent that costs differ (such as with 
interior versus exterior basement wall insulation) or 
performance differs (such as with pressure-treated 
wood foundations), the optimal amount of 
insulation will vary. Of course, the optimization is 
also sensitive to other factors. The price of the 
avoided fuel is of fundamental importance, as well 
as the rate at which its price is expected to change in 
the future. The cost of borrowing for the 
investment, or the oppurfwzify cost of capital, has 
another strong effect. Other parameters include the 
financing rate, time horizon, tax bracket, associated 
taxes, operation and maintenance expenses, and 
differential resale value. Although there are a 
number of different techniques for finding the 
optimal design level, there is only one solution for a 
given thermal savings and set of economic 
parameters. 

Determine Practical Levels of Insulation 
The choice of a foundation type for a building 

and the practical levels of insulation are typically 
determined by design choices and the available 
insulation materials for improvements. In many 
cases, such as with basements, the designer may 
want to consider different methods of installation. 
For example, basement insulation choices might 
include interior and exterior applications; structural 
decisions may involve comparing all-weather wood 
foundations with cast concrete. Insulation for 
ground slabs might be placed either vertically or 
horizontally. The practical levels of the insulation 

materid are usuallv dictated by ,waiiabilih h r n  
manutacturers with thrchess the most conirnon 
denominator ?'o rstima 
insulation, it is best to c 
increments of d partlcddr in3ulation type that are 
availdble. 

eighty-eight ditierent toundatum insulation 
configurations and conditions were selected These 
are illustrated and described In Section 7 1 
(basements), ~ectlon 3 1 (crdwi spaces), dnd 
Section 4.1 (slab-on-grade toundations). 

In this analysis, a comprehensive set ot 

Evaluate the Heating and Cooling System 
Parameters 

The results of the DOE-,Z.lC computer 
simulations used in this analysis are expressed in 
two forms: loads and energy use. The loads indicate 
the heating and cooling energy required to be 
delivered to the space. The actual total energy 
expended to provide the necessary heating and 
cooling reflects the efficiency of the IiVAC system. 
In this economic analysis the cooling season energy 
use is computed by the DOE-2.1C program based 
on the assumption of a SEER of 9.2 and 10 percent 
duct losses. The heating season energy use is based 
on a total heating system efficiency of 68 percent for 
fully-conditioned deep and shallow basements, 
where it is assumed the ducts axe in conditioned 
spaces resulting in no duct losses. Duct losses of 10 
percent are assumed for unconditioned basements, 
crawl spaces, and slab-on-grade foundations 
resulting in a total heating system efficiency of 61.2 
percent. 

Estimate the Energy Consumption Associated 
with Each Case 

Section 5.3 of this chapter provides tabular data 
for the energy consumption associated with various 
foundation types and insulation levels at thirteen 
locations around the United States. The computer 
simulation takes into account the configuration and 
thermal resistance of the insulation as well as the 
characteristics of the local climate. 

Determine the Installation Cost of Each Case 

obvious importance in the economics of their 
cost-effectiveness. Installed costs of thermal 
improvements to buildings can usually be shown to 
be the sum of two terms, one proportional to the 
thickness of the insulation and the other 
independent of its thickness. These are the variable 
and fixed cost components with respect to 
foundation insulation improvements. 

The costs of the foundation improvements are of 
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where: 

TC---total first costs of the insulation 
improvement 

FC-fixed costs; the coniponent of cost that is 
independent of insulation thickness 

VC-variable costs; the cost component- that 
increases with insulation thickness 

T---iiisul.ation thickness 

In an actual design situation, the designer 
should collect bids on the cost of the various 
increments of insulation to determine actual values 
for TC. Note that the total. cost should include all 
hard costs, iiicludirig labor, as well as indirect costs 
suck as builder overhead arid profit and other fees. 
Cost data used in this handbook are taken primarily 
from those developed by the NAIlB Research 
Foundation and used in the ASHRAE 90.2 
Recommendations for Foundaf im Insulation 
[Christian and Strzepek 19871. I-lowever, soine costs 
were modified to conform to the d.imensiona1 
characteristics of new configurations and to allow 
for cost differences between interior and exterior 
insulation applications. These data are provided in 
Section 2.1 (basements), Section 3.1 (crawl spaces), 
and Section 4.1 (slab-on-grade foundations) 
adjacent to tlie illustration and description of each 
configuration. The data assume all materials arid 
labor costs are included as well as a 30 percent 
subcontractor inarkup and a 30 percent builder 
markup. This is generally a very conservative set of 
assumptions; the total costs are 169 percent of the 
hard costs, whereas more typical markups are on 
the order of 30 to 40 percent. 

Calculate the Life-Cycle Cost of Each Case 
Brandernuehl and Beckrnan have formulated an 

economic evaluation method that i s  comprehensive, 
quick, and very useful. Two economic parameters, 
P1 and P2, can be used to assess the life-cycle cost of 

Table ~- 5-29: Economic Parameters Used In Analysis 
I_ 

General inflation rate ( I )  5% 
Fuel price inflation rate ( z E  ) 
Discount rdte (d) 10% 
Finance rate ( m )  12% 
PropPrty tax rate (t) 1% 

Down payment (D) 10% 
Analysis period ( N E )  30 yea1s 

7% 

Marginal tax bracket ( t )  30 % 

Mortgage period (NL) 30 years 
O&N fraction (M,)  None 
Res& value ( R , )  None 

any energy saving project. PZ is the ratio in years of 
the present value of thc life -cycle fuel savings to the 
firsb-yeas fuel savings. It takes into account the 
inflation of fuel prices over time as well as the 
discounting of future fuel savings according to the 
opportunity cost of capital: 

PI (1 -CDPWF(N,,l,,d) 

f i  - d 

where: 

d discount rate 
t,-fuel price inflation rate 

NE-analysis period (years) 
C -flag for income producing venture 
f-marginal tax bracket 

PWF-present worth factor 
The factor P2 is the ratio of the life-cycle cost 

incurrcd over the useful life of the project against 
the initial capital investment. It takes into account 
all of the parameters that affect the investment costs 
over time such as financing and tax effects: 

+ (1 --CDM, x PWF(N,,i,d) + t(l - t)V x PWF(N,,i,d) 

where: 

m-annual mortgage interest rate 
i general inflation rate 

N,-term of loan 
N,,,, -years over which mortgage payments 

contribute to the analysis (usually the 
minimum of NE or NL) 

N,--depreciation lifetime in years 
years ouer which depreciation 
contributes to the analysis (usually the 
minimum of N E  or N,) 

t --property tax rate based on assessed value 

N ' i , z l , l  

D -  -ratio of downpayment to initial. 
investment 

M,-ratio of fir st-year miscellaneous costs 
(parasitic power, insurance and 
maintenance) to initial investment 

foundation insulation in first year to the 
initial investment in the system 

R,--ratio of resale value at the end of the 
period of analysis to initial investment 

V---ralio of assessed valuation of the 
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All economic parameters are given in their 
nominal terms (include inflation). The assessment 
allows the financial structure of an individual, firm, 
or institution to be assessed in the economic 
evaluation. The base case financial parameters used 
for this analysis are based on the assumptions used 
in ASHRAE standard 90.2~. The parameters are 
listed in Table 5-29. 

Use of these parameters results in economic 
scalar values of .983 for P2 (the ratio of life-cycle 
costs of the conservation investment to the initial 
cost) and 18.792 for PI (the ratio of the present value 
of future fuel savings to the savings in the first 
year). These values are very similar to the ones used 
in ASFIRAE standard 90 .2~ .  

be moderately sensitive to the assumed discount 
rate and fuel price inflation rates, particularly for the 
locations with large heating budgets or when a high 
initial fuel price is assumed. 

insulation is the estimated annual fuel cost (FC) for 
that level multiplied by PZ, plus the total investment 
cost for that level UC) multiplied by P2. 

prices are used to determine optimal configurations. 
The low, medium, and high fuel prices are based on 
the costs for natural gas and electricity shown in 
Table 5-30. Note that the medium fuel price case is 
identical to that used in ASHRAE standard 90.2~.  
The high and low price levels represent fuel prices 
that are 50 percent higher and 33 percent lower than 
the medium levels. 

Generally, the op timization results are found to 

The total life-cycle cost for each level of 

Tl[Tiroughout the analysis three levels of fuel 

Season 

Heating 

Cooling 

L 

Determine the Optimal Level of Insulation 

installation costs outlined above along with the 
energy use results from the computer simulations, 
the economic analysis was calculated on a Lotus 
1-2-3 spreadsheet. A life-cycle cost was computed 
for all competing insulation increments for a given 
foundation type. Then the configuration was 

Using the economic assumptions and 

Fuel Type 

Natural Gas 

Fuel Oil 

Propane 

Electricity .U19/kWli 
(Resistance heat) 

Electricity 

Table 5-30: Fuel Price Levels Used in Analysis 

selected with the lowest life-cyde cost for three fuel 
price levels in each of thirteen U.S. cities. 

RESULTS AND DISCUSSION 

The results of the economic analysis described in 
this section are presented in Sections 2.1,3.1, and 
4.1 for basements, crawl spaces, and slab-on-grade 
foundations, respectively. 

As expected, the study found the ophmal level 
of insulation for foundations to be fairly responsive 
to initial fuel price. A sensitivity study of resistance 
electric heat at the medium price level for electricity 
($.076/kWh) indicates considerably greater levels of 
insulation to be desirable than those shown for the 
high natural gas fuel cost level (which is cyuivalent 
to an electric rate of $.02/kWh). For instance, for 
ground slabs, R-5 vertical interior insulation 
extending 4 feet deep is optimal in Atlanta; R-IO 
placed 4 feet horizontally under the slab is indicated 
for Bismarck, and R-5 vertical interior insulation is 
suggested for Los Angeles, where none had been 
suggested otherwise. 

to the cost assumptions made for the foundation 
insulation materials themselves. The results favor 
the interior application of insulation for all 
foundation types. This is because interior insulation 
does nut require protective covering like exterior 
insulation. This obscures the fact that the thermal 
optimum may be very different from the economic 
one, Also, the current costing methodology does 
not consider the fact that interior applications of 
insulation in basements consume useful space. 

A more significant proviso concerns the results 
for unheated basements. Examination of the results 
shows that the recommended insulation levels for 
unheated basements are much lower than for 
heated ones. However, it may be unwise to design 
the insulation levels for a new residential building 

The optimization results are also quite sensitive 
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under the assumption that an unfinished basement 
will be unheated throixghout the useful life of the 
building. Interior insulation, of course, can be 
added when the basement becomes used but 
exterior insulation will be more costly and difficult 
in a retrofit application. 

The results do indicate that the amount of 
recommended insulation is more robust with 
respect to uncertainties in cost and fuel prices than 
is the exact Configuration. This fact i s  illustrated by 
the graph in Figure 5-8 showing the five most 
economic slab-on-grade insulation options for 
Atlanta, Georgia. Note that the life-cycle cost varies 
by less than $200 in present value terms for any of 
the options. Also, note that although the 
configurations differ, the five most economic 
oplioiis are all R-5 insulation. The order in which 
they have been selected by the optimization 
procedure is based solely on differing estimates in 
the first cost of the installation of the insulation 
itself. Given identical costs, the optimization would 
choose the exterior application since it had 
margindlly better thermal performance than the 
interior ones. 

extending 2 feet into the surrounding soil proved to 
In a separate analysis, horizontal R-5 insulation 

.... .- 

be the optimal solution with a slightly lower 
life-cycle cost than those shown in Figure 5-8. The 
difference in life-cycle cost between all of the R-5 
cases however, remained very small. 

In summary, the optimization study for 
fully-conditioned basements, crawl spaces, and 
slab-on-grade foundations indicates that some 
insulation is justified for most locations in the 
United States except those with very low heating 
loads. For unconditioned basements, insulation is 
justified in colder climates. The optimization 
procedure has indicated that the amount of 
recommended insulation is more robust than the 
exact configuration suggested. Thus, differences in 
cost and practical matters, in terms of ease of 
application, could easily overwhelm the small 
differences in thermal performance. 

insulation are mostly those attributable to savings in 
space heating. Savings of cooling energy are often 
minor or negative in many cases. The amount of 
iiisulation indicated is most sensitive to climate 
severity and the cost of heat. Generally, use of 
electric resistance heat would result in even greater 
recommended levels than shown by the high fuel 
price level. 

Generally, savings generated by the addition of 

-. ................... ...... 

8000 1 
NONE 2'R5 int/vw 2'R5 intlhsr 2'RiQ intlver 2'R5 extlver 4'R5 intlver 

Figure 5-8: Life-Cycle Cost of Five Insulation Options for Atlanta, Georgia 
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Chapter 6 

Thermal and 
Moisture 
Considerations 



6.1 Frost and Foundations 

GROUND FREEZING AND FROST 
HEAVING 

Soil freezes when water is present and the soil 
temperature falls below the soil freezing point; this 
is usually 32”F, even though dissolved salts in the 
soil may lower the freezing temperature. Freezing 
occurs only if water is present. 

Freezing of water in the soil does not in itself 
necessarily cause problems. Partially saturated soils 
contain small enough amounts of water and 
sufficient volume of pore space to accommodate the 
9 percent expansion of water within the voids of the 
soil without changing the soil volume significantly. 
Soil heaving due to freezing occurs only when ice 
lenses form; this requires a supply of moisture from 
the groundwater. This, in turn, requires that the soil 
is fine-grained enough to promote capillary rise of 
water to the freezing level. 

The frost heaving process occurs as follows. As 
the air temperature falls below the freezing point, 
the ground surface freezes. With continued heat 

DEPTH OF 
FROST EXTENDS 
BELOW FOOTlNG \ 

\ 

loss from the surface, a plane of freezing 
(nominally, the 32°F isotherm) descends through 
the soil, freezing soil moisture on its way. In 
fine-grained soils, the freezing has a drying effect 
that draws moisture upward by capillary action 
through the subsoil from a source of water beneath. 
When the moisture reaches the freezing zone it is 
attracted directly to the ice crystals already present. 
This  feeds the growth of ice lenses, layers of solid ice 
that become segregated from the soil particles. The 
amount of heaving is reduced with an increase in 
overburden or surcharge pressure at the freezing 
front. 

overlying soil; the entire process is known as frosf 
heaving. When thelenses actbeneathfoundations, 
the process is called basusnlfiost heaving (Figure 6-1). 
Frost heaving also can act on foundations when the 
backfill adfreezes fast to walls and posts; frost 
heaving of the backfill may be able to lift the 
ioundation through the adfreeze bond due to 
freezing, even though the base of the foundation is 

The growing ice lens (or lenses) lifts the 

-- TANGENTIAL 
FROST HEAVE 
(VERTICAL UPLIFT 
DUE TO ICE 
AlTACHlNG 
TO WALL) 

Figure 6-1: Types of Frost Heave 
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below the frost plane. This combined process is 
called iungenfial frost heuuing. The term is used to 
distinguish it from basal frost heaving. 

If the moisture is being drawn from the water 
tablc, its supply is practically unlimited and the ice 
lens can continue to grow almost indefinitely. 
Under equilibrium conditions it remains in the same 
location, as the heat rcleased by the water in its 
change of phase prevents the ice lens from 
penetrating decper. According to Penner [ 19621, 
this is seldom the case in the field, as irregularities 
in the supply of water and weather conditions upset 
the thermal balancc, allowing the freezing plane to 

SUSCEPTlBlbITY 
C ~ ~ S S ~ ~ ~ ~ A T ~ ~ ~ ~  

continue its descent until conditions supporting the 
growth of lenses are restored. This results in a series 
of lens layers, the most common situation found in 
nature. 

Heaving movements of several inches are 
commonly reported in cases of foundation failures, 
and case studies are often instructive [Penner and 
Crawford 19831. Burn I19761 has cited movements in 
excess of 4 inches in basement floors developing in 
only three weeks, and movements of more than 2 
inches under a seven-story reinforced concrete 
frame building on a raft foundation. 

V.. 

0.4 1 10 

PERCENTAGE BY WEIGHT FINER THAN 0.02 MM 

0.30 

0.24 

---~O.,, 12Opcf 

0.10 
100 

Figure 6-2: Summary of Average ate of Heave versus Percentage of Natnral Soil Finer 
than 0.02 mm Size 

*Indicated heave rate due to expansion in volume, if all original water in 100% saturated specimen were frozen, with rate of frost penelration 0.25 inch per 
day. 
Heave potential at the lower liiiiits of frost susceptibility determined by the above criteria is  not zero, although it is generally low to negligible from the 
point of view of pavement applications. Applicability of these criteria to foundation design will vary, depending upon the nature and requirements of the 
particular construction 

~~ ~ - 
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FROST SUSCEPTIBILITY 

Clean coarse sands, gravel, and crushed stone 
are too coarse textured to promote the capillary 
transfer necessary to feed the growth of ice lenses, 
and are termed non-frost-susceptible. Silty soils and 
very fine sands, on the other hand, have high 
capillary conductivity and readily aid the growth of 
lenses. They are termed frost-susceptible soils. Pure 
clays promote capillary rise over large vertical 
distances but their rate of moisture transfer is so 
slow that they tend to produce thin lenses with very 
little heaving [Anderson et al. 19841. Under 
favorable conditions, however, clays can heave, and 
with much greater pressure than silts. Generalized 
characterizations of the frost susceptibility of some 
different soils are indicated in Figure 6-2. 

While there is engineering consensus about the 
characteristics that make soils clearly 
frost-susceptible and clearly non-frost-susceptible, 
there is no reliable method for predicting the 
borderline conditions except by laboratory or field 
testing. Small amounts of clay and silt can 
contaminate otherwise frost-free coarse-grained 
soils. In recognition of this, the simplest methods of 
classifying frost susceptibility relate it to the content 
of soil fines. 

currently in use in the United States, a large 
percentage are based on those described by 
Casagrande in 1931 [Chamberlain 19841: "Under 
natural freezing conditions and with sufficient 
water supply [from underground] one should 
expect considerable ice segregation [lensing] in 
non-uniform soils containing more than 3 percent of 
grains smaller than 0.02 mm and in very uniform 
soils containing more than 10 percent smaller than 
0.02 mm." Another common criterion is to classify 
any soil with more than 5 percent of particles 
passing through a No. 200 sieve as frost-susceptible. 

Of the dozens of frost susceptibility criteria 

FROST PENETRATION DEPTH 

The depth of frost penetration in soil depends on 
the rate of heat loss from the ground surface and the 
ground conditions affecting heat transfer within the 
soil. The parameters affecting the frost penetration 
depth are (1) the variation of air temperature, 
(2) solar insolation, (3) ground surface cover, (4) soil 
type, (5) soil moisture content, and (6) the location 
of the groundwater table. The amount of water 
available from the initial soil moisture content 
together with any water drawn from the water table 
influence the depth of frost penetration due to the 
latent heat of fusion that must be removed for the 
soil moisture to freeze. The moisture also affects the 
soil thermal conductivity, specific heat and density, 

and hence the soil's thermal diffusivity. The Army 
Corps of Engineers Manual TM 5-852-6 describes 
this further. 

conditions by location is determined with an air 
freezing index. One freezing degree clay is counted 
for every degree that the daily average temperature 
falls below 32°F. For example, three consecutive 
days with an average daily temperature of 2j0F total 
twenty-one freezing degree days. The annual sum 
of freezing degree days is termed the freezing index. 

estimate the design depth of frost penetration for a 
particular site [Linell and Lobacz 19801. 

The severity of below-freezing air temperature 

The following procedure may be used to 

1. Determine the design air freezing index for 
the site-either from local climatological 
records or from Figure 6-3. If only a long-term 
average index is available, this index is 
commonly increased by one-third for design 
purposes [Crory 19871. 

2. Determine the appropriate "n" factor from 
Table 6-1, which adjusts for ground surface 
cover conditions. 

a. If the soil density or moisture content is 
3. Determine the frost depth. 

known, use Figure 6-4, which incorporates 
the "n" factor and the air freezing index. 

b. Otherwise, use the most appropriate 
graph from Figures 6-5 and 6-6. Figure 6 5  
is for homogeneous near-surface soil 
conditions. Figure 6-6 is for a granular soil 
overlying a fine-grained soil. Both figures 
permit adjustments for three types of 
ground cover conditions that modify the 
impact of the air freezing index. 

Table 6-1: "n" Factor fox Use with Air Freezing Index 

Surface' 

Snow 
Cement concrete 
Bituminous pavement 
Bare soil 0.7 
Shaded surface 0.9 
Turf 0.5 
Tree covered 0.3 

_ _  

'Surfact. expojed directly to sun and/or air without any 
overlymgdust, soil, mow, or Ice, except as noted, and 
with no budding heat involved 

Source Line11 and Lobacr. [1980] 
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Figure 6-3: Distribution of Design Air Freezing Indices in. North America 
The design freezing index is the average of the three coldest years in thirty of the coldest year in ten 
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Figure 6-6: Relationship between Air Freezing Index, Surface Cover, and Frost Penetration Depth 
into a Granular Soil Overlying a Fine-Grained Soil 
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FOUNDATIONS AND FROST ACTION 

Building codes specify minimum depths for 
footings that are often well below the extreme frost 
penetration depth for a region. Newrtheless, 
heaving failures of fou ndations are not uncommon, 
although many of these occur during construction 
and iii unheated buildings that are designed to be 
heated. Other common problems occur with 
unheated garages, outdoor stairs, and retaining 
walls built without a rrost wall (a foiandation wall 
extending below the frost line). Failure types are 
categorized below. 

lBasements Under Construction; Vacant 
Buildings 

Basements under construction, basements in 
vacant buildings, and outdoor retaining walls with 
shallow foundations share similar features when 
exposed during the winter: the face of the wall and 
the floor in effect become extensions of the ground 

surface, causing the freezing plane to develop 
behind and parallel to the wall and floor. If 
conditions are right, ice lenses will dpvelop behind 
the wall and under the floor, causing them to buckle 
aiidior heave. 

Many builders are familiar with the idea of 
insulating footings and floor slabs temporarily with 
straw or hay duiing construction, but the wall is 
often neglected. There are documented cases of 
vertical frost heaving of walls during construction, 
due to the rapid Penetration of frost down the wall 
and through the footing to the soil underneath 
(Figure 6-7). When basements are left exposed 
during winter construction, the entire wall and floor 
should be covered with some form of insulation 
blanket. In cases where constiuction proceeds 
during the winter, the basement should be enclosed 
as quickly as possible and heated with space heaters 
or by a temporary installation of the permanent 
furnace. 

Scveral wintei construction practices are 
described and illustrated in HUD's All Weather 

I 
I 

-I-_. 

UNDER CONSTRUCTION. 
OW VACANT BUILDING 
BASEMENT SPACE 

3 

FRO51 
PENETRATION 
DEPTH-\  , 

A/ 
I 
I 
I 
I 
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FOOTING 
HEAVING 

ilr 
\ 
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_. .._.. . .- - ..... ...... . . .~ .. ............. ..- - ...... . ..- ' GROUNDWATER TAELE 
WITHIN CAPILLARY 
"REACH" OF FOUNBATJON 

Figure 6-7: Potential Frost-Related Failures in Unheated Structures 
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Riiilding Manual [NAHR 19751. Stephenson [ 19771 
has described a somewhat abstract method of 
calculating the amount of straw insulation necessary 
to keep the ground from freezing during the winter. 
This might be of value in preparing a site in late fall 
for later winter construction. 

Tangential Frost Heave 

adfreeze to the foundation and heaving must occur 
in the backfill. Tangential heaving failures of house 
and other small building foundations have been 
reported in the Canadian literature involving 
unheated walls and posts. Since the uplift acts in the 
backfill instead of beneath the foundation, the 
foundation can heave only if the entire foundation 
element is lifted or if the upper portion of the 
foundation separates from the lower portion. With 
pole or pile foundations, tangential frost heaving 
can create cumulative “jacking” of the posts or 
piles. Unanchored posts can be lifted easily. If a 
concrete wall is tied into the footing with 
reinforcing, the adfreeze strength must bc great 
enough to lift the footing and its overlying soil, as 
well as  the superstructure. Penner and Burn [ 19701 
have reported on a concrete masonry wall buried on 
both sides where tangential frost heaving lifted 
several of the upper courses of block, leaving the 
lower portion of the wall in place. 

walls uf heated spaces, as even a small amount of 
heat loss from the wall is supposed to drive 
moisture away from the wallisoil interface 
[Pressnail 19851. Hcat flow from the soil into the 
wall could, on the other hand, promote a freezing 
bond between the soil and wall. This unusual 
situation might occur in a masonry foundation wall1 
with open cavities, heavily insulated on the interior. 
Convection within the vertical cavities could 
transport heat from the subsoil to the exposed wall 
area above grade, thereby chilling the subsoil Such 
a condition could be prevented by insulating on the 
exterior. This not only eliminates the convection 
coupling between the soil and the above-grade wall 
area but also prevents adfreeze of the soil directly to 
the wall. 

foundations can be avoided by the same measures 
used for protection against heaving-a frost-free 
backfill and drainage of the subsoil. i’here also may 
be some advantage to installing a polyethylene slip 
sheet between the wall and soil to prevent bonding. 

For tangential uplift to occur, the backfill must 

Soils are not expected to freeze fast to foundation 

Tangential frost heaving in unheated 

Lateral Frost Damage to Insulated Basements 
There are a few reported cases of lateral cracking 

and inward buckling of masonry basements after 
retrofitting with insulation [Bliss 19861. ‘Iliese are in 

severely cold and wet regions (Duluth, Minnesota, 
for example, with 20,000 heating degree days and a 
freezing index of 2,500). They are usually attributed 
to volume expansion of the soil Gpon freezing, not 
to basal or tangential frost heaving, which produce 
vertical, instead of horizontal, displacements. The 
insulation is usually blamed. 

but it is possible that a very weak wall will yield 
under soil expansion due to freezing. Water 
expands about 9 percent in volume when it turns to 
ice. If a soil with 45 percent void Space is completely 
saturated and freezes, then this 45 percent increases 
by 9 percent, giving an overall expansion in soil 
volume of 4 percent. If the soil were well drained, it 
tvould contain only a small percentage of water by 
volume, and most of its freezing expansion would 
be accommodated within the remaining void space. 
When viewed this way the problem becomes one of 
soil type and lack of drainage, not of a necessity to 
thaw the soil by heat loss from the basement. Any 
potential problenis could be averted in new 
construction by installing a coarse-grained backfill 
and a dependable subdrainage system. Since the 
problem does not seem to be widespread, it may be 
that most walls are strong enough to resist whatever 
forces are induced by expansion, so the design and 
reinforcement of the wall may be at issue. 

used in retrofit applications. This confines the 
freezing zone to the soil above the insulation and 
should eliminatc most of the vohxme expansion. 
‘The performance of horizontal insulation placed in 
the soil mass varies more widely than typical 
vertical insulation due to variations in soil type and 
moisture content. 

‘There has been little investigation of the problem 

Horizontal f7owdxdinsulation (Figure 6-8) can be 

SHALLOW INSULATED FOOTINGS 

Previous secbons have explained that three 
conditions must be present for frost action to occur: 
freezing temperatures, frost-susceptible soils, and 
water. The most comrnon controls on frost action 
are to use coarse-grained, non-frost-susceptible soils 
and to install subdrainage systems. With the 
development ot low moisture absorbing plastic 
foam insulations, it became possible to control soil 
temperatures and reduce the frost penetration 
depth artificially. This concept was endorsed as 
early as 1970 by the U. S. Federal Highway 
Administration for protecting roads from frost 
damage, and ground insulation has become 
standard practice throughout Scandinavia for 
eliminating deep frost walls. In Norway alone, 
between 50,000 and 100,000 houses were built with 
insulated footings instead of deep footings between 
1970 and 1986. 
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A sophisticated method for sizing insulations for 
footings was devised by Robinsky and Bespflug 
I19731 for designing slab-on-grade industrial 
buildings in Canada. They provide design data for 
both heated and unheated buildings. The following 
comments apply to both conditions. 

The insulation sizes depend on the geometry of 
the details. These should not be altered unless the 
designer thoroughly understands the physics of the 
two-dimensional heat transfer problem. It should 
also be noted that design data are given for two 
different soil types. The authors state that the 
observed difference in frost penetration is due 
primarily to the soil's ability to retain moisture. The 
sandy soil with low moisture content allows deeper 
frost penetration than the clayey or silty soil. If there 
is any uncertainty about conditions on a given site, 
the designer should assume a sandy soil. with low 
moisture content. 

The insulation must be protected from sunlight 
and physical abuse. It must be adhered firmly to 
vertical surfaces. No special moisture barriers are 
required if closed-cell extruded polystyrene is used. 
Eight inches to 1 foot of gravel, sod, or pavement is 
considered adequate cover over horizontal 
insulation. The exterior skirt should be pitched 
slightly to drain water away from the slab. 

will remain below the bottom of the insulation. 
Extreme values of the freezing index should be 
used. Long-term freezing index normals may be 
used as a guide and may be increased as appropriate 
from region to regon. The design information 
presented in Figures 6-9 through 6-12 is based on 
methods described above that are intended to 
control frost penetration. The heat transfer 
simulations described in Chapters 4 and 5 in the 
handbook indicate the comparative energy 
performance of horizontal insulation for 
slab-on-grade foundations. 

The designs assume that the groundwater level 

Heated Structures 

foundations of heated slab-on-grade structures. 
One approach common in Scandinavia is to insulate 
beneath the slab. A second approach i s  to not 
insulate the underside of the slab and use the 
building heat loss to protect the footings from frost 
action. Instead, the insulation is placed vertically at 
the slab edge to a depth of about 1 foot and then 
extends horizontally away from the building as 
shown in Figures 6-9 and 6-10. Design criteria for 
determining insulation thickness also are given in 
Figures 6-9 and 6-10. The amount of insulation 
required depends on the maintenance temperature 
of the interior space. For each of the wall details, 

Two approaches are used in insulating shallow 

two sets of insulation curves are given, one for an 
indoor temperature of 65°F and the other for 45°F. 
Note that more insulation is required for the lower 
temperature. This means that a foundation 
designed for 65°F may be at risk if left unheated for 
the winter. 

The frost wall must be insulated on the outside 
both above and below grade. The floor may be 
depressed below grade without increasing the 
required insulation. Elevating the slab above the 
exterior grade moves the heat source (the floor) 
farther away from the footing and "robs" it of some 
of the assumed heat. Elevating the floor would 
require additional insulation, especially at the 
outside face of the wall. 

The thickness of the insulation at the corners of 
the building should be increased by 50 percent over 
the values selected from the design curves. The 
thickened insulation should extend back from the 
corner by a distance equal to the width of the 
insulation skirt ( L  ) . 

Unheated Structures 

the outdoor temperature for unheated structures. 
The purpose of the insulation is not to reduce heat 
escaping from the floor, as in the case of heated 
buildings, but to reduce heat loss from the subsoil 
and prevent frost penetration into the subsoil. The 
technique is the same as used for roadnthe  
insulation is placed between the floor slab and the 
soil, and it must extend beyond the perimeter. The 
entire floor area must be insulated. 

therefore must have the compressive strength to 
support the slab and floor loads. Stress-strain data 
should be obtained from the manufacturer for 
analysis of deformation due to the weight of the 
structure. The required insulation thickness t, width 
of perimeter strip L I and thicknesses of fill beneath 
the slab M and N are given in Figures 6-11 and 6-12, 

requirement is reduced if clean, 
non-frost-susceptible fill is used beneath the floor 
slab and the sloping portion of the foundation. 
Allowing the freezing plane to penetrate slightly 
into the fill layer will not damage the foundation 
because the non-frost-susceptible soil will not 
heave. The fill thicknesses specified in the graphs 
are minimum recommended thicknesses for the 
amount of insulation specified. 

The interior temperature is assumed the same as 

The foundation bears on the insulation, and it 

It should be noted that the insulation 
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Figure 6-9: Generalized Design g l u ~ ~ s  for Minimum Insulation Requirements for Heated 
Structures on Sandy Soil with Insulation Extending fgs 1 Foot Above Grade 

~~ 

Conditions: Dry Density = 105 PCF (1681 !4g/m3), Water Content :2 10%; all soil water freezes at 32°F (273°K) 
An insulation thickness of 1 inch is assumed to have an R-value of 4.35. 
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Figure 6-10; Gemralized Design Curves 4 ~ r  Minimum Insulation Reqiainennents for Heated 
Structures -~ on Clayey or Silty Soil with Insulation Extending to 1 Foot Above Grade 
Soil Condihons Dry Denslty = 85 PCF (1362 kg/m3), Water Contmt = 3070, all soil water freezes at 32°F (273°K) 
An insulahon thickness of 1 inch IS assumed to ha\e an R-value of 4 35 
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Figure 6-11: Design Curve for Foundation Insulation of Unheated Structures on Sandy Soil 
Asumpttons Dry Iknsity 105 P C  F (1681 kgm3), Wdter Content IO%, all sod water Ireere3 dt 32 F (273’K) 
An rnsulatton thickness of 1 inch & asumed to have an R-valut of 4 35 
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FREUING INDEX (“F DEGREE DAYS) 

Figure 6-12: Design Curve for Foundation Insulation of Unheated Structures on Clayey Soil 
Assumptions Dry IA=lr>ily 8; I’CE (1,361 kgiin’), Water Content 3076, soil water freere5 ai 32°F (273°K) 
An msdat io~i  Ihtckiiebs of 1 inch 15 assumrrl to havr dn R-value of 4 35 
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oisture Consider tions in Design 

SULATION AND CONDENSATION 
IN FOUNDATION WALES 

Condensation occurs on surfaces with 
temperatures at or below the dew point of the 
surrounding air. 'The dew point i s  found easily from 
the psychrometric chart if the dry-bulb temperature 
and relative humidity are known. Condensation 
conditions are easy to analyze if steady-state 
conditions are assumed. This is usually justified for 
problems of the nature discussed below. 

'The temperature T,  at location x within a wall 
section of overall thermal resistance R, (including 
indoor and outdoor film resistances) is directly 
proportional to its location with respect to resistance 
R, outside of location x ,  and resistance 
(R, -R,)inside of location x (see Figure 6-13): 

so 
R, (T, - To) 
IL T,  = To + 

where: 

R,-R-value of wall outside point x (ft2[hr]"F/Btu) 
R,-overall R-value of wall, including air film 

resistances (ft2[hr]"F/Btu) 
T,-temperature at point x within wall ( O F )  

l ',-outdoor air temperature ( O F )  

TI-indoor air temperature ("F) 

The temperature of the wall surface exposed to 
the indoor air is calculated in a similar manner. We 
designate the temperature of this special surface T,, 
and let R, represent the thermal resistance of the 
overall wall minus that of the indoor air film, which 
i s  taken as R-0.65 ft(hr)"F/Btu fox vertical surfaces 
(see Figure 6.-14). Thus, R, = (R, - 0.651, and 
(R, -RJ 0.65. 

The surface temperature T, is: 

or 

R, (TI - To) 
(R, + 0.65) T,  = To + -. 

Insulating Against Condensation Above 
Grade 

Conditions most favoring condensation on 
foundation walls during the winter occur above 
grade, and are of special interest at wood members. 
Water vapor will condense on exposed band joists if 
surface temperature T, falls below the dew point. If 
the indoor dew point is known, the resistance R, of 
the wall section can be sized to prevent 
condensation under any specified indoor/outdoor 
temperature difference. The insulation requirement 
is found by substituting the dew point temperature 
Tdew for T, in the original expression, and 0.65 for 
(R, - RJ: 

(Tdew - -  TO) Rs == 0.65 TI - Td, 

The example shown in Figure 6-15 illustrates that 
a reasonable level of insulation is needed under 
fairly severe conditions to prevent condensation. 
Insulation can be used instead of a vapor retarder at 
this critical area where vapor retarders are so 
awkward to install. The same relation shows that 
any amount of insulation added at the inside of the 
wall enormously increases the potential for 
condensation and demands vapor control. No 
practical amount of insulation added outside the 
band joist can compensate for the hazard created by 
insulating at the inside with even an R-11 batt. 

Below-Grade Condensation (Summer) 
The greatest condensation hazard in the 

below-grade portion of the wall occurs in late spring 
and early summer, when dew point temperatures 
are high and the earth still relatively cool because of 
its thermal lag. Accurate analysis of wall 
temperatures during this period requires 
sophisticated computer calculation. However, the 
limiting case of undisturbed ground temperature is 
easy to consider, and offers some guidance. This 
approach is justified with high wall insulation 
levels, which tend to preserve natural conditions in 
the soil. If the insulation is on the outside of the 
wall, the wall will be isolated from soil temperatures 
and the interior surface will remain very close to 
indoor temperatures. In practice, very little exterior 
insulation may be necessary to prevent 
condensation, as evidenced in early field 
experiments [Houghten et al. 19421. If the insulation 
is inside the wall mass, then the undisturbed soil 
temperatures may be imagined to penetrate the 
wall, as a worst-case condition. 
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OUTSIDE INSIDE 
AIR FILM AIR FILM 
R= 0.17 R = 0.65 

, .  . . .  

AIR FILM 
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Rr0.17 R = 0.65 

DESIGN C O N D W S :  

IMTERIOR TEMPERATURE (Ti) =W F 
EXTERIOR TEMPERATURE (To) = 5" F 

TO DETERMINE THE SURFACE 
TEMPERATURE (T,) ATTNE B A M  
JOIST: 

Tx =To + !,(Ti - To) 
R W  

Tx=19"F 

WHERE: 
Rx= Rt i R s i  R,+ Re 
R, (OUTDOOR FILM) 
R, (CLAPBOARDS) 
R3 (PLYWOOD) 
R4 (BAND XNST) 

R,= R, + R, + R,, 
R x  

Ax 
A, (R-11 BATT) 
A, (INDOOR FILM) 

Rw 

= 0.17 
= 0.80 
= 0.60 
= 1.90 
= 3.47 

= 3.47 
=11.00 
= 0.65 
= 15.12 
.. . . ... .. . ... 

TO DETERMINE THE SURFACE 
TEMPERATURE (Tx) AT A CONCRETE 
FOUNDATION WALL: 

WNERE: 
R,= R, + R, 
R, (OUTDOOR FILM) = 0.17 
R, (CONCRETE-IO) = 0.85 

R, = 1.02 

Ax = 1.02 
R3 (R-I 1 BAIT) =11.00 

R,= R, + R3 + R4 

R4 (INDOOR FILM) = 0.65 
R, =I267 

Figure 6-13: Rim Joist Area with Interior 
Insula tion 

OUTSIDE 
INSIDE 
AIR FILM 
R =  0.65 

DESIGN CONDITIONS: 

tNTERlOR TEMPERATURE (Ti) = 65" F 
UCTrRHHl TEMPERATURE TT,) = 5" F 

TO DETERMINE THE SURFACE 
TEMPERATURE (TJ AT THE BAND 
JOtST: 

T,= To + R, (Ti - To) 
%I 

T, = 55.5" F 

WHERE: 
R,= R1 i R,+ R,+ R, 
R, (OUTDOOR FILM) = 0.17 
R,(CLAPSOARDS) = 0.80 
R, (PLYWOOD) = 0.60 
R4 (BAND JOIST) = 1.90 

R, = 3.47 

Rx = 3.47 
R,= R, + R5 

AS (INDOOR FILM) = 0.65 
R, = 4.12 

TO DETERMINE THE SURFACE 
TEMPERATURE (T.) AT A 
CONCRETE FOUNDATION WALL: 

T o  = To +&(Ti - To) 
R, 

Ts=4TF 

R,= R, + R2 
R, (OUTDOOR FILM) = 0.17 

WHERE: 

R2 (CONCRETE*IO") ?--&@ 
R, = 1.02 

R,= R, i R, 
Rx = 1.02 
R,(INDOOR FILM) = 0.65 

Rw = 1.67 

Figure 6-14 Rim Joist Area with No 
Insulation 
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INSIDE 
AIR FILM 
R -  0.65 
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NO VAPOR 
RETARDER 
REQUIRED 

R, (nweoaR FILM) = a 5 5  
R ,  (REQUIRED SECYION 

RESISTANCE) =?2.4 

R,= R? + R,+ R,+ RS 
kl;, jsuTosaR FILM) 1 0.17 

R1 (PLYWOOD) = 61.65 
R3 (CLAPBOARDS) = 0.80 

R, dBAND JOIST) = 1.40 
R,iW-VALblE 06 

UNlNSULATED 
SECTION) = 3.47 

Two INCHES EXTRVDEB 
POLYSTYRENE (R-10) IS 
ADEQUAPE 

Figure 6-15: Rim Joist Area with Exterior 
Insulation 

Wall tcmperatures in the low 50s and upper 40s 
are possible in Iune irr northern regions Vapor will 
condense at these temperatures with iirtloor relative 
humidities in the range of 50 to 70 percent, for air 
temperatures between 65°F and 70"F, if the vapor is 
free to move through the insulation. This could 
OCCUT easily with unfaced fiberglass batts, and 
shows the need for vapor retarders with interior 
wall insulation. 

INSULATION AND VAPOR DIFFUSION 

This discussion in part summarizes an exccllent 
analysis of subgrade conditions described by 
Timusk [1982]. It does not apply to walls exposed to 
water under pressure. The relative humidity (RH) in 
soil pore spaces normally can be aswined to be 100 
percent. Porous wall materials like concrete, 
masonry, arid wood will absorb vapor horn the soil 
and, if unable to dry, will saturate. If the wall i s  able 
to dry to the inierior, the movement of water 
through the wall will leach out salts, leaving 
efflorescent deposits on the interior surface as the 
water evaporates. This is common in old rublAe 
basements and can be found in some older concrete 
masonry walls. 

The diffusion of water vapor into the wall can be 
restricted with a dampproofing coat of bitumen or 
lapped polyethylene sheets installed between the 
soil and the wall and floor'. The menibrane can be 
carried through the wall/footing joint to break both 
capillary and vapor transfer up through the footing. 
Waterproofing also 3erves the purpose. The 
diffusion process can be controlled through exterior 
insulation as well, since this raises the temperature 
of the wall (or floor) and can reverse the direction of 
vapor flow. 

Temperature and Humidity Gradients 
Consider an unprotected foundation wall in 

contact with soil at 4 g F  and 100 percent relative 
humidity. Equilibriurn (no flow) conditions are 
maintained across the wall as long as the indoor 
vapor pressure i s  the same as that in the soil. This is 
expressed as a horizontal line with origin at 46°F 
dew point on the psychrometric chart (see 
Figure 6-18 in Section 6.3). 'There is no vapor 
movement in or out of the wall, for instance, with 
indoor conditions of 55" 5°F at 70 percent KH, 65°F at 
50 percent RW, and 73°F at 35 percent RH. Raising 
indoor humidity at these temperatures creates a 
positive vapor pressure diffcrencr at the inferior 
and drives moisture into the wall and soil, while 
lower indoor humidities draw moisture from the 
soil through the wall 
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Three different wall sections are shown in 
Figure 6-16 with the sdtne soil and indoor 
temperature and humidity conditions. In the 
uninsulated case, the wall is at 100 percent RIT on 
the outside and averages 51.2”F and about 83.5 
percent RH across its width. insulating on the 
outside with R-10 warms and dries out the wall; it 
has an average temperature of 6321;  and averages 
53.5 percent 1-31. Insulating at the inside increases 
the average XIH of the wall from 72 to about 97 
percent, and reduces its temperature from 51 2 ° F  to 
467°F. 

P 

Inferior Insulation 

the subgrade wall to freezing, and its high humidity 
level increases the hazard of damage. The high 
humidity prevents curing concrete walls from 
drying and also supplies moisture to furred-out 
insulation cavities, where it favors decay. 
Furred-out walls therefore require two vapor 
retarders, one at the room surface s d e  of the cavity 
to prevent moist indoor air from reaching the cold 
foundation wall surface where it could condense, 
and one at either side of the foundation wall 
(dampproofing) to prevent migration of soil 
moisture into the cavity from behind. Canadian 
prdctice guides require three moisture barriers for 
internally insulated basements [CW3A 1987; 
CMHC 19821, one at each side of the foundation 
wall and the usual vapor retarder under the finish 
sheathing. 

Exterior Insulation 

condensation and favors drying of the wall to the 
outside, even at the wall/insulation interface. 
Dampproofing and waterproofing seal the outside 
surface and prevent such drying. From 
measurements in full-scale test walls, Swedish 
researchers Elmroth and Hiiglund [1971] have 
concluded that outside moisture-proofing is neither 
necessary nor desirable in walls that are insulated 
externally with fibrous insulations having drainage 
capability“ Their final recommendation, approved 
by the Swedish State Design Office, allows concrete 
masonry basements to be built without exterior 
moisture-proofing, except at the footing, when 
exterior mineral fiber draining insulation is used. 
This allows finish materials to be applied sooner and 
occupancy to occur earlier. There is little, if any, 
experience with such practices in the United States, 
and the long-term success ultimately depends on 
the longevity of the drainage system. 

Interior insulation subjects the upper portion of 

Exterior insulation eliminates inside 

.. 

NO INSOLATION 

EXTERIOR 

INTERtOR 
INSULATION 

Figure 4-16: Temperature and Humidity 
Conditions in Basement Walls 



election of Insulation 

Preceding sections of this chapter discuss the 
advantages and disadvantages of various insulation 
placements. This section describes how insulation 
placement dffects the critical characteristics of an 
insulation material. A special section on moisture 
absorption and its thermal effects on insulations is 
included because of the importance of this 
information in the selection process. 

PERFORMANCE CRITERIA 

The performance criteria and application 
considerations for foundation insulation are 
discussed under three categories-exterior 
placement, interior placement, and placement 
within the exterior structure. Typical insulation 
placements in basements, crawl spaces, and 
slab-on-grade foundations are shown in Chapters 2, 
3, and 4. Table 6-2 relates the three insulation type 
categories (exterior, interior, and within wall) to the 
various typical placements. 

Exterior Insirlation Placement 

Exterior insulation can be placed on the outside 
surface of basement, crawl space, and slab-on-grade 
foundation walls or extend horizontally away from 
them. Exterior placement also refers to any 
condition where the insulation is in contact with the 
soil, such as the crawl space floor, under concrete 
floor slabs, or on the inside face of a buried 
foundation wall. The following considerations 
apply when insulalion materials are placed outside 
the foundation structure. 

For vertical on-wall applications, the insulation 
must have sufficient compressive strength to 
resist the lateral pressures generated by the 
backfill soil without excessively deforming the 
insulation layer (and hence reducing the 
insulation's R-value). At a depth of 7 feet 
below ground, this lateral pressure usually is 
estimated at between 200 psf (1.4 psi) and 450 
psf (3.1 psi), although actual values vary 
greatly according to soil type, backfill 
procedures, and seivice conditions. For a 
one-story basement depth or less, most rigid or 
semi-rigid insulations are strong enough to be 
serviceable. See I able 5-3 for the compressive 
strength at 10 percent deformation of 
polystyrene insulation (MEPS and XEPS) 
types. 
For hori~ontal ski1 t-type applications, the 
insulation must be able to resist the vertical 

Compressive stresses in the soil (which increase 
at approximately 120 psf, or 0.9 psi per foot of 
depth below the ground surface). More 
importantly, it must resist the stresses and 
displacements imposed on it during backfilling 
and any subsequent settlement. The surface 
should be carefully prepared and compacted 
beneath the insulation to provide an even 
support to the insulation layer and backfilled 
above to prevent direct damage. 
The insulation may be subjected to shearing 
forces due to placement or settling of backfill, 
or subjected to upward movements due to 
frost heave of frost-sensitive backfill soils. 
Since waterproofing the foundation outside an 
external insulation is not recommended 
because of the problems of tracing a water leak, 
the insulation will usually be exposed to 
ground moisture conditions outside the 
waterproofing layer. The severity of this 
exposure can be mitigated by a good drainage 
system around the foundation and by a 
polyethylene sheet (or equivalent) to separate 
the insulation from the soil. Nevertheless, an 
exterior insulation used below grade i s  
considered to be in an unfavorable 
environment as regards moisture gain of the 
insulation. When horizontal or skirt-type 
insulation is used below ground, it is normally 
a more severe moisture condition for the 
insulation than when it is installed vertically. 
External insulations must he able to resist 
chemicals present in the soil. Chemicals may 
be from sources such as fertilizers, 
termiticides, de-icing salts, and fuel spills. 

Interior Insulation Placement 
Insulation can also be placed on the inside 

surface of a basement or crawl space wall, or on top 
of a basement slab or slab-on-grade floor. The 
following factors apply when insulation materials 
are placed inside the foundation structure. 

Most foam plastic insulaiions must be covered 
on the interior with a 15-minute flame spread 
barrier such as a Vz-inch-thick layer of gypsum 
wallboard or equivalent. See local building 
code and manufacturers' recommendations. 
Insulations placed inside the structure may 
displace usable interior space. A high R-value 
per inch is desirable in these cases but must be 
bddnced against the cost per R-value of the 
insulation. For example, a basement with 
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Table 6-2: Performance Criteria Categories for Insulation 

Above concrete slab between 
wood sleepers 

Between floor joists 

Foundation 
Type 

Interior 

Within wall 

Basement 

Insulating concrete or masonry 
blocks 

Inside cavities between studs 

Crawl Space ------! Within wall 

Within wall 

Slab-on-Grade 

On soil floor 

Exterior vertical 

Exterior horizontal 

" 
Construction 
Component 

Exterior 

Exterior 

Exterior 

Concrete or 
Masonary Wall 

Beneath Slab 

Above concrete slab between 
wood sleepers 

Wood Wall 

Exterior 

Within wall 

Concrete Floor Slab 

Ceiling 

Concrete or 
Masonary Wall 

Wood Wall 

Ceiling 

Floor 

Concrete or 
Masonary Wall 

Concrete Floor Slab 

Insulation 
Placement I I[nsulation Performance 

Criteria Category 

Exterior horizontal Exterior 

Inside cavities between studs I Within wall I 

Exterior vertical I Exterior I 

.+-------------I Exterior horizontal 

Interior vertical 

Within cast-in-place concrete Within wall 
wall 

I Inside masonry cavities I Within wall 

Between floor joists I Within walls 1 

Interior vertical I Exterior 1 
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internal dimensions of 30-by-60 feet with 3% 
inches of internal insula1 ion plus 1/2 irrch of 
wallboard loses approximately 60 square feet of 
basement space to the irrsezlation and its 

Internal insulations are subject to moisture 
migration due to vapor pressure differentials 
between the interior air m d  the ground, as 
well a s  unwanted leakage through the 
undergrsisnd walls. Cold foundation walls on 
the outside of the insulation may cause 
condensation within tho colder zone of the 
insulation, resulting in a progressive wetting of 
the insulation and consequent loss of R-value. 
An internal vapor retarder to protect 
permeable insulations should be used in all 
regions of the country with an outward vapor 
prpssure differential during a significant 
portion of the year (see the discussion of 
moisture of insulations in Section 6.2) .  If the 
foundation is waterproofed properly and the 
insulation protected properly by a vapor 
retarder, interior insulations shor-rld tic jt 

experience a significant moisture 
accumulation, and the insulation's rPsisiance 
to moisture absorption is not as important a 
parameter as in outside insulation pIacement. 
Since most interior insulation applications 
require a covering layer over the insulation, the 
ease of finishing a wall surface over the 
insulation should be considered Several 
proprietary systems used witb foam 
insulations allow easy attachment of wallboard 
without interior wooden studs. Some of these 
systems also reduce or eliminate the thermal 
bypass through a conventional stud system. 
The structural strength of the insulation i s  not 
an important issue when a conventional stud 
system is used. Dimensional stability and 
strength may be important if the insulation is 
an integral part of an attachment system for the 
interior finish. 

covering. 

Insulation Placement Within the Faundatioga 
Structurc 

Insulation can be placed inside the cavities of a 
permanent wood wall in a basement or cm wl space, 
as well as between the wood floor joists above a 
basemcnt or crawl space. For placement within 
concrate or masonry walls, there are several 
systems, many of which are proprietary. lhcse 
include (1) rigid foam plastic insulation placed 
within a cast-in-place wall, (2) polystyrene beads or 
granular insulation materials poured into the 
cavities of conventional masonry walls, (3)  systems 
of concrete blocks with insulating foam inserts, 

(4) formed, interlocking rigid foam units that serve 
as a permanent, insulating Form for cast-in-place 
concrete, and (5) insulating concrete or masonry 
blocks made with polystyrene beads instead of 
aggregate in the concrete mixture. 

The following considerations apply when 
insulation materials are placed within thc 
fouiidation structuie 

Requirements for a fire-protective covering are 
the same as for internal placement if the 
insulation is installed in a cavity open Lo the 
interior. 
If insulation added to the fourrdation wall 
increases the total thickness of the wall 
required for structural or other purposes (as in 
a sandwich panel type of construction), the 
concern for loss of interior space described 
above is still applicable. This is not an issue if 
the thickness of the wall is unaffected (as in a 
pressure-treated wood foundation). 

similar to those for interior insulation 
placement. 

an issue in a sandwich panel type of 
construction. 

The moisture absoiption considerations are 

The structural strength of the insulation is only 

Plastic Foam Insulations 

Plasf ic foam insulations are created by hcating a 
liquid polymer mixed with a blowing agent. In 
polystyrene foams the blowing agent is introduced 
as a liquid that changes to a gaseou.; state during 
heating. The resulting gas expansion throughout 
the polymer produces the cellular foam structure. 
The choice of the polymer, the choice of the blowing 
agent, and the control of the expansion process 
determine the attributes of the final insulation 
product. For some insulations, additional facing 
materials may be added to act as a vapor retarder or 
to a i d  in the retention of a low-conductivity gas (if 
one is used to foam the insulation). 

Polystyrene: InsulaBiurls 
Polystyrene foams fall into two major categories: 

exirudedfoams (XEPS) and ~nolded foams (MEPS). 
Extruded foams are created in one continuous 
process by foaming and direct extrusion into the 
finished product. Molded foams involve a two-stage 
process. The first stage is to heat-expand polymeric 
beads containing a blowing agent, the second stage 
involves further expansion and fusion of the beads 
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in a confined mold, credting closed-cell, rigid 
insulation products. 

XEPS insulation. The extrusion process 
produces a closed-cell foam with a very uniform 
interior texture and denser surface skins on each 
face of the insulation. Insulation sheet thickness is 
usualIy limited to less than 4 inches. Currently, the 
four U.S. manufacturers of XEPS insufation ship the 
products in their finished form from central 
manufacturing plants to local distributors. XEPS 
insulation is t);pically manufactured at densities 
ranging from about 1.35 pcf to 4 pcf and falls under 
insulation types IV, V, VI, VU, and X in ASTM 
Standard C 578-85 (see Table 6-3). 

XEPS insulation has a low permeability to water 
vapor and excellent resistance to moisture 
absorption. It loses some R-value with time but is 
very stable after dn initial ”aging” process (see later 
section for discussion). The R-value, or thermal 
conductivity, is usually given as a five-year aged 
value. Typically, XEI’S is more expensive than 
MEPS insulation, but higher initial costs must be 
balanced against higher performance 
characteristics. 

- 

MEPS insullation. ?‘he two-stage process for 
MEPS manufacture allows the raw insulation beads 
to be transported from national bead manufacturers 
to local manufacturers for final expansion into a 
rigid board. There are currently three major 
manufacturers of raw ET’S beads in the United 
States but over a hundred manufacturers who 
process the bead stock into a finished hoard. 
Checking the adherence of the finished product to 
the appropriate ASrM standard is an important 
consideration when specifying or purchasing MEPS 
insulation. 

MEPS insulation can be manufactured at various 
densities suitable for a particular use. The physical 
properties of MEPS insulation board meeting the 
requirements of ASTM Standard C 578-87a fall 
under insulation types I, 11, VIII, and IX (see Table 

MET’S insulation IS usually molded in thick 
sections and then sliced to form boards of a 
particular thickness, It is thus available in thicker 
sections (up to 32 inches) than most types of foam 
insuiations. The as-molded surfaces of MEPS 
insulation have a denser skin than the interior of the 

6-3). 

Table 4-3: Physical Requirements of Rigid Cellular Polvstvrene (RCP! I Thermal Insulation 

rype VI11 Type11 1 TypeX Type IV Type VI  Type VI1 Property Type i 

Density, min lb/ft3 (kg/m3) I 0.9 (15) 

Type I X  

1.15 (18) 1.35 (22) I 1.35 (22) 1.8 (29) 1.4 (26) 2.2 (3.5) 
-I_ 

5.4 (0.96) 
5.0 (0.89) 

..._ 

1 8 (29) 

5.4 (0.96) 
5.0 (0 89) 
- 

$0.0 (276) 

l’hermdl resistance of 1 00 
in (25 4 inm) thickness, 
inin %-f?-h/Btu 
(k-m*Mr) at 
mean temperature. 
40°F (44°C) 4 0 (0 71) 
75°F (23 9°C) 3 6 ( 0 6 4 )  

l1WF (43 3°C) * 
____ 
Compressive resistance at 

yield or 10% defor- 
mation, whichever 10 0 (69) 
O C C U T ~  h 5 t  (with 
skins intact), miii psi 

4.6 (0.81) 
4.2 (0.74) 

-- 
_I_ 

25.0 (173) 

4.2 (0.74) 
3.8 (0.68) 
I -- 

13.0 (90) 

30.0 (208) 

4.4 (0.78) 5.4 (0.96) 
4.0 (0.71) 5.0 (0.89) 
- I 

15 0 (104) 15.0 (104) 

40 0 (276) 40.0 (274) 

3.5c5.l) 1.1 (1.6) 

5.4 (0.96) 
5.0 (0.89) 
- 

25.0 (173) 60.0 (414) 

Flexural strength, min. psi 25.0 (173) 
( k W  

50.0 (,M5) 75.0 (517) 

1.1 (1.6) 
-II_ 

50.0 (345) 

2.0 (2.9) 

50.0 (414) 

1.1 (1.6) 1.1 (1.6) Water vapor permeability, 5.0 (7.3) 
max. perm-in. 
(ng/Pa. s. m) 

3.5 (5.1j 

3.0 

2.0 

24.0 

Water absorpbon by total 
mnimersion, max vol- 
ume ‘;h 

_li_--_l_ 

Dimensional stability 
(change in dimen- 
sions), mar. 76 

4.0 

-I+ 2.0 

2.0 0.3 

-- 
2.0 

0.3 

-- 
2.0 

0.3 

2 0  2.0 2.0 

24.0 24.0 24.0 24.0 Oxygen mdex, min. n, X 24.0 

Values not available 
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board, but the surfaces of boards, which are formed 
by cutting thicker sections, do not. The vast 
majority of MEPS board insulation sold in the 
United States has cut faces rather than molded 
faces. 

cells, which are cells with continuous polymer 
membranes separating each cell from its neighbors. 
Closed-cell foams are typically more resistant to 
vapor permeation and moisture absorption because 
the moisture must diffuse through the cell walls in 
order to pass through the insulation. The vapor 
permeability of the MEPS bead insulation is 
typically higher than that for a XEPS insulation 
because incomplete fusion during bead expansion 
may cause interstices between the EPS beads. The 
lower vapor permeability of the XEPS i s  also 
attributable to the dense surface skin of the 
extruded board. As the density of MEPS insulation 
is increased, the extent of interbead discontinuities 
and their effect on insulation properties are 
generally reduced. 

product in which expanded beads of polystyrene 
are formed into a rigid board using an asphaltic 
bonding agent. The resulting board has good 
insulating properties in its dry state with dn 
approximate thermal conductivity of 0.279 
$tu-in/hr-ft2"F at 75°F (independent test data 
supplied by manufacturer). It also allows excess 
water to drain rapidly through to a foundation 
drain. It is unclear at present, however, to what 
extent the board's insulation function is impaired 
during and after a period in which the board 
functions as drainage material. Data are available for 
the performance of the drainage board as a function 
of moisture content but no data are available on 
average field moisture contents in the drainage 
board. Thermal conductivities in one series of tests 
at 50°F (expressed in Btu-idhr-ft'OF) range from 0.32 
(dry) to 0.37 at 2.2 percent moisture content by 
volume (test data supplied by manufacturer). 

EPS insulation beads principally consist of closed 

EPS drainage board. EPS drainage board is a 

Polyurethane Insulations 

a urethane polymer with a low-conductivity gas to 
create a closed-cell insulal-ion. The foam can be 
formed into rigid board stock, or the foaming can be 
carried out on site in a spray or foam-in-place 
process. The site processes are usually cheaper but 
quality control may be an issue. Urethane foams 
typically exhibit a very high initial R-value but age 
more rapidly than the polystyrene foam, reducing 
their R-value advantage with time. Moisture 
absorption testing of insulation materials performed 
by a number of independent groups (see references) 
has typically shown urethane foam board stock to 
absorb significant levels of moisture despite the 

Polyurethane insulations are formed by foaming 

material's relatively low vapor permeability. 
Urethane insulation boards are usually more 
expensive than polystyrene insulation boards; the 
effects of aging and moisture absorption on R-value 
should also be weighed in the selection process. 
There is insufficient information to categorize the 
performance of spray-foam systems but it is unlikely 
to be better than the factory-produced product, 
Several manufacturers of polyurethane insulation 
boards contacted in a survey in 1985 did not 
recommend or market their insulation for exterior 
foundation applications. 

Isocyanurate Insulations 
Isocyanurate insulations involve different 

polymer compositions than urethanes, but for 
foundation purposes the comments for urethane 
foams are also applicable for isocyanurate foams. 
An exception is that the isocyanurate foams are 
usually available only in board stock. 

Fiberglass batt, blown insulations. Fiberglass 
batts are a well-known insulation type. The batts 
have no structural strength and hence must be used 
in open cavity applications. Likewise, fiberglass can 
be blown into the open cavities of a wall. Fiberglass 
insulations have a high vapor permeability and will 
absorb moisture easily if condensation is allowed to 
occur within the insulation or if liquid water is 
allowed to drain into the insulation. Excessive 
amounts of water will drain through the insulation 
but moisture can be retained on its fibers. Fiberglass 
insulations should be used with a vapor retarder 
when condensation is possible within the 
insula lion. 

Fiberglass drainage board. This product is a 
higher density, more rigid board than the fiberglass 
batt. It has sufficient resistance to compressive 
deformation to be used as an exterior insulation and 
drainage board. The fiberglass fibers filter out fine 
soil particles, and the vertical orientation of the 
fibers assists in the vertical drainage of soil moisture 
to the foundation drain. There is little information at 
present about the effect of the boards drainage 
function on its long-term R-value. Fiberglass 
drainage board is typically a lower-cost product but 
has a higher compressive deformation compared 
with EPS drainage board. 

Loose-Fill Insulations for Concrete Masonry 
Units 

Several materials are available as loose-fill 
insulations for the open core of concrete masonry 
units. The most commonly used materials are 
expanded perlite, vermiculite, and EPS beads. 
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FACTORS AFFECTING T H E  MOISTURE 
AND THERMAL PERFORMANCE OF 
INSULATIONS 

The impact of moisture on the long-term 
performance of foundations is of great concern to 
building designers and specifiers. The processes of 
moisture buiIdup within an insulation and the 
effects of this buildup on the insulation’s thermal 
conductivity are explained below. 

PHYSlCAL 
BARRIERS 

WATER VAPOR 
TRANSPORT 

PXASE CHANGE 

LIQUID WATER 
ENTRY 

VAPOR RETARDER 
REDUCES ENTRY 
OF WATER VAPOR 

HIGH PARTIAL 
VAPOR PRESSURE 
OF WATER VAPOR 
IN AIR 

VAPOR ENTRY I 
DEW WlNT OR 
FREEZING PLANE - 
WITHIN IUSULATION 

Moisture Transfer in Insulation Materials 
Moisture can enter an insulation in several ways 

(Figure 6-17). It can enter in liquid form under water 
pressure or by capillary suction. The source of liquid 
water may be from full or partial immersion of the 
insulation in water, contact with a damp surface or 
water-bearing material, or moisture condensation 
on the insulation’s surface. Moisture also may enter 
and be transmitted through an insulation as water 
vapor. The vapor diffuses through the insulation 

E W E  CONDITION 

REDUCES EXIT 

LOW PARTlAL 
VAPOR PRESSURE 
OF WATER VAPOR 

INSULATION 

CAPILLARY SUCTION/ 
WATER FLOW 

WATERR) AMP 
Partial vapor yressure is it function of temperature and relative humidity SURFACE 

Figure 6-17: Major Moisture Transport Parameters in a Porous Insulation 
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driven by the vapor pressure gradient across or 
within the insulation. The vapor pressure gradient 
reflects the di€fering partial vapor pressures of 
moisture vapor at different temperatures and 
moisture concentrations. The partial moisture vapor 
pressures on either side of the insulation can be 
determined from a psychrometric chart if the 
appropriate temperature and humidity conditions 
are known (see below for details). 

diffusion, (2) the physical flow of water under a 
pressure gradient, or (3)  evaporation from the 
surface layer of the insulation. It is thus very 
important to consider the moisture transfer 
occurring at both faces of the insulation under 
constant environmental conditions, as well as the 
time-dependent behavior of moisture transfer at a 
single face wider changing environmental 
conditions. 

(i.e., temperature and relative humidity) greatly 
affect the moisture absorption of an insulation 
[Tobiasson 19791. A large vapor pressure differential 
across the insulation may drive significant amounts 
of moisture into an insulation, but much of this will 
exit the other side of the insulation if the moisture 

Moisture can leave the insulation by (1) vapor 

Environniental moisture boundary Conditions 

remains in a vapor €orin and if there is no vapor 
retarder at the insulation face. A vapor retarder only 
on the moisture-exit side could be expected to 
accelerate the moisture accumulation within the 
insulation. This has been shown to be true in 
laboratory testing by Thorsen [1973], where a 
cold-side vapor retarder more than doubled the 
moisture absorption, and also in field testing by 
Hedlin 119941. It was not cited, however, as a 
significant parameter in other laboratory testing at 
moderate vapor pressure gradients by Tye and 
Bakcr [ 19831. 

Moisture also may accumulate more rapidly if 
the moisture changes phase within the insulation 
[Tobiasson 19791. If moisture entering as water 
vapoi condenses within the insulation, it may be 
trapped within the insulation and help to further 
block the transmission of water vapor at this 
condensation plane, thus increasing the buildup of 
moisture at this location [l’aljak 19731. The same is 
true for the freezing of moisture within the 
insulation, except that the frozen moisture is locked 
in position within the insulation. Also, the 
expansion of the water as it changes phase to ice 
may damage the cellular structure of foam 
insulation after repeated freezehhaw cycles in the 
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presence of a continuous water supply [Dechow 
and Epstein 1977; Dubovoy 1985; Fvamular 1984; 
Kaplar 19741. 

The significance of the vapor pressure 
differential in determining the moisture absorbed by 
an insulation can clearly be seen in existing test 
data. However, some of the vapor pressure 
differentials used to test moisture absorption in 
insulations have been very high and completely 
unrelated to the vapor pressure differentials that 
may be expected in practice. Accelerated testing 
under severe conditions can be justified if the 
results are consistent with the performance over an 
extended time period under normal operating 
conditions. Existing test results have varied 
sufficiently, however, to indicate that moisture 
absorption rates at high vapor pressure gradients 
cannot be extrapolated to predict the moisture 
absorption over time in ground-contact and/or low 
vapor pressure drive conditions. Even the relative 
performance among insulation types changes with 
test conditions. Large discrepancies in insulation 
performance evident under one set of conditions 
may not correspond to significant discrepancies 
under another set of conditions [Tobiasson 19791. 
These concerns indicate that great caution should be 
used in interpreting the results of laboratory tests to 
indicate qumtitative field performance under 
substantially different conditions. 

'The vapor pressure differential across insulation 
panels or building sections separating different 
environmental conditions is the difference between 
the vapor pressures of the environmental conditions 
on each side of the insulation/building sections. The 
order of magnitude of vapor pressure differentjals 
for ground contact configurations can be 
detrrinined most readily by examining the 
psychrometric chart (Figure 6-18). The sinail shaded 
area on the chart represents the ASWRAE comfort 
zone for interior environmental conditions. An 
interior temperature of 72°F and 50 percent relative 
humidity is marked ds typical winter interior 
design condition, and 78°F and 50 percent relative 
humidity as a typical summer interior design 
condition. The vapor pressures for these conditions 
can be read on the scale at the right of the chart as 
approximately 0.4 inHg (pressure expressed as a 
height in inches of a column of mercury) and 0.48 
inHg, respectively. 

Winter conditions in the soil surrounding a 
building vary with time of year, region, and depth 
below ground, but it is possible to outline a range on 
the psychrometric chart that represents reasonable 
expectations of the temperature and humidity 
conditions. For Minneapolis, for example, an 
average ground temperature over a 2- to 12-foot 
depth below ground for. January 21 is calculated by 
Labs [1981] as 42°F. The equivalent figure for Miami 
is 72°F. On July 21, the average temperatures for the 

2- to 12-foot depth range are 53°F for Minneapolis 
and 78°F for Miami. Table 6-4 lists these average 
figures for twenty-nine U.S. cities. 

If the ground is assumed to be damp with the 
relative humidity approximateiy equal to 100 
percent, the four points A, B, C, and D can be 
plotted on the psychrometric chart. The January 21 
ground/winter interior-conditions vapor pressure 
differentia1 for Minneapolis is 0.15 inWg outward; 
for Miami the January 21 differential is 0.38 inHg 
inward. On July 21, the differentials to the summer 
interior design condition are 0.10 inHg outward for 
Minneapolis and 0.50 inHg inward for Miami. f f  a 
minimum ground temperature just below the 
ground surface for Minneapolis is assumed to be 
20°F (point E) the vapor pressure differential would 
be 0.27 inHg outward. Lower relative humidities in 
the ground pore spaces increase the outward vapor 
pressure differentials and reduce the inward vapor 
pressure differentials. The larger shaded region on 
the psychrometric chart shows the overall range of 
typical ground conditions for a relative humidity in 
the ground of 60 percent or more. By inspection, 
outward vapor pressure differentials will seldom be 

Table 6-4: Estimated Average Below-Ground 
Temperatures for Twenty-Nine U.S. Citi 

Location January 21 jufy 21 

Albuquerque 57 62 
Atlanta 59 . 68 
Boston 47 56 
Chicago 46 56 
Dallas 65 74 
Denver 50 56 
Houston 72 79 
Indianapolis 50 60 
Jackson 63 72 
Kansas City 50 60 
Ims Angeles 66 68 
Medford 51 56 
Manii 72 78 
Midland 65 70 

Nashville 35 64 
New Orleans 66 73 
New York 49 58 
Oklahoma City 57 66 
Phoenix 67 72 
I b h g h  5 7 66 
Salt take City 50 56 
Sail Antonio 71 76 
San Francisco hO 66 
Seattle 48 54 
Tucson 67 72 
Washington, D.C. 51 60 
Windsor Locks 47 36 

Average Ground Temperature At 2 to 12 Feet (OF)  

I___ 

Minneapolis 42 53 

15 
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greater than 0.30 inHg and inward pressure 
differentials seldom greater than 0.50 inHg. These 
vapor pressure differentials are significantly less 
than the vapor pressure differentials used in many 
of the laboratory nioistrire absorption tests for 
insulations. 

Thermal Conductivity of Dry Insinlakions 
The thermal conductivity of a dry foam plastic 

insulation is dependent on four principal modes of 
heat transfer discussed below. Although this section 
focuses QII foam plastic insulation, which i s  the 
principal type used in an adverse moisture 
environment, much of the discussion applies to all 
porous insulatjons. 

through the solid matrix that forms the cellular 
structure,and (2) gas conduction through the cell 
voids, are the most important for dry foam 
insulations at temperatures typical of building 
insulation applications. The solid conduction mode 
is dependent on the thermal conductivity of the 
solid polymer, the density of the foam, and the 
shape of the individual cells. 

Gas conduction through the cell voids is 
dependent initially on the thermal conductivity of 
the gas used to expand the foam. With time, 
however, this gas diffuses out of the cell matrix and 
air diffuses into the cells. Since the blowing agents 
chosen to expand a foam usually have low thermal 
conductivities, the conductivity of most foam plastic 
insulations increases with age after manufacture. 
This deterioration of thermal resistance is called 
aging. Most manufacturers of foam insulations 
provide aged thermal conductivity values at a 
specified age after manufacture. Jt should be noted, 
however, that the value given at any particular age 
does not necessarily represent a limiting value. For 
dry foam insulations at temperatures typical of 
building insulation applications, these two 
components are the most important. 

Two less important modes are (1) heat transfer 
by radiation across the cell voids, and (2) heat 
transfer by convection within the cells. The former 
can be a significant heat transfer mechanism in 
open-celled, lower-density insulations. Since 
radiant heat transfer is strongly dependent on 
temperature, its significance increases at higher 
temperatures. Radiation i s  not considered a 
significant component of the thermal conductivity 
of foams at the thicknesses, densities, and 
temperatures pertinent to this building foundation 
use [Levy 19651. Heat transfer by convection within 
the cells is not a significant heat transfer mechanism 
at the small cell size of most rigid foam plastic 
insulations used in building construction [Levy 
19651. 

The first two heat transfer modes, (1) conduction 

Effect of Moisture on Thermal Conductivity 

material has a deleterious effect on its insulation 
efficiency. One effect i s  on the heat transfer by 
conduction within the insulation. Water has a 
conductivity of 4 18 Btu-in/hr-sqft-"F at 75°F; the 
conductivity of the solid polystyrene polymer 
forming the cell of a polystyrene insulation is 
approximately 10.5 Btu-in/hr-sqft-"F 
[ASHIIAE 19971; and the conductivity of still air is 
0.163 Btu-in/hr-sqft-"F at 68°F [Weast 19781. If the 
moisture in an insulation turns to ice, the effect on 
the Conduction mode of heat transfer is more 
pronounced, since ice at 32°F has a conductivity of 
15.6 Btu-inihr-sqft-"F [ASHRAE 19771. The second 
effect of the introduction of moisture is due to the 
mass transfer of moisture (and its associated heat 
transfer) iinder vapor pressure differentials across 
(or within) the insulation [Joy 1957; Langlais 19831. 

The range of effects of each mechanism on the 
thermal conductivity of an insulation are briefly 
described below. 

on conduction depends to a large extent on the 
distribution of the moisture within the insulation. 
Joy [1957] has discussed four moisture distribution 
hypotheses and calculated the effect of each on the 
thermal conductivity of an insulation. The 
hypothetical distributions creating the upper and 
lower boundaries are the series and parallel 
distributions (see Figure 6-19). More realistic 
distribution hypotheses are a bead distribution in 
which the moisture is dispersed in small beads 
uniformly throughout the insulation, or afourrz 
distribution in which the moisture is distributed as a 
film on the cell walls of the insulation. 

Effect on the mass transfer of heat. The mass 
transfer of heat is caused by moisture vapor 
diffusion in the direction of heat flow. To illustrate 
the nature of the problem, the results and 
discussion given by Langlais et ai. [1983] from 
studies of fiberglass insulation are described. 
Langlais noted that different authors studying the 
effect of moisture on fiberglass insulations had 
reported widely different trends of thermal 
conductivity change with increasing moisture 
content, especially at low moisture contents. 
Testing carried out using a non-steady-state method 
such as a thermal conductivity probe produced a 
large increase in thermal conductivity for even small 
additions of moisture to the insulation uoy 19571. 
This is in contrast to the results from steady-state 
methods in which the heat transfer is allowed to 
reach a constant value before a thermal conductivity 
determination is made. For this type of test, the 
effect of increasing moisture content is much less 
severe. 

The introduction of moisture into an insulating 

Effect on heat conduction. The effect of moisture 
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When a rapid non-steady-state test such as a 
thermal probe is used, the heat flow reaches a state 
of quasi-equilibrium in which both moisture vapor 
diffusion and conduction stabilize at values that 
yield an apparent thermal conductivity. This 
short-term apparent conductivity includes the effect 
of vapor mass transfer in a permeable material such 
as fiberglass, and thus indicates a significant effect 
on conductivity even for small moisture contents. In 
a conventional guarded hot-plate testing apparatus, 
the test is continued until a steady heat flow is 
obtained; for a wet insulation this usually 
corresponds to the condition when the moisture has 
been redistributed to cold plate, thus eliminating 
the vapor diffusion component. Apparent thermal 
conductivities inferred from the final steady-state 
conditions indicate a much lower effect of moisture 
absorption on thermal conductivity. 

The apparent conductivities determined from 
each testing protocol above represent different 
stages of moisture transfer that may occur in a real 
application, according to such factors as whether a 
continuous source of water is available at the warm 
face or whether the vapor drive reverses with 
seasonal climate changes. 

The magnitude of this vapor transfer effect is 
very significant in fiberglass insulations with their 
high vapor permeability. The effects are not as great 
in polystyrene foam insulations with closed cells 
and a low vapor permeability. Nevertheless, caution 
must be exercised in comparing results of thermal 
conductivity versus average absorbed moisture 
content when the location of moisture within the 
sample and the conductivity test protocols vary 
among the test data. 

A: SERIES 
DtSTRlBUTlON 

HEAT FLOW 

ZONES OF WEB 
INSULATION 

C: BEAD 
DISTRIBUTK) 

HEAT FLOW 

MOlSTURE IN 
BEAD FORM 

D: FOAM 
DtSTRIBUTlON 

HEAT FLOW 

SOLID POLYMER 
MOISTURE FILM 
AIR/GAS MIXTURE 

Figure 6-19: Moisture Distribution Hypotheses for Foam Insulations 
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FreezdThaw Effects 

freezing and thawing while fully or partially 
submerged in water, the moisture content of the 
irrsdation typically increases with the number of 
freezeithaw cycles. I'he freezeithaw cycle draws 
moisture into polystyrene foam insulations faster 
than generally would occur under shallow 
submersion. As the moisture content rises in the 
insulation, the increaw ir, volume of the absorbed 
water as it changes phase to ice can damage the cell 
structure Of the foam. This is particularly true for 
brittle insulations such as cellular glass 
[Tobiasson 19791. The damage to the cellular matrix 
allows moisture to permeate the insulation more 
rapidly and causes a progressive failure under 
repeated freezeithaw cycling. The effects of the 
infernal damage to the insulation arc magnified if 
the insulation is physically confined during the 
freezeithaw cycling, as expansion of the matrix as a 
whole i s  inhibited [Foamular 19841. 

Laboratory freezeithaw testing of insulation has 
been carried out occasionally according to 
ASTM C 666, which was developed for determining 
the resistance of concrete to rapid freezing and 
thawing. The freezeithaw cycle consists of 
alternately lowering the temperature of the 
specimen from 40°F to O"F and raising it from O"F to 
40°F over a total period of between two and four 
hours. 'I'his is a relatively severe test for insulation 
since the entire specimen is frozen and then 
thawed, and also because a continuous supply of 
water is available to be absorbed into the insulation. 
In Procedure A, direct contact with moisture is 
provided throughout the cycle. In Procedure ES, 
contact with moisture is provided only during the 
thawing cycle. For insulation testing, this test is 
intended to measure the relative resistance o€ 
insulation materials to freezeithaw damage; under 
these test conditions significant differences in 
freezeithaw resistance among materials can be 
slzowra. For field conditions, the anticipated 
performa-nce of an insulation is often compared to 
the number of freezeithaw cycles calculated from 
weather data. 

Building insulations in winter separate warm 
interior conditions from the cold extexior conditions, 
SO only the outer portion of the insulation is actually 
subjected to the freezeithaw cycle. The depth of 
insulation affected increases with the length and 
severity of the freezing cycle. For below-grade 
insulation, the field exposure to freezeithaw cycling 
is significantly less severe than above-grade 
exposure. In open grou-nd conditions, the diurnal 
fluctuations of air temperature are damped stat 
w-ithin a few inches of the ground surface. Although 
frost may penetrate to several feet below the ground 
surface in the northern United States, the number of 

When an insulation is subjected to alternating 

freezeithaw cycles experienced at any depth below 
the immediate ground surface are only a small 
fraction of those experienced in the air. Further, the 
effect of the latent heat of fusion in the phase 
change of water to ice and vice versa retards the 
movement of the freezing front in the soil. 

heat loss from the hiiildjng raises the temperature of 
the ground. For small thicknesses of insulation 
and/or the extent of insulation used with the 
loundation, the ground may not freeze to any 
significarit depth adjacent to the building 
[Shipp 19791. The worst case condition adjacent to a 
building is when very high levels of insulation cover 
all the building surfdces below ground. For this 
case, the soil thermal regime adjacent to the 
building approaches the open ground condition 
described previously. 

Although an annual nuinber of below-grade 
freezeithaw cycles (based on an analysis by 
L. Williams [1964]) may be fifty to seventy cycles in 
the northern United States, the majority of the 
d-epbh of the insulation below grade will experience 
very few freezeithaw cycles. Also, as for the 
above-grade condition, the frozen zone of the 
insulation will be restricted to the portion of the 
insulation close to the external surface. 

that freezeithaw testing involving hundreds of 
full-thickness freezeithaw cycles of a fully or 
partially submerged insulation is poorly related to 
the expected performance of insula t i m s  for 
below-grade ayplicalions over a reasoriable 
eccp~iomic life for a building. 

In the ground adjacent to a heated building, the 

As a result of these observations, it is concluded 

Other Concerns 

absorption, the following Concerns can be important 
in controlling the thermal peiformance or 
degradation of some rigid iiisulatinn products. 

Ultraviolet degrddation. When expowd to 
sunlight or daylight over extended periods of time, 
the structure of most foam plastics deteriorates at 
the surface of the insulation. Limited exposure does 
not cause any significant change in thermal 
conductivity, but longer-term exposure reduces an 
insulation board's tliwmal resistance, due 
principally to a loss in thickness of the insulation 
[SFI 19831. Insulation installed be1ow grade is 
protected from this deterioration, but in building 
foundations extesior protection must be provided 
when exterior insula tion is extended above grade to 
cover foundation walls. 

Insectlmdent damage. There have been a few 
reported cases of damage to polystyrene foam 
insulations below grade by either insects or rodents 

Although no[ related directly Lo moisture 
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[Sterling et al. 19851. The insulation provides no 
food value but potentially may be used as a nesting 
material or as a pathway [ARC0 19821. A more 
serious concern in termite regions of the country is 
that an exterior insulation extending to the sill plate 
and covered with an external facing may provide a 
hidden pathway for termites to attack the wood 
frame structure of the building (see Chapter 11). 

provide a breeding ground for molds, fungi, or 
bactcria that can attack the insulation. Some mold 
growth on polystyrene insulation was noted by 
Kaplar [ 19741 in his long-term submersion tests. 
However, examination of insulation buried in 
tropical regions also referenced in Kaplar [ 1974 
indicated that no bacterial action had taken place 
over a two-year period. ASTM Standard 621 
provides a standard practice for determining the 
resistance of synthetic polymeric materials to fungi. 
The spread of bacterial attack through the insulation 
can be expected to be related to the permeability of 
the insulation and the closed cell content. 

Chemical attack. Foam plastics are subject to 
damage from some solvents and other chemicals, 
especially petroleum-based solvents. Care must be 
taken to review the chemical compatibility of foam 
insulations with any adhesives and with solvents 
used in adjacent waterproofing or dampproofing 
layers, In below-grade applications where gasoline 
or diesel fuel may leak into the ground, an 
insulation resistant to these chemicals should be 
used. 

BacteriaMungaI attack. A moist insulation may 

SUMMARY OF APPLICATION 
CONSIDERATIONS 

Perhaps the most evident conclusion from an 
examination of the existing data base of test results 
is that it is possible to drive large quantities of 
moisture into almost any insulation material if the 
moisture conditions (particularly the vapor drive) 
are severe enough and the exposure time long 
enough. The essence of the analysis of insulation 
stdtabili ty for belowgrade building applications, 
then, is to relate the absorption and thermal 
Conductivity data to the appropriate range of field 
conditions. 

insulation parameters on the thermal performance 
of several insulation types, the analysis of the test 
data and literature indicates the following trends. 

When examining the effect of environmental and 

* Generally, higher insulation densities result in 
lower apparent thermal conductivities and J 
smaller impact of moisture absorption on 
thermal conductivity. 

Larger thicknesses of insulation boards show a 
higher apparent thermal conductivity for dry 
insulation but tend to absorb less moisture in 
ground contact environments. 
Ground drainage systems reduce moisture 
absorption in ground contact configurations. 
Moisture absorption is not usually uniform 
within an insulation board [Kaplar 19743. 
The absorbed moisture content is usually 
higher on the cold side of the insulation 
[Tye and Baker 1983; Schaefer 19761. 
Absorbed moisture is not stakiionary within the 
insulation; it migrates to the cold side of the 
insulation in the winter [Hedlin 19771. 
Absorbed moisttire contents measured in field 
studies vary with the time of year the 
insulation is tested [Dechow and Epstein 19771. 
Two layers of insulation are less effective than 
one layer in resisting moisture absorption 
[Larsson 19771. 

The initial cost of an insulation material is an 
important factor in its selection for a particular use. 
Local cost data should be used to develop figures for 
the initial thermal resistance per unit cost provided 
by an insulation, and then the long-term thermal 
resistance per unit cost estimated. This figure can 
then be compared with similar estimates for other 
insulation materials. 

XEPS Insulation in Foundation Applications 
XEI’S insulation has excelht compressive 

strength and is resistant to moisture and 
freezekhaw damage. It can be expected to retain a 
very high percentage of its dry thermal resistance 
when used in earth-contact configurations. It is the 
most applicable insulation for severe moisture or 
freezekhaw environments. It has a higher relative 
initial cost, but this must be balanced against its 
high performance characteristics. 

a blowing agent. Use of this chemical compound 
may be restricted in the future since it has been 
linked to the depletion of the earth’s ozone layer. 
New blowing agents could result in changes in the 
cost or characteristics of the product. 

XEPS is currently manufactured using CFC-12 as 

MEPS Insulation in Foundation Applications 
The moisture absorption of a MEPS insulation 

below ground varies according to the severity of the 
moisture exposure and whether drainage has been 
provided. The conditions of exposure are far more 
important than the time of exposure, insulation 
dcnsity, or thickness. Under moderately favorable 
Conditions, existing in-field test data suggest that 
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MEPS insulation will probably not absorb more than 
15 percent moisture by volume and it may in fact 
absorb much less. 

ground-contact applications in a well-drained 
situation and with a vertical orientation such as on 
the exterior of a basement wall or perimeter 
foundation wall. Higher densities of MEPS should 
be used in more severe environments, but much of 
the initial cost advantage against XEPS insulation is 
then eroded. 

MEPS insulation is best suited for 

~ o l y ~ r ~ t ~ a ~ ~  and Isocyanurate Insulation 
Materials in Foundation Applications 

of appropriate field data, the use of polyurethane 
and isocyanurate insulations in direct ground 
contact is not recommended at the present time. 

Based on existing laboratory test data and a lack 

Fiberglass Batt Insulation 
This insulation is not suitable for exterior use 

due to the lack of compressive strength. It is, 
however, suitable for interior use if a vapor retarder 
is used in northern and mid-state regions. 

Draining Insulation Materials in Foundation 
Applications 

Draining insulation materials or other building 
drainage mat materials provide an excellent method 
of providing foundation drainage. Their drainage 
function is more reliable than unsupervised 
installation of ”free draining” backfill, and they 
may be a cost-effective solution for drainage if 
gravel backfill materials are not readily available. It 
is not possible at present, however, to indicate what 
level of long-term R-value is provided as part of the 
insulation function of these materials. 
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'l'he structmal design of single-family dwellings 
and other small low-rise buildings is usually 
intagiatcd into a series of typical constriiction 
practices. Using these practices, safe and serviceable 
buildings arc produced for the majority of site and 
use conditions. However, if actual loadj ng 
condiiions differ from those initially envisioned by 
ihe designer, standard practices will not preclude 
strhctural damage due to excessive deflection or 
striirkisral failure. 

The behavior of a building foundation may 
repi esent a straightforward transfer of the 
building's weight to the soil layer beneath it. Other 
factors may be involved, however, siich as complex 
interactions of forces generated by volume changes 
in expansive soils, ice lens development in frozen 
s d s ,  ot uneven loading conditions in a slab or 
footing Thus, it is not practical (or in many cases 
possible) to analyze the exact nature of the 
soil/strmcture interaction for residential building 
foucdations. Instead, the loading conditions and 
minimum sizing of structural elements are provided 
that give satisfactory performance under most field 
conditions. 

section provides background information about 
sti uctural design, and includes definitions of key 
terms and descriptions of site investigation 
measrrres and building design criteria. Section 7.2 
introduces theories of lateral earth pressure. 
Section 7.3 lays out the general practice for 
designing typical foundation types and materialq. It 
also highlights the range of conditions for which the 
practices descnbcd are applicable and notes special 
cirr-umsta nccs that require individual engineering 
appraisal. References lo the accepted standards and 
codcs of practice for detailed design are also 
provided Rnally, Section 7.4 paesenls special 
considerations in design. 

This chapter consists d tour sections. The first 
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%1 General Information 

DEFINITION OF STRUCTURAL 
ELEMENTS 

Some of the structural elements of a building 
foundation are described below and illustrated in 
Figure 7-1. 

f 

Cap beam: A cap beam or bond beam is used 
in masonry wall construction to provide a solid 
member at the toy of d hollow masonry wall. 
This allows the distribution o f  loads into both 
wythes of the hollow construction and provides 
a continuous member to anchor the sill plate or 
upper wall construction. 

the load from a wall or column tu the soil. Its 
lateral dimensions are controlled by the 
allowable bearing pressure of the soil beneath. 
The footing has some capacity to resist 
horizontal loads in friction between the footing 
and the soil; this may be used to resist uneven 
soil loadings on the building as a whole (for 
example, a walk-out basement) or to resist wind 
or seismic-induced lateral loads. 

Foundrttiovz wall: This element carries the 
vertical loading from the structure above to the 
level of the footing where the load will be 
transferred into the soil. When the foundation 
wall has an uneven depth of soil cover against 
each side of the wall, the wall must resist a 
lateral pressure from thc unbalanced soil 
loading. This lateral pressure will induce 
bending in the foundation wall, creating tensile 
stresses on one face of the wall that may fully or 
partially offset the compressive stresses caused 
by the vertical load transfer, 

Gmde belirn: Used at the edge of a slab or 
crawl space ionndation to provide a 
combination of foundation wall and footing, A 
grade beam also may be used to span between 
perimeter foundation piers. It is usually used 
when the required depth of the footing is too 
small to call for a separate wall and footing. 

lnfill wall: This encloses the crawl space 
created by foundation piers. It is not usually 
part of the overall structural system for the 
building and is only required to resist nominal 
loads from wind forces and accidental impacts. 
In some cases it may have to withstand a small 
unbalanced load from an uneven soil burial 
depth on each sidc of the wall. 

Pier: A foundatlon pier is an isolated column 
used to transfer principally vertical loads from a 
floor or wall support beam to the footing level. 

Fuoting. The structural element that transfers 

SLAB-ON-GRADE 

SLAB-OM-GRADE 

INFILL WALL 

CRAWL SPACE WALL 

- CAPBEAM 

FOONDATtOON 

BASEMENT WALL 

Figure 7-1: § t ~ ~ ~ t ~ ~ ~ ~  Elements 
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In seismic regions, lateral loading of piers 
occurs from horiLonta1 shaking of the 
groundbuilding structure. Wind forces on the 
building also provide lateral loading of the 
piers. 

Sill platelanchor bolts: These are used in the 
transition between a wood joist floor and a 
foundation wall. The sill plate distributes the 
concentrated loading from the floor joists into 
the wall element. It also must transfer the 
vertical loading from the wall above and, 
together with the anchor bolts, resist any uplift 
forces induced by wind action on the roof of the 
building. If the first floor of the building props 
the top of a foundation wall that is resisting 
lateral pressures from the soil, then the sill 
plate/anchor bolt connection must also transfer 
this horizontal load into the floor structure. 

Slab-on-grade: Provides a durable flat surface 
that i s  supported directly by the ground. The 
slab distributes concentrated loads to a larger 
area of the ground surface. It will span small 
areas of softer ground if the applied loadings are 
not too high. 

Thickened slab edge: This is similar to the grade 
beam but is poured as part of the slab-on-grade 

SITE INVESTIGATION 

The subsoil investigation plays an essential part 
in the design of a building foundation. It should also 
be used in making the site purchase decision for 
such a building, since poor soil conditions will very 
likely increase construction costs. 

the site can be gathered prior to a physical 
investigation. Table 7-1 lists items that should be 
considered and potential sources of information. An 
often overlooked information source is the U.S. 
Department of Agriculture’s Soil Conservation 
Sewice, which has offices throughout the country. 
This information, although only applicable for 
shallow depths, can offer valuable preliminary 
information about the site and can help in planning 
the detailed investigation. In inost cases soil borings 
taken at the site will still be necessary. Typical 
instructions for the soil-testing firm that will carry 
out the borings are given in Table 7-2. 

bit advances the bore hole to the depth to be 
sampled. The drill hole has a diameter of 4 to 8 
inches. Samples are customarily taken with a split 
barrel sampler at 2~lz-foot intervals to a depth of 10 
to 15 feet, and then at .§-foot intervals as the boring 
extends deeper into the soil. The samples are 
obtained from undisturbed soil just below the 

In many cases a substantial amount of data about 

When a soil test is taken, an auger or other rotary 

bottom of the bore hole after it has been advanced to 
each sampling depth. After a sample is obtained, 
the bore hole is drilled to the next sampling interval. 

Most soil-boring investigations call for a blow 
count reading when each sample is taken. The 
standard penetration test measures the number of 
blows required to drive the sample into the soil 
using a 140-pound weight dropped from a distance 
of 30 inches. The sample is obtained with a split 
tube attached to a drive cone that serves as the 
cutting head. The tube has a 1Vs-inch inside 
diameter and a 2-inch outside diameter. After the 
split tube sampler has been driven 6 inches into the 
soil, the number of blows required to drive the 
device down another 12 inches are counted and 
recorded on log sheets. These numbers on the log 
sheets, termed b h ~  count numbers, are represented 
as N.  

Table 7-1: Site Investigation Information 

Typical Information ta be Gathered 

Original plot/survey information 
Easements (horizontal and vertical extent) 
Mineral rights (together with any agreements con- 
cerning access for the property) 
Existing topographic information 
Existing utility and building information 

* Records of seismic activity or zone clarifications for 

Existing surficial and bedrock geologic information 
Existing infornia tion on groundwater conditions 

Soil temperature 

Typical Sources of Site Information 

Local city or codnty engineer’s office 
City or county records department 
Aerial survey companies 
State Seological survey information 

*U.S.G.S. maps and reports 
U.S. Department of Agriculture soils information 

Previous records from nearby construction 
Well-drilling records 
Drilling records of public agencies 
Technical papers on local geology, microclimate, 
soil conditions, etc. (in nearest university library) 
Experienced local soil-testing firms and consultants 
(as paid service) 
Government agency responsible for adjacent roads 
Local weather-reporting agency 

seismic design 

and surface drainage 

(usually shallow only) 
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Table 7-2: Instructions to Soils Engineers 

1. General 
1. Prior to undertaking the project, the soil engineers shall furnish the owners with information regarding the 

estimated cost of furnishing the services described below and when these services may be periormed. 
2. Test borings and a detailed engineering report shall be made by or coordinated through a Registered Profes- 

sional Engineer skilled in soils and foundation engineering. 
3. The owner will accurately describe the location of the project site. The Engineer should contact the owner, 

however, if any questions arise during the work, including changes in the test boring program and/or un- 
usual site conditions. 

11. Field Testing 
1. Soil sampling shall be performed in accordance with ASTM Standard Dl586 and U1452. Although a mini- 

mum of test borings is suggested, the Engineer should indicate if one boring is adequate or if more are neces- 
sary. The test borings should terminate 10 + teet below the planned footing elevation, or as determined by 
the Engineer. 

2. Description of the soils shall be in accordance with ASTM S2487 (Unified Classification System). 
3. Water level measurements shall be made upon completion of each test boring and, again, prior to filling the 

test holes. 

111. Engineering Report 
1. The detailed report shall contain a discussion of both the soil and groundwater conditions at the site. Recom- 

inendations addressing foundation type, soil bearing pressure, safe values for lateral soil pressure, and a soil 
friction value for developing resistance against the lateral pressure shall be included. 

2. Attached to the report shall be the test boring logs, complete with water-level measurement data, soil type 
and USCS symbol, depth of soil layers, and ground surface elevation of each test boring. The N values, per 
the AS’TM Dl586 test, should be clearly shown for the depth at which each test was taken. 

3. A sketch showing boring locations (properly dimensioned) and information regarding the benchmark used 
in determining boring elevations at the site shall be included. 

‘fie results of the standard penetration tests, 
which indicate the relative density and comparative 
consistency of the soils, can help in estimating the 
bearing capacity and the compressibility of the soil 
being sampled. Logs of all borings should always be 
included in the appendix of the soils report. All soil 
strata encountered are described in the logs, usually 
using the Unified Soil Classification system (see 
Table 7-4). Sampling information, pertinent field 
data, and field observations are recorded in addition 
to the blow count readings. 

Soil-testing firms will sometimes do grain-size 
distribution tests (sieve analysis) and determine soil 
moisture contents to aid in classifying soils. Tests 
other than the standard penetration test can be 
performed. For example, unconfined compressive 
strength and pocket penetrometer tests can be used 
to help determine the strength of cohesive soil and 
bearing capacities. 

Soil boring logs often use descriptive terms to 
indicate the relative proportions of the different 
constituents of the soil. The proportions commonly 

4 associated with these terms are given in Table 7-3. 

ACCEPTABILITY CRITERIA 

A building foundation must meet the following 
performance criteria to be considered adequate. 

1. The loading applied by the foundation to the 
soil should not cause excessive soil 
settlement. Soils confined under a building 
foundation rarely undergo what is 
commonly thought of a s  structural failure. 
Instead, they compress or displace with 
increasing load, and failure is said to have 
occurred when this displacement impairs the 

Table 7-3: Proportions of Soil Constituents 

I Description Percent 

Trace 1 to 10 
Little 11 to 20 
Some 21 to 35 
With 36 to 50 



Table 7-4: General Characteristics and Tvpicd Bearing Capacities of Soils 

Group 
Symbols 

_. ......... - 
GW 

Backdil 
Potewti 

Typical Range General 
Bearing (psi) ' Suitabil 
Capacity 1 

Frost 
Heave 

___.. 
low 

low 

____  
medium 

Characteristic 
Typical Nanws 

8000 psf 1500 pst to 20 tons ii' j good best 

exceller 

well-graded gravels and excellent 
gravel-sand mixtures, 
little oi no fines 

poorly-graded gravels excellent 
and gravel-sand mix- 
tures little or no lines 

....... ___....__ 

low 

low GP 6000 Q5f 1500 pSf to 20 tons fi' I fiNd 
i 
I 

___ .......... ......... i .... 
~ 

! 
4000 psf 1500 psf to 20 tons fi' ~ ~ o o d  

I 
GM 

.____ 
GC 

good 

...... ........ 

silty gravels, gravel- 
sand silt mixtures 

sand-chy mixtui-2s 

_ .......... __ 

-. ......... ....... ___ 

...... ......... ~ 

....... 

medium low good 

low low well-graded sands and good 
gravelly sands, little 
or no fines 

SW 

SP poorly-graded sand and good 
gravelly sands, little 
or no fines 

good 

fair SM medium silty sands, sand-silt good 
mixtures 

SC 

MI. 

3000 ysf 1000 psi to 8000 pst good 

.~ 

tdir 

fair 

fair 

low 

low 

............. .- 

medium 

......... 

fine sands, rock flour, 
silty or clayey fine sands 

-___.. 
high 

1- 

medium 

2000 psf 1000 psf to 8000 QSf 

CL inorganic clays ot low 
to medium plasticity, fair 
gravelly clays, sandy 
clays, silty clays, 
lean clays 

fair tali 

......... .......... ___ 

-.- 

inorganic silts, mica- 
ceous or diatomaceous 
fine sands or silts 
elastic silts 

poor high 

-. ....... .- 

high 

poor 

bad inorganic days of 
medium to high 
plasticity 

poor cr-a 

OL 

.... I 

poor medium medium poor 

no gooc 

organic silts and or- 
ganic silty clays of low 
plasticity 

.......... __.___ 

remove OH organic clays of medium 
to high plasticity 

Iio good high 

P'r peat, muck and other 
highly organic soils 

no good high no gooc I -- 

remove poor 
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functioning or appearance of the structure. 
The effects of settlement are usually 

divided into two categories--the overall 
settlement of the building, and differential 
settlement between different foundation 
elements of the building. Uniform overall 
settlement affects the relationship of the 
building structure to the surrounding surface 
grade. This in turn may affect surface and 
foundation drainage around the building, 
building/ground connections such as entry 
steps, and details at building/grade 
interfaces. Uniform building settlement does 
not, however, usually cause significant 
damage to the building structure. In 
contrast, differential settlement between 
elements of the building structure is far more 
destructive to a building, since connections 
and structural elements are distorted and 
may lose load carrying capacity, and also 
because the appearance and utility of the 
building interior are affected. The limitations 
on differential settlement from the HUD 
Minimum Property Staatidards are reproduced 
in Table 7-5 [HUD 1973bl. 

foundation and the connections between 
2. The structural elements of the building 

Type of Structure 

them must be able to transfer the design 
loads between the upper portion of the 
building structure and the soiktructure 
interface. These structural elements d s u  
must be sized to resist unusual or complex 
loading conditians for which no explicit 
loading conditions art! provided. Structural 
failure of the foundation itself may be 
catastrophic, involving collapse of the 
building, or it may result in unacceptable 
deflections or structural cracking. 

3. The foundation structure must be designed 
to avoid ox resist displacements or structural 
distress caused by volume changes within 
the soil surrounding the building. These 
volume changes may be induced by moisture 
changes in expansive soils or by the 
formation of ice lenses d u r Q  the freezing of 
frost-sensitive soils. 

must provide a stable site condition for the 
building. Soils subject to a significant loss of 
strength when shaken (liquefaction) should 
be evaluated carefully as to their suitability in 
earthquake-prone regions. For housing on 
hillsides, the overall slope stability of the soil 
forming the hillside should be considered. 

4. The underlying soil or geologic structure 

Tolerable 
Differential Settlement' 

Structures with sensitive interior or exterior 
finish such as plaster, ornamental stone, or 
tile facing. 

One- or two-story houses with plain brick I bearing walls and light structural frame. 

0.001 to 0.002 

Multistory heavy concrete rigid frame on 
structural mat foundation 4 ft.  t thick. 

Structures with relatively insensitive interior 
or exterior finish such as drywall, movable 
panels, glass panels. 

0.0015 

0.002 to 0.003 

AV 
OF DGE 
PR c 

'-.- SETTLEMENT 
PROFILE 

Qualifying Conditions 

Larger value is tolerable if significant portion 
of settlement occurs before finish is comolr:ie 

Larger value 15 tolerable ii significant por- 
tion of settlement occurs before finish is 
complete. 

Damage to structural frame may Emit tolera- 
ble settlements. 

Damage to interior or exterior finish may 
limit tolerable settlements. 

'Tolerable differential settlemcnt 
is expresed in  terrnj: of slope nf 
se ttletucnl profile. 

Valire of 0.C0I equals ]/<-inch 
differential settlemen: in ZD-loot 
distance. 

Value of 0.008 cyuals 2-inch 
dififrential settlement in ZO-tooi 
distance. 

Souce: NAV-Docks, DM-7 



Introduction to Lateral E th Pressure 

SOURCES OF EARTH 

l'heories of earth pressure date from concepts set 
forth by the French scientist C.A. Couloinb in 1776 
and the Scottish engineer W.J.M. Rankine in 1857. 
Both Coulomb and Rankine described pressures in 
the soil at a state of shear failure, that is, under 
stresses at which the soil actually slips. Theories of 
"active" and "passive" soil pressure and 
modifications of them are still conimonly used in the 
design of retaining walls. 

The soil pressure exerted on a retaining wall 
depends on whether or not the wall deflects 
significantly when it is pressured by the ground, If 
the top of the retaining wall can deflect away from 
the ground behind it, then the internal friction of 
the soil is mobilized to help resist the tendency to 
fail, thus reducing the necessary design pressure for 
the wall. This active pressure condition is used for 

designing simple external retaining walls in cases 
where these assumptions are appropriate. 
However, the exterior walls of a building 
foundation are usually supported by the first floor 
of the structure. If this support is  relatively rigid, it 
i s  more reasonable to calculate wall design on the 
basis of at rest lateral pressures in which no 
resistance of the soil is mobilized. Pressures on 
walls designed on the assumption of at rest lateral 
pressures have correlated well with measured wall 
pressures on instrumented buildings [Gould 19701. 

A third pressure condition, involving passive 
pressure, occixrs when a surface is being pushed 
against the soil arid mobilizes the internal friction of 
the soil to resist this movement. These pressures are 
used to check whether the toe of a retaining wall, for 
example, will move as a result of the active lateral 
pressure. Typical values for these three types of 
pressures are given in Table 7-6. The term equivalmt 
fluid pressure is used because the pressure is 
assumed to increase linearly with depth, as it does 

Table 7-6: Typical Values of Unit Weights and Equivalent Fluid Pressures 

Friclion Angle 
(degrees) 

45 
38 
32 

. __... _....I____ 

Classification 

Coarse sand or 
sand and gravel 

40 
Medium sand 34 

30 

34 
Fine sand 30 

28 

Fine, silty sand 32 
or sandy silt 30 

28 

Fine, uniform 30 
sand 28 

26 

_ _ _ _ ~ .  ...._. 

-- -- 

LI. 

_I...._ 

Clay silt 20 

I l5 
Silty clay 

Clay 

ouice: Hough 119691. 

Density or Unit Soil 
Consistency Weight (pcf) 

compact 
firm 
loose 

140 
120 
90 

compact 130 
firm 
loose 90 

compact 
firm 
loose 

compact 
firm 100 
loose 

. .__. 

compact 135 
firm 
loose 85 

medium 
soft 

I Equivalent Fluid Pressure 
(psf/ft depth) 

Active 

600 
390 

30 45 270 
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in a fluid, and represents the unit weight of a fluid 
that would exert the same lateral pressure as the 
soil. 

There are several sources of earth pressure. 
Gruvitational pressures are created by the weight of 
the soil and any surcharge loads. Gravitational loads 
act downward but induce a lateral component of 
pressure because the sideways expansion of the soil 
is restricted. Surcharge loads are downward-acting 
loads that are applied to the backfill. Most 
surcharges occur at the surface, although 
neighboring foundations act beneath ground level 
Surcharges act in excess of and are added to the 
estimated soil-only pressure in figuring design 
loads. 

In addition, residual or intertzal pressures are found 
in overconsolidated backfill. They are created by 
overstressing during compaction and remain locked 
in the soil, because the soil does not fully relax 
(return to its normal state of consolidation) after 
compaction. The magnitude of residual pressures 
can be controlled through selection of soil material 
and care in the compaction effort itself. Swelling 
pressures are caused by the absorption of water in 
expansive clay soils. Swelling pressures are very 
large and it is usually uneconomical to design the 
structure to resist them. Soil replacement, provision 
for structural movement, and control of ground 
moisture content are used to limit damage. 

Other sources include ground freezing, which can 
cause both lateral and uplift pressures. Footings are 
located below the natural frost penetration depth to 
avoid frost heaving (see Chapter 6 for further 
details). Drainage and soil type largely determine 
the severity of the frost problem. Hydrostatic 
pressure, the pressure exerted by water in the soil, is 
another source. Hydrostatic pressures exist only 
beneath the groundwater level (the phreatic 
surface), and act equally in all directions at any 
given point. Hydrostatic pressures on a structure 
can be controlled by lowering the water table. 
Finally, lateral movement of the earth due to seismic 
forces induces dynamic loads on substructures. These 
require special engineering attention in calculation 
and detailing that is beyond the scope of this 
manual. 

Not all substructures are subjected to all loading 
conditions, but all possibilities must be investigated 
on a site-by-site basis. Figure 7-2 illustrates a 
composite of load sources discussed above. 

foundation engineering describe theoretical 
solutions to a great variety of loading problems 
beyond the most common ones discussed here. 
These include works by Bowles [I9771 and 
Das [1984]. Also of interest are studies reported in 
the ASCE specialty conference, Latrraf Stresses in the 
Ground and the Design of Earth Retuining Structures 
[Morganstern and Eisenstein 19701. 

Many recent textbooks on soil mechanics and 

- 

ANGLE OF INTERNAL FRICTION d 

The arigle of internal friction #I is an index of a soil's 
resistance to shearing stress. It is determined by soil 
sample testing, and is defined by the relationship: 

where: 

s = p,(tun 4) 

5-unit shearing strength 
p,--effective normal pressure 
+angle of internal friction 

The term ( tan 4 )  is the coefficierzt uf internalfrictioiz 
of the soil. Factors determining the internal friction 
of the soil include particle shape, gradation of 
particle sizes, and relative density of the soil 
sample. 

The internal friction of the soil determines how 
much of the soil's weight is exerted laterally. Soils of 
high internal friction, such as coarse sand, exert less 
lateral pressure than do soils of low internal friction, 
such as silt. The angle of internal friction determines 
how steep the angle of repose will be for a 
loosely-dumped pile of soil or other granular 
material (saIt, sugar, etc.). 

assigned 4 values as a material property. The 
internal friction of clay and other cohesive soils 
varies with moisture content. They can be 
characterized as having different angles of internal 
friction at different moisture contents, and it is 
common in engineering practice to give #I values for 
cohesive soils in their most plastic state. These 
range from 0" to 20". Fluids have no internal friction 
in this static sense, so, for water, 4 = 0". This means 
that the lateral pressure exerted by water at any 
depth below the phreatic surface equals its 
downward and uplift pressures at the same depth. 

Even cohesionless soils can exhibit a range of 
friction values within the same sample when tested 
by different methods or under different conditions. 
A well-packed soil has a larger friction angle than 
the same soil in a loose state (41" versus 33" for a 
clean sand, for example). 

Table 7-6 lists friction angles for a variety of soil 
types. These typically range from 26" to 36" for 
cohesionless soils. A value of 30" is often assumed 
for preliminary design purposes in the absence of 
specific test data. Soil water has little effect (less 
than 1") on +in truly cohesionless soils. 

Strictly speaking, only cohesionless soils can be 

ANGLE OF REPOSE 4' 
The angk  of repose 4' is the steepest slope at 

which a soil will remain stable under the force of 
gravity. It is the visible manifestation of the lower 
potential range for the angle of internal friction 
when the soil is in a loose, unloaded state. The 
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repose angle may be viewed as the slope that a pilc 
of granular material assumes when dumped from a 
funnel, chute, or wheelbarrow. Some engineers 
estimate the angle of internal friction by examining 
the "lay" of a backfill soil at the site, allowing (p to be 
slightly greater. This is acceptable for cohesionless 
backfills only. The relationship between the angle of 
repose and angle of internal friction for selected 
soils is given in Table 7-7. 

COEFFICIENTS OF EARTH 
PRESSURE KO, K,, Kp  

of horizontal to vertical pressures exerted by a soil 
element in situ. It is sometimes called the latpral 
pressure rafzu, Since fluids exert an equal pressure in 
all directions, Kb is sometimes defined as the ratio of 
earth pressure applied on a vertical plane to the 
corresponding fluid pressure for a fluid of the same 
density as the soil. Similarly, K ,  and Kp are used to 
denote the coefficient of active pressure and the 
coeffiaent of passive pressure. 

A convenient empirical approximation for rC, 
Uaky 19481 is: 

* for normally consolidated cohesionless soils: 

* for normally consolidated cohesive soils: 

The coeffrcimf ofearth-prcssure-a1-rest KO is the ratio 

KO = (1 -sin 4) 

KO = (0.95 - sin 4) 
These expressions are supposed to estimate KO to an 
accuracy of 15 to 20 percent [Feda 19781, provided 
that the soil exists in a state of normal consolidation. 
At other than normal consolidation, K ,  is limited by 
the condition, 

in which the lower limit represents the coefficient of 
active earth pressure K, and the upper limit represents 

the ~ Q S S Z W  eurth pressure K,, respectively, in the 
Rankine and Coulomb theoretical formulations. 

index ofpl&clfy I of norinally consolidated clays. 
'They gave the foleowing approximations: 

Brooker and Ireland I19651 have related KO to the 

*for0 c: l y<  40%: 

KO I_ 0.40 t- 0.0071, 

for 40% <: I p  80%: 

KO -E 0.68 -t 0.003 (Iv - 40) 

The expressions given by laky and by Brooker and 
Ireland have been found to agree closely with 
experimental studies, with the latter giving 
"relatively smaller, but still acceptable values of KO" 
[Abdelhamid and KriLek 19761. 

K, values of 0.4 to 0.6 are frequently assumed in 
practice for sands, and 0.5 to 0.75 for clay soils. By 
definition, a fluid has KO = 3.0, so saturated flowing 
clays are assumcd to have lateral pressure 
coefficients ok 0.8 to 1.0. KO values much in excess of 
1 .0 have been observed in cases of excessive 
compdction and consolidation. 

from site-collected soil and backfill samples are 
discussed by Bowles [I9771 and by Artdrawes and 
El-Sohby [1973]. Feda [1978] has described a method 
of calculating KO for anisotropic materials. Mayne 
and Kulhawy [1982] reviewed various ways of 
relating KO to soil physical properties determined by 
ordindry test methods. They concluded that Jciky's 
formulas are the most suitable ifor normal 
engineering practice. 

Soil test methods for estimating KO in sitzi and 

EQUIVALENT FLUID PRESSURE w ' 
The values of soil unit weight 7u and the 

coefficient of earth pressure are usually assumed 
constant with depth for homogeneous soils. "he 
product ( W K ) ,  therefore, is also constant with depth 

Table 7-7: Angle of Internal Friction and An@e of Repose for Selected Soils 

fine to medium 

1:1.6 to 1:1.4 

Source: I-Iough [1957] 
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and for simplicity is sometimes treated as a soil 
property. This property is referred to as the 
equivaleiztflirid pressure w ' exerted laterally by the 
soil: 

W '  = wK, 

For example, according to Jaky's approximation 
KO = (1 - sin I$), the equivalent fluid pressure at rest 
can be estimated if density and friction angle are 
known. If a soil has a unit weight of 100 pcf and a 
friction angle of 30°, then: 

or 50 psf lateral pressure per foot depth. At a depth 
of 10 feet, the soil is thus assumed to exert a 
horizontal thrust of 500 psf. 

Loads may be computed by equivalent fluid 
pressures only for normally consolidated soils, and 
the procedure shown above should not be used for 
preconsolidated soils. 

w' = 100(lb)(ft -3)(Z -sin 30")(2 f t )  

SO8 500 400 300 200 100 

l l i l i  

.cl 
z 
P e 
W 
P 

- 

L 

LATERAL LOADS DUE TO EARTH 
PRESSURE 

The lateral earth pressure at rest at any depth z 
in a homogeneous soil is taken to be a simple 
function of depth, the unit weight of the soil, and 
the soil's coefficient of earth pressure. It is given by 
the expression: 

p z  = (wK)z 

where: 

pz---lateral earth pressure at depth z (psf) 
7-depth on wall under consideration (ft) 
io-unit weight of soil (pcf) 
K-coefficient of earth pressure 

(dimensionless); use KO, K,, or Kp as 
appropriate to the deflection conditions of 
the wall 

The lateral load increases linearly with depth, 
producing a triangular loading diagram as shown in 
Figure 7-3. 

h 
-1 

L 
-2 g 

2 

.-4 s 
-5 t 

-3 0 
5 

m u1 

I 

w 
P 

-6 

. d  - 7  

- 8  

NOTE: MI = 100 PCF 
z = 0.5 

Figure 7-3: Lateral Load on a Basement Wall 
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pz 
- 
m 

I 

Pa,b 

n 
I 

LOAD CONTRIBUTED 
BY OVERBURDEN a 

Figure 7-4: Lateral Load on a Wall with an Earth-Covered Roof 

Lateral Load on Wall Intersecting the Surface 
(Basement Wall) 

The total load acting on a subgrade wall between 
some depth z = b and the surface ( z  = 0) is found by 
integrating the expression for p, with respect to 
depth z. The resultant load Po,I, per lineal foot is: 

where: 

Po,b--resultant earth pressure acting on wall 
from the surface to depth b (plf) 

b -some depth of wall (ft) 

The resultant PO,b acts through the centroid of the 
load. Since the load distribution is triangular, Po,b 
acts one-third above depth b (Figure 7-3). 

Lateral Load on Wall with Earth Cover 
The lateral load on an earth-covered wall is 

computed in the same way as for a basement wall, 
except that the limits of integration of pz are changed 

to b and a ,  where a is the depth of earth cover above 
the wall (b -a ) :  

where: 

Pa,,-resultant earth pressure acting on a wall 
between depths u and b (plf) 

u -depth of earth cover (ft) 
The uniform load of the soil cover assumes that the 
soil surface is horizontal and that the overburden 
has physical characteristics similar to the backfill. 
The loading effect of overburdens with density 
differing from the backfill (concrete paving, for 
example) can be determined by calculating the 
lateral pressure due to a uniform surcharge (see 
below). 

The uniform load of the soil cover imposes a 
uniform load increase on the wall. This produces a 
trapezoidal load distribution over the profile (u,b). 
The location of the resultant 
above the base of the profile (Figure 7-4): 

is the distance t 
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PROJECTED SURFACE FOR 
EQaJiVALENT DEPTH OF SOIL 
TO ACCOUNT FOR SURCHARGE 
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Figure 7-5  Lateral Load on a Wall with an Earth-Ccovered Woof and a Ilniforrnl Surcharge 

Table 7-8: Coefficients fox Reduction in Lateral Pressure due Bo Sloping Surface' 

'Calculated from Coulombs formula for active pres- 
sure, increased by the factor (1 t sin a). 

Unstable condition: slope exceeds angle of repose. 
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Lateral Load on Earth Covered Wail with 
Uniform Surcharge 

There are different ways of analyzing uniform 
surcharge loads. One simple method converts the 
surcharge load q into a thickness of soil cover that 
would produce an equivalent load. The new 
fictional earth cover thickness a ' is simply 
substituted into the expression given for Pa,b with 
earth cover. The depth b ' to the base is measured 
from the new fictional surface (Figure 7-5): 

a' = a + (qlw) 

wK(b - LZ 
P',,b = 2 

Lateral Load on Earth Covered Wall with Berm 

structure relieves the wall of some of the load that 
occurs beneath a horizontal grade. This is 

Grading the surface down away from the 

* *  ........ 

sometimes referred to as a ireptive surcharge. For the 
simple condition where the shoulder of the berm 
occurs at the wall face (Figure 7-61, the lateral load 
can be expressed: 

yz  = riwK)z 

where: 

c-a coeihcient related to the slope of the 

Because c produces a proportional reduction in the 
load, the location of the resultant remains the same 
as for a horkontal surface. 

Values of c for a variety of slopes and soils are 
given in Table 7-8. These coefficients have been 
found byusing the relationu = ( K ' J & ) ,  where K,is 
the coefficient of active earth pressure for d horizontal 
surface, and K f n  is the coefficient of active earth 
pressure for the sloping surface. Yalues of K, have 
been €ound for the relation ri, = ( 1  -sin +MI +- sin 4); 

surface and the internal friction of the soil. 

' REDUCTION IN LOAD 
DUE TO SLOPING SURFACE 
(NEGATIVE SURCHARGE) 

m 

Figure 7-6: Lateral Load on a Wall with an Earth-Covered Roof and Sloping Surface 
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values of K’, have been found for the designated 
slope using Coulomb’s analysis methods. The 
reduction in earth-pressure-at-rest is assumed to be 
proportional to the reduction in active earth 
pressure as the slope changes. Although not exactly 
true, this assumption provides expedient and 
conservative estimates of (cK,) for bermed surfaces. 

Culmann’s method for determining active earth 
pressures. This procedure is described in many texts 
on soil mechanics and foundation design. Rowles 
[1977] included a computer program for the 
Culmann method in his book. Because the Culmann 
method determines active earth pressures, loads 
figured by it should be multiplied by a factor of 

Point and Strip Surcharge Loads 
Surcharge loads created by adjacent 

fo,lndations, railroads, vehicles, and other 
can be analyzed by methods of the theory of 
elasticity. Typical problems are discussed in current 
soil mechanics textbooks. Many theoretical 
solutions from elastic theory have been cornpiled by 

use have been published by Teitgen and Fiedler 
[1973] and Jarquio [1981]. 

R E S I U U ~ ~ L  PRESSURE DUE TO 
COMPACTION OF BACKFILL 

Irregular surface conditions Can be l9y Polllns and Davis [ 19741. Methods for engineering 

The laleral pressure at depth z in normally (1 + sin 4) to approximate the 
earth-pressure-at-rest. Very sophisticated analyses 
often are not warranted because of the uncertainty 
of in situ soil properties, compaction effort, and 

consolidated, undisturbed backfill is represented by 
the simple relation: 

SINGLE PASS OF COMPACTION 
ROLLER REPRESENTED AS 
lMFlNlTE LINE SURCHARGE 

- - - - - _ _ - _  

I 
I 

I 
I 

Figure 7-7: Residual Pressure Due to compaction of Backfill 
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Figure 7-8: Lateral Load Due to Compaction of Backfill in Uniform Lifts 

When a vertical compaction force is applied to the 
surface of a backfill, the horizontal load on the wall 
is increased by an amount proportional to the lateral 
pressure coefficient: 

where: 

pz + p t Z  = K,(wz + 9) 

p,-lateral earth-pressure-at-rest at depth z (psf) 
p',-lateral earth pressure at depth z due to 

K,---coefficient of earth-pressure-at-rest 

w-unit weight of soil (pcf) 
z -depth  of some point acting on wall (ft) 
q-unit surcharge load applied to backfill (psf) 

When the compacting force is removed, the 
vertical load returns to its original value, wz . The 
lateral pressure exerted against the wall does not, 
however, return to WZK,. Soil is not a perfectly 
elastic medium, so compaction produces some 
strains that are plastic and therefore unrecoverable 
(the mechanics of this process are discussed by 
Sowers et al. [1957]). The lateral load after 
compaction at depth z can be described: 

surcharge (psf) 

(dimensionless) 

pz + p",  > wzK, 

The term p 'Iz represents the residual lateral pressure 
due to compaction. Compaction has, in effect, 
increased KO. The new condition can be expressed: 

pz + p ' I Z  = wzK',, 
The new term K I o  is the lateral pressure ratio for 

an overconsolidated soil. It increases with 
compaction (overconsolidation), but is limited by a 
maximum value that it is able to sustain after 
unloading. This limiting value is frequently taken, 
for cohesionless soils, as: 

K'o(,,,,, = I/K* 
Broms [1971], Ingold r1979; 19801, and Murray [1980] 
used Boussinesq elastic analysis to determine the 
lateral load due to the compaction surcharge. All 
showed that the instantaneous load at the moment 
of compaction is large near the surface and 
diminishes rapidly with depth. The (residual) lateral 
pressure remaining after the compaction effort is 
limited at any depth z by the value K',zuz, however. 
This produces a maximum residual pressure p 
a critical depth z ,  some distance below the surface 
(see Figure 7-7). 

a sawtooth loading diagram, shown in Figure 7-8. 

at 

Compaction of the backfill in uniform lifts yields 

171 



For design purposes, the residual compaction load 
may be represented by the bounding conditions 
(Figure 7-9), so the load increases rapidly from the 
surface to depth z,,, below which it is uniform at a 
value of p' ' l l i l ix .  Compaction loads are important only 
above the depth where they are exceeded by the a t  
rest pressure. 

Ingold [ 19791 related the maximum residual 
compaction load. p "n7al and the critical depth z,, to 
the coefficient of earth pressure KO, the unit weight 
7 l i  of the soil, and the force q of the applied 
compaction effort: 

p"nliix = (2ywi.d':2 

zcr = K,(2qlnw)''2 

The residual compaction load depends on the force 
of the cornpaction effort, and this depends on the 
equipment used. The force q of rolling compactors 
may be taken as the static weight (in ylf) for each 
roller. Whiffen [1954] has found that the effective 
weight of vibratory rollers may be taken as twice the 
static weight. 

Because the critical depth z,, and maximum 
lateral pressure p '',,117y are related to the compaction 

force q ,  their vdlues can be given fcjr specific 
compacting machines. Broms [ 19711, for example, 
gave the values listed in Table 7-9. 

SELECTION AND PZACEMENT OF 
BACKFILL 

The lateral pressure exerted on subgrade walls is 
related to the internal shearing strength of the 
backfill soil. Lateral pressure decreases with 
increasing friction angle $J according to the relations 
discussed previously. If soils of low shearing 
strength are found on site, design loads can be 
reduced by as much as 30 to 40 percent by 
specifying a backfill of higher shearing strength. 
While it is costly to buy and haul in a different 
backfill, it may be economical for multistory 
basements that require substantial structural 
reinforcement. Soils of high internal strength 
include crushed stone, gravel, and coarse sand, all 
of which are desirable for their drainage qualities 
and lack of frost susceptibility. The range of backfill 
alternatives should be evaluated carefully during 
design and specification writing. 

CWDTBCAL 
DEPTH Z,, 

/ 
/ 

/ 

/ \ 
\ 

\ 
\ 

Figure 7-9: Residual Csmpaction Load for Design Purposes 
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Backfill Selection and Compaction 

of clumps, frozen clods, large stones, vegetal 
matter, and construction debris. The largest 
particles should not exceed 1 inch in diameter. Soils 
with high clay contents should be avoided; they 
exert high pressure when wet, drain poorly, and are 
difficult to place and compact properly. If the 
backfill contains clay, a drainage blanket should be 
installed between it and the native soil to isolate the 
backfill from groundwater. 

Compaction reduces subsidence of the ground 
surface and settling of the backfill. Settling of 
backfill can dislodgc insulation and drainage 
materials, stress waterproofings and utility lead-ins, 
and drain rainwater and snowmelt into the backfill 
inslead of away from the building. Compaction is 
also necessary to seat drainage conduits properly 
and to minimize mobilization of soil fines through 
the backfill. Backfills that are to support paving, 
patios, and adjacent structures must be compacted 
to provide a firm and even bearing. 

The backfill material should be uniform and free 

? 

Compacting 
Machine 

Placement Practice 
The backfill should be laid and tamped or 

vibrated in shallow layers of not more than 4 to 6 
inches. Laboratory analyses of backfill samples can 
be used to determine optimal compaction densities 
and moisture contents for the backfill, The effect of 

Critical Residual 
Depth Pressure 
Ft. Im) psf (hN/m2) 

moisture content on soil compaction has been 
explained in simple terms by Legget [1960]: 

If a soil mixture is compacted in n lahrutory inn  
container of krsuwn volurn~, under standard 
condztions, u certairz value will be ohtuinedfor i ts 
density (usualIy stated as' the dry weight per cubic 
foot). Ifwatt-r is added tu this soil und mixed 
thoroughly, und the resulting soil mixture again 
compacfed in the same container tinder exactly ttre 
snyiie cunditiom, the dry density will be found to have 
increased. This process can be corifinued 61s irzdicafed 
in Figure jP-I@J until a cerfuin oyf~munz inoistiire 
content 1s reached, affw which fhe dTy density will 
decrease with fhe addition of inor? water. This result 
may be explained by the facf fhat ttic watu prtwnt 
can be said to "lubrir-ate" the particles of soil, wliicti 
lzre therefore forced closer together tu give an 
rncreasingly rurnyuct mass so lung a5 there nre uny 
voids left in the soil mixlure Cbzcc all the wids  are 
fill&, tlze ridditron of more water will nzereiy fetid lo 
sepurute the soil particles and reduce the effective d y 
weighf . The full explanation is rather more 
complicated than this, being associded with the 
yroprfies of moisture films on the soil particles, but 
this szmplified explanation is essentially sound. 

'The secret of successful backfilling is to replace 
soil in a trench or around a building at a moisture 
content as close to its optimum moisture content as 
possible, compacted to such a degree that it is at 
maximum density for this moisture content. On 
large jobs, the soils encountered can be tested in a 
laboratory in order to determine their optimum 
moisture content and corresponding maximum 
density. This is clearly impossible on small jobs. 
Fortunately, however, there is a very simple way to 
determine roughly the optimum water content at 
which this maxiniurn density may be obtained. For 
many soils, this point can be distinguished by 
mixing small quantities of the soil with watm and 
testing them by squeezing a lump in one's hand. 
When it is of such a consistency thal it will just 
break up into smaller lumps when pressure is 
applied to it {as with one's thumb), this indicdtcs the 
right amount of water in the soil to give optimum 
density. When backfilling trenches, therefore, if the 
soil to be used 1s not sand and gravel it should be 
subjected to this simple test. 

Thc optimum nioisture condition is often close to 
the natural condition of the soil as it is removed. 
Accordingly, every effort should be made to protect 
soil as it is excavated (if it has to be backfilled) and to 
keep it in its natural state. Covering it with 
tarpaulins to reduce evaporation of the water it 
contains is usefd. If it is found, however, that the 
water content is changed, then as the soil is 
backfilled it should be allowed to dry or be mixed 
with enough water to bring it to the proper 
consistency . 
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Figure 7-10: Soil Moisture Content in Relation to Density 
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HYDROSTATIC PRESSURE 

Groundwater affects the loading of subgrade 
walls in two ways: (1) the water exerts a lateral 
pressure of 62.4 psf per foot of depth below the 
water table, and (2) groundwater produces a 
buoyant effect upon the particles of soil. This 
relieves some of the lateral pressure predicted by 
the wK, relationship. Instead of assuming a soil 
weight w, therefore, the lateral pressure produced 

substituting into the expression for p, the 
submerged or buoyant weight of the soil. The 
buoyant unit weight wb is the difference between the 
sutiiruted tinit weight zu, and the unit weight of water 
(62.4 pcf): 

I) by soil beneath the water table is calculated by 

soil buoyant zueilpht wb I- zv, - 62.4 pcf 

Lateral Hydrostatic Pressure 

a wall to depth z,, the unit lateral pressure against 
the wall at depth z is: 

When the phreatic surface rises above the base of 

above the phreatic surface, z 5 z,: 

below the phreatic surface, z > z ~ :  
p7 = (wKJz 

pz = (wKJz,  + (Z -- z,)(w& + 62.4 p ~ f )  

The resultant over the entire wall profile ranging 
between depths a and b is the sum of the unit forces 
acting against the wall. It can be computed by 
numerical integration or by the expression (see 
Figure 7-1 I): 

, z,) 

The location of the resultant Pa,b is found most 
easily by locating the centroids of the 
subcomponents of P,7,b and determining the center of 
these with respect to the wall by calculation of 
moments. Individual component centroids are 
illustrated on Figure 7-1 1. 

Hydrostatic Uplift 
Structures extending beneath the water table 

experience hydrostatic uplift pressures. These are 
distributed uniformly and are equal to the depth of 
the underside of the structure below the phreatic 
surface times the unit weight of water. Severe uplift 
pressures can break up unreinforced floor slabs and 
even buoy some structures partly out of the ground. 

drainage, or can be resisted by (1) increasing the 
dead weight of the structure and (2) exploiting the 

Buoyant forces can be relieved through 

dead weight of the surrounding soil. Drainage is 
usually the most desirable solution, although the 
lack of a discharge outfall downhill froin the 
foundation may rule out drainage as an option on 
some sites. Jncreasing structural dead weight is 
costly, and its effectiveness depends in part on 
where the weight is added. Thickening a mat 
foundation slab may not be as economical as 
thickening the walls, since deepening the 
foundation also increases the depth below the water 
table, and also the uplift pressure (see Figure 7-12). 

Cantilevered footings capture the overburden 
weight of the surrounding soil with little additional 
cost, especially if the building is designed with a 
mat foundation. The uplift resistance offered by a 
protruding base is thought of as carrying the 
restraining weight of a wedge-shaped soil section 
extending upward and away from the wall plane. 
Although attempts have been made to ascertain the 
extent of this wedge for anchorage in drained soils, 
the special conditions of submerged soils warrant 
that only the column of soil standing on the footing 
itself be credited as added resistive load 
(Figure 7-12). Soils below the phreatic surface are 
taken at their unit buoyant weight. This procedure 
is conservative, and allows use of a safety factor of 
little more than one in estimating uplift resistance. 

RESIDUAL UPLIFT AND OTHER 
UPHEAVAL FORCES 

Procedures for calculating buiIding settlement 
are beyond the scope of this manual. However, the 
nature of subsurface construction demands special 
attention on part of both architect and engineer 
regarding design and detailing to accommodate 
long-term upheaval forces. These are not commonly 
experienced in small-scale structures on 
cohesionless soils, but the problem is worth 
reviewing for those few instances when it may be a 
design issue. 

Nature of Problem 

basement foundation is usually much less than that 
of the soil it replaces. This reduction in weight 
produces a net unloading and a relaxation of 
internal stresses in the soil underlying the structure. 
As a result, the soil floor may rise over time as it 
decompresses. This process is the opposite of 
settlement, and its effects are most severe in 
cohesive soils. 

Upheaval caused by decompression is added to 
by the upward pressure exerted by soil displaced by 
the settlement of footings. These combined effects 
can rupture floor slabs. If the structure is located in 

The total weight of a small building with a 
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an active zone of expansive soils, the heaving 
problem may be further compounded by swelliiig 
and shrinking caused by changes in moisture 
content. 

Design Reapanses 
Mat (or raft) foundations distribute uplift 

pressures over the entire base of the substructure, 
so uplift forces are transmitted uniformly to the 
superstructure Mat foundations are costly but may 
be the most suitable response where bearing 
conditions are poor or uneven, and where 
watertightness is a special concern. 

Deep foundations (piles) can eliminate 
movement of the building by transferring the 
structure's load to deeper soil strata. This may solve 
the problem of differential settlement or uplift at the 
expense of increased soil movemcnt and lateral 
pressure around the building. Driveways and 
sidewalks may experience greater heaving, and 
outside stairs and utility lead-ins attached to the 

\ 
\ 
\ 

wall inay be damaged by the soil's movement at the 
wall surface. Since the building load is transmitted 
to the substrata, the soil immediately underlying the 
building receives even less reloading than that 
beneath spread footings or a mat foundation. This 
can increase the overall uplift. Underslab pressures 
can be avoided by spanning over a crawl space. 

Uplift pressures acting under the slab through 
cohesionless soils can be minimiLed by pouring the 
floor slab after the superstructure is in place and the 
footings fully loaded. Major soil deformations will 
have already occurred, and the slab can then be tied 
into the footings or foundation wall to secure it 
against hydrostatic uplift. Anchoring the slab to the 
foundation is not recommended in cohesive soils, 
which inay continue to deform for years after 
construction. 

Some upheaval can usually be tolerated and 
accornmoddkd within the building if it is 
anticipated by the designer. Telescoping columns, 
for example, can be used to adjust for upheaval in 
interior footings of houses built on expansive soils. 

4 . .  

UPLIFT = 62.4dq 

Figure 7-12: Hydrostatic Uplift 
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7.3 Design and Detailing of Ty 

SPREAD FOOTINGS 

Spread footings are the most coinmon type of 
footing for columns, piers, and walls. They spread 
the concentrated load to an area of soil large enough 
to prevent excessive settlement. I-lowever, they are 
not suited for all conditions and should be avoided 
when the following conditions exist [HUD 1973a1, 
unless special design measures are taken: 

filled ground, cxcept when properly 

0 foundation soils subject to subsidcnce 
e expansive soils such as those with a plasticity 

* highly compressible clays 
* unconfined sands and silts 

compacted 

index greater than 15 

General Requirements EHUD 1973a1 
* Do not place foundations on fro7en soil. Do 

not place foundations during freezing weather 
unless the underlying soil is maintained free 
of frost. 

0 Locate the base of spread foundations below 
the lowest level of soil that is subject to 
seasonal volume changes caused by alternate 
wetting and drying, or below the level within 
which frost may cause a perceptible heave. 
(See Chapter 6 for a discussion of frost depth.) 

excavation below the water table, provide for 
drawdown of water levels so that the work 
can be done in the dry; also sec that no piping, 
boiling, or heaving occurs in soil that will 
support the foundatlons. This ordinarily 
requires lowering the groundwater within the 
foundation area to an elevation no higher than 
2 feet below subgrade. 

fine-grained soil that would be disturbed and 
softened by construction activities, provide a 
working rnat at subgrade ot lean concrete or 
cohesionless, coa rse-grained materials. 
For clays or shales that will expand and soften 
as overburden is released, place a working 
tnat at subgrade iirimcdiately after excavation 
is completed. Provide surface drainage 
facilities to prevent water collection in the 
excavation. 

0 Where adjacent footings in the same structure 
bear on materials of substantially different 
bearing quality, such as inediu tn compact soil 
and rock, provide a cushion of yielding 

* Where foundations will be placed in an 

* Where foundations will bc supported on 

material beneath the tooting on the harder 
foundation. For footings on rock, place dn 
l&inch-thick layer of uncompacted sand 
Denc,tth the louting Where practical, use 
expansion joints to separate the portions of 
the sf ructure on dissimilar iiiatenals. 

Column and Pier Footings 

S p e d  column or pier footings are sized to 
provide an area of contact with the soil sufficient to 
keep the merdge bearing pressure below the 
allow~ble budring prcssure. The average bearing 
pressure ts calculated ar, the column or pier load 
divided by the footing ami The resulting pressure 
must be less than the allowable bearing prer;.;ure 
recommended in the soil exploration repoi t for the 
site or, for non-engineerrd iounda tions, less than 
the typical figures given inl'able 7-6. 

ni~er~7g~?footirig pressure d i i r n n  loud (ih) 
-I--. _I__ - 

ilhlft ') LlYC'rZ OffOUtlFlig {,ff') 

Spread footing sizes for columns and piers on 
softer soils should be somewhat proportional to the 
design load to avoid significant differential 
settlements. 11. also should be noted that an 
individual spread footing will settle more than a 
continuous wall footing with the same average 
pressure. The minimum size for interior pier or 

4 
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Figure 7-13: Unreinforced Pier or Column 
Spread Footings 
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column footings is 14 inches by 14 inches 
[CAB0 1983aJ. The proportions of unreinforced 
footings (thickness to width) should be such that the 
required load spread in compression is not greater 
than approximately 1 horizontal to 1*/z  vertical, as 
illustrated in Figure 7-13. Footings exceeding this 
nominal sizing eithei must be thickened or else 
reinforced as a slab to resist the bending stresses 
induced in the wide, shallow footing. The design of 
reinforced concrete spread footings is described in 
ACI 318. 

Wall Footings 

bearing pressure in the same manner as for column 
or pier footings. The wall load per foot of length is 
divided by the width of the footing to calculate the 
average bearing pressure on the foundation. The 
resulting pressure must be less than the allowable 
bearing pressure recomrnended in the soil 
exploration report for the site or, for 
non-engineered founda Lions, less than typical 
figures given inTable 7-6. 

Spread wall footings are sized to limit the 

uaerage foundation pressure wall load (Iblft) 
width of footing Cft) 

For conventionally loaded wall footings on soil 
of average bearing value (approximately 2,000 psf or 
better), Table 7-10 can be used to size and 
proportion concrete wall footings for one- and 
two-story buildings. The unreinforced and flared 
footing designs assume that the wall load spreads 
through the footing thickness without inducing 
bending or tensile stresses in the footing. The 
proportioning of the footing in terms of thickness ( t )  
to projection width ( p )  is designed so that the 
required load spread will not be greater than 
approximately 1 horiLonta1 to l V 2  vertical (not less 
than 56" from the horizontal). 

- 
(Ibift ') 

Table 7-10: Footing Sizes 

Number of Stories 

One story: 
No basement 
Basement 

No basement 
Basement 

Two story: 

Footings that must exceed these nominal widths 
may be thickened to retain the load spread 
characteristics described above or rnay be designed 
as a reinforced slab to resist the bending stresses 
induced in the wide, shallow foundations. The 
design of reinforced spread wall footings is 
described in ACT 318. 

reinforcing steel running parallel to the wall is often 
included in the footings to limit cracking and 
settlement at the base of the foundation wall. These 
are usually two No. 4 bars placed 2 inches below the 
toy of the footing. 

Even in unreinforced wall footings some 

On sloping sites, stepped wall footings are used 
to maintain the required minimum depths of the 
footing below grade without requiring excessive 
excavation depths on the uphill side of the 
excavation. For non-engineered footings, the 
proportioning guidelines for stepped wall footings 
shown in Figure 7-14 can be used [HUD 1973a; 
CAB0 1983bj. 

Adjacent Footings at Different Elevations 
On sloping sites, wall and/or column or pier 

footings also have different elevations. For these 
sites, (1) the excavation for the lower footing must 
not undermine the bearing of the upper footing, 
and (2) the load transfer from the upper footing 
must not combine with that from the lower footing 
to overstress the soil. Guidelines for the separation 
of footings at different elevations are shown in 
Figure 7-15 [HIJD 1973a; CAB0 1983bl. If closer 
spacings are desired, an engineering evaluation of 
bearing pressures and lateral support requirements 
for the soil beneath the upper footing should be 
made. 

Masonry or Masonry 
Frame Construction Veneer Construction 

Minimum 
Thickness 

(inches) 

t 

6 
6 

6 
6 

Projection 
Each Side 
of Wall 
(inches) 

P ____....___ 

2 
3 

3 
4 

Minimum 
Thickness 

(inches) of Wall 

- 
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POURED MONOLITHICALLY 

A = HORIZONTAL STEP 
B = VERTICAL STEP 
T = FOOTING THICKNESS 
P = PROJECTION OF FOOTING 
W, = WIDTH OF FOOTING 

/c, 
W 

NOTE: ALL FOOTINGS AND STEPS SHOULD BE LEVEL. 
STEP B SHOULD NOT EXCEED 318 OF STEP A. 

Figure 7-14: Stepped Wall Footings 

R 

ORIGINAL GRADE 

PROVIDE FOR PREVENTION '.. ' 
OF BREAKOUT OF SEEPAGE 
ON CUT SLOPE. 
60" FOR ROCK. 

Figure 7-15: Adjacent Footings at Different Elevations 
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Gravel Footings 

concrete footing-they spread the load from a 
foundation wall onto a sufficient area of the 
foundation subsoil to prevent the soil from bring 
overstressed. l'he gravel (wlien placed and 
compacted gropeily) must be able to withstand the 
applied pressures at the base of a normal 
foundation. The spreading of the loaded area with 
depth is assumed to be similar to that described for 
an unreinforced concrete footing. 

The requirements and proportioning for gravel 
footings are specified for wood foundation systems 
in the report I'emanent Wood Foundation Systern- 
Boszr Requirements [NFoPA 19873, as well as the 
Perinanent Wood Foundation I~esignIConstrucfion 
Guzde[APA 19851, and are illustrated in Figure 7-16. 
Gravel footiiigs also may be suggested for particular 
manufactured foundation systems. Gravel 
foundations are not recommended as substitutes for 
concrete footings except as providpd for in 
well-specified and field-tested systems. 

Gravel footings perform the Same function as a 

... 
..... 4- 

PILE FOUNDATIONS 

Where site conditions are unsuitable for spread 
foundations, pile foiindations may be used to 
transmit the foundation loads to strata of adequate 
bearing capacity arid hence avoid settlement-caused 
consolidation of the weaker overlying material. Pile 
foundations or shorter pier foundations also may be 
used with suspended floor slabs to isolate the 
building from soil movements caused by expansive 
clays. 

IYes may transfer their loads to the soil in 
friction along the sides of the pile and/or in 
endbeaxing of the pile (see Figure 7-17). The relative 
importance of the type of load transfer depends on 
the interrelationship of the pile depth and diameter 
and the types and depths of geologic strata on the 
site. Belling (enlargement) of the end of the piles 
may be used to increase the allowable load in 
endbearing. 

each site condition unless wid-espread experience 
has established a design for that condition. Further 
information on pile construction may be found in 
the references given at the end of the handbook. 

Pile foundations are engineered specifically for 

VAPOR RETARDER 

INTERIOR FINISH MATERIAL 

&!hi. CONCRETE SLAB 
WITH OPTIOWAL W.W. MESH 

OPTIONAL 24N. SAND LAYER 

,I1 I / VAPORRETARDER, 

IN . .  . A . 

%IN. GRAVEL DRAINAGE 
PAD DRAINS TO SUMP ....................... 

Figure 7-16: Gravel Footing 
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Figure 7-27: Pile and Pier Foundations 



FOUNDATION WALLS 

Foundation Wall Design 
The critical design issut. for most foundation 

walls is to provide sufficient resistance to bending 
stresses induced by lateral soil pressure. (A 
discussion of theories of lateral pressure of soils 
against retaining walls is provided in Section 7.2.) 
A foundation wall loaded by lateral pressure must 
be designed to resist three principal modes of 
failure: (1) foundation wall rotation caused by 
overstressing a portion of the soil beneath the wall 
footing, (2) foundation wall sliding caused by 
insufficient frictional resistance or opposing soil 
pressure, and (3 )  failure of one of the structural 
elements of the foundation wall. 

Figure 7-18 illustrates failure by rotation of a 
retaining wall (often seen as a progressive failure in 
non-engineered walls at site grade changes) and 
failure by sliding at the foundation level (this may 
occur if a foundation wall is backfilled before the 
interior floor is poured). Figure 7-19 illustrates the 
most typical designs used for residential scale 
retaining walls. Foundation walls are usually 
assumed to be propped at the top and the bottorn 

ROTATION 

\ 
\ 
\ 
\ 
\ 
\ 

since this is inure economical than resisting the 
lateral pressure by a gravity or cantilever system. It 
also simplifies the footing design, thereby 
eliminating the need for the footing to resist the 
rotation. It should be noted from the figures that the 
tension zone in the foundation wall is completely 
different in a cantilever wall than in a propped wall 
and that the location of the theoretical maximum 
bending moment is shifted. 

to the weight of the building above are seldom 
critical on their own in the sizing of the foundation 
wall. In fact, for foundation wall materials with a 
much higher compressive strength than tensile 
strength (such as concrete and masonry materials), 
the vertical compression helps offset the tensile 
stresses induced on one side of the wall by bending. 

The design of a propped wall implies that the 
first floor framing and its connection to the top of 
the wall can resist the necessary horizontal forces. 
The ground floor slab is often used to resist the 
horizontal force at the bottom of a basement wall, so 
the isolation joint between the wall and the slab 
should not allow significant horizontal 
displacement at the base of the wall. 

The vertical compressive stresses in the wall due 

Figure 7-18: Rotation and Sliding Failure of a Retaining Wall 
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A: CANTILEVER WALL 

UPPER 
SUPPORT 
TO WALL 
(RESISTS 
ROTATION) 

FLOOR 
SLAB 
SUPPORT 
(RESISTS 
SLIDING) 

B: GRAVITY WALL 

ASSUMEDTO BE 
' PIN CONNECTION / (HOMOMENT) 

C: WALL SUPPORTED AT TOP AND BOTTOM 

Figure 7-19: Typical Retaining Wall Systems 
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Table 7-11: Minimum Thickness and All~wable I 
7 

.......... 

Foundation Wall 
C ~ n s t ~ u ~ t i o n  

6 
8 

10 
12 

6' 
8 

10 
12 

- 

Nominal3 
Thickness 

(inches) 

8 
10 
12 

Masonry of Solid 
Utiils 

....... 

Plain 
Concrete 

Doh of Unbalanced Fill 

Maximum Depth of Unbalanced Fill in Feet' I 
__-I.. ................. 

Wood Frame 

4 
7 
7 
7 

TVW sf §mer Structure I 

4.5 (6) 
5.5 (7) 
7 

4 
5.5 (7) 
6 (7) 
7 

Masonry 

4 (7) 

___. ................... 

6.5 (7) 
7 

4 
7 
7 
7 

I Foundation walls of rubble stone should be at least 16 inches thick. Rough or random 
rubble should not be used as foundations for walls exceeding 35 feet in height. 

'Values are for unreinforced masonry and concrete 
foundation w d l s  %-heir unstdble soil or groundwater 

[CABO 19831. ?'he depth of unbalanced fill may be in- 
creased up to the values shown in parentheses wherc 
i t  is warranted by soil conditions. IJnbalanced fill i s  
the height of outside finish grade above the basement 
floor or inside grade. 

'Six-inch plain concrete walls should be formed both 
sidc;. 

inch less than the required nominal thickness speci- 
fied in the table. 

conditions do not exist 111 SciSlliC LOllPS I\'O 0 Or NO. 1 3Theaclual tilicknesq should be iilore than one-ha]f 

Table 7-12: Reinforcement Reauired for Foundation Walls 

Vertical Bars 

........................ ........................ ..... ._ .... 

. ..... 

.......................... 

....................... 

Walls are subjected to no more pressure than would 
be exerted bv backfill havine a n  eauivalent fluid 

'Backfilling should not begin until after the wall is an- 
chored to the floor. 

y I  

of 30 Pound5 Per  cub^ foot located 'n % ~ m l c  
zones No 2 or No 3, or subjected to unstable soil con- 
dihons [CABO 19831 table 

4Theactual thickness should nnt be more than one-half 
inch less than the required thlckness specified in the 

'Solid masonry should include solid brick or concrete 
units and hollow concrete unlts with all cells grouted. 
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Unreinforced Concrete Walls 
Unreinforced concrete may be used for 

fouttdation walls of residential buildings if the 
height of unbalanccd fill is less than the mjlxirnum 
values given in Tables 7-11 or' 7-12. 

Concrete shrinks slightly as it drys, causing 
cracks in the concrete wall. The amount of 
shrinkage can be reduced by using concrete with a 
low watericernent ratio and keeping the concrete 
moist after construction (curing). A minimum 
twenty-eight-day strength of 2500 psi and a slump 
o f  5 to 7 inches should be specified [ACI 332R-841. 
(The slump of a wct concrete mix is the settlement of 
the top surface of a truncated cone of the mix when 
the cone is removed. It is a standard control test for 
the workability of fresh concrete.) For exterior walls 
exposed to moderate or severe regional weathering 
conditions, ACI 332K-84 recommends a minimum 
strength of 3000 psi. No additional water should be 
added at the job site. A lower slump concrete will 
reduce cracking, but the necessary equipment to 
place lower slump concretes in walls (vibrators, for 
example) must be available at the job site. Specid1 

NOTE: THE DIAMOND-SHAPED ISOLATION JOINTS (7) 
MAY BE OMITTED IF COLUMN FOOTINGS 

additives may be used to provide high workability 
with a low water/cernent ratio. 

If random cracking of the concrete wall is 
cunsidered objectionable, the cracking can be 
cncouraged to occur at specific locations (called 
control joints) by narrowing the cunnete section at 
these locations. The cracks formed at these locahons 
can thcn be caulked on the exterior face with a 
suitable joint sealant. The cracks on the interior face 
are concealcd in the groovc lef-t at the control joint 
location. Figure 7-20 illustrates the layout of control 
joints that are preferably arranged to coincide with 
the edges of door or window frames close to the 
desired location [PCA 19801. The first joint in a wall 
should be located within 10 feet of the corner. In 
long walls, control joints should be spaced at 
intervals not cxceeding 20 feet. 

Reinforced Concrete Walls 
Reinforcement to increase wall strength is not 

required by the CAB0 One arid T7uo Fumily Dwelling 
Code unless the unbalanced fill height for an 
8-inch-thick wall is greater than 7 feet for good 

CAULK OUTSIDE FACE ( OF WALL AT JOlNT 

ARE BELOW FLOOR LEVEL AND THE 
COLUMN IS WRAPPED WITH TWO 
LAYERS OF BU1LOING PAPER 
OR JOINT FILLER TO NOTE: THE COMBINED THICKNESS OF 

INNER AND OUTER STRIPS 

THE WALL WlDTM 
BREAK THE BOND SHOULD EQUAL ONE-QUARTER 

Figure 7-20: Suggested Location, S acing, and Design of Control Joints and Isolation foints for 
Basement Walls and S P abs 
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foundation conditions in seismic zones No. 0 or 
No. 1, or greater than 4 feet in seismic zones No. 2 
and No. 3 [CABQ 1983al. (See Figure 7-29 for a map 
of seismic zones in the United States.) These 
nominal limits apply to the assumed conditions of 
active lateral pressure in the soil producing an 
equivalent fluid pressure of 30 psf per foot of depth. 
If granular backfills and good drainage are not 
provided around a foundation wall, the 
30-psf-per-foot-of-depth criterion may be exceeded. 

If reinforcement is added to reduce shrinkage 
cracking in an otherwise unreinforced section, the 
amount used must offer sufficient restraint against 
shrinkage to limit the width of crack openings, The 
reinforcement is most effective when used in the 
upper 12 inches of the wall and below window 
openings. The bars should be lapped to create a 
continuous tie around the enti re basement 
perimeter, and should run through all control joints 
in the wall to limit the width of the induced cracks. 
ACI 332K-84 recommends two No. 4 bars located 
2 inches below the wall top or window opening. The 
use of two No. 4 bars located 2 inches below the top 
of the footing is also sometimes recommended to 
limit the width of cracks in the footing below the 
wall. 

If thc unbalanced fill depth exceeds 8 feet, an 
individual structural design is required by the 
CABQ code, and the requirements of ACI 318 
should be followed. 

Special Poured Concrete Systems 

construction. Integrul formwork and insulation systems 
use foam insulation as the formwork, thus 
eliminating the need for conventional concrete 
formwork. In some systems, the insulation 
formwork is a series of stackable insulation blocks 
with voids for concrete and reinforcement 
placement, In other systems larger panel systems 
may be uscd. 

Sandwich insulation constt uction syskrns use 
conventional formwork but allow a foam insulation 
layer to be placed in the middle of the concrete wall. 
This eliminates the need for a separate fire-resistant 
covering on the interior or an ultraviolet-resistant 
covering cibove grade on the exterior. In some 
systems pultruded glass fiber ties (rather than metal 
ties) arc used to maintain the formworh separation 
to prevent thermal short-circuiting through the ties. 

Special systems are available for poured 

forced Masonry Walls 
Unreinforced masonry may be used for 

foundation walls under the CABQ code if the height 
of unbalanced fill is less than the appropriate 
maximum values given in Tables 7-11 or 7-12. These 
tables limit the unbalanced soil height of hollow 

unreinforctd masonry walls to less than 4 feet in 
seismic zones No. 2 or No. 3 or less than 7 feet in 
seismic zones No. 0 or No. 1 (see Figure 7-29 for 
U.S. seismic zones). Note that 8-inch unreinforced 
hollow masonry foundation walls under wood 
frame construction are limited to less than 4 feet of 
unbalanced fill unless soil conditions are considered 
favorable enough l o  increase the height to 6 feet. 
Even 10-inch unreinforccd hollow masonry walls 
are only permitted to withstand a 7-foot height of 
unbalanced fill if warranted by soil conditions. 

Significant problems have occurred in 5ome 
regions of the country when 8-inch unreinforced 
hollow masonry construction has been uscd with 
unbalanced fill heights of 7 feet [Rose 19871. Codes 
were changed in the 1970s to reduce allowable 
unbalanced fill heights to less than 6 feet, but 
building practice has not necessarily adjusted to the 
code change. The difference in depth has a 
significant effect on wall behdvior because the 
calculated bending moments (and hence the tensile 
strcsscs generated by bending) increase with the 
cube of the unbalanced fill height. 

Table 7-13 lists the mortar mixes used for 
masonry basement wall construction [NCMA 19701. 
ASTM standards for concrete masonry units are 
provided in ASTM C 90 for hollow loadbearing units 
and ASTh4 C 145 for solid loadbearing units. The 
following guidelines from NCMA-TEK 43 
[NCMA 19721 and NCMA-TEK 1 [NCMA 19701 
describe methods of supporting or stiffening an 
unreinforced masonry foundation wall. . Masonry pilasters can be laid with the wall to 

help strengthen it. Their length along the wall 
should be about one-tenth the distance 
between supports, and they should project 
from the face of the interior wall about 
one-twelfth of the wall height. An alternative 
is to grout a No. 4 reinforcing bar in one core of 
the block for a full height of the wall to serve as 
a wall stiffener. The distance between 
pilasters, or between pilasters and endwalls or 
crosswalls, should not be more than 18 feet for 
10-inch-thick walls or 15 feet for 8-inch-thick 
walls. These distances should be reduced by 
3 feet for grouted or mortared reinforcing bar 
wall stiffeners. 
Intersecting masonry walls should be 
anchored to basement walls with metal straps 
spaced not more that 32 inches vertically. The 
metal straps are 30 inches long, 1/4 inch thick, 
and 2 V 4  inches wide (Figure 7-21). Mortar 
should be raked out at the intersection of the 
two walls and caulked to form a control joint. 
This provides for slight longitudinal 
movement in the construction. Essentially, the 
same detail is used to tie nonloadbearing 
partitions (Figure 7-21); an exception is when 
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, 

PLACE METAL 
SCREEN OVER 
SUPPORT MOR 
CONCRETE FIL 

ANGLE SENDS AT EACH END, 
AT VERTICAl SPACINGS NOT 
EXCEEDING 32 INCHES O.C. -*/’ 

PLACE WIRE SCREEN OR METAL LATH 
IN JOINT UNDER CORES TO BE FILLED 
TO PREVENT FILUNG OF CORES BELOW 

P 

EMBED BENT ENDS 
IN CORES FILLED WITH ,,/ 
MORTAR OR CONCRETE 

Figure 7-21: Connection Detail at Intersecting 
Masonry Wall 

Figure 7-22: Detail at Top of Masonry Wall 

Table 7-13: Mortar Mixes fox Basement Construction, ASTM C 270 

Mortar Parts by Volume I 
Sand, Damp 

Loose Volume -___ 

Not less than 2l/4 and 
riot more than 3 times 
the sum of the volumes 
of the cements and 
lime. 

*Limited to walls wth a maximum depth below grade 

Source: NCMA TFK-1 
of 5 feet. 
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the partition is not intended to serve as a 
lateral support for the basrmect wall, in which 
case strips of metal lath or galvanized 
hardware cloth may be substituted for steel 
straps. 
Horizontal stiffness can be increased by using 
horizontal steel reinforcement in the mortar 
joints at intervals of not more than I6 inches, 
or by bond (cap) beams. 

niay be used for foundations, provided they 
meet specifications. Type M, S, or N mortar i s  
suitable for laying the wall as indicated by 
Table 7-13, but Type N should not be used for 
walls extending more than 5 feet below grade. 
The first course of concrete masonry is laid in a 
lull bed of mortar. The remaining courses are 
laid with face-shell bedding of horizontal and 
vertical joints, preferably 3 i s  inch thick. 

intervals of not more than 6 feet, and riot more 
that 12 inches from the end, using 
'h-inch-diameter bolts that extend at least 
15 inches into filled cells of the masonry units 
(Figure 7-22). 
To ensure adequate distribution of vertical 
loads, the bearing (top) course should be 
constructed solidly by (1) filling cores of 
hollnw units with mortar or concrete 
(Figure 7-22); or (2) using special solid-top 
masonry (Figure 7-23), providing a reinforced 
bond beam along the wall top. 

Either sand and gravel or lightweight block 

Sill plates should be anchored to the wall at 

l1/4-IN. x '/4-IN. TWISTED STEEL PLATE 
ANCHORS WITH ONE END EMNBEDDED 
IN HORiZONTAL MORTAR JOINT 

Figure 7-23:. Detail at Top of Masonry Wall 

Where girders bear on the foundation wall, at 
least ~ W Q  cores should be filled to a depth of 
6 inches in the toy course below the end of the 
girder. Pilasters arc sometimes bonded to the 
wall at a girder location to provide additional 
support. The cores of the top course of 
pilasters also should be filled to a depth of 
6 inches. 
Ends of floor joists should be anchored ai 
6-foot intervals (normally every fourth joist). 
At least the first three joists parallel to a wall 
alm should be anchored at intervals of not 
more than 8 feet (see Figures 7-22 and 7-24). 

Reinforced Masonry Walls 
Reinforcement may be grouted into the cores of 

concrete masoniy walls to provide resistance to 
bending stresses in the wall. To be considered E? 
reinforced masonry wall, a minimurn area of 
reinforcement of 0.002 times the gross cross section 
sectional area of the wall is nequired, with not more 
than two-thirds of this minimum area placed in one 
direction. This implies that a vertically-reinforced 
wall must have one-third of this minimum area as 
horizontal reinforcement. The mdxiriium spacing of 
vertical reinforcement must be less than six times 
the wall thickness or 48 inches, whichever is less. 

reinforcement is i-lsed to resist bending stresses, 
walls are considered partially reinforced. 
I'artialljr-reinforced walls are subject to the same 
guidelines as unreinforced walls except that the 

Where the above requirements are not met but 

~ CROSS BRACING AT EVERY 
/- WALL ANCHOR AND AT 

/ INTERMEDBATE SPACINGS 1 ASREQUIRED 

AT 6 IT. O.C. (OVER 3 JOISTS). 
ANCHORS TO WAVE END BENT 
DOWN INTO BLOCK CORE 
FiLhEQ WITH MORTAR. 

Figure 7-24: Cannection 04 Joists Parallel to a 
Masonq Wall 
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reinforcement is considered effective in resisting 
bending stresses. In partially-reinforced walls, 
vertical reinforcement should be provided on each 
side of any openings, at each wall corner, and at 
horizontal intervals of 8 feet or less. Such walls 
should also be reinforced horizontally above and 
below openings and at floor levels [NCMA 19741. 

Tables in NCMA-TEK 56 present vertical 
reinforcement requirements for various thicknesses 
of masonry walls, unbalanced fill heights, and 
masonry compressive strengths [NCMA 19741. The 
tables in this reference, however, were prepared for 
the assumption that the backfill soil exerts an 
equivalent fluid weight of 25 pounds per cubic foot. 
This is not a conservative assumption, and less than 
ideal backfill materials can exert significantly higher 
pressures. 

Special Masonry Systems 
A number of concrete masonry manufacturers 

have developed innovative masonry systems that 
(I) provide higher thermal resistances by reducing 
the web area, (2) provide core filling to eliminate 
convective heat transfer, (3) use lightweight 
aggregates to lower the thermal conductivity of the 
block material itself, and (4) use offset webs to 
lengthen the direct heat flow paths. Masonry 
systems have also been developed to allow easier 
routing of electrical service andor provide finished 
interior surfaces. 

When selecting a masonry system for foundation 
use, it is important to determine whether the system 
is recommended for foundations and whether the 
shear strength, compressive strength, and bending 
strength are adequate for the intended foundation 
use. 

Surface-bonded masonry construction allows the 
dry stacking of concrete blocks followed by the 
application of a fiber-reinforced mortar to either side 
of the wall construction. Concrete blocks with close 
dimensional tolerances are usually specified so that 
a flat wall surface can be obtained easily. 
Compressive surfaces of the blocks can be ground to 
permit an increase in the allowable compressive 
stress. A surface-bonded wall compares well with 
conventional unremforced masonry in laboratory 
strength tests, but unless the wall is additionally 
reinforced, the wall strength in bending relies on a 
relatively brittle coating that could suffer settlement 
cracking in a real foundation. 

Wood Foundation Walls 

press ure-preservative treated lumber have been 
developed over the past twenty years. The system 
has been termed a "permanent wood foundation" 
or an "all-weather wood foundation" by the 

Wood foundation systems using 

industry. The system d o w s  off--site paneliaation 
and permits carpentry crews to coinplete a higher 
proportion of the building structure. When used 
with gravel footings, cold weather concrete 
placement is not required. Foundation wall 
insulation generally consists of fiberglass batts 
wlthin the wall cavities. interior foaindation wall 
finishes are applied directly to the wall studs. 

To use this system successfully, the 
specifications for the complete system must be 
followed. Thcsc are described in the report The 
Permnnent Wood roundacutlon Sy5tem-Basrr 
Requzvments [NFoPA 19871, and a h  in the 
Prrmnent Wood Fmrirlation Des~~n/Constrzrctiorz GiiiLLo 
[APA 19851. Critical requirements include the 
following. 

e Walls shuuld use plywood sheathing that is 
bonded with exterior glue and grade-marked 
indicating conformance with 1J.S. Product 
Standard PS-1-83, Constructia n and Industrial 
PlyWood. 

* Idumber should meet allowable unit stresses 
given in the "National Design Specification for 
Wood Construction" [NFoPA 19861 and be 
grade-marked by an approved agency Note 
that not all species of lumber will accept the 
pressure-preservative treatment on an equal 
basis. 

0 Plywood and lumber must be treated with one 
of three preservative saltF-Ainmoniacal 
Copper Arsenate (ACA), Ammoniacal Copper 
Zinc Arsenate (ACZA), or Chomaled Copper 
Arsenate (CCA type A, €3, nr C).  The treatment 
should comply with the American Wood 
Preservers Bureau AWPB-FDN standard. 
Gravel footings and fill under a basement slab 
should consist of crushed stone (maximum 
l/z-inch diameter), gravel (maximum 3/4-incR 
diameter), or sand (minimum /I6 inch). 

b10~ grade. These include types 304 and 316 
stainless steel, silicon bronze, 'and hot-dipped 
zinc-coated steel nails with a minimum 
average weight of zinc coating of 2 ounces per 
square foot of surface. 

foundation For basement construction, 
p ly~ood  joints should be caulked and a 
yolyethylenc sheet cove1 should be installed. 

* Nailing schedules must be followed carefully. 
'The wall strength depends partially on the 
shear stress transfer between plywood and the 
studs whrch allow them to act as a combined 
beam. 

* An individual engrneering design i s  needed 
when the foundation does not fall within thc 
criteria specified for the tables in the NFoFA 

0 Corrosion-resistan t fasteners must be used 

* Good drainage must be provided around the 
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LATERAL SUPPORT FOR 
POP OF F ~ ~ N ~ A T ? ~ ~  
WALL AND BQTTOM OF 

Figure 7-25: Load Transfer in the 

Technical Report No. 7, for example, when the 
difference in backfill height on the sides of the 
building exceeds 4 feet. 

Prefabricated Foundation Wall Panels 
There are several prefabricated or precast 

systems j t i  addition to the prefabricated panels 
created for permanent wood foundation systems 
described above. These panels include the following 
types of systems. 

Stressed-skin panel systems. These systems use 
a foam core and p-essure-treated plywood skins. 
The critical elements in using stressed-skin paiiels in 
bending are the shear strength and long-term 
rigidity of the core and the long-term bond strength 
developed between the skins and the core“ 
Stressed-skin panels using foam cores are very 
lightweight and can possess good rigidity. Careful 
detailing at panel edges is needed to support the 
panel and to distribute compressive tensile or shear 
loadings appropriately into the panel section 

use voided concrete sections, ribbed sections, or 
waffle slab construction. Precast slabs are usually 
designed to eliminate concrete in understressed or 
tensde-stressed regions. The tensile stresses are 
instead carried by reinforcement. Voided slabs are 

Precast concrete panel systems. These systems 

familiar in hollow precast plank construction but are 
not often used in wall construction because of 
construction difficulties in working with multiple 
vertical sections. The natural vertical load transfer 
direction works against placing such planks 
horizontally. Ribbed slabs and waffle slabs are 
generally designed to be full-wall height and at least 
as wide as they are high to lower the amount of 
propping required during construction. The 
sections are bolted together on site and may contain 
holes or notches in the ribs to permit placement of 
plumbing or electrical utilities. Lightweight concrete 
is often used to reduce handling weights. These 
systems generally require a small crane to be 
available on the site during erection. Panels may be 
prestressed or post-tensioned to limit deflections, 
keep cracking to a minimum, and to allow the use of 
stronger steels and concrete in thinner wall sections. 
If made with good quality concrete under factory 
conditions, the panels themselves are usually 
waterproof, but joints need to be sealed or 
waterproofed carefully. 

Sill Platelthnchor Bolt Detail 

and should be detailed correctly. The sill plate 
should be of pressure-treated lumber to resist 
moisture deterioration, and must be at least as wide 
as the frame wall above. If a concrete masonry 
foundation wall i s  used, the sill plate must bear on a 

This is an important load transfer connection 
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solid masonry cap beam (or filled cells) as described 
in the masonry wall section. 

Figure 7-25 illustrates the principal load transfers 
in the rim joist area. Note, however, that the anchor 
bolts also resist displacement parallel to the wall. At 
level A, compressive forces in the wall studs are 
distributed through the base plate and subfloor into 
the floor joists. In providing lateral support to the 
base of the upper wall, the resistance at level A is 
provided by friction between the baseplate and the 
subfloor and by the shear resistance of the nails 
themselves. Under uplift conditions, the only uplift 
resistance is provided by the pullout resistance of 
the nailing and any special nailing plates (if used). A 
lack of substantial anchoring against uplift at the sill 
platehim joist level is one of the prinapal reasons 
entire wall sections are often found intact but 
removed from their base after tornadoes or high 
winds. Additional effort in nailing and anchoring in 
this region will somewhat limit damage due to high 
winds. 

redistributed from the floor joists through the base 
plate into the foundation wall, the lateral load from 
the foundation wall is transferred by friction and 
nail shear resistance, and uplift is again only 
provided by toe nailing of the joists to the sill plate 
(unless special connection plates are used as in 
Figure 7-22). 

At level C, the compressive force is transferred 
through the sill sealer into the foundation wall. The 
lateral support is provided by (1) shear in the sill 
sealer material and (2) shear in the anchor bolt if the 
foundation wall displaces sufficiently to cause the 
anchor bolt to bear against the hole drilled in the sill 
plate (at point D). 

Since sill sealer materials typically do not have a 
high shear resistance, their thickness should be kept 
at the minimum that provides resistance to air 
leakage at that point. The holes drilled in the sill 
plates to receive the anchor bolts should likewise be 
oversized as little as possible. 

Uplift resistance for the entire house structure 
above is provided by the anchor bolts. If they are 

At level B, the compressive forces are 

Pier Material Min. Pier Size 
(inches) 

Solid or Grouted 

Hollow Masonry* 8x16 

Plain Concrete 12-in. diam. or 
10 x 10 

Masonry 8x12 

sized too small and/or spaced too far apart, failure 
may occur at this level rather than at the more 
frequent toe nailing of joists above. 

The typical sizing and spacing of anchor bolts is 
to use %-inch diameter bolts at a maximum of 6 feet 
spacing. The CAB0 code requires anchor bolts to be 
embedded 7 inches into poured concrete foundation 
walls and 15 inches into concrete masonry walls 
(note that this requires that the bolts be grouted into 
the masonry block cores at the bolt locations to a 
depth well below that of the cap beam). Bolts also 
are required to be located within 12 inches of 
corners in each wall section. 

Pier Spacing 

Min. Footing Right Angle Parallel 
to Joists Size (inches) to Joists 

12 ft. O.C. 8 ft. 0 ° C .  

._ 

16 x 24 x 8 

16 x 24 x 8 

20 x 20 x 8 

FOUNDATION PIERS 

Foundation piers are essentially column 
supports between the structure above and the 
footing level. In the case of drilled piers, there may 
be no separate footing for the pier; it functions 
structurally as a short pile. Some or all of the 
foundation piers may be required to resist (1) the 
vertical load from the building above, 
(2) compression, uplift, or lateral forces caused by 
wind loads, and (3) lateral forces anticipated in 
seismic regions. 

loads) should be concrete or solid masonry and 
should not extend above grade more than three 
times their smallest dimension, unless reinforced. 
Interior piers may use hollow masonry but must be 
capped with 4 inches of concrete or have the cells of 
the top course filled with concrete or grout. Interior 
piers, unless reinforced, should not extend above 
grade more than ten times their smallest dimension 
for solid sections and four times their smallest 
dimension for hollow masonry. Piers must be 
reinforced where earthquake design is required. 

Table 7-14 from the k3UD Manual of Acceptable 
Practices illustrates typical sizing arid spacing of 
piers for a one-story house with average soil 
conditions [HUD 1973aJ. 

Exterior piers (and interior piers subject to wind 
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GRADE BEAM AND PIER 
CONSTRUCTION 

Figure 7-26 dlustnates a typical section for a grade 
beam with crawl space and pier constiuction and a 
wood frame house above. The grade beam i s  
designed and reinforced to span between piers and 
must 1x3 protected against host heave action on the 
underside of the grade beam 

Table 7-15 from the I IUD Manual of Accepluble 
Practices piovides typical design criteria for a grade 
beamipier system in a one-stoiy structure with 
average soil conditions [I IUD 1973al. 

used with a concrete slab-on-grade. Chapter 4 
discusses the insulation and detailing of the 
connection between ground slabs a i d  grade beams 
or integral footings. 

Grade beam and pier construction also may be 

Exterior Curtain Walls 

Curtain walls are used to enclose the perimeter 
of a crawl space in between foundation piers. The 
ciirtain wall may be nonloadbearing; in this case, it 
functions purely as an i d i l l  and has only nominal 
structural requirements for resistance to wind 
pressures and accidental impact. A curtain wall also 
may be loadbearing, helping to support a wood 
frame or brick veneer (up to Z V z  stories) RS shown in 
Figure 7-27. 

The footing for a loadbearing curtain wall should 
be poiired integrally with the pier footing, and the 
curtain wall should be bonded or anchored into the 
piers. If the curtain wall is reinforced to span 
between piers, the wall footing may be omitted. The 
maximum height of the curtain wall above the 
footing is limited to fourteen times its thickness for a 
concrete or solid masonry wall and ten times its 

....\I ~ 

3/4-!N. DOWEL 

I 

Figure 7-26: Typical Grade Eeam/Pier System in a Crawl Space 
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Table 7-15: Typical Design Criteria for a Grade Beam/Pier System in a One-Story Hotise 

I Grade Beams 

necessary to provide 
minimum joistiground 

Note: * An 8-inch beam may be tapered io be covered 
by base trim and one No 6 bar wed in place of the two 
No. $bars. 

WOOD SIDING 

GRADE ’ 
..... .. - ...... -. 

2 FT. MAX. HEIGHT 
QF UNBALANCED FILL 

TERtOR GRADE 

-7 WALL AND PIER FOOTING 
4---t- POURED INTEGRALLY 

L - - - - I --J BELOW FROST LINE 

I 

Figure 7-27: Typical Curtain Wall Construction in a Crawl Space 
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thickness for a hollow masonry wall [HUD 1973al. 
Curtain walls should not be subjected to more than 
a 2-foot height of unbalanced fill without 
engineering analysis. 

Basement Columns 

be of pressure-treated lumber (or equivalent), or 
supported on piers projecting above the finished 
floor and separated from the concrete by an 
impervious barrier. The minimum height for these 
piers is recommended as 1 inch by the wood 
products industry and 2 inches by CABO [ 19831. 
Steel basement columns should be 
corrosion-resistant, treated with corrosion-resistant 
coating, or have a shop-applied coat of 
rust-inhibitive paint [CABO 1983al. 

Wood basement posts or columns either should 

CONCRETE SkA 
Concrete used in slab-on-grade floors should 

have a minimum compressive strength at 
twenty-eight days of 2000 psi. Higher strengths will 
provide greater durability; lower waterkenlent 
ratios will provide a less permeable concrete and 
less shrinkage. The recommended twenty-eight-day 
strength is 3000 psi with a slump of 4 inches 
[ACI 302.1R-801. Air entrainment provides 
enhanced freezekhaw resistance and a lower 
permeability (because the watedcement ratio can be 
reduced for the same level of workability of the 
concrete during placement). Slabs must have a 
minimum thickness of 3% inches [CABO 1983al 
although the American Concrete Institute suggests 
4 inches as a minimum [ACI 302.lR-SQl. 

should be used at intervals not exceeding 30 fect in 
each direction; non-rectangular slabs should have 
control joints across the slab at points of offset, if the 
offset exceeds 10 feet. The control joint is formed by 
reducing the slab thickness by at least 25 percent at 
the joint location. 

Control joints are not required if shrinkage 
reinforcement is provided in the slab. The CAB0 
code requires a minimum of 6 x 6-W2.9 x W2.9 
welded wire fabric or its equivalent for a reinforced 
slab. lhe code suggests placement at the mid-depth 
of the slab; the Portland Ccinent Association 
recommends placement at 2 inches below the slab 
surface for slabs 4 inches thick or greater. 

Fill piovided under slabs must be compacted to 
provide uniform support and, without engineering 
design and control, should not exceed 24 inches in 
thickness for clean sand or gravel, or 8 inches in 
thickness for earth. A base course for the slab at 
least 4 inches thick should be provided consisting of 
clean graded sand, gravel, crushed stone, or 

In unreinforced slabs, control (contraction) joints 

crushed blast-furnace slag passing a 2-inch sieve but 
retained on a '/4-inch sieve. 

It i s  not recommended that a vapor retarder or 
insulation of low permeability be placed directly 
beneath the concrete slab unless higher strength 
concrete with a lower slump and less tendency to 
segregate is used. If an impermeable surface exists 
under a moderate- to high-slump concrete when it i s  
being poured, the excess water in the concrete 
bleeds from the mix and migrates upwards, leaving 
capillary channels in the concrete and weakening 
the surface of the concrete where the water collects. 
Higher concrete permeabilities, more cracking, and 
less dense floor surfaces subject to dusting may 
result. It is recommended instead that the vapor 
retarder or insulation be placed above the base 
course and then a 2- to 3-inch layer of sand be 
placed over the insulation or vapor retarder before 
the concrete is placed. For a vapor retarder, this also 
implies that the upper surface of the base course 
does not contain sharp protrusions or large voids 
that would puncture or tear the vapor retarder 
[ACI 332R-84; ,4CI 302.1R-80; Nicolson 1981; 
Campbell et al. 19761, 
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7.4 Special Considerations 

- EXPANSIVE SOILS 

A full treatment of the causes of building 
damage produced by expansive clays and 
descriptions of the preventative measures that may 
be taken are beyond the scope of this handbook. 
This section briefly discusses this topic, and the 
reference section at the end of the handbook lists 
several references that provide a detailed discussion 
of the problem or its remedies. 

Expansive soils are soils that change volume 
significantly as their moisture content changes. 
Figure 7-28 illustrates the areas of the United States 
with extensive regions of highly active soils 
(cross-hatched) and extensive regions with less 
active soils (dotted). It should be noted that in areas 

of the map with highly active soils, there will be 
many locations with no expansive soils. Conversely, 
in the areas of the map with the least active soils, 
expansive soils can be found in some locations. The 
most active expansive soil component is the clay 
mineral montmorillonite. A sodium 
montmorillonite clay can swell up to twenty times in 
volume when it changes from a completely dry state 
to a saturated state. 

Tn regions with significant expansive soil 
problems, special building practices have been 
developed to avoid or minimize the damage caused 
by soil movements. Some building practices are 
relatively inexpensive in capital cost and are aimed 
at minimizing the change in the moisture content oi 
the expansive soil under and in the immediate 

AREAS WITH EXTENSIVE REGIONS 
WITH LESS ACTIVE SOILS 

AREAS WITH SOlLS THAT ARE 
PREDOMINANTLY NOT ACTIVE 

Figure 7-28: Expansive Soil Regions in the United States 
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Figure 7-29: Seismic Zona Map of the United States 
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vicinity of the building. These practices may include 
(1) carefully checking water and sewer services for 
leakage points and eliminating other water drainage 
into the ground below the building (for example, 
from faulty shower pans); (2) carefully watering the 
soil adjacent to the foundation to maintain a 
uniform moisture content; (3) properly draining 
surface water from the vicinity of the house 
foundation; and (4) keeping trees with extensive 
shallow root systems at least l I i 2  times their ultimate 
height away from the building [Brown 19841. 

Other building practices involve ground floor 
slabs suspended on a beam system resting on piers 
that extend to a level in the ground where moisture 
changes are unanticipated. These piers may be 
belled and reinforced to resist uplift caused by 
gripping of the piers as the near-surface soil 
expands. 

differential movement, it may not be readily 
apparent whether settlement of the building 
footings or heave of the ground floor slab is 
responsible for the distress. It is critical to establish 
the cause of distress before attempting to remedy 
the problem. Brown (19841 discussed the diagnosis 
of the causes of foundation failures and described 
typical repair procedures. 

When a building shows distress caused by 

SEISMIC DESIGN 

In areas subject to earthquakes, building 
foundations may be subject to a rapid sequence of 
horizontal and vertical ground movements. Since 
the building foundation is built into the ground 
surface, it moves with the ground surface and 
transmits this motion to the remainder of the 
building. For vertical ground motion, the effect on a 
small building is usually minimal since upward 
ground motions are seldom sufficient to overcome 
the weight of the building. For lateral ground 
motion, however, the cycling of the ground motion 
back and forth horizontally requires that if the 
building is not to slide on the foundation or distort, 
a shear resistance must be available at any 
horizontal section through the building that is 
proportional to the weight of the building above 
that level. For example, if a building is supported on 
slender unreinforced masonry piers, the piers may 
not be strong enough in shear or bending to make 
the building above respond to the horizontal 
ground movements below. The piers may then be 
ruptured and the vertical building support lost. 

Although individual seismic design is not 
usudlly required for single-family residential 
buildings, foundation reinforcement and 
anchoragehond beam requirements are increased 
and allowable slenderness ratios decreased. The 
map in Figure 7-29 illustrates seismic risk zones in 

the United States as defined in the Uniform Bidding 
Code[UBC 19821. The CAB0 One and Two Family 
Dwelling Code defines a similar pattern of the seismic 
risk zones in the United States and provides details 
of the additional reinforcement requirements for the 
higher seismic risk zones. In areas with higher 
seismic risks, special care should be taken to 
evaluate the site conditions for the possibility of 
earthquake-induced slope failure or drastic building 
settlements caused by liquefachon or vibration 
compaction of loose granular soils. 
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Chapter 8 

Subdrainage 



INTRQBUCTIQN 

Subdrainage (or subsurface drainage) is the 
removal of water from within soil by the force of 
gravity through manmade structures. It may be 
distinguished from surface drainage, which is the 
removal of water before it penetrates the soil. 
Removing soil water may be desirable for many 
reasons, including: 

relieving hydrostatic loading on founda tioii 

eliminating the need for hill waterproofing 
minimizing the potential for frost heave 
stabilizing the moisture content of expansive 

eliminating mas5 heat transfer effects due to 

lowering soil thermal conductivity 
stabilizing other soil thermal properties 
reducing the hazard of termite damage 
preventing “waterlogging” of trees and shrubs 

Subdrainage systems create a route of less 
resistance to water flow than the soil. Their primary 
applications are to draw down the surrounding 
water table to the level of the drainage system and 
to collect and drain away surface water percolation 
adjacent to the building. The collection structures, 
whether pipes or drainage blankets, must be located 
below the level of the basement, crawl space, or 
frost wall to be protected. Many systems “fail” 
because they aren’t installed properly during 
construction. 

Although not strictly a drainage function, 
drainage blankets also are commonly used to 

walls 

soils 

water flow 

interrupt capillary transfer of moisture from the soil 
to walls and floor slabs. In addition, drainage 
systems are increasingly being used for collecting 
soil gas outside the foundation to control radon 
(primarily in single-family housing, see Chapter 10). 

Although this chapter discusses subdrainage, 
surface drainage is the first line of defense against 
water problems. A survey of leakage failures in 
basen-aents found that high groundwater was 
thought to be a factor in causing heavy leakage three 
times more often than in causing light leakage. 
(Heavy leakage was characterized by standing water 
on the floor, whereas light lpakage was characterized 
by wetting of inside wall or floor surfaces.) 
Improper surface drainage was considered 
responsible for two and one-half times as many light 
leakage failures as heavy leakage failures 
[NAHB 19781, In view of this, the investigators 
concluded that ”ineffective removal of surface water 
is probably the critical factor in causing leakage [in 
the hoiise basements surveyed] .“ Recommended 
surface drainage practices are presented in the 
residential summary at the end of this chapter acid 
in Chapters 2, 3, and 4. 

The first, Soils and Subdrainage, presents basic 
drainage principles and background technical 
information. The second section, Drainage Materials 
and Products, discusses characteristics and design 
information for filter fabrics, drainage conduits, 
drainage aggregates, and manufactured drainage 
systems. Finally, Construction of Subdrainage SySfeFnS 
describes and summarizes recommended practices 
for residentinl applications. 

This chapter is divided into three major sections. 
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8.1 Soils and Subdrainage 

SOIL AND WATER 
.+ 

Soil consists of individual particles of sediment 
and weathered rock that may or may not contain 
organic matter. The soil mass, even when 
compacted tightly, contains a large volume of m i d  
made up of interconnecting pore spaces between 
the soil particles. The soil solids typically account for 
45 to 65 percent of the soil volume, leavlng 35 to 55 
percent as void. 

Under field conditions, water occupies some, 
and sometimes all, of the void area. The moisture 
cotzlent of the soil is defined as the weight of water in 
a given soil mass to the weight of the dry soil 
particles of the mass. To find the moisture content 
of a soil sample, the moist sample i s  weighed, dried 
in an oven, and then weighed again. In soil 
engineering, a dry soil is one that has been 
oven-dried, a condition not found in the field. 

* 

Water Table 
When all of the void area of the soil is filled with 

water, the soil is suturufed. Saturated soils exist only 
in three locations: (1) below the water table, (2) in 
the region immediately above the water table in 
soils with high capillary conductivity, and (3) in the 
surface layers, temporarily, after heavy rainfalls and 
snow melts. The wafer fable is defined as the 
elevation in the soil where water is at atmospheric 
pressure. This is the level that appears in 
excavations made below the water table. It is also 
known as the groiindwuter level (GWL), the free water 
elevation, and the phreutic surface. Water below the 
phreatic surface exerts a lateral pressure that 
increases linearly with depth. 

'The groundwater level may be at or near the 
surface, or several hundred feet below. 
Groundwater levels near the surface vary over the 
course of the year. They are usually highest in the 
spring, after winter snow melt and spring rainfall, 
and lowest in the fall, due to depletion by 
vegetation and surface evaporation. Local patterns 
may differ. 

Relatively impervious soil strata may create a 
perched water tuble, the surface of a localized body of 
water maintained dbove and separated from the 
normal free water elevation by intervening layers of 
non-saturated soils. Miniature perched water kables 
are often created inadvertently during backfilling by 
layers of clay and dampproofing or waterproofing 
spray. These suspended pools can cause leaks, 
similarly to building below the groundwater level. 
The change in soil type between the backfill and 

' 

native soil sometimes impedes drainage out of the 
backfill, creating a moat enveloping the foundation. 
Techniques for minimizing these effects are 
described below. 

Water Content Under Field Conditions 

a result of precipitation, surface evaporation, and 
extraction by plant roots. During heavy rainfall the 
soil may temporarily saturate, but it soon drains the 
water it  cannot hold against the force of gravity. 
This rarely takes more than two to three days. The 
moisture content at this condition is known as field 
cupucity to agronomists and the wafer fzolding capacity 
to engineers. Water holding capacity is defined as 
tho smallest value to which the moisture content of 
the soil can be reduced by gravity drainage, and 
field capacity is the highest moisture content that 
the soil can maintain under conditions of free 
drainage, after excess water has been drained 
following a rain or irrigation. Essentially, these are 
two definitions of the same state. 

gruvilalionul, orfree, water. It is defined in 
engineering terms as water that can move through 
the soil under the influence of gravity. It also may be 
thought of as soil water in excess of the field 
capacity, and includes water both above and below 
the water table. 

During summer, plant roots extract water from 
the soil and release this water as vapor into the 
atmosphere. As plants pump moisture out of the 
soil, its moisture content diminishes to a level at 
which the affinity between the soil and moisture is 
stronger than the roots' ability to absorb the 
moisture. This condition is known to agronomists as 
the wilting point. It is defined as the moisture 
content at which plants (specifically, sunflower 
plants) wilt and fail to recover their turgidity when 
placed in a dark, humid atmosphere. The moisture 
content at the wilting point approximates the 
minimum moisture content found in the field at 
depths below the effects of surface evaporation. 

The water bound to (absorbed on) soil particles 
by molecular forces is termed hygroscopic zuufeu. It is 
neither free to move by drainage nor to be 
withdrawn by root suction. The hygroscopic water 
content is defined as the moisture content of an 
air-dried soil. The water between field capacity and 
the wilting point is termed available water ,  in 
reference to its ability to be absorbed by plants. 
These different moisture conditions are 
diagrammed in Figure 8.1. 

Soils near the surface vary in moisture content as 

Water that drains through the sail is known as 
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e = VOlQ RATIO 
e = n/(l - n) 
n = PQROSlTV 

n = e/(1 3 e) 

HYGRQSCOPlC WATER - 
AVAILABLE WATER ---, 
GRAVITATIONAL WATER 

Figure 8-1: Terms Related to Soil Moisture Content 

DRAINAGE PROPERTIES OF SOILS 

Soils are classified for drainage engineering 
purposes according to the distribution of particle, or 
grain, size. This is found by sifting the soil sample 
through a series of sieves ranging from a very coarse 
to a very fine wire mesh. The analyst records the 
percentage by weight of the total sample retained QII 

each sieve. For any given sieve size, the overall 
sample is described in terms of the percentage of 
dry solids passing through and the percentage 
retained on the sieve. Soils retained on a No. 200 
mesh are described as granular, while those passing 
through the No. 200 mesh are calledfines. Soil fines 
consist of silts and clays. Typical sieve sizes used in 
soil analysis are given in Table 8-1. 

Grain Size Distribution 
The distribution of grain sizes found in a sample 

of soil can be plotted on a semi-logarithmic graph. 
Grain size is plotted on the horizontal axis; the 
percentage of particles smaller than the sieve sizes is 
plotted on the vertical axis (Figure 8-2). The slope of 
the graph displays the grading characteristic of the 
soil. Soils with a narrow range of particle sizes plot 
steep curves, while soils with a fairly even 
distribution of grain sizes plot elongated curves. 

'ION 

Well-graded soils contain a wide distribution of 
grain sizes; uniform soils contain a very narrow 
range of grain sizes. When a soil lacks a significant 
group of particle sizes between the largest and 
smallest, it is said to be gap-graded. An open-graded 
soil is fairly uniform and has a negligible fines 
content. Broadly-graded materials have a wide range 
of particle sizes that are distributed evenly. 

Effective Grain Size 
The amount of void area in a cross section of soil 

determines its permeability. Although the void area 
increases with grain size in uniform materials, it 
decreases if smaller particles are mixed in, filling the 
spaces between particles. The size arid percentage 
of soil fines, therefore, are usually more important 
in determining permeability than the predominant 
particle size range alone. 

The fines content of a soil is expressed in its 
effective grain size. Effective size is defined arbitrarily 
as the maximum diameter of the smallest 10 percent 
by weight of the sample. The effective size of a soil 
is specified Dlo = x,  where D represents the 
diameter and the subscript indicates the percentage 
of the sample that is finer than the designated 
diameter x . The 15 percent size (Q5) is also often 
used in drainage engineering as an index of effective 
size, although it is not termed effective size. 
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Figure 8-2: Grain Size Distributions for §si 

Table 8-1: Typical Soil Particle Size ~~~~i~~~~~~ 

Soil Type 

I-, Cobbles 

Gravel 

Sand 

Coarse 

Fine 

Coarse 
Medium 
Fine 

Fines (silts and I clays) 

Sieve 
3esignation 

> 3 in. 

3 in. 
1% in. 
31.1 in. 
318 in. 
No. 4 

No. 10 
No. 40 
No. 200 

< No. 200 

_. 

Sieve Opening Size 
(inches) (mm) 

(larger than 3 in.) 

3 in. 76 I 
1.5 38 1 
0.75 19 0 
0.375 9.51 
0.187 4.76 
(3116 in.) 

0.0787 2.00 
0.0165 0.42 
0.0029 0.074 

____I__ 

I_ 

(less than 0.074 rnmj 

. . . . . . . 

. . . . . ._ 

_I_.. 

3 
I - 
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Figure 8-3: Effect of Fines on Permea ility of Graded Aggregate 
Source. Barber [I9621 

Table 8-2: Standard Classification of Soil Permeability 
~m 

Rate Description Permeability k 
(inhr) (cmdsecl 

Vel y slow < 0.05 < 0.005 
Slow 0.05 to 0.2 0.005 to 0.02 

0.08 to 0.25 Modprate 
Moderately rapid 2.5 to 5.0 0.25 to 0.5 
Rapid 5.0 to 10 0.5 to 1.0 

Modrrately slow 0.2 to 0.8 0.02 to 0.08 
0.8 to 2.5 

Very rapid > 10 > 1.0 
Source A M ONea l  [1949] 
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SOIL PERMEABILITY 

Soil (hydraulic) permeability describes the 
property that permits water to pass through 
channels of interconnecting voids in the soil. It is 
defined as the rate of discharge of water under 
laminar flow conditions through a unit 
cross-sectional area of soil under a unit hydraulic 
gradient and standard temperature conditions. The 
equation for this relationship is known as Darcy's 
Law: 

* 

* 

where: 

Q-total volume flow of water (ft') 
t-time (minutes, hours, days) 
k-oefficient of permeability (ft/unit time) 

Area-cross-sectional area of soil (f?) 
h-head, or difference in elevation (ft) 
L-horizontal distance of travel 

The coefficient of permeability k is expressed as a 
volume of water (ft3) per unit time. This reduces to 
units of ft/hr, or cm/sec, and i s  referred to as the 
discharge velocity. Table 8-2 presents values of 
various soil permeabilities. 

the pore area of the soil section, the discharge 

movement through the soil. The rate of water 
movement is given by the average seepage velocity, or 
percolafiutz rate. It is the discharge rate multiplied by 
(1 -I- e)/e (where e is the void ratio), or the discharge 

Because seepage water can only pass through 

9 velocity does not describe the actual rate of water 

velocity divided by the effective yotosity n. The 
percolation rate always exceeds the discharge rate 
because percolation occurs only through the void 
area, whereas discharge is averagec! over the area of 
both solids and void. The reciprocal of the seepage 
rate gives the time required for percolating water to 
move a unit distance through the s c d  (Table 8-3). 

Thc major variable influencing the permeability 
of soil is particle size. Large aggregates pack to form 
large void areas and small aggregates pack to form 
small void areas. The total void area of the cross 
section decreases with decreasing particle size. With 
very fine particles, especially those passing a 
No. 200 sieve (silts and clays), the void ratio 
becomes very sinall and the voids themselves 
reduce to microscopic size. a t  this scale, surface 
friction and the forces of adhesion so greatly restrict 
the flow of water that soils composed pnmarily of 
fines are practically impermeable (Table 8-4). 
Particle size is so important that even a 5mdl 
percentage of fines in an otherwise coarse material 
can greatly reduce permeability. Figure 8-3 shrswrj 
the enormous effect of tines on permeability see 
also Pimzcability liquzrement of drainage aggregates 
in Section 8.2. 

ENVELOPES A 

A d m i n q r  envelope is a lining of porous material 
placed around a dram line in order to increase its 
effective cross-sectional area. Its purpose i s  to 
reduce the resistance to inflow of water from the 
soil. The drainage envelope also provides a Firm 

Table 8-3: Relationship between Permeability and Rate of Movement of ~~~~~~~~~~~ (ra = 0.25) 

Permeability i Velocity Time to Move I Forat 
(ft/day) (cm/sec) (ftIdag.1 (days) (hours) 

--.-...-__..__I_-I 

0.01 3.5 x lo6 0,Ol 4 x IO4 2500 
0.05 20 x IIP 500 

0.1 3.5x105 0.01 4 x 10-3- 250 

.I.__.-........... ._.._. 20 x IIY - 0.05 

1.0 3 . 5 ~ 1 0 ~  0.01 
0.05 

600 
i 20 

10 3.5 x lo'j 0.01 0.40 60 
0.05 2.0 12 

.. 
0.20 _ _  

0.035 1 0.(11 4.0 0.25 6 
0.05 I 20.0 I 0.05 1.2 

.a 

Source Cedergren [I9671 
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I 1 PARTICLE SIZE RANGE 

Inches 

. . . . .. . . . . 

One-Man Stone 

Fine, Uniform Gravel 
Clean, lsii~e to Coarse Gravel 

Ve.7 Caarse, Clean, Uniform Sand 

' I 4  

Uniform, Coarse Sand 
Unifoim, Medium Sand 
Clean, Well -Giadd Sand and Gravel 

tourcr I-lough (19571 

Millimbtters 

2 
0.5 
10 

0.25 
5 
2 

0.05 
1.0 

0.05 
0.05 
0.01 - 

bedding for placement and alignment of the pipe or 
drain tile. Drainage envelope materials typically 
consist of a sand and gravel mixture that entirely 
passes a lVz-inch sieve and of which no more than 
10 percent passes a No. 60 sieve; 90 to 100 percent of 
the envelope aggregate is usually reqiii red to pass 
the V4-inch sieve. 

Fine soil particles are easily carried into coarse 
aggregates with the flow of water. These fines can 
accumulate in the aggregate and cond.uits to clog the 
system. In some soils, a gradation of soil material 
can be specified that blocks the immigration of soil 
particles. This is not possible for many sails, so the 
envelope must instead be surrounded by a lining 
called a protective filter. In the past, protective 
filters were made of one or more layers of 
specially-graded aggregates, usually referred to as 
revcsse or invuted filters. These have given way in 
recent years to the more convenient and expedient 
synthetic engineering fabrics designed for drainage 
systems. Both are discussed in Inore detail in 
subsequent sections. In both cases, the purpose of 
the filirr is to retain the surrounding soil while 
allowing the water to pass. A successful installation 
does not "filter" in the sense of removing solids in 
suspension; instead, it is supposed to prevent 
mobilization of the solids. 

Opinions differ as to design requirements for 
envelopes and their protective filters. Good 
construction practice requires that the drain line be 
set in a bedding of select material. no less than 2 to 6 
inches thick. Select material includes coarse angular 
sand, gravel, pea gravel, crushed stone, crushed 

k i n  

I 

10 
1.5 
0.8 

0.5 
0.25 
0.05 
0.05 
0.01 
0.005 
0.005 
0.001 
0.001 
0.0005 

1 OA - 

"EFFECI'IVE" PEXMEABILITY 
SIZE COEFFICIENT k 

. .. . . . .. . .- 

.... 

.- 

0.06 

0.006 
0.002 
0.0015 
0.0008 

ftlyr 

100 x lo6 
30 x lo6 
10 x lo6 
5 x lo6 
3 x lo6 

____ 

0.4 Y lo6 
0.1 x lo6 
0.01 x lo6 

4000 
400 
100 
50 
5 
1 

0.1 
0.001 

ftlmo 

100 io5 

io  io5 
5 x 10' 

30 x lo" 

3 x lo5 

0.4 io5 
0.1 io5 
0.01 io5 

400 
40 
10 
5 

0.5 
0.1 
0.01 
lo-* 

crnlsec 

100 
30 
10 
5 
3 

0.4 
0.1 
0.01 

40 x 10-4 

10-4 
0.5 x lo4 

0.05 x 
0.01 x 10 
3.001 x 10 

4 x 

10.~ 

slag, crushed shell and coral, and coarse-grained 
soils as described in ASTM D 2487, Classificafion of 
Soils for Lngineeiirzg Purposes. Particles should not be 
larger than 1 inch and must be free from frozen 
earth, large clods and stones, vegetal mdtter, wood 
chunks, and other debris. 

One theoiy holds that a coarse bedding such ds 

gravel reduces the velocity of water flowing upward 
into the drain line to a degree where the water loses 
its ability to carry soil fines in suspension. If this is 
always true, then no filter soil would be required 
underneath the envelope. Field experience shows 
that such installations frequently do clog and 
require flushing [l'illsbury 1967. 

SFECIFXCATIONS IF0 FILTER SQHLS 

Since the introduction of plastic drainage fabrics, 
filter soils are used less often. However, the 
principles are still useful for understanding soil 
drainage problems, and especially for 
understanding drainage system failures. 

must satisfy four requirements: 
It is usually thought that a protective soil filter 

1. The filter material must be more permeable 
than the surrounding soil in order to promote 
free flow and to relieve hydrostatic pressures. 

enough to prevent particles from the 
surrounding soil from migrating into and 
through the filter. 

2. The yore spaces in the filter must be small 
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3. 

4. 

The particles of the filter material must be 
large enough to prevent them from entering 
the envelope and holes or joints in the 
drainpipe. 
The filter must be thick enough to ensure 
good distribution of all particle sizes 
throughout the filter. 

Sherard et al. [1984a] have re-evaluated these 
criteria in a rigorous experimental program. They 
have concluded that only the ratio between the Dlj 
size of the filter soil and the D, size of the native soil 
is important to proper filter design. AI1 the 
suggested requirements are discussed below. 

Permeability Requirement 
The desired permeability is specified as a 

relationship between the 15 percent size (D,,, a 
variation of the effective grain size) of the filter 
material and the surrounding soil. The usual 
standard requires the 15 percent size of the Mter to 
exceed the 15 percent size of the surrounding soil by 
a factor of 4 or 5, after early suggestions made by 
Terzaghi. Some subsequent researchers have 
recommended higher values. Karpoff [1955], whose 
conclusions in particular have been challenged by 
Sherard et al., has recommended a range of 12 to 40 

and 6 to 18 for crushed stone filters. For 
conventional trench-type subdrains, the following 
military standard is frequently used: 

* for graded, natural subrounded aggregate filters, 

Dls filter matcrial 
DI5 protected soil 
&filter 2 0.074 mm (Nu. 200 sieve) 

Piping Requirement 

is termed piping, and the loss of soil particles is 
termed leaching. If the pore spaces in the filter are 
small enough to hold the 85 percent size of the 
surrounding soil in place, then the finer particles 
will also be retained (see Figure 8-4). Gap-graded 
aggregates and soil-rock mixtures are exceptions. 
The filter material must be well graded, or the 
number of larger particles may be insufficient to 
block movement of the smaller particles; in such a 
case, the filter would have to be designed to retain 
some size smaller than the coarsest 15 percent. Pore 
size in the filter matrix is governed indirectly by the 
15 percent size of the filter aggregate. In all cases, 
the D5 size of the filter soil must be greater than 
0.074 mm (No. 200 sieve size). 

Piping is prevented by limiting the 15 percent 
size of the filter aggregate to less than or equal to 
five times the 85 percent size of the protected soil or 
secondary filter stage. This relationship between the 

Movement of soil particles through or into a filter 

a 

D,, size of the filter material and the D,, size of the 
protected soil is termed the piping mtio, and the 
standard specification is written: 

Dld?lter material ~ ,3 
Vys protected soil - . 

Some agencies have recoinmended a piping ratio 
of less than 4 [CALI 195bI. If crushed stone is used 
instead of a natural subrounded aggregate, the 
piping ratio should be limited to something lrss 
than 5, If the protected sui]. is d plastic clay, the 
piping ratio can be higher than 5 or IO, but jf 
cohesionless silts, fine sand>, or similar soils exist in 
direct contact with filter materials having piping 
ratios in excess of 5 or 10, erosion il; likely to occur 
[Cedergren 19671. Sherard et al. [19Ma] regar 
piping ratio of 4 to 5 as having a safety factor of 
about 2 in well-graded sands and sandy silts, since 
they found piping failure usually occurs in these 
soils at a ratio of about 9. They recommend that the 
piping ratio limit of 4 to 5 is valid for soils with 13,, 
larger than 1.0 rnm, and that this is the only 
important filter design criterion. For filters to protect 
silts and clays, other design criteria should be used 
[Sherard et al. 2984171. 

Infiltration into 
The filter material also must be selected so that 

its own particles do not flow into the holes or slots 
of the drainage conduit. The follom7ing requirements 
are standard in military and agricultural drainage 
specifications. 

For slotted openings, 

filter 
slot zoidtk 

For circular holes, 

D83 filter ~ 

Iioie diameter 

For porous concrete pipe, 

tJnder the conditions required by both the pipe 
and the surrounding soils, it is possible thdt no 
single aggrcgatc mix will be satisfa&xy. In such 
cases, a multistage graded filter is required. 

Filter Grading and Per 
It has commonly been assumed that the particle 

size distribution curve of filter soils should have 
approximately the same shape as that of the soil to 
be protected. Sherard et al. [1984a] have found no 
basis for this. They further state that angular 
particles of crushed rock are as satisfactory as 
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A: SPHERYCAL PARTICLE Er WILL JUST PASS THROUGH PORE 
SPACE BETWEEN 'THREE SPHERES SIX AMD ONE-HALF 
TIMES THE DRAMETER OF B FAYLOR lala]. 

BEFORE STABILIZATION 
UNDER SEEPAGE 

D,, SOIL PARTICLE, 
ENTRAPPED IN FILTER 

-- SOIL THAT HAS 
MIGRATED INTO FILTER 
AND IS HELD BY D,, 
SIZE SQlk PARTICLES 

3. CONDITION AT A BCXINDAWY BETWEEN A SOIL AND A 
PROTECTIVE FILTER. 

Figure 8-4: Prevention of Piping by Filters 

208 



rounded particles, and filters can be designed to use 
them by the same (piping ratio) criteria, Their 
laboratory studies showed that the permeability of 
dense filters can be related to the square of the D,, 
size, and typically fall in the range of the 
permeability (k) 0.2(D,,)* to 0.6(Q5)', with an 
average of about 0.35(0,,)', where k is in cdsec,  
and OI5 is in mm. 

.) 

Filter Thickness 
The necessary thickness of the filter depends on 

the relationship between the 50 percent sizes of the 
filter material and the surrounding soil (the 
filterinquifeer ratio). Pillsbury recommends the 
following: 

1. Filters are necessary only where cohesionless 
lenses or strata of soil are encountered; D,o 
values of such soils seem to be in the range of 
0.06 rnm to 0.12 mm. 

2. The economy of filters more than 1 inch to 3 
inches thick can certainly be questioned, dnd 
therefore it is desirable to have filtedaquifer 
ratios less than 24. 

3. In addition to minimizing the amount of filter 
material, there is advantage in having a 
relatively inexpensive material. Standard 
concrete sand is produced in large quantities 
and is therefore relatively inexpensive 
[ A S W  C 331. With such filter material, and 
following the above criteria, filteriaquifer 
ratios can range from 4 to 20 and the standard 
deviation of the filter will be 0.52 mm to 1.41 
rnm. This would indicate that standard 
concrete sand could sometimes be 
unsatisfactory. Satisfaction could be assured 
if Dsl, 5 1.0 mni, and (Dy5 - D,)/2.645 P 1.0 mm. 

Installation Requirements 
Karpoff [1955] has offered the following 

recommendations for installation of drainage filters: 

1. In addition to the design requirements above, 
the filter material should pass the 3-inch 
screen for minimizing particle segregation 
and bridging during placement. It should not 
have more than 5 percent No. 200 particles. 

2. The subgrade must be slightly compacted to 
prevent uneven settlement of the drain (see 
Section 8.3). 

3. The filter material should have sufficient 
moisture content (3  to 10 percent) during 
placement to prevent segregation. 

4-inch layers with a light flat roller or careful 
hand tamping. 

4. The filter material should be compacted in 
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FILTER FABRICS 

Synthetic fabrics have been used in geotechnical 
engineering since the late 1950s in a variety of 
applications. Most use? extend far beyond building 
construction, but some may be of interest to 
architects. For example, fabrics may act as liners for 
dry wells or as substitutes for hay bales to control 
erosion on construction sites ("silt fencea"). In this 
handbook, geotextiles are discussed as they relate to 
their uses in drainage engineering. These I I S ~ S  

include applications as filters between backfill and 
drainage envelopes, as a wrap around drainage 
lines and drainage blankets, and as liners for French 
drains. 

Material Characteristics 
Geotextiles suitable for drainage applications are 

manufactured from a number of plastics, among 
which the most common are polypropylene (olefin), 
polyestcrr, and nylon. The material is supplied in 
rolls ranging in size from 2 to more than 15 feet in 
width, and in lengths from 100 to 1000 feet. 
Construction fabrics may be ejther woven or 
nonwoven (spun-bonded), and can be purchased in 
a wide variety of grades and costs Specifications for 
permeability arid resistance to passing soil particles 
are the rnost important criteria for drainage fabrics. 
These can be riwt by either woven or nonwoven 
materials. 

AdVantZYgW 
The factory manufachi re of drainage fabrics 

ensures control of permeability, porosity, and soil 
retention characteristics far beyond what can be 
achieved by graded aggregates. These 
characteristics cannot easily be altered by 
carelessness in the field, and the nature of the 
product allows the supervising engineer to inspect 
the installation visually. Drainage fabrics are readily 
available for shipment anywhere in the United 
States, ;hereby eliminating local availability as a 
design consideration. Fabrics are lightweight and 
easy to handle, and require little labor to place. 
Contractors can easily stockpile them for use on 
sma1I jobs. Fabrics have many applications, ranging 
from lining trenches and pipes to protecting gravel 
envelopes that surround footings. The combined 
result of the advantages is lower cost and better 
quality control. 

Limitations 
The limitations of drainage fabrics include the 

care required to maintain proper overlapping 
between sheets, prevention of excess exposure to 
ultraviolet light in storage (both on- and off-site), 
and an as-yet undetermined service life. Minimum 
roll sizes may be too large for a small contractor on a 
single job basis. The ease of use and installation may 
encourage untrained specifiers to be careless about 
the design selection requirements and the filtration 
limitations of the fabric. 

Permeability and Porosity 
Drainage fabrics are given permeability ratings 

by their manufacturers according to different test 
methods. Some obtain a coefficient of permeability 
in cm/scc by measuring the rate of water transfer 
through the fabric at a constant head of some 
arbitrary choice (3, 10, 12, or 36 inches, for 
example). In addition to the different driving 
pressures, this method also requires an estimate, 
which has not been standardized for construction 
fabrics, of the fabric thickness. §ome manufacturers 
avoid this difficulty by expressing the water transfer 
simply as a flow rate (or permeance) in gallons per 
minute per square foot of fabric, for a constant head 
(typically 4 to 5 inches). The coefficient of 
permeability of most drainage fabrics is on the order 
of 0.02 to 0.08 cmisec, or "moderately slow" by 
USDA characterizations (see 'Table 8-2). 

The porosity of drainage fabrics is most often 
rated according to an equivalent opeiiing size (EOS) 
test devised by the Army Corps of Engineers. The 
equivalent opening size is the number of the sieve 
that has openings closest in size to the filter fabric 
openings. Koerner and Welsh [1980] have explained 
that "the test uses known sized glass beads of 
designated EOS number and determines by sieving 
(using successively coarser fractions) that size of 
beads for which 5 percent or less pass through the 
fabric. The EOS of the fabric sample is the 'retained 
on' U.S. standard sieve number of this fraction." 
Fabrics intended for drainage applications most 
often fall in the range of EOS 70 (0.0083 inches; 0.21 
mm) to EO5 100 (0.0059 inches; 0.150 mm). 

Guidelines and Selection Criteria 

selection and use of filter fabrics are not well 
developed and can be expected to change over time. 
'The following criteria developed by the Army Corps 

Design guidelines and standards for the 
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of Engineers I19771 have been adopted by many 
local agencies and practicing engineers for 
specifying fabrics for use in subdrainage systems. 

1. For fabrics adjacent to granular soils 
containing 50 percent or less by weight of 
minus 200-sieve-size particles, it is requircd 
that: 

opening size of EOS sieve - 
2. For fabrics adjacent to soils finer than the 

above, the EOS should be no larger than the 
opening in Standard Sieve No. 70 (0.0083 
inch), and the open area of the fabric cannot 
exceed 10 percent. 

3. To reduce the chance of clogging the fabric 
during its performance lifetime, no fabric 
should have an EOS smaller than the opening 
of Standard Sieve No. 100 (0.0059 inch), or an 
open area of less than 4 percent. 

=-1 Dsj soil I___ 

Long and Healy 119771 have also proposed 
criteria for the selection of fabrics for use with 
subdrainage systems. These criteria are related to 
characterizations of the in situ soil as uniform, 
well-graded, and nonhonzogeneous. Recommendations 
are given for the three fabric types, woven, 
nonwoven, and mat (Table 8-5). In Long and 
Healy’s criteria, the term ”mat” describes 
nonwoven materials in which the water must pass 

through tortuous channels instead of holes. The 
distinction between mats and nonwoven fabrics 
(which usually are needle-punched to specified 
opening sizes) is not clear; for discussion, a mat is 
arbitrarily defined as having a thickness greater 
than twice the size of the largest opening. The 
following discrssion is excerpted from Long and 
Henly’s criteria: 

Woveri fabrics are the easiest to select for a given 
soil. Most zooverz plnsticfabrics liuve (I slighf variation 
in opeiiing sizes; however, particles fend to bridge 
across openings, and selecfiiicy the opening size by 
[Table 8-51 ciistiresjWration of the soil and enough 
fabric conduifivity. For the woven fabric ngainsl 
well-graded and nonhomogeneous soils, tipper and 
lower limits of upmirig sizes are listed. If the openings 
in the fabric are too small, the overall coriductivity will 
be reduced because mu11 soil particles will be retained 
next lo the fabric. 

The same criteria are applied to the noiiwouen 
fabric. Enough area should consist of opening sizes 
between the soil sizes listed to ensure the sinnIZ 
particles will not reduce the hydraulic conductivity of 
the fabric. As the range of the soil sizes increases, more 
area with hole sizes between the indicated size limits 
must be provided to ensure free flow of water. 

For a mat, a sieving test appears to be the only way 
of determining the fii‘trntion characteristics. Mats have 
channels that may 6e clogged. The permeability 

Table 8-5: Selection Criteria for Filter Fabrics 

Opening Size 

Permeability I I I I 
Opening Size I330 ... O . S .  <Des rJm < O.S. < D~~ --{- sieving t e y t a i ;  1/ 

Dm < O.S.  < Dxo * 

Open Area 5% > 10% 

Permeability - - 
k a t  ’ 5km1 

I 

Opening Size DI0 < O.S. < Dso ‘ sieving test retains D,, 

I __ I > 15% * I 3 10% I Open Area 

1,s. -= opening sizes 
’between these sizes 
’under des@ pressure 
4based on finest soil 
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requirement listed in the table should ensure that the 
permeability of the mat will not he reduced to a ualue 
that interferes with the freeflow of water. 

Design is riosf difficult foar tionhomogeneour; soil, 
sirice Jiltsation and hydraulic conductivity must be 
provided for a spectrum of soils with one fabric. 
Particle size tests should be conducted on the coarsest 
and finest soils preseizt. 

Filter fabrics are a convenient substiiuie for 
graded soil filters, and when properly selected, 
ensure good performance at reduced cost. They 2re 
117.0 substitute for ca.refuml design and. construction 
practice, however, arid their characteristics should 
be well understood by their specifiers. 

DRAINAGE CONDUITS 

All conduit types can perfoin if properly 
protected from siltation and laid correctly. 
According to a German s'iildy of building failures 
[§child et al. 1980],91 percent of all leakage failures 
were due to incorrect sizing, gradient, and position 
of the drainage pipe. Supervision of installation, 
therefore, i s  more important than conduit material, 
although some conduit types are inherently more 
resistant to siltation, and some are less susceptible 
to settling, heaving, and displacement during 
backfilling. 

devices in foundation drainage systems. Products 
made from concrete, clay, steel, va rious plastics, 
and bituminized fi-ber can be used successfully. 
Material types differ in how they (1) admit water, 
(2) resist overburden and traffic loads, and (3) resist 
settlement and siltation. In addition, their internal 
resistance to water flow and their costs also differ. 

Conduits serve as both collection and conveying 

Some of the factors that may be considered in 
selecting a material typL Oi . Ire: 

inflow capcity (permeability) 
size and uniformity of openings (filter 

resistance to water flow (coefficient of 

shearing strength and filtering requirements of 

resistance to abuse and datnage in backfilling 
long-term durability in the ground 
availability of accessories, especially to enable 

rsistancc to damage from cleaning devices 
product cost 
installaiion costs 

Clay tile predominated in many drainage 

requirements) 

roughness n )  

backfill 

cleaning 

applications until the 1970s, when corrugated 
plastic tubing captured the market for small 
diameter (4 to 8 inch) conduits used for site and 
foundation drainage. Conduits are still commonly 
referred to as "drain tile," although most conduits 
in use today are better described as "pipes" or 
"tubing." 

rrgid (clay and concrete) or flexible (steel, plastic, 
bitiiminous), with respect to their cross-sectional 
deformation. Rigid materials resist overburden 
loads by their own bending and crushing strength. 
Flexible materials have little bending strength, and 
resist collapse by deforming to act only in 
compression and to help redistribute vertical loads 
to the adjacent soil. Since the side-fill soil must 
provide stiffness that the pipe lacks. it must have 
sufficient (shearing) strength to resist large 
deformations. Flexible conduits, therefore, require 

From a structural standpoint, ronduits are either 

Table 8-6; Applicable Standard Specifications (ASTM) and Rsughraess Coefficients 
for Different Conduit Types 

Concretc drain kiile 
Concrete pipe, porous 

Bituminous, homogeneous 
Bituminous, laminated wall 
Corrugated polyethylene 
Polyvinyl chloride 

T h e  Soil Conservation Service recorninends 

--_ ---- _ -  
PIOdIlCt Installation M 

Specification Practice 

C 4  
C 412 
C 654 

..... 

- 
- 

0.012 to 0.014 
0.012 to 0.014 
0.016 

D 1861 D 2316 0.015 
D 1867 D 2316 0.015 
F 405 E 449 0.019 
D 2729 1) 2321* 0.009 
I) 3298 11 2.321" 0.009 
F 949 D 2327* 0.009 

stallahon according to F 449 
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Table 8-7: Some Characteriskics of Porous Concrete Pipe 

-. 

an envelope of ”select material” around the pipe, 
and careful compaction. All good drainage 
aggregates are select materials, although not all 
select materials are good for drainage. 

of roughness, n, which governs velocity of internal 
water flow (see Manning’s Formula, Section 8.3). 
For a given design water flow rate, a conduit of 
some given n value will conduct water faster than 
another conduit of greater n, under the same 
conditions. The conduit of higher n must be 
installed at a steeper gradient to obtain the same 
flow rate; this may require deeper excavation and a 
deeper foundation. A more expensive conduit of 
lower n may be much less expensive in overall 
design cost than a lower cost conduit, A gradient of 
no less than 1 inch in 20 feet (0.4 percent) is 
recommended for most foundation work, although 
a dead level line can work under the best conditions 
for very short perimeters (see Section 8.3). ‘The 
coefficient of roughncss is not likely to play a critical 
role in many building foundation problems. Some 
typical n values are given in Table 8-6. 

All conduit products should meet the applicable 
standards of the American Society for Testing and 
Materials (ASTM), or other standards agencies, 
such as the American Association of State Highway 
and Transportation Officials (AASHT0)JRSTM 
standard specification numbers are listed for 
different conduit types in Table 8-6. Stamps 
certifying compliance with these standards should 
appear on all segments or at regular intervals on the 
product. ASTM also publishes standard 
recornmended installation practices for several 
conduit types. The most notable of these is E; 449, 
Standard Guide for Subsurjace lristullutzon of Corrugated 
Thermoplastic Tubing for Agricultural Drainage QY I/Vutl.r 
Table Control. The Soil Conservation Service 
recommends that this practice be followed for all 
flexible tubing types. 

Conduit types vary somewhat in their coefficient 

Clay and Concrete Tile 
c Clay and concrete tile are produced in short 

segments that are laid with an Vu-inch gap joint to 
allow water to enter between individual tiles. The 
upper half of the joint is covered with an 

impermeable sheei (xypically roofing material) that 
sheds water carrying soil fines percolating down 
through the backfill. The short, uncoupled 
segments of tile are easily dislodged during backfill, 
and the discontinuity of the line offers no resistance 
to settling or heaving. The joint width governs both 
rate of water entry and susceptibility to siltation. 
Since these critical factors depend on the hands that 
place the tile, quality of workmanship and field 
supervision are all-important to long-term 
performance ?‘he material itself is durable and has a 
long service life. The Soil Conservation Service 
recommends using a roughness coefficient of 
n - 0.012 to n -:I 0.014 for clay and concrete tile. 

Porous concrete Pipe 
Porous concrete pipe is manufactured from 

Portland cement, water, and no-fines aggregate to 
produce a strong, water-permeable concrete with a 
very long service life in the ground. The patosity of 
the pipe allows inflow through its entire 
circurnferencc, so it will continue to admit water 
even if the pipe contains sediment levels that would 
completely cover the openings of perforated and 
slotted pipes. The manufacturer of a commercial 
porous concrete pipe system claims that their pipe is 
the most resistant to clogging of all pipe types, and 
requires no special filter protection under most 
circumstances. Their pipe is manufactured with 
tongue and groove slip joints, in diameters ranging 
from 4 to 24 inches. Characteristics of the smaller 
diameters are given in Table 8-7. The manufacturer 
produces regular and heavy-duty pipes and 
accessories including wyes, tees, and 45- and 
90-degree elbows. 

Corrugated plastic tubing was introduced into 
the United States from Europe in 1967, and has 
quickly captured most of the market for small 
diameter site and foundation drains. Small 
diameters (3,4, 5, and 6 inches) are 3hiyped in coils 
(typically 250 feet in 4-inch diameter, 100 feel: in 
&inch diameter) and are governed by ASTM F 405. 
Larger diameters are shipped in segments and are 
governed by ASTM F 667. 
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Most of the corrugated tubing produced in the 
United States is made from polyethylene (PE), 
although most El_rropean (and some U.S.) 
corrugated tubing is inade from polyvinyl chloride 
(PVC). I'he largest U.S. producer offers an entire 
catalog of fittings and accessories, including 
distribution boxes, underfloor sumps, downspout 
adapters, arid reducing couplers, in addition to the 
usual end caps, tees, and wyes. Corrugated tubing 
is also supplied with different grades of fabric filter 
wrap to protect it from siltation. 

The extreme flexibility of the tubing allows it to 
conform eltartly to any irregularity in the bedding, 
which must be carefully levelled and compacted 
with select material, such as pea gravel, pit run sand 
and gravel, or crushed stone. Corrugated tubing i s  
especially susceptible to localized settlement. Soft 
areas should be over-excavated and refilled with 
select fill (see Section 8.3). I Ieavy-duty tubing is 
recommended for rocky soil and if cover over the 
tubing exceeds 10 feet, or if trench width in the 
vicinity of the conduit (up to 1 foot above) exceeds 
24 inches [SCS 6061. Some typical dimensions are 
given in Table 8-8. 

Smooth Saxe Plastic Tubing 
Developed for use as sewer pipe, smooth bore 

plastic tubings are also available with perforations 
or slots for drainage applications. The most 
common materials are polyvinyl chloride (PVC) and 
acrylonitrile butadiene styrene (ABS). These are 
extruded in solid single-wall construction in small 
diameters (4 to 8 inches). Smooth bore pipes are 
stiff, compared with corrugated PE, and are shipped 

in straight segments. Structurally, they are flexible 
conduits While the reference standard for 
installation of smooth bore sewer pipe is 
ASTM D 2321, ASTM I: 449 is more applicable for 
underdrai n application. 

pipe include a very low resistance to water flow 
( n  = 0.009), and less deflection along the axis of the 
pipe than corrugated PE. Smooth bore pipes should 
be easier to lay correctly. Tight-fitting sleeve joints 
minimiLe the siltation hazard, and the smooth bore 
promotes faster water flow and greater self-flushing 
ability. A wide variety of accessories are available. 

The hole sizes in perforated (as opposed to 
saw-cut) pipe intended for leach fields are often too 
large for unprotected underdrains, making the pipe 
vulnerable to siltation clogging. Pipes with large 
holes (l/z inch L ) must be protected with a filter 
fabric sleeve, a filter-protected coarse aggregate 
envelope, or a graded soil filter that takes the hole 
sizes into consideration. 

'l'he primary advantages of smooth bore plastic 

Corrugated Smooth Bore PVC Pipe 
Small diameter corrugated tubing i s  also 

produced with a smooth bore. The corrugations 
give stiffness to the cross section, while the 
continuous inner bore stiffens the pipe along its 
axis and gives it a low roughness coefficient of 
n = 0.009. The pipe is prsdiiced from PVC and 
meets AASHTO standard specification M 252 for 
corrugated PE drainage tubing. I\ variety of 
accessories are available. Dimensions are given in 
Table 8-9 for a pipe that has two rows of 
'/3z-inch-wide slots for water entry. 

Table 8-8: Some Characteristics of Corrugated Polyethylene Drainage Tubing 

Diameter (inches) Pitch d Flow Area Corrugationdft 
Inside Outside (inches) (inches) (sq inches) 

3 3.65 0.49 0.24 7.07 
4 4.72 0.66 0.30 12.57 
5 5.82 0.66 0.27 19.64 
6 6.92 0.66 0.44 28.27 

Source Adbance Drainage Systems, Inc , Columbus, Ohlo 

Table 8-9: Some Characteristics of Slotted Smooth Bore Corrugated BVC Drainpipe 

Diameter (inches) Slot Length Slot Spacing Perforation Area 
Inside Outside (inches) (inches) (sq i d i n  ft) 

5.909 I 3'95 7.881 

4.3 
6.42 
8.6 

0.416 
0.516 
0.689 

1.92 
1.99 
1.90 

Note. Slot width is 1/32 inch. 
Source: ARMCO Construction Products, Inc., Middle- 
town. Ohio. 
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Table 8-10 Composition of Standard Coarse 

p 

DRAINAGE AGGREGATES AND 
AGGREGATE DRAINAGE BLANKETS 

Aggregate materials are used (1) for drainage 
blankets, to collect and convey water into pipes, 
(2) as graded filters, to protect pipes, envelopes, and 
blankets, and (3) as capillary-breaking fill that 
prevents capillary moisture transfer and frost 
heaving. Filter requirements are discussed in 
Section 8.1. Many different materials may be used 
for aggregates, provided they are stable over time. 
These include natural (sand and gravel) and 
crushed stone, blast hrnace slag, crushed shell, and 
crushed coral. Manufactured lightweight expanded 
ceramic pellets are used in Finland. They can be 
sized precisely, and are blown in place. 

Terminology describing aggregates uses the 
standard definitions of soils used for engineering 
purposes [AS’IM D 24871 and the concrete 
industry. Coarse aggregate consists of material 
predominantly retained on a No. 4 sieve 
(?/I6 inch +- 1, while fine aggregate entirely passes a 
%-inch sieve and almost entirely (95 to 100 percent) 
passes a No. 4 sieve, but is predominantly retained 
on a No. 200 (0.074 mm) sieve. Pea gravel is not 
defined precisely, but USUdlly refers to a clean, 
naturally rounded stone falling between the 3/~6-inch 
and %-inch sizes; this roughly corresponds to 
ASTM C 33 No. 8 course aggregate. Some codes 
define pea gravel as entirely passing the %-inch 
sieve, with not more than 5 percent passing the 
No. 8 (%inch) sieve. Fine- and coarse-grained 
aggregates must not be confused with fine-grained 
and coarse-grained soils, which are defined as soils 
in which more than 50 percent and fewer than 
50 percent, respectively, of particles pass the 
No. 200 sieve [ASTM D 24871. Particles of the 
No. 200 size (0.074 inm, 1 / ~  inch) are a little too 
small to be distinguished by the naked eye. Particles 
smaller than the No. 200 size are called fines. 

Commercial Gradings 

A variety o f  coarse aggregate gradings are 
specified by ASTM C 33. These are listed in 
Table 8-10 and illustrated in Figure 8-2. Bank run 
and pit run gravel describe the source of sandy 
gravel aggregates; neither has a precise grading 
definition. RASHTO concrete fine aggregate is 
commonly specified as a graded filter. It has the 
same specification as RSTM Specification C 33 for 
fine aggregate (Table 8-11), but more than 3 percent 
passing the No. 200 sieve is not acceptable (see 
region bounded by “course” and ”fine” sand in 
Figure 8-2). Select material is specified for its 
strength and stabiliiy (mechanical properties) for 
bedding and backfill. Specifying select material as 

A 

Aggregate 
Size No. 

1 
2 

357 
467 

57 
67 
7 
8 
3 
4 

gregate 

Nominal Size Range* 
Inches or 
Sieve No. 

____I 

3.5 to 1.5 
2.5 to 1.5 

1.5 to No.4 
1.0 to No.4 

314 to No.4 
I/? to No.4 
318 to No.8 

2 to No.4 (3/16) 

2.0 to 1.0 
1.5 to 31.1 

mm 

90.5 to 38.1 
64.0 to 38.1 
50.8 to4.76 
38.1 to 4.76 
25.4 to 4.76 
19.0 to4.76 
12.7 to 4.76 
9.51 to 2.38 
50.8 to 25.4 
38.1 to 19.0 

‘Grain si72 distributions are specified by ASTM C 33 

Table 8-11: AASHTO and ASTM Standard 
Specifications for Concrete Sand 

Size %Passing 

318 in. 100 
no. 4 95 to 100 
no. 8 80 to 100 
no. 16 50 to 85 
no. 30 25 to 60 
no. 50 10 to 30 
no. 100 2 to 10 

Table 8-12: Simplified Relationship between 
Permeability and Content of Fines, as 
Percentage of Soil Saannle 

k Sample by Weight 1 Permeabilityk I 
Passing a No. 200 Sieve 

Y 

f h i n  idhr crn/sec I 
- 

3 10’ 72 7.2 
5 10-2 7.2 0.72 

10 0.72 0.072 
15 0.072 0.0072 
25 0.0072 0.00072 

,ource. Adapted from U S Army Enguieeruig Manual 1110-345-282 
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defined in AS’I’M D 2187 does not necessarily mean 
that the desirable drainage properties will be 
provided. 

Pemeabilily Reqlairealent 
The drainage aggregate must have a 

permeability many times faster than the soil it 
drains in order for it to function well. As discussed 
in Section 8.1, permeability is related to the grain 
size of the soil. In very uniform, coarse, clean 
aggregates, the permeability is a function of the 
content of fines, which may be viewed as 
contaminants. ?‘he I.J.S. Army Engineering Manual 
[1959] relates permeability directly to the content of 
fines, as given in Table 8-12. 

Hazen’s Approximation estimates permeability 
on the basis of the 10 percent size of the aggregate, 

while Sherard et al. have offered a similar relation 
for filter soils based on the 15 percent size 
(Section 8.1). 

Hazen’s Approximation: 

K = c(D,,)‘ 

Sherard’s Approximation: 

K I:= c(Z),$ 

Both give permeability k in cdsec,  for (QJ2 and 
(D,,)’ in mm. The constant c ranges between 1 and 
1.5 in Hazen’s relation, and between 0.2 and 0.6, 
with an average value of 0.35, in Sherard’s, The 
permeabilities of some open-graded aggregates 
suitable for rapid drainage arc given in Figure 8-5, 
which also gives permeabilities for a variety of 
graded aggregates suitable as filter materials. All 
represent high-quality, washed, processed 

Figure 8-5: Typical. Relationship of Soil Permeability to Soil Gradation [Cedergren 19741. 
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aggregate containing ”modest percentages” of 
crushed particles [Cedergren 19743. 

Filter soils used as drainage envelopes around 
collection pipes are often required to have a D, size 
at least five times that of the drained soil. According 
to Sherard’s relation, this would give the envelope a 
permeability on the order of twenty-five times faster 
than the surrounding soil. ’fiis is a very small ratio, 
in the realm of what is achievable. The importance 
of the permeability ratio is most apparent in the 
design of underfloor drainage blankets, where the 
required thickness of the blanket depends on it 
directly (discussed in Section 8.3). 

Frost-Free Fill; Capillary Break Fills 

to conduct moisture by capillary action. This is 
related to pore size, which in turn depends on 
grading and the content of fines. The requirements 
for frost-free and non-capillary-conducting fills are 
the same, although there are different ways of 
specifying limitations on the fines content. 

drainage system failures have recommended that 
aggregate fills and drainage blankets be limited to 
the following fines contents [Schild et al. 19801: 

diameter 5 0.02 mm cc 2 to 3 percent by weight 
diarrietrr 5 0.053 rrzm 5 30 percent by weight 

The 0.02 mm criterion is consistent with 
Casagrande’s classification of frost susceptibility 
(see Chapter 6). Since standard sieve analysis 
procedures don’t test for sizes smaller than 0.074 
(No. 200 sieve), the 0.02 and 0.1363 mm criteria are 
somewhat inconvenient for routine use in the 
United States. De Salvo 119641 has recommended 
the simpler test limitation: 

Frost susceptibility is governed by a soil’s ability 

German investigators of building foundation 

diameter 0.074 mm (No. 200 sieve) 
s 5 percent by weight 

This format is widely used by state highway 
departments and other agencies for classifying the 
frost susceptibility of fill materials. Some are less 
restrictive, allowing fines contents up to 7 or 8 
percent [Chamberlain et al. 19841. 

height of capillary rise in coarse granular material 
(no finer than medium sand): 

Brown I19591 has given the following relation for 

capillary rise (mm) = 
I .5 

nzirzimum particle size ( w z - 3  

A coarse sand with a minimum particle size of 
2.0 mm is supposed to lift water about 3 inches, and 
a clean coarse gravel needs only to be 1 inch thick to 
prevent capillary rise. Regardless of how effective 
an aggregate blanket may be as a capillary break, it 

does nothing to stop vapor transfer of moisture to 
building floors and walls (the air contained in soil 
voids is nearly at saturation). Aggregate blankets do 
not, therefore, substitute for membrane 
dampyroofings in all their functions 

Filter ~~~~~~~~~Q~ 

High-permeability aggregates by nature have 
little resistance to intrusion of soil fines leaching out 
of the backfill and the surrounding soil. They niust 
be protected from clogging by (1) grading to take on 
the necessary self-filtering properties, (2) a graded 
soil filter, or (3) a fabric filter. Underslab drainage 
blankets rarely require hlter protection because 
water flowing upward will usually have insufficient 
velocity to carry soil partides very far into the 
blanket. Graded soil filters are discussed in 
Section 8.1, and fabric filters earlier in this section. 

ED DRAINAGE 
SYS‘TE MS 

‘The difficulty of installing aggregate drainage 
blankets correctly has stimulated the market to 
produce a variety of prefabricated systems suitable 
for building foundation use. Many of these were 
developed in Europe and only recently have been 
introduced to the United States. Most are currently 
represented in the Siteuiork sectiun of Sweet’s Catalog 
File, and need not be discussed in detail here. All are 
lightweight, require a small installation crew and 
little, if any, specialized equipment or tools. Most 
are not suitable for very deep multistory basements 
but are satisfactory for more than  a single-story 
basement. The primary selection considerations are 
cost, detailing and installation requirements, 
availability, and insulatior~ value In areas where 
radon control may be necessary, the relationship of 
the drainage system to radon control measures must 
be considered (see Chapter 10). 

Extruded Plastic rainage Systems 

leakage problems in existing basements, but it is 
suitable to new constmciion as well. The system is 
installed by local liccnsees (over eighty nationwide) 
and is warranted to prevent leakage for the life of 
the structure, regardless of ownerhip. It is 
recognized and approved by FOCA. 

The system consists of a two-piece, 
0. IO-inch-thick, extruded plastic drainage trench, 
and a 0.O8-inch-thick polyethylene ”rigid sealer” 
sheet fastened to the base of the wall at the interior. 
The rigid sheet is applied over a &mil plastic film. 
The plastic trench i s  perfoiated on both sides to 
adnait water from the footingiwall area and from 

This system was developed pimarily to remedy 
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under the slab. When installed with masonry walls, 
mininaum 1-inch-diameter weep holes are drilled 
from the interior into each core of the bottom course 
of block. 

Open Filament hgaaaing 
This drainage material is manufactured in 

different thicknesses for different applications. It 
consists of an open matting of nylon filaments with 
a nonwoven filter fabric he&-bonded to one side. 
The matting has an uncompressed thickness of 0.8 
inches. I t  i s  installed with the mat in contact with 
the wall, and with the filter fabric in contact with the 
back€ill. The system provides an open drainage 
cavity and a complete capillary break. The flexibility 
of the material allows it to be flared outward to 
cover a drain line placed alongside the footing. 

feet in length. A 3-inch fabric flange is provided for 
overlapping the filter cloth. The fabric has an 
equivalent opening size (EO§) ranging between 90 
and 120 The manufacturer states that one person 
can install the product at a rate of 30 to 40 square 
meters (320 to 430 square feet) per hour. The nylon 
matting compresses under loading, and is reduced 
to a thickness of 0.3 inches (37 percent of the 
uncompressed value) at 1,000 psf. The 
recommended maximum depth of installation is 30 
feet. A lighter grade material is available for shallow 
applications such as house basements and planter 
boxes. 

Pressures exerted by the soil are tiansmitied to 
the wall surface through the small, stiff nylon 
filaments, producing a network of concentrated 
stress points. Some waterproofing membranes may 
require protection from these tiny point loads. 

The material is supplied in 38-inch-wide rolls, 98 

EPS Drainage Board 
EPS drainage board is made of expanded 

polystyrene (EPS) "aggregate" of very uniform 
grading in the size range of 7 to 10 min (roughly 1/4 

to 3ia inch). The expanded beads are coated with a 
bituminous binder that glues them together in a 
rigid and porous matrix. It is produced in panels 4 
feet square and 2 inches thick, weighing a little over 
5 pounds. The product was developed in Germany 
in the early 1970s and was introduced to the lJnited 
States later in the decade. 

EP5 drainage board has an off-the-shelf void 
ratio of about 30 percent and an uncompressed 
permeability of 1.24 cmisec. This may be described 
as "very rapid" for a soil, and compares to a clean, 
coarse, uniform sand. I'hc board compresses under 
loading, deforming 10 to 11 percent at 800 psf, and 
26 to 27 percent at 1600 psf. At 33 percent 
compression (67 yencent original thickness), the 

board has a permeability of 0.12 cm/sec, which i s  
"moderate" in soil terms, and compares to a 
uniform medium sand. A load on the order of 2000 
psf is necessary to produce 33 percent compression. 
This represents placement on a wall at more than 40 
feet below the surface. Installation details are very 
similar to those used for mineral aggregates. 

?'he board has a dry insulating value of R-3.5 per 
inch thichness, or R-7 for the 2-inch standard board 
size. The product makes an excellent protection 
board for waterproofing membranes. Panels are 
attached to the wall with dabs of adhesive and can 
be installed by a single per.;on. The product is easily 
cut and triinmed in the field. Because the board is 
porous, it may require filter protection in some soils. 
This is available as  a fabric laminated to the board 
(drainage yarrel). Fabric flanges 2 inches wide are 
provided. Ihe board may also be ordered with a 
plastic film vapor retarder laminated to the back 
side, or laminated with EPS insulation board on the 
back 

Fiberglass Drainage Board 

High-density glass and mineral fiberboards 
manufactured for insulation were tested for their 
drainage properlies in Sweden and Norway in the 
early 1970s, and soon alteiward in Canada 
[Romberg 1980; Tao et al. 1981; and others]. 
Laboratory and field tests both showed that rigid 
glass fiberboards performed at least as well as 
conventional drainage materials. Moreover, they 
revealed that water penetrates only a few 
millimeters info the board, so it is self-filtering and 
retains most of its insulating value. 

With a positive research history, fiberglass 
drainage board was introduced to the United States 
in the early 1980s. It is currently available in three 
thicknesses: (1) 5is-inch board is supplied in 
4.-'sy-'$-foot panels and has an installed R-value of 
2.5; (2) 13/16-in~h board is supplied in 4-by-8 panels 
and has an installed R-value of 5.0; (3) 23/s-inch 
board is supplied in both 4-by-4- and 4-by-8-foot 
panels and has an installed R-value of 10.0. All sizes 
have a density of 6 pcf. Off-the-shelf R-values are 
actually a little higher (2.7, 5.5, 11.0), but the board 
compresses about 10 percent under normal 
basement depth loading conditions. Canadian 
studies on generic high-density (9 pcf) fiberglass 
boards showed R-value losses ranging between 8 
and 23 percent under field conditions, as a winter 
average [Tao et al.]. The Canadian studies also 
showed that the therind performance can vary 
substantially from site to site. 

'The fiber spacing of the product creaks 
capillaries that are too large to promote capillary rise 
but small enough to retain some moisture at the 
very bottom of the board. This requires a 
capilla ry-breaking membrane between the board 
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and the structure at the base of the wall. The 
Swedish building code accepts mineral wool 
drainage boards for masonry basements with only a 
waterproof layer at the bottom of the wall 
[Elmroth and Hoglund 19711. 

Currently in the United States, this product is 
only available through licensed installers and must 
be installed in conjunction with a drainage system 
and a proprietary waterproofing system. 

Prefabricated Fin Underdrain Systems 
While Schild et al. [1980] and other European 

authors [Edvardsen 19701 have discussed ”dimpled 
plastic sheets” and other methods of creating 
drainage cavities outside the foundation wall, the 
idea in the United States has derived from a 
prefabricated curtain drain system developed by 
Healy and Long [19741 for stabilizing highway 
embankments. Many manufacturers now offer 
similar products that use a polystyrene, 
polyethylene, or polypropylene sheet formed into a 
cuspated pattern resembling an egg carrier that 
creates an interconnected void when mounted 
against a wall. The plastic ”fin” is laminated with a 
filter fabric on one side for wall application, and is 
enveloped with the fabric when installed as an 
isolated curtain drain (see Section 8.3). The fabric 
laminate creates a second void on the soil side of the 
plastic fin, so the system actually creates two 
cavities of very high permeability. 

(usually 3/s inch to 3/4 inch overall for the plastic 
sheet) and different grades of filter fabric. Some 
manufacturers make both standard and heavy-duty 
systems. Sheets typically have a compressive 
strength of 4,000 psf, far beyond what is required 
for building foundations. 

Similar to open filament matting, pressures 
exerted by the soil will be transmitted to the wall 
surface through the plastic fins pressing against the 
wall. Some waterproofing membranes may require 
protection from these small point loads. 

The product is supplied in different thicknesses 
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8.3 Constructisn a4 Sub 

Drainage systems collect unwanted water, 
convey it away from the area of collection, and 
dispose of it in an environmentally satisfactory 
location. Many systems are also designed for ease of 
cleaning, although a case can be made that few 
systems will ever be cleaned regularly, and by the 
time that leakage reveals a problein, cleaning is 
ineffective. 

lines consisting of perforated pipes or saw-cut 
tubing, and drainage blankef4, which are planar and 
usually discharge j rrto drain lines. Uraimage 
blankets traditionally have been layers of crushed 
stone or gra.vel, but various materials are now 
manufactured for the purpose (see Section 8.2). 
Collected d rainwater is transported to a suitable 
dikposal site through impermeable conduits called 
leaders. The discharge end of the pipe is termed an 
outfall, or outlet. 

The economics of drainage systems depends 
largely on whether or not an outfall is available 
through gravity flow. The system may discharge by 
gravity to the ground surface at an elevation below 
the collection system, or to subsurface drywells or 
seepage pits. Jn highly permeable soils, drainwater 
can be returned to the ground through retention 
basins ("soakaways") or leaching fields. These 
should be located far enough away from the 
collection area so that they do not recharge the 
ground in its vicinity. Drainwater can be discharged 
into storm sewers where these are available arid 
where permitted by code. 

If gravity discharge is not feasible, the water can 
be collected in a sump and punpped away. Pumped 
discharge i s  most suitable for use with emergency 
systems and in brief periods of abnormally high 
water tables, although continually pumped 
discharge systems have been designed for some 
deep basements in urban areas. 

levels exists, the drainage system may be a 
convenient way to "vacuum" soil gas out of the 
ground around the foundation. Designing the 
drainage system to collect soil gas does not 
iwcessarily compromise its drainage effectiveness 
nor increase its cost, although some special details 
of installation may be required. Radon drainage 
systems are discussed in Chapter 10. 

separated from roof and surface drainage systems. 
Foundatinn and underfloor drainage systems can be 

The most conimon collecting devices are drain 

In areas where a potential for high indoor radon 

Subdrainage systems should always be 

water-tested prior to backfilling to check for 
gradient and flow velocity. This should not be done 
casually, as great care is necessary to avoid 
sedimentation. 

BRAIN LINE CONS'I'KUCTION 
PRACTICE 

Foundation, intercepting, and underfloor drain 
lines should be laid at a constant slope and with 
smooth transitions between elements to avoid 
creating sediment traps. A straight line requires 
careful surveying, excavation, bedding, and 
backfillirrg of the trench. 

Excavation and Bedding 

upgrade, to allow water that may drain into the 
trench during construction to run out. The trench 
should be dug with sides as straight as possible, and 
it should be cleared to several inches below the 
desired invert elevation to accommodate the 
necessary bedding and filter material. 
Ovcrexmvated areas require refilling with select 
material (see Section 8.1), compacted to a uniform 
grade. 'Phe filter soil is then placed and compacted 
to the specified thickness. Foot tamping is sufficient 
if done with care. 

In sand,. small gravel, loam, and fine-textured 
soils, the bottom of the trench should be cupped to a 
depth of at least 10 percent of the diameter of the 
conduit to help center it (Figure 8-6). 

The leader should be laid from the outfall 
backward to the collection system. This is a solid 
pipe that does not require filter protection but still 
requires structural backfilling. 

Excavation should begin at the outfall and work 

Backfilling 

Backfilling begins by placing a haunching layer 
of the specified envelope or filter material to about 
mid-pipe level and careftilly conryacting it so as riot 
to disalign the pipe. The haunching layer ran be 
compacted with mechanical rammers or by hand. 
The tamping face should not exceed an area of 25 
square iiiciws. Foot tamping is adequate if done 
evenly. The haunching is followed by a carefiilly 
placed and compacted blinding layer extending 
about 6 inches above the pipe. The blinding layer 
secures the pipe in place and protects it during 
backfilling Site material i s  usually returned to the 
trench above the envelope and filter soil, although a 
more perineable backfill may be desired to create a 
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curtain drain. The trench should be backfilled in lifts 
of 8 inches or less, each of which should be 
compacted to a density at least as great as the 
surrounding soil. 

A relatively impermeable soil may be plugged 
into the top of the trench to minimize percolation 
through the backfill. When a half-envelope is used, 
the haunching is raised to the top of the conduit and 
covered with an impermeable sheet, such as plastic 
film. A granular blinding layer is still necessary but 
its grading is unimportant. Multistage graded filters 
are installed in the same manner, but with a 
template fabricated of parallel sheets. 

American Society for Testing Materials for drainage 
conduits of various materials. Their Standard Guide 
fur Subsurface Ozstallation of Corrzigafed ThLmnoplnstic 
Tubing fur Agriculturd Drainage or Water Table Control 
[ASTM F 4493 generally applies (with the exception 
of V-groove trenching) to all other conduit types. 
Advice and printed practice guides can also be 
obtained from state or county district offices of the 
U.S. Soil Conservation Service. 

Installation guides are published by the 

INTERCEPTING DRAINS 

Intercepting drains are installed at the surface 
plane of relatively impervious soil layers that create 
perched water tables. The drains collect water 

seeping along this surface before it reaches the 
backfill of a foundation. lntercepting drains are 
similar to surface swales and are used in much the 
same way. They should not, however, be combined 
with surface systems. 

Pipe Drains 
The intercepting drain should be located in 

otherwise undisturbed soil just upgrade froni the 
excavation. The trench is excavated a few inches 
into the relatively impervious soil. The bottom is 
filled almost up to the impervious soil surface with a 
suitable filter bedding material. The pipe is then laid 
and protected as required, according to the 
procedures discussed in Section 8.1. The process is 
simplified by using a plastic filter fabric (Figure 8-7). 
Because the fabric replaces several inches of filter 
soil, the fabric-protected trench can be narrower 
than the lifter soil trench. 

The seepage plane elevation is determined by 
trenchings or test boritigs. The conduit type can be 
selected according to permeabdity requirements, 
gradient, and stability of the substrate. The latter 
governs the susceptibility of the line to heaving or 
slumping. The line diameter can be calculated by 
conventional engineering procedures that take into 
account rainfall, permeability, grddient, and 
watershed area. Manning’s Formula (see below) is 
used oiice the inflow rate has been determined. 
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Systems should be designed to maintain a flow 
velocity of no less than 1.4 ft/sec [SCS 6061 to 2.0 
ft/sec in soils where a sedimentation hazard exists 
[CAA 19561. In general, flow velocities of 2.5 to 3.0 
ft/sec are desirable to keep suspended soil particles 

the soil surrounding the pipe; Table 8-13 lists 
maximum flow velocities for unprotected drain 
lines, based on surrounding soil type. This assumes 
native soil is backfilled around the pipe. The limits 
may be disregarded if the pipe is properly protected 
with a graded soil or fabric filter. 

For most simple intercepting and curtain drains, 
a 4- or 6-inch pipe is sufficient if it is not longer than 
the limits given in Table 8-14, The table is invalid 
where surface drainwater or unusually heavy spring 
flows are carried by the line. 

- in the flow stream. Very high velocities may erode 

Curtain Drains 
Curtain drains are intercepting drains designed 

to collect water from several different soil layers at 
once. This may be achieved by vertically elongating 
the aggregate envelope (and its protective filter) so 
that it nearly reaches the surface. Curtain drains can 
use 4- or &inch pipe in most small-scale 
applications, as discussed above. 

water flowing toward buildings recessed into 
hillsides and to stabilize cut embarikments dong 
highways. The high cost and awkward working 
conditions along highways have led to the 
development of a prefabricated curtain drain system 
consisting of a pipe and a vertical plastic fin that 
intercepts the water and conducts it down to the 
pipe I€ Jealy and Long 19741. The pipe and fin 
assembly are wrapped in a fabric filter envelope. 
The system is lightweight and easy to install 
(Figure 8-8), especially on wooded hillsides 
inaccessible to stone trucks. The only skill required 
for installation is in levelling and grading the trench. 
Prototypes have been tested in the field, and several 
manufacturers of geotexlilrs and conduits now 
market the system. 

Installation requires digging a trench with the 
bottom sloped to drain. 'The curtain drain assembly 
is dropped into place and positioned against one 
side of the trench. The bottom foot or two of fill has 
to be placed carefully to maintain alignment of the 
pipe. The remaining backfilling requires no special 
measures or precautions except for proper lapping 
of the fabric seams, and care to avoid puncturing the 
fabric with stones. 

Curtain drains are commonly used to intercept 

French Drains 

of French drains. These are trenched underdrain 
systems that use a vein of coarse aggregate without 
a pipe to collect and convey water. French drains 
and pipe drain systems contain approximately the 
same void area. The main difference is that the 
aggregate "conduit" of the French drain forces the 
water to take a longer and more irregular route, 
which slows its velocity. French drains, therefore, 
require greater slopes than pipe systems for equal 
performance. Specifications and design criteria for 
French drains protected by fabric filters have been 
developed by a number of state transportation 
departments, among which Lockett's [ 19771 are of 
particular interest. 

Fabric filters have given new life to the old idea 

Table 8-13: Maximum Design Velocity for 
Unprotected Drainage Lines by Texture 
of Surrounding Soil 

Maximum Velocity (ftlsec) I soil Texture 

Sand and sandy loam 3.5 
Silt and silt loam 5.0 

6.0 
7.0 

Source HdWd 011 cntend Irom the so11 Conservdhon 
Ser\ie 

rable 8-14: Limitations on Length of Intercepting 
Drai 

Minimum Grade 
of Drain (% ) 

0.1 
0.2 
0.3 
0.4 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
4.0 
5.0 

i 

Maximum Length 
4-inch Drain (ft) 

300 
400 
500 
600 
700 
900 

1,10(1 
1,300 
1 ~ 500 
1,600 
1,800 
2,000 

iource: U.S. Department of Agniulture, Soil CI 
vation ~ervice, <torrs, ~onnectlcut 

Maximum Length 
8-inch Drain (ft) 

800 
1,200 
1,500 
1,700 
1,900 
2,700 
3,300 
3,800 
4,200 
4,600 
5,400 
5,800 

er- 
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FOOTING DRAINS Placement Criteria 

Footing drains must be placed so that (1) the top 
of the conduit at its highest elcvation is beneath the 
elevation of the underside of the floor slab, and 
(2) the invert of the drain line and its required 
bedding does not extend beneath the base of the 
footing. The drains can be placed outside of the 
structure, either adjacent to or on top of the footing 
(Figures €4-9 and 8-10), or adjacent to the inside of 
the footing, underneath the floor slab. Exterior 
placement next to the footing is preferred for the 
most effective draw-down of groundwater and for 
the most direct coupling with wall drainage 
bhnksts.  

Exterior placemcnt on top of the footing is 
recommended as a firm bedding for corrugated 
plastic tubing in unstable soils. It has the 
disadvantage of requiring deeper footings than 
adjacent placement, in order to meet the first 
criterion. Soil fines that accumulate on the footing 
ledge may also restrict the entry of water into the 
line. 

A survey of drainage system failures in house 
construction reveals that 91 percent are due to the 
ineffectiveness of drainage lines or to their reduced 
efficiency, and were caused by inappropriate 
position, gradient, dimensions, and othcr errors 
that reveal a poor understanding of how a properly 
designed drainage system works [Schild et al. 19801. 
Footing drains have two basic functions whose 
relative importance depends on local conditions. 
They (1) draw down the surrounding groundwater 
level to relieve the walls and floor of hydrostatic 
pressure, and (2) collect and drain away water that 
seeps down through the backfill from rainfall, snow 
melt, and roof run-off. These functioris are aided by 
vertical wall and underfloor drainage blankets and, 
in the case of exterior footing drains, by weep holes 
through the footing. The discussions that follow in 
this section apply to traditional drainage systems. 
Different criteria apply to gravel pad systems, which 
are discussed in the following section. 

Figure 8-9: Footing with Perimeter Drainage 
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Inside placement isolates the drain somewhat 
from the groundwater supply (outside the 
structure), but one study of basement leakage 
revealed that the incidence of failure of interior 
drains was only half of that for exterior drains 
[NAHU 19781. This is probably because the floor 
subgrade is usually better prepared as a bedding, 
and because pipes located beneath the slab are 
subject to less disalignment and abuse during 
construction than those under the backfill. When 
interior drains are provided, a gravel fill should still 
be provided at thc outside of the footing, and weep 
holes should be installed through the footing on 
roughly 8-foot centers. Interior drain lines are more 
effective for collecting soil gas in applications where 
the drainage system is used for radon control (see 
Chapter IO). 

Since groundwater enters the pipe from 
underneath, the pipe is placed with its openings 
facing down. It requires a bedding layer either 
designed as a soil filter or else protected from the 
underlying soil with a fabric filter, As a general rule, 
filter soil beddings should be at least 4 inches thick, 
even under the most favorable soil conditions. 
German investigators of drainage system failures 
recommend at least 8 inches between the drain line 

and all materials surrounding aggregate envelopes 
[Schild et ai. 19801. Beddings protected by fabrics 
should still be at Icast 4 inches thick to promote fret 
iniflow of water to the pipe. Note that standdrd 
concrete sand [ASTM C 331 is a best guess for a 
sui table soil filter (see Sectinn 8. I), in the absence of 
either a fabric filter or the soil tests necessary to 
design a properly graded soil filter. 

Drain lines are sized and pitched to promote 
sufficient Row velocity to wash out any sediment 
that may infiltrate the line. A 4-inch pipe with a 
gradient of 0.4 to 0.5 perce~it (1 inch in 17 to 20 feet) 
is generally considered adequate for residential 
construction, although a pitch of 1.0 percent is 
desirable to compensate for heaving and slumping 
over time. Many engineers feel that the line can be 
laid dead level if it has proper filter protection. This 
practice should be restricted to buildings with 
perimeters of less than 200 feet, and with firm 
beddings, such as on top of the footing. 

For buildings with long perimeters and in soils 
with high water infiltration rates, pipe gradients 
and diameters can be sized by Manning’s Formula 

POP OF PIPE AT HIGHEST 
,/ ELEVATION BELOW BOITQM OF SLAB 

,PROTECTED AGGREGATE 
ENVELOPE ABOVE 
FlNISHED FLOOR LEVEL 

OLY VAPOR BARRIER 

WEEP HOLES THROUGH FOOTlNG 
MAX. S-fT. O.C., MIN, 2 IN. 

LEVEL. ON TOP O f  608TING 

AS A SOIL FILTER OR WRAPPED 
WITH FABRIC FILTER 

~ &IN. DRAINPIPE LAID 

\. AGGREGATE ENVELOPE GRADED 

Figure 8-10. Footing with erirneter Draina 
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or nomographs based on it. The formula predicts 
the flow velocity Vas a function of the conduit size, 
gradient, and roughness: 

where: 

V-velocity (ft/sec) 
Q-discharge rate (ft3/sec) 
A - cross-sectional area of Row (f?) 
R-hydraulic radius of conduit, the ratio of 

S-gradient (ft/ft) 
n-coefficient of friction of conduit 

The hydraulic radius R is equal to AIP, where P 
is the wetted perimeter, or the length of the line of 
contact between the water and the inside of the 
channel of the cross section. The volume of water in 
the conduit is estimated on the basis of soil 
permeability, from the findings of pumping tests 
conducted on the site. Permeability test procedures 
have been described by Wenzel[1942] and others. 
In areas where no hazard of sedimentation exists, a 
minimum flow velocity of 0.5 ft/sec is accpptable 

Inspection of Manning's Formula reveals that a 
range of pipe and diameter combinations can satisfy 
any set of design requirements. The choice of size 
and slope combinations is usually based on the cost 
tradeoff between the expense of larger pipe versus 
increased gradient, which requires deeper footings. 

sectional area to wetted perimeter (ft) 

(dimensionless) 

UNDERFLOOR DRAINAGE 

Typically, residential basements are not placed 
beneath the water table and a complete underfloor 
drainage system to draw down the water table is not 
required. In spite of this, a 4-inch gravel drainage 
layer is often recommended beneath the floor slab in 
many cases where there is uncertainty about 
conditions or as an added safeguard in case the .;oil 
surrounding the basement is temporarily saturated 
by percolation of rainwater from the surface. This 
layer may also be desirable as part of a soil gas 
collection system on sites where radon control is 
necessary. 

Wl-,ere the floor is definitely beneath the water 
table, perimeter footing drains may be sufficient to 
maintain the groundwater level below that of the 
basement floor. Additional drainage provisions may 
be necessary, however, under basements of large 
floor area in soils with a high water table and low 
permeability. The designer can choose between an 
underfloor drainage system that uses a thick 
drainage blanket and few pipes, or a series of pipes 
in underfloor trenches with little or no blanket. The 
disadvantage of the former is that a large quantity of 

aggregate may be necessary, while the latter 
requires numerous individual trenches that all 
require filter protection. The pipe system also is 
installed and discharges at a much lower elevation 
than the blanket system; this may affect its 
suitability for gravity discharge. 

If seasonally high water levels are expected, a 
4-inch (minimum) aggregate layer must be installed 
under the slab. This may be drained to exterior 
fooling drains by weep holes through the footing. 
Weep holes should be no smaller than 2 inches in 
diameter and provided on 4- to 8-foot centers. These 
can be cast-in-place with pipe or as 2-by4 
knock-ou ts wrapped in polyethylene. Alternatively, 
the underslab aggregate layer can drain to an 
underfloor sump, which either drains to daylight or 
is pumped, The National Association of Home 
Builders [I9781 has suggested that footing drains are 
unnecessary in a sump system, provided that weep 
holes are installed through the footing and a 
drainage aggregate is installed at the outside of the 
footing. They also recornmend that the floor slab 
float above the footing on 1 to 2 inches of the 4-inch 
aggregate layer. 

aggregate layer should be engineered to the proper 
thickness and permeability. Alternatively, a parallel 
pipe network can be installed in shallow trenches as 
part of the Cinch drainage layer. Each pipe should 
be at least 4 inches above the underlying soil. These 
should be placed an roughly 12-foot centers and 
pitched a minimum of 1 inch in 20 feet. They may 
drain into lhe perimeter pipe line but ideally should 
discharge through an independent leader. They 
should couple into a trunk line with a "Y" joint to 
maintain as much flow velocity as possible. 

On sites with a serious water hazard, the 

Underfloor Drainza 

underfloor drainage blankets depend on the 
permeability of the native soil, the distance between 
the drain lines into which the blanket discharges, 
the depth of the base of the blanket below the 
undisturbed groundwater level, and other 
underlying soil and water conditions. Cedergren 
119621 has used Row net analysis methods to solve 
for a number of design conditions that can be used 
for underfloor drainage. The groundwater is 
assumed to enter the blanket from underneath and 
to flow sideways through the blanket to the drain 
lines. The relationships and dimensions are 
illustrated in Figure 8-11. 

at five times the height of the design water level 
above the base of the blanket. The hydraulic 
gradient i is taken as the difference between the 
design groundwater level and the top of the drain 
h e ,  divided by one-half the spacing between drain 

The required thickness and permeability of 

Cedergren's cases me a pipe spacing D that is set 
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Figure 8-11: Underfloor Drainage Blanket 

lines. The top of the drainpipe is set at the same 
level as the base of the drainage blanket, so 
i = z/ (D/2) ,  or i = 2210. The hydraulic gradient can 
be expressed strictly in terms of D; since D = 52, 
i = 0.2D/0.5Dt or i = 0.4. Cedergren's solutions are 
valid only for i = 0.4. 

A pervious aquifer is assumed at a depth of 0.5 D 
below the blanket. Since the pipe spacing is 
determined by the depth below the groundwater 
level, the design procedure selects thicknesses and 
permeabilities for the blanket material. These are 
related to the permeability of the underlying soil, 
which governs the rate of inflow into the blanket. 
The critical relationship is the ratio of the 
permeability of the native soil to the permeability of 
the blanket material. 

The design procedure takes the following steps: 

1. Determine the design (maximum) elevation of 
the groundwater level. Call its height above 
the base of the drainage blanket z. 

2. Determine or estimate the permeability of the 
subsoil. This will be termed k,. 

3. Select a drainage aggregate of known 
permeability kb for the blanket (see 
Figure 8-12). Find the value of the ratio kblk,. 

4. From Figure 8-12, find the ratio Dlh related to 
the permeability ratio k,/k,. The term h is the 
rise of saturation, or the "active" thickness of 
the blanket through which the water flows. 

5. The blanket should have a thickness of h plus 
6 inches, to maintain capillary separation and 
to provide some margin for error. Note that h 
is expressed as a function of D, which is set in 
Cedergren's solutions as five times the depth 
below water level, z . Once the blanket 
thickness is determined, the pipe spacing D 
may be decreased without adverse effect, but 
it should not be increased beyond 52. 

6 .  When the blanket is several feet below the 
groundwater level, it should be protected 
from intrusion of fines carried up from the 
subsoil with the in-flowing wdter. The 
blanket itself may be designed as a soil filter 
(see Section 8. l), or a drainage fabric may be 
used as a separator. 

Drainage Blanket Example 
A 40-foot-wide basement is to be built with the 

underside of the floor 8 feet below the seasonal high 
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water level. We estimate that the blanket will be 
about 1 foot thick, and that the depth z to the base of 
the blanket is 9 feet. T'he blanket will be designed for 
a drain spacing of 45 feet, even though the actual 
installation will be less (D = 5m, in order to maintain 
validity of the design conditions). The subsoil is 
fourid to have a permeability of k, = 0.01 cmlsec. A 
gravel blanket with k, = 10 cinlsec will be used. The 
ratio k,lk, = 1000. From Figure 8-12, we find 
Dlh = 100. Since D 7~ 45 and h = U1100, h = 0.45 
feet, or alnmst 6 inches. Adding 6 inches to this 
gives a total blanket thickness of 1 foot. Since we 
initially predicted a blanket thickness of 1 foot in 
estimating z, the working assurnptiorr was 
satisfactory, and the soluhion is acceptable. 'l'he 
drainpipes, of course, can actually be spaced at 40 
feet, since this is less than the design dimension. 

For a subsoil of k, = 0.05 cmlsec, then 
k,Ik, = 200, and Dlh - 50. At &-foot spacing, 
h - 0.9 feet, for a total thickness of about 17 inches. 

Under floor Trench Drains 
Undcrfloor trench drains can be used in lieu of a 

drainage blanket, but they require additional care in 
protective filtering and extra time in installation, 
and they dischargc at a lower elevation. There are 
no commonly accepted criteria for determining 
proper depth and spacing relationships. Ceparano 
[1967] has suggested that the spacing between pipes 
in trenches should not exceed twice the depth of the 
pipes below the elevation to be protected. 

GROUND WATER LEVEL 

D 
__ I . ._ .- 

I 
-\ 
I ,/- - -- I -  

, -. 
/- -\ 

-DRAINAGE 
BLANKET I 

+PERVIOUS AQUIFER 

Source: Cedergren (19621. 

Figure 8-12: Flow Net Solutions for Vertical Seepage into IQorizontal 
Drainage Blankets from Underlying Aquifer 
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PAD DRAINS TO SUMP 

Figure 8-13: Gravel Footing 

AWL, PAD DRAINAGE SYSTE 

The gravel pad drainage system differs from 
other underfloor drainage blankets by extending 
without interruption beyond and beneath the 
perimeter foundation walls. The gravel bed thus 
serves as both a perimeter drain and underfloor 
blanket, and additionally must provide support for 
the foundation structure It has been developed as 
an economical levelling bed and working platform 
for lightweight foundations. Gravel pads are used 
primarily with wood foundations, although they 
may be used with steel and precast concrete systems 
as well. No perimeter drains are used. 

The performance of gravel pad foundations has 
been investigated under adverse conditions in the 
northern United States and Canada [Scanada 19771. 
The researchers concluded that the gravel pad 
serves in one or more of the following capacities: 
(1) as a drainage blanket that both collects and 
conveys groundwater to an underfloor sump; (2) as 
a seepage pit, by distributing water collected at the 
perimeter over a large area beneath the entire floor; 
and (3) as a surge storage basin, by accommodating 
within the large void volume of the pad the 
equivalent of several inches of rainfall from the 
immediate surroundings. It is able to serve in these 
different capacities because the pad communicates 
directly with the backfill. 

L 

Design practice in  the United States calls for a 
4-inch thickness of gravel beneath nonbearing areas 
of the basement slab, and a thickened gravel base 
beneath interior and exterior bearing walls, as 
shown in Figure 8-13 [NFofA 1987; €-IUD 19731. In 
certain clay and silty soils (CH i and MH types), a 
&inch gravel layer is required. The gravel pad must 
extend beyond the perimeter footing by at least 6 
inches. Canddian building practice requires a 
uniform 5-inch-thick pad [Scanada 19751. 

pad has a bearing capacity of 3000 psf and that the 
load is distributed through the gravel at an angle of 
30 degrees from the vertical at the edges of the 
footing. The load applied to the subsoil, therefore, is 
distributed over a width of W -I 1. IST, where Tis 
the thickness of the gravel under the footing. 

Both U.S. and Canadian practice' assume that the 

ation of Aggregate 
Wood foundation design criteria in the linited 

States allow for gravel, sand, or crushed stone 
aggregates with few limitations [NFoPA 19871. 
Gravels must be washed and well-graded, with a 
rndximum size of 314 inches, and must be free from 
organic, clayey, and silty materials. Sands must be 
coarse, that is, larger than Vi6 inch, and free from 
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NOTE: VERTICAL PIPE MAY BE 
EXTENDED THROUGH SLAB WITH A 
CLEAN-OUT PLUG IN FLOOR 

Figure 8-14: Sump for Medium to Well-Drained Soils 

organic, clayey, and silty soils. Crushed stone must 
be smaller than 1/z inch. 

Canadian standards require gravel or crushed 
stone of clean granular material containing not more 
than 15 percent by weight of material passing a No. 
10 sieve (2 mm) [Scanada 19751. Although field 
studies have shown that some of the gravel pad may 
sink into soft underlying soil during construction in 
wet seasons, no recommendations have been made 
for grading the pad as a filter soil or for protecting it 
with fabric filters. Common practice in the field is to 
add gravel to the toy of the pad as base material 
disappears into the subsoil, to maintain the required 
4 or 5 inches of open, free-draining aggregate. 

SUMP DPSCWAKGE 

Both U.S. and Canadian standards call for a 
sump pit 30 inches deep atid 20 inches square or 24 
inches in diameter. It should be drained by a 4-inch 
leader to a daylight discharge, or it may be pumped. 
The native soil should be excavated to drain toward 
the siirnp. The sump may be formed with precast 

concrete pipe or a terra cotta flue liner. It should be 
surrounded on sides arid bottom by 2 inches (U.S.) 
to 5 inches (Canada) of the aggregate material 
(Figure 8-16). The National Forest Products 
Association [1987] also a!lows, in medium- to 
well-drained soils, a gravel-filled sump pit drained 
by a perforakd pipe, without access through the 
floor (Figure 8-14) Sump pits containing pumps 
should be accessible for inspection and 
maintenance. Accessible sumps should be capped 
and sealed to prevent entry of soil gas to the 
inkrior; in areas of known high indoor radon 
potential, the sump should be vented to the 
outdoors, either passively or by fan (see 
Chapter 10). The sump pit should be located several 
feet away from bearing walls so that it does not 
weaken the beating strength of thc subsoil. 

Plastic sump liners are available from some 
manufacturers of corrugated plastic drain tubing. 
These can be used to collect the ends of several 
drain lines! and may be especially useful in place of 
monolithic concrete sumps in systems used for 
collecting soil gas in radon control. 
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SUMMARY 

The amount of effort and cost devoted to the 
drainage system should be matched to the level of 
hazard presented by the site conditions. The two 
primary purposes of a subdrainage system are to 
maintain the groundwater level below the basement 
floor and to collect and drain away water that seeps 
down through the backfill from rainfall and snow 
melt. If groundwater levels are known to be well 
below the foundation and surrounding soils are 
free-draining to well below the basement floor, then 
the design effort should be to keep stormwater from 
collecting in pockets between the backfill and the 
foundation wall, and an underfloor system may be 
unnecessary. Where drainage Conditions 'are 
uncertain, a complete perimeter and underfloor 
drainage system is recommended since the cost of 
installation is relatively low and substantial 
protection against costly failures is provided. 

Storm Water Control 

include the following: 
Storni water drainage measuves (see Figure 8-15) 

1, Collect roof run-off in gutters and carry this 
well away from the backfill. 

2. Grade the surface to drain away from the 
structure with a slope of at least 5 percent 
over the first 10 feet of perimeter (a 6-inch 
fall). 

placement to minimize settlement after 
construction, and overfill to compensate for 
settlement . 

4. Seal the ground surface around the perimeter 
with paved sidewalks, patios, driveways, 
etc., or install an undersurface membrane 
over the backfill to drain water away from the 
wall. 

3. Carefully compact the backfill during 

GRADE SURFACE AT MIN. 5% 
OVER IO-FT. PERIMETER-- I -  * 

BUlLO UP NEW GRADE 
ABOVE EXISTING GRADE 

,,,,,,,/, SURFACE DRAINAGE 
SWALE 

'. 
TRENCH INTERCEPTING \;.. -2 

t '2' DRAIN BELOW lMPERVlOUS \ 
LAYER \ -'-<" 

,r WALL 
DRAINAGE 
BLANKET 

- WEEP HOLES 
THROUGH 
FOOTING 

DRAWAGE I BLANKET' 

(8-IN. LIFTS) 

\ 
iu- 

PERIMETER DRAIN ON 

(OPTIONAL IF GROUNDWATER 
LEVEL IS FAR BELOW 
FLOOR LEVEL) 

EITHER SIDE OF FOOTING -L:---.-- 

Figure 8-15: Storm Water Control Measures 
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5. Use an aggregate or manufactured drainage 
blanket material againqt the wall to cairy 
water from the backfill down to the footing 
drain. 

6. Qo not discharge roof d raj rzwater into 
foilridation drains. 

7'. A common practice of decades past has rniich 
to recommend it: instead of setting the first 
floor level 8 inches above the existing grade, 
set it about 2 feet above. This reduces the 
depth of excavation and  the amount of 
material to be stored on site. The excavated 
material is used to raise the grade with a fairly 
steep slope at the immediate perimeter, 
cvhse it is most needed for surface drainage. 
At the same time, it raises the basement floor 
level higher above groundwater. 

Perimeter Footing Drainpipes 
Ferimeter drains are used to draw down the 

surrourztli ng groundwater and to carry away water 
that drains down through the backfill. They should 
be installed as described below and as summarized 
in Figures 8-16 and 8-17. Note that pipes are not 
used in the underfloor sump system advocated by 

1. Place pipe drains inside or outside of the 

the NAHB . 

footing. Outside placement is preferred to 
keep water farther away from the struriuie, 
but inside (underslab) placement is less likely 
to fail. 

2. The top of the pipe at its highest elevation 
should be below the underside of the slab. 

3. Four-inch pipe is adequate for most house 
construction. Lay it with the holes facing 
down. 

Figure 8-16; Perimeter Drainage and Sump 

232 



a 

NOTE: EXTERIOR DRAIN BETTER 
POSITIONED TO DRAW DOWN 
GROUNDWATER LEVEL AND 
DRAIN BACKFILL BUT MORE 
LIKELY TO FAIL FROM 
SEDIMENT AND SETTLEMENT PIPES. 

INTERiOR DRAIN MAY BE LESS 
EFFECTlVE BUT LESS LIKELY 
TO FAIL. 1T IS BElTER SUITED 
TO RADON COLLECTION AND 
AS HEADER FOR UNOERFLOOR 

Figure 8-17: Perimeter Drainage and Un rainage Blanket 

4. The pipe should be pitched at 1 inch in 20 
feet, although a dead level line will work if it 
does not settle or heave. Do not use level lines 
if the perimeter is longer than 200 feet. 

5. Set the pipe on a carefully graded and 
compacted bedding of suitable aggregate at 
least 4 inches thick. 

5. Surround the pipe with at least 6 inches of the 
aggregate everywhere except the bottom, 
which should have 4 inches beneath it. The 
aggregate should extend a few inches above 
the finish floor elevation. 

7. Either grade the aggregate to prevent fines 
from the surrounding soil from entering it, or 
wrap it with a plastic fabric fdter. Standard 
concrete sand has the necessary 
self-protecting qualities for many 
surrounding soils [ A S m  C 331. Crushed 
stone should always be protected with a 
fabric filter. 

the drainwater to an outlet below the 
elevation of the foundation. It may be 
discharged to a sump, with a water-actuated 
pump, under the basement floor. 

t 8. A solid leader should be pitched Eo discharge 

1. 'If the groundwater level is known to be well 
below the basement floor, no special 
underfloor drainage provisions are required. 
The slab can be poured directly on the ground 
or on a 6-mil polyethylene moisture barrier 
(or preferably on a sand layer on top of the 
polyethylene layer). 

2. If seasonally high water levels are expected, a 
4-inch (minimum) aggregate layer must be 
installed under the slab. This may be drained 
to exterior footing drains by weep holes 
through the fcoting. 

3. Underfloor sunips should be at least 30 inches 
deep and either 24 inches in diameter or 211 
inche's square. The sump should be located 
several feet in from the footing to prevent the 
soil bearing zone from weakening. 

aggregate layer should be engineered to the 
proper thickness and permeability. 
Alternatively, a parallel pipe network can be 
installed in shallow trenches as part of the 
4-inch (minimum) drainage layer. 

4. On sites with a serious wafer hazdrd, the 

233 





Chapter 9 

aterproofing 



IN'FWBDUCTIQN 

All below-grade spaces are potentially 
vulnerable to humidity, moisture, and water 
leakage problems originating from two soiirces: 
(1) rainfail, irrigation, and melting snow from the 
ground. surface, and (2) the subsurface water table. 
Three sets of techniques or lilies of d-efense can be 
used to alleviate below-grade water problems. First, 
surface drainage and roof water collection and 
drainage must be designed to direct water away 
from the bidding foundation. Second, a subsurface 
drainage system can be used to collect and drain 
away water percolating down from the surface and 
in some cases, to drain away groundwater when the 
water table rises to a level above the building 
foundaf.iun (see Chapter- 8). Finally, a waterproofing 
system can be applied to the foundation walls and 
floor if necessary to prevent moisture from 
penetrating the building envelope. 

The f x u s  of this chapter is on the third line of 
defense listed above, the waterproofing system. 
Many types of Waterproofing systems have been 
developed for the commercial building market, 
particularly for application to horizontal deck 
surfaces. In the residential building market, 
waterproofing systems are not relevant for 
slab-on-grade or crawl space foundations. They are, 
however, appropriate for lxmrnent walls and 
sometimes floors. 

This chapter consists of three sections. In the 
first section, the distinction belween dampproofing 
and waterproofing is discussed and. guidelines for 
when to apply waterproofing axe presented. In 
addition, the general types, placement details, and 
selection criteria for waterproofing systems are 
covered. Section 9.2 presents the characteristics of 
the major generic categories of waterproofing 
systems. 'lkese include bituminous membrane 
waterproofing, liquid-applied membraizes, 
sheet-applied membranes, cementitious 
waterproofing, arid integral waterproofing. It is 
important to distinguish which of the vast array of 
products are suitable for residential basement 
waterproofing. Some products have questionable 
effectiumess while others are not appropri2te for 
vertica.1 wall applications. Finally, dampproofing 
and waterproofing recommendations for residential 
structures are sumn-mriaed in Section 9.3. 
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.I Selection an Placement: ater 

While water problems in residential basements 
are well-known, opinions differ about the source of 
the problems and the appropriate solutions. 
Building codes generally have not set high 
standards for subdrainage and waterproofing, in 
part because some degree of leakage in basements 
has been considercd tolerable. It is also clear, 
however, that standard practices often fail to some 
degree. Although high-quality commercial-grade 
waterproofing systems can be effective in residential 
applications, the guidelines for when to apply these 
systems are sometimes unclear. 

WATERPROOFING VERSUS 
DAMPPROOFING 

Some of the confusion about solving basement 
water problems is based on a lack of understanding 
of the differences between waterproofing and 
dampproofing. Thc following definitions clarify 
these terms. 

Waterproofing: Treatment oF a surface to 
prevent passage of water under intermittent or 
full hydrostatic pressure conditions. 

IJizwippruofing: Treatment of a surface that 
will retard dampness or water penetration 
under nonhydrostatic conditions. 

As indicated in the definitions, dampproofing 
refers to materials that retard dampness but do not 
effectively prevent the passage of water through 
below-grade surfaces. A 6-mil polyethylene layer (or 
other approved material) is considered adequate 
dampproofing under a floor slab. Alternatively, 
where a finished floor is placed above the slab, 
dampproofing applied to the slab may be a 
mopped-on bitumen layer, a 4-mil polyethylene 
membrane, or other approved materials. Wall 
dampproofing can consist of the following 
materials: 

20-mil bituminous coating over %-inch 

%-inch bituminous coating 
Ih-inch cementitious coating 

* %-inch surface bonding mortar 
40-mil acrylic latex coating 

* 20-mil bituminous coating over concrete 
6-mil polyethylene 

Unlike high-quality waterproofing systems, 
these relatively thin coatings of asphalt pitch, acrylic 
latex, epoxy, and cement have little ability to bridge 
cracks or respond to movement in the structure. 

Portland cement parging applied to masonry 

Although polyethylene can bridge cracks, it is easily 
punctured and 5earns cannot be sealed adequately. 
Moreover, mnw asphalt-based coatings tend to 
emulsify in the presence of grou tdwater and lose 
their effectiveness over a long period of time. In 
general, these relatively inexpensive, easy-to-dpply 
coatings or menibranes are an inadequate means of 
protecting below-grade spaces troin water 
problems. Dampproofing products should be 
clearly distinguished from waterproofing products, 
which use some of the same basic materials in more 
effective ways. A more complete description of 
waterproofmg systems appears in Sections 9.2 and 
9.3. 

Model building codes such a:; the BOCA 
National Building Code and the Southern Building 
Code have recently adopted changes in the 
waterproofing sections of the codes that attempt to 
define more precisely when to apply drainage, 
dampproofing, and waterproofing systems. These 
requirements are discussed below. 

Generally, surface and subsurface drainage 
techniques are always required although exceptions 
have been suggested. For example, in the Southern 
Building Code a penmeter drainage system is not 
required in extremely well-drained porous soils 
such as sand and gravel, assuming the water table 
remains below the basement floor. In addition, the 
subdrainage system is not considered necessary 
when the entire basement envelope is completely 
waterproofed. 

Dampproofing is always required for residential 
basement walls and floors where there is no 
hydrostatic pressure. Dampproofing is also 
recommended beneath slabs built on grade and on 
the foundation walls and floors of crawl spaces. 

Waterproofing 
'Waterproofing is required when intermittent or 

full hydrostatic pressure is present against the 
foundation wall and/or floor. In the BOCA National 
Building Code, lowering the water table with 
subdrainage is an adequate alternative to 
waterproofing, but this is not permitted in the 
Southern Building Code. There is little question that 
if a basement floor is built beneath the water table 
and is subject to full, continuous hydrostatic 
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pressure, a complete waterproofing system on the 
walls and beneath the floor is required. All joints 
must be sealed and the structure designed to resist 
these hydrostatic loads. In fact, however, it is an 
extremely rare situation where the difficulty and 
cost of building a residential basement below the 
water table would be justified. Instead, a 
slab-on-grade foundation would be built or the site 
would be rejected entirely. Likewise, if a water table 
exists near the surface and a crawl space foundation 
is desired, then the floor level of the crawl space 
should riot be located below exterior grade. 

The most difficult questions with respect to the 
need for waterproofing arc related to inteimittent 
hydrostatic pressure. Intermittent hydrostatic 
pressure has been defined as a varied pressure 
gradient of short duration that will art on a wall 
after rain showers, induced irrigation, and snow 
melt. Since this condition exists in most buildings 
except in extremely dry climates or extremely 
well-drained soils, it can be inferred that 
waterproofing, not dampprooiing, is required for 
the majority of basement walls Since the 
intermittent hydrostatic pressure from the surface is 
created mainly on the foundation walls, 
waterproofing beneath the floor slab i s  not 
necessarily required if adequate perimeter and 
underfloor drainage systems are used. 

The need for watrrprsofing is linked to the 
assumption that a basement with water leakage 
problems is unacceptable. In fact, some water may 
be tolerable in basements that are not used as 
habitable space or to store materials subject to 
moisture degradation. Thus, an additional criterion 
for establishing when to use waterproofing can be 
based on whether below-grade space is habitable or 
used for other purposes where moisture is 
unacceptable. Currently, the codes do not require 
waterproofing based on the use of the below-grade 
space. 

Waterproofing systctns are categorized 
accordi rig to their position in the building section. 
Positive-side membranes are typically placed on the 
outside face of the structure, where they are 
exposed to soil moisture. They are thin and rely on 
the rigidity and uniformity of the suhstrate for 
support against water pressure. Exterior 
membranes, which can be loosely applied or fully or 
partially adhered to the wall, are often considered 
the ideal form of waterproofing, since they protect 
the structure itself (especially reinforcing steel 
within concrete) from water. Exterior systems 
include bituminous laminate (built-up) membrancs, 
modified bitumens, liquid-applied and sheet 

materials, bentonite clay membranes, and 
cementitious coatings. Liquid-applied systems may 
be applied cold (at ambient temperature) or hot. 
Exterior cement-type coatings are used in building 
construction as parging on masonry basement 
walls. They are similar to cementitious materids 
used at the interior but are not accessible for repair 
of cracks. 

Negative-side waterproofings are typically 
applied to the inside face of the wall or floor slab. 
Since they must resist hydraulic pressures, interior 
waterproofing materials are limited to rigid, bonded 
cementitious coatings. The structural shell itself is 
exposed to water when the waterproofing 
membrane is placed inside Some deTigners reject 
this approach, fearing it can lead to long-term 
corrosion of reinforcing steel. 

Integral waterproohg refers to the ability of the 
structural shell itself to resist passage of water. The 
term is often used to describe the USE of any of a 
variety of admixes that are supposed to improve the 
impermeability of concrete. In this chapter, it 
describes the overall watertightness of cast-in-place 
concrete construction. 

waterproofing materials prevents them from sealing 
moving joints. While waterstops placed in joints can 
slow down leakage if the exterior membrane fails, 
they can also allow water to travel along their 
length. This hides the source of the leak and makes 
repair very difficult. Watersfops were devised for 
use in waterworks engineering, and their overall 
value in building conshructio1-1 is not well 
documented. A new generation of chemical 
waterstops has been developed, these act as 
cast-in-place sealants and eliminate many of the 
disadvantages of rubber and plastic water barriers. 

Because of the inability of integral and 
cementitious interior waterproofing systems to seal 
cracks in concrete, placing the waterproof 
membrane or coating on the exterior is 
recommended. Waterproofing should always be 
placed directly on the concrete substrate, never over 
exterior insulation. Although individual products 
differ in details of application, waterproofing should 
generally be placed from the top of the footing 
extending to a point at least 6 inches above grade 
(Figure 9-1). 

The rigidity of interior and integral 

Interior Finishes 

upderground structures. Much damage can be 
avoided by specifying finishes that are not easily 
damaged by water. Water-sensitive finishes can be 
mounted on standoffs or furring strips to isolate 
them from damp walls, and the cavities can 
be vented to reduce humidity levels. This approach 
can be carried further by forming perimeter floor 

Dampness frequently occurs in basements and 
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GH-WALL MOISTURE 
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NOTE: SEE CHAPTERS 10 AND 11 
FOR ADDITIONAL MEASURES THAT 
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Figure 9-3.: Wall Section 
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drainage channels or providing weep holes into an 
underfloor sump and water collection system, 
however, this is iindesirable in areas where radon 
control is needed. I n  nonresidential buildings, the 
cavity may be used as an access gallery for 
inspection, and might be useful for storage, 
raceways, or circulation. Interior surface 
waterproofing membranes (ceinentitious type) 
could be suited to such readily accessible walls since 
they allow easy repair if they crack. 

?‘he purpose of waterproofing is to prevent 
water from penetrating the interior of buildings, 
where it can damage contents and finish surfaces, 
sustain the growth of mildew, and create 
undesirable high humidity levels. The function of a 
waterproofing system is mole complicated than 
merely barring the entrance of water, however. It 
should permit ready identification of the source of 
leaks and be easy to repair. The system should 
main lain a barrier to water while accommodating 
movements in the structure, especially at expansion 
and contraction joints. In addition, other 
requirements of a system are ease and infallibility of 
application, the ability to conform to irregularities 
and changes in the shape of the substrate, and the 
ability to bridge cracks in the substrate. 

Table 9-1: Project and Site Conditions to Consider 
in Selecting Watesprsofing Systems 

............ ______ 
Substrate type and quality of finish. 
Number of penetrations through surface (pipes, 
vents, etc.). 
Number and type of joints in shell (related to size of 
structure and reinforcement). 

* Likelihood of differential thermal movement 
(bidding shell partly exposed, partly below grade). 
Existence of chernicals in the soil that may degrade 
some types of membranes (fertilizers, for example). 
Accessibility of waterproofed areas for repair 
Level of groundwater, local drainage patterns. 
Effeciiveness and reliability of proposed drainage 

Structural bearing conditions, possibilit); of differ- 

* Availability of skilled applicators. 
Ability to supervise installation of system. 
Environmental restrictions at site oil use of tar bug- 
gies, toxic solvents, ek .  
Need for coordinating application of membrane with 
other building trades for substrate preprdtion, im- 
mediate backfilling, etc. 

system. 

ential settlement and stress on joints. 

Table 9-1 lists conditions to consider when 
selecting a waterproofing system. One of the most 
common problems 
most difficult to solve in terms of both responsibility 
and repair -- is the condition of the substrate and its 
suitability for the intended waterproofing systems. 
Other considerations may be raised on a 
project-by-project basis. Table 9-2 lists features of 
waterproofing; systems that should be considered 
for each project. 

and potentially one of the 

Multiple Waterproofing Systems 

advantages and disadvantages. As a result, many 
designers are tempted to specify t w ~  or more 
systems of opposite, yet complementary 
characteristics. This dual approach cannot be 
recommended if the systems act independently in 
such a way that water can travel between them. If 
this occurs, one system will mask the location of 
leaks in the other, making repair much more 
difficult. 

In 1971, Parise discussed the merit of a dual 
system that combines the bonded advantage of a 
fluid-applied membrane with the factory-made 
uniformity of a sheet rubber membrane. He has 
subsequently specified a composite membrane 
consisting of a hot liquid-applied rubberized asphalt 
layer that i s  used as an undenlayment and bonding 
agent for a synthetic rubber sheet. The rubberized 
asphalt has the ability to flow and heal itself while 
supporting and isolating the rubber sheet from 
movements in the substrate surface. The sheet 
rubber, in turn, protects and may help enhance the 
longevrty of the asphaltic layer, while it assures 
uniformity of thickness and greater overall 
elasticity. This combination of materials is a 
particularly good example of an effective composite 
system. 

lhe dpsigner might consider whether the cost of 
a second menibiane i s  not better budgeted for a 
drainage system and closer supervision of the 
waterproofing installation. The building shell 
should be conceived as part of a waterproofing 
system, and it should be designed, detailed, 
formed, and finished with care. Few rriembranes of 
any kind can serve effectively on a badly-formed 
structure 

Every waterproofing system has its own peculiar 

- 

Criteria for Evaluating Waterpro 

according to a variety of characteristics, the 
individual importance of which depends on the sitc, 
building design, application conditions, and a 
variety of other factors. Each major system type is 
discussed individually throughout this chapter 

Waterproofing systems can be evaluated 
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according to its advantages and limitations; 
required condition of substrate, and material 
characteristics and details. The following discussion 
identifies and explains some of the most important 
properties to be considered in evaluating 
waterproofing systems [Anderson 19861. 

application. Many Waterproofing products are 
intended for use on horizontal roof decks, while 
others are more suitable on vertical wall surfaces. In 

this is a primary characteristic to determine. 

Ability to bridge cracks. Crack bridging is the 
ability of a membrane to accommodate minor 
shrinkage cracking normal to the plane surface of 
the poured concrete. Shrinkage crxking can be 
controlled by reinforcement, although this is not 
often economically justified. The importance of 
shrinkage cracking can be reduced by delaying 
installa tion of the waterproofing system for several 
months, although this, too, usually is not praciical 
About 30 percent of all shrinkage in poured concrete 
occurs during the first twenty-eight days, and 90 
percent by the end of the first year, depending on 
humidity conditions. 

Waterproofing membranes should be able to 
bridge an %-inch crack under a temperature rangc 
of - 20"k to 120°F. A standard test requires the 
membrane to bridge an %-inch crack at - 15°F for 
100 cycles with no damage [ASTM C 8361, The 
material should be able to return to its original 
unstressed dimension after d long-term elongation 
of 300 percent. '1Ks characteristic IS described as 
"memory" or "recovery." Cornylete recoverability 
is desired when accommodating recurring 
movements. A condition of "no memory" 
(plasticity, instead of elasticity) may be more 
advantageous j n situations where the material must 
conform to corners, repairs at membrane fish 
mouths, and other irregularities. 

Generally speaking, materials with high 
elongation percentages ddapt more easily to 
building movements and cracking, although greater 
elongation ability often sacrifices puncture 
resistance. ']chis is because the softness of a 
membrane is typically related to favorable elastic 
properties, and rigid or harder membranes are more 
puncture-resistant but less elastic. Elongation tests 
are usually perfornied according to ASTM D 412. 
Flexibility is usirally tested by bending the 
membrdne around a 1-inch mandrel at - 10°F. 

Ability to reseal. Products able to span cracks up 
to lis inch or smaller are desirable for structures 
subject to vibration, excessive shrinkage cracking, 
and repeated movements. Kesealability is especially 
imyortdnt for materials that lack elastic 

9 

Appropriateness for vertical surface 

c selecting a product for a residential basement wall, 

3 

Table 9-2: Features to be Considered in Selecting 
Waterproofing Systems 

a Foolproolness in preparation and application (mixing 
o f  components, timing and temperatures of fluids). 
Continuity of system at joints, junctures, odd con- 
figurations. 

* Ease of flashing. 
0 Impermeability of membrane. 
0 Nature of vulnerabilities of membrane: difficulties of 
sealing seams, likelihood of blistering or piwholing, 
inability to accommodate movement, likelihood of 
lo ng-tern1 deterioration. 

*Susceptibility to damage prior to and during back- 
filling. 

e "Self-healing" ability 
* Required condition and finish of substrate. 
e Application limitations: weather, timing tempera- 

m Application hazards: toxicity and flarnniability of 

* Restrictions in handling and storage (temperature, 

tures, titc. 

materials. 

moisture, time). 
Availability. 

0 Ease of repair (accessibility and mending). 
.Intimacy of bond with subskate. 
* Durability under hydrostatic head and flowing 
grcxmdwater. 

* Sensitivity of membrane material to chemical agents 
present in soil and groundwater. 

* Kequirements for curing, protection., immediate 
backfjil, and coordination of timing witti other trades. 
Availability of supervision from manufacturer. 

* Availability of guarantees and nature of coverage. 
9 hvajlability or need tor accessories for expansion 
joints, pipe flashing, rtc. 

crack-spanning ability. The most common resealing 
materials include ho t-applied rdherized dsphalt, 
bentonite, and to a very limited degree, crystalline 
growth cernentitious materials. Each has its own set 
of temperature, moisture, and pressure conditmns 
necessary for the resealing process. 

Ability to localize leaks. The purpose of leak 
localization i s  to confine any leaking water II tider 
the membrane surface to a small area of the 
substrate. This may prevent it from entering the 
structure entirely or will at least identify the fault 
area for ease of repair. Membranes that adhere to 
the substrate rank highest, while those that 
adhere or are susceptible to an imperfect bond rank 
lower. 

waterproofing materials are highly resistant to 
commonly found soil chemicals such as salts, 

Resistance to soil chemicals, klost 
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fertilizers, sulphates, and soil acids. Bentonite 
materials may require special testing in soils near 
saltwater. 

important during construction, and the need for it 
depends on whether the membrane is on a roof or 
walls, how long and to whom it will be exposed, 
and how it will be protected. Puncture resistance 
inay be desirable for wall membranes, depending 
on the qualities of the backfill and if protection 
board, insulation, or a drainage mat is installed. 

Water pressure resistance. A material i s  not true 
waterproofing if it cannot withstand some amount 
of water under hydrostatic pressure. 'The amount of 
water pressure that a membrane needs to resist 
depends on the depth of the foundation, the 
elevation of the water tab!e, and the effectiveness of 
the drainage system. Most shallow foundations see 
very little water pressure. The major areas of 
concern are the membrane's resistance to rupture 
where it spans over surface defects and 
honeycombs, and how it is treated at joints. 

flow rate or to the passage of liquid water through 
the material under pressure, and "breathability" 
refers to the passage of water vapor through the 
membrane. Some breathability is thought to be 
desirable to dissipate vapor build-up that might 
otherwise cause blistering and detachment from the 
substrate. 

Freezelthaw resistance. Freezelthaw cycling is 
relatively unimportant for many buried membranes, 
depending on climatic region. The working 
temperature of waterproofing materials should be in 
the range of - 30°F to 100°F. Both air and substrate 
temperature are restrictive for many materials, as 
are air and surface moisture content. Many systems 
should not be applied at temperatures below 40°F or 
on surfaces damp from morning dew or frost melt. 

Special requirements. Some membranes may 
shrink or form pin holes while curing as solvents or 
plasticizers escape. Curing time i s  critical to job 
sclaeduling, as is the requirement for immediate 
backfill after application. A system that takes eight 
hours to cure i s  considered slow in that it requires 
an extra day before work can resume. Some 
membranes cure more slowly in humid weather 
than in dry weather, and pin-holing is often related 
to surface temperature and moisture content. 

Puncture resistance. Puncture resistance i s  most 

Permeability. Permeability refers to a material's 

' S  CHECKLIST 

The following checklist for waterproofing 
specifiers is adapted from recommendations made 
by Committee 515 of the American Concrete 

Institute [19'/9]. It incorporates items that the 
National Roofing Contractors Association [1980] has 
suggested be discussed at a pre-construction 
conference attended by representatives of the 
architect and/or owner, general contractor (GC), 
Waterproofing contractor (WPC), the material 
manufacturer, and other contractors who may 
perform work on or through the waterproof 
membrane (WPM). A record of the decisions of such 
a meeting should be made a part of the job records. 

specification. Resolve questions and 
disputes between the architect's and 
manufactu rer's specifications and make such 
resolutions a part of the job records (in 
project specs prior to bidding; as field or 
change orders afterwards). 

manufacturer and applicator be submitted to 
the specifying agency after contracts are 
awarded. 

3. Specify substrate surface quality and finish 
to meet requirements for application of the 
WPM. Establish who (agent of owner, 
general contractor, architect) will determine 
that the substrate meets specifications arid 
pre-construction agreements. If the WPC is 
instructed to proceed over what he 
determines to be an unsatisfactory surface, 
he should: (a) state his objections in writing 
to the proper authority, (b) include in his 
statemerit a copy of the instructions he was 
given, and (c) inform the architect and other 
associated parties of his objections. If 
possible, work should be delayed until all 
parties receive their notifications and 
confirm the decisions of the agency issuing 
the instructions. 

4. Establish the limitations and requirements 
during application that will be imposed by 
weather conditions such as temperature, 
rain, and wind, If changes are desired, the 
party requesting the change should: (a) give 
written notice to all parties regarding the 
desired changes, and (b) secure written 
agreement to the changes from all parties. 
The architect (or owner) should appoint the 
authority who can permit the contractor to 
deviate from these limitations. 

5. Prescribe curing compounds, release agents 
on concrete forms, and admixtures that 
interfere with adhesion of the WPM to 
concrete. Consider use of polyethylene-lined 
forms. 

6. Specify the type of flashing and reinforcing 
materials to be used to provide flashings at 
all openings and projections where the 
WPM will terminate. 

1. Follow the manufacturer's guide 

2. Specify that all technical data from the 
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7. 

8. 

c 

11, 

12. 

13. 

14, 

16. 

17. 

18. 

19, 

20. 

21. 

22. 

3 

Minimize the number of penetrations 
through the WPM, since these are potential 
leakage sources. 
Establish installation procedures for utility 
and service leads to prevent cutting the 
WPM after installation. 
WIJMs that are completely bonded to the 
concrete substrate are preferred over 
unbonded ones for preventing water 
migration under the membrane. Leaks in 
unbonded systems are more difficult to trace 
than in fully-bonded systems. 
Provide continuous support for the barrier, 
otheiwise punrtures can be expected. 
Anticipate substrate movement and provide 
expansion and isolation joints accordingly. 
Provide protection for the WTM when work 
is performed over or near its surface. 
Establish how and by whom such protection 
will be provided. 
Provide protection before backfilling, if it is 
not already part of the membrane system. 
Request that the manufacturer confirm that 
the WPM system selected is suitable for the 
end use intended. The performance 
warranty should be defined by the 
manufacturer, It should be approved by the 
owner before starting. 
Specify that the applicator must be approved 
and certified by the manufacturer of the 
system to be used. (Most applicable to 
liquid-applied systems.) 
Liquid-applied barriers will not cover, hide, 
or level surface irregularities. 
Establish an area on the site that may be 
used by the WPC to store materials and 
equipment, to protect them from weather. 
Establish clearances on site within which the 
WPC can operate. 
Agree on backfilling operations and the use 
of scaffolding, 
Establish with the CC and WPC who is 
responsible for trash removal related to 
WPM products and operations. 
Establish who will approve the 
waterproofing work and who will be present 
for any required testing. 
The architect should resolve disagreements 
with all bidders by addendum prior to 
bidding. If disagreements are not resolved in 
this manner, they should be resolved at the 
pre-construction conference -- not after 
construction has begun. 

Terms pertaining to specific waterproofing 
materials or systems are defined throughout this 
chapter in their respective sections. Some other 
terms commonly used in waterproofing discussions 
are defined below. 

membrane or sealant from bonding (adhering) to a 
substrate or to the bottom of a joint. 

Bug hole: A small cavity, usually less than 5/8-inch 
diameter, in the surface of formed concrete resulting 
from air bubbles trapped during placement and 
consolidation of the concrete. 

Cold-applied: Capable of being applied without 
heating, as opposed to hot-applied. Cold-applied 
products are furnished as liquids, mastics, or 
sheets, whereas hot-applied products are furnished 
as solids that must be heated to liquify them before 
application I 

Cold joiizt: A plane of weakness in concrete 
caused by interruption or delay in the pouring 
operation, permitting the first batch to start setting 
before the next batch is added. The result is that the 
two batches have little or no bond. Cold joint 
locakions are usually preplanned by the concrete 
con tractor. 

Cunstr~tction joint: A butted joint formed in a 
concrete slab or wall in order to end one pour and 
start another at a later time. It is usually a cold joint, 
and may or may not be held together with 
reinforcing steel. Most concrete contractors consider 
cold and construction joints one-in-the-same. 

Bond Iwtukrv: A material used to prevent a 

Contraction join[: See control joint. 

Control joint (contraction joint): A joint in a 
concrete slab designed and made tD relieve 
shrinkage or contraction at a predetermined 
location. The joint opening usually appears at some 
time after pouring, but is held together by 
reinforcing steel or tongue-and-groove forming in 
the slab. 

Creep: Dimensional change with time in a 
material under load, following an instantaneous 
elastic or rapid deformation, or considered by most 
concrete contractors as downward deflection of a 
structural element under long-term sustained load. 

the physical properties of a plastic, resin, or 
polymer by chemical reaction. 

the time when the material reaches i ts design 
physical properties. 

tar residuum that has been blended with distillates. 

Cure: To set up or to harden through change in 

Curiizg time: The period between application and 

Cutback (product): A petroleum (asphalt) or coal 
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Dampproofing: Treatment of a surface that will 
retard dampness or water penetration under 
nonhydrostatic conditions. 

Elastomer: A macromolecular material that 
returns rapidly to approximately the same initial 
dimensions and shape after si.ibstansia1 deformation 
by a low level of stress and/or a release of the stress. 

Elastomeric: Having the attributes of an  
elastomer. 

Emulsion: A water-based system containing 
dispersed colloidal resin or solid particles in water 
(bituminous emulsion; a suspension of minute 
globules of bituminous material in water or an 
aqueous solution). 

the primary (thermal and other) inilvements in a 
structure. 

Filler: A finely-divided material compounded in 
a sealant, waterproofing material, or other product 
to give it body, texture, or bulking characteristics. 

Fish mouth: A puckered opening in the seam of 
one or two materials caused by uneven membrane 
application or a wrinkle in the overlapping edge. 

Floated jinish: A concrete finish produced by 
consolidating a.nd Itvelinp, the concrete with only a 
power driven or hand float, or both. A floated finish 
is coarser than a troweled finish (and is specified in 
ACI 301). 

Holiday (skip): An uncoated area caused by a skip 
in the application of a liquid waterproofing, primer, 
or other treatment. 

cement paste to fill the spaces among coarse 
aggregate particles. 

Hot.-applied: A material. requiring heat to reach a 
viscosity suitable for application (see cold-applied). 

bitermitteiit I-Iydrostafic Pressure: A 
time-dependent (short duration) varied pressure 
gradient that will act on a wall after rain showers, 
induced irrigation, and snow melt. 

lsolation joint: A butted joint isolating concrete 
structural elements (such as a structural slab) froin a 
wall or column. The isolated clements may or may 
not be held together with reinforcing steel. 

joint b a c k i q :  A compressible material, usually a 
solid, tubular and round-shaped, placed in the 
bottom of a joint to which a sealant is to be applied, 
to reduce the depth of the sealant arid thereby 
improve its shape factor. 

used between the spaces of an expansion joint to 
form or maintain the space between them. 

Expansion joint: A joint designed to accommodate 

Honeycomb: Voids left in concrete due to failure of 

Joint filler: A compressible, preformed material 

Laitance: The milky layer formed on a concrete 
surface when the finer cement particles rise to the 
surface during the curing process. 

Mastic: A combination of bitumen and mineral 
fibers ~r bentonite clays and petrochemicals that can 
be poured when heated or troweled into place, and 
that requires mechanical manipulatioiz to form. 

Moist14re-proofi~g: A general term referring to 
surface treatments or membranes used to either 
retard or prevent the passage of water or reduce 
water vapor (a catch-all for waterproofing, 
dampproofing, and vapor retarders). 

Mud slab: A layer of concrete, usually 2 to 6 
inches thick, below a structural concrete floor or 
footing used over soft, wet soil to prepare a level 
surface for the floor or footing (sometimes called a 
rat or leveling slab). 

Pin hole: A minute hole in a liquid-applied 
membrane caused by escaping water vapor from the 
substrate or solvent from the membrane material. 

Pot life (work life): T’he time interval after mixing 
when a liquid material i s  usable with no difficulty. 

Primer: A niaterial applied to a substrate to 
improve its bond with a waterproofing membrane, 
sealant, or other treatment. 

Reinforced joint: A concrete joint bridged by 
reinforcing steel in both joining parts. 

Kubber: Any elastomeric material that is capable 
of recovering from deformations quickly and 
forcibly. 

Slip sheet: A material placed between two planar 
surfaces to redwe the sliding friction between them, 
or to prevent them isom adhering to one another (a 
type of boid breaker). 

Square: An area of 100 square feet. 

Substrate: ?‘he surface to which a membrane or 

Thixotropic: A property of certain compounds of 

sealant is to be applied. 

stiffening when left standing and becoming liquid 
when shaken or stirred; a characteristic of some 
colloidal gels. 

Troweled finish: A concrete finish produced by 
smoothing the surface with power driven or hand 
tools or both, after being given a floated finish. A 
troweled finish is smoother than a floated finish 
(and is specified in ACI 301). 

Vapr  retarder: Treatment of a surface or a 
membrane installed to retard the passage of water 
vapor. 

passage of water under intermittent or full 
hydrostatic pressure conditions. 

Wuterproofiizg: Treatment of a surface to prevent 
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BITUMINOUS M E M ~ ~ ~ N ~  

Bituminous rncmbrane waterproofing is the 
underground counterpart of built-up roofing. 1 he 
active water banier consists of one or more 

material that is supported and strengthened by 
alternating layers of reinforcing fabric or felt. 

A bitumen is ii hydrocarbon that is completely 
soluble in carbon disulfide. Materials classified a5 
bitumens include asphalts and coal tar pitch. The 
type o f  bitumen, number of plies of bitumen and 
reinforcement, and the type of reinforcement are 
selected by the specifier on the basis of conditions at 
the site and the requirements and nature of the 
structure to be protected. 

Asphalt refers to a wide range of cernentitious 
materials, both manufactured arid of natural origin. 
Most asphalt srapplied to the waterproofing 
industry is produccd as a by-product of petroleum 
refining. Three grades of asphalt x e  designated by 
AST‘M Standard D 449 for dampproofing and 
waterproofing purposes. Type A is the softest and 
most pliable and “self-healing” of the three grades. 
While it is too soft for use above ground, it is the 
reconirnendcd grade for subsurface waterproofing. 
Types B and C are kss sensitive to higher 
temperatures but turn brittle at correspondingly 

underground waterproofing. Because of its 
temperature susceptibility, Type A asphalt 
membranes should be covered immediately after 
installation to protect them from exposure to the 
sun. Asphalt waterproofing is hot-applied at 
temperatures between 300°F and 400°F. It should 
not be applied at air temperatures below 30°F. 
Overheating degrades the asphalt and must be 
avoided. 

Cold-applied asphaltic compounds are also 
available for waterproofing. The viscosity of the 
bitumen is reduced $0 that it can be mopped or 
troweled at ambient (“cold”) working temperatures, 
either (I) by blending the bitumen w t h  a distillate 
solvent that evaporates as the material cures (these 
are known as cutback products), or (2) by dispersing 
the bitumen in water using mineral stabilizers or 
chemical emulsifying agents (these are called 
asphaltic emulsions). Cold-applied bitumens have 

and require glass fabric reinforcement. Although 
asphalt emulsions are sold for dampproofing, they 
may re-emulsify under constant exposure to 
groundwater, or if exposed to groundwater before 

moppings of a hot- or cold-applied bituminous 

x lower temperatures. They should not be used for 

2. less tensile strength than their hot-applied relatives, 

the emulsion has fully cured. For this reason, 
etnulsions are not recommended for subgrade 
waterproofing. 

Cutback asphalts can be blended with chemical 
additives that iinyrove their adhesion and ability to 
wet the substrate surface. Some of these are able to 
disylxe water chemically, allowing them to be 
applied to damp surfaces or in rainy weather, and 
strengthening the overall bond between the 
bitumen and the subsbate. As in the case of all 
modified asphalt products, manufacturer’s 
recommendations must be followed carefully. 

the cause of numerous waterproofing failures. 
Possible explanations for degradation of asphalt 
include the use of an inferior quality material 
(ASTM D 449 is the applicable standard), the 
specification of an inappropriate asphaltic 
compound by the architect, or the substitution oi an 
inappropriate compound by the supplier or 
applicator. As a general rule, asphalts possess good 
resistance to acids and oxidizing agents, although 
they are often considered to be somewhat less 
resistant to water than coal tar-derived products 
[ACr 19791. 

Coal tar is a condensate produced by the 
destructive distillation of bituminous coal. Partial 
evaporation ot coal and coke-oven tars (obtained as 
a by-product of coke) yields coal tar pitch, the most 
COMIIIOII coal tar product used in building 
construction. ‘Three grades of coal tar pitch are 
designated by ASTM Standard D 451) for 
dampproofing and waterproofing. Type II has the 
lowest softening point of these (106°F to 126°F by the 
ring and hall method, ASTM D 361, and is the 
recommended grade for underground 
waterproofing. Types I (softening point 126°F to 
140°F) and III (softening point 133’F to 147°F) are 
less pliable at lower temperatures as found in the 
soil, and are intended for built-up roofing and other 
above-grade waterproofing applications. Type TI 
coal tar pitch 1s hot-applied at 300°F to 350°F) and 
should not be worked when air temperatures are 
below 30°F. 

prepared in cutback and emulsified formulations. 
Coal tar pitches have moderate resistance to acids 
and good resistance to alkalis. Many specifiers 
regard their longevity underground and resistance 
tu water superior to asphalt products. Like asphalt 
membranes, coal tar waterproofing should be 
covered immediately after installaiion to prevent i t  
from exposure to the sun. 

make an  effective water barrier [Baker 19671, but it 

Deterioration of asphalt membranes has been 

Like asphaltic bitumens, coal tar products can be 

A uniform film of bitumen as thin as inch can 
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has little ability to span clacks or cover rough and 
irregular surfaces. To do so, successive bitumen 
layers are built up to the desired thickness. 
Reinforcing plies are sandwiched between coatings 
to provide support and to give the membrane 
tensile strength. Reinforcing materials consist of 
organic and inorganic fabrics and felts. Organic 
reinforcements such as cotton and fabric felts 
shoiald not be used below grade because they 
deteriorate and rot with time when exposcd to 
repeated intermittent moisture. Inorganic felts and 
fabrics are ordinarily madc of glass fiberglass mal. 
Felts and fabrics are either saturated or coated with 
bitumen, which must be of the same grade as the 
mopping coat. Under no circumstances should 
asphalt and tar products be mixed, unless 
compatibility has previously been established by 
testing [ASTM Standard Test D 13701. 

Advai&tges and Limitations 
Bituminous waterproofing systems have been 

widely used because of their similarity to built-up 
roofing, their moderately low cost, and the ready 
availability of materials and applicators. Proper 
installation of a biiurninous membrane &en 
requires four or five laminations, preferably in 
phase system application. Although the materials 
are relatively inexpensive, the overall installation is 
labor-intensive, arid quality depends on 
workmanship. This is especially true at 
penetrations, expansion joints, and other flashings. 
Generally, a hot-mopped application is more 
difficult on a vertical wall than on a horizontal 
surface. This can result in poorer workmanship and 
makes this product potentially less effective when 
applied to residential basements. 

While bitu.minous membranes are bonded to the 
substrate, the overlapping laminate layers can allow 
leaks to travel within the membrane. With pariial 
debonding or deterioration of the binder, leakage 
sources can be diflicult to find. Bituminous 
membranes have little crack-spanning abiii ty and 
have been known to turn brittle with age and at low 
temperature. Some asphalt Inernbranes have 
deteriorated in the ground beyond usefulness. This 
may be due to use of an inferior quality or 
inappropriate type of asphalt or, in the case of 
emulsified or cutback asphalts, failure to allow 
adequate curing time before backfilling. Coal tar i s  
considered more stable than asphalt in the ground, 
and i t  has been said that failures in coal tar 
membranes have been traced to causes other than 
degradation of the bitumen. 

hot-applied bi turninous systems are somewhat less 
restrictive than for many other systems, but hot 
application requires use of fired kettles and the 
hazards and objectionable odors associated with 

Ambient temperature requirements fain 

Table 9-3: Advantages and Limitations of Built-up 
Bituminous Membrane Systems 

Advantages 

Materials and applicators are readily available. 
Membrane is bonded to surface. 
Substrate finish is not as uitical as required for liquid- 
applied and sheet systems. 

Limitations 

Membrane accommodates little movement, has very 

Membrane is not self-healing in cooler belowgrade 

Some bitumens may embrittle or emulsify and de- 

Membrane cannot be applied to damp substrate. 
Xot-applied bitumens require heating that generates 

Application on vertical wall is more difficult than on 

Membrane quality depends on workmanship. 
Installed membrane should be backfilled 

Application is restricted io temperatures above 30°F 

Laminate construction can disguise sources of 

Flashing is awkward. 
Ditticult to apply hot-mopped system io vertical 

Objectionable odors arise during installation. 

limited crack-spanning ability. 

environment. 

teriorate with age. 

fumes and presents possible fire hazard. 

horizontal surfaces. 

immediately . 

to W F .  

leakage by allowing water to travel between plies. 

walls. 

them. Somewhat greatcr imperfection in the 
substrate is acceptable for bituminous systems than 
for elastomeric membranes, her; the same dryness of 
surface is required. Advantages and disadvantages 
of hot-applied bituminous systems are summarized 
in Table 9-3. 

Substrate 
The substrate should be clean, dry, and free 

from frost and laitance. IIoneycombs, cracks, and 
bug holes should be pointed and struck flush with 
the surface. Mortar, oozings, fins, and other 
projections must be cut off or ground smooth. The 
overall surface must be reasonably smooth. 

Vertical and steeply inclined surfaces require 
nailing strips keyed into the concrete for l-tanging 
felts. These must be incorporated into the formwork 
before the concrete is placed. All flashing around 
expansion joints, pipes, drains, vents, and other 
penetrations inust be completed prior to 
waterproofing 
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The substrate is rimed prior to application of 
the rnembrane, and side and outsjde corners are 
treated with two plies of saturated glass fabric 
applied in moppings of hot bitumen (to provide a 
cushion at points of stress). Primer is applied to 
horizontal surfaces at about 1 gallon per square, and 
between 0.5 and 1 gallon per square on vertical 
surfaces, and left to dry overnight. Asphaltic 
bi&umens require a primcr conforming to the 
specifications of ASTM D 41; for coal tar bitumens, a 
creosote primer satisfying the specifications of 
ASTM D 43 is used. 

Because of the limited crack-spannj ng ability of 
bituminous membranes, application should be 
deferred until most ordinary shrinkage has occurred 
in the substrate. As with all systems, the concrete 

ould be mixed, handled, and cured with care, to 
minimize shrinkage cracking and joint movement. 

The minimum thickness of bitumen overall and 
per mopping is specified in pounds or gallons to be 
applied per square. Between 24) to 25 pounds of 
asphalt per mopping per square i s  usually specified, 
yielding a thickness of a little over +z inch, or about 
40 mils (0.04 inch). Cod tdr pitch i s  somewhat 
denser than asphalt, so it requires a larger 
application by weight to obtain the same coverage. 

While a single unreinforced coating is usually 
considered adequate for dampproofing, additioxd 
layers are needed under hydrostatic pressure. 
Individual manufacturer's recommendations vary 
fur membrane thickness, and there is no tested basis 
for determining optimtam design. Table 9-4 presents 
typical recommendations from different sources, 
Some manufacturers of competitive products 
describe any built-up bituminous membrane of less 
than five plies as inadequate for true waterproofing 
[Bramson 19711. The U.S. Oepartnwnt of Housing 

and Urban Development's M~lnunl ~~A~cc~pptnbls 
Puaificcs approves bituminous membranes only for 
hydrostatic heads of less than 12 feet (Table 9-4). 

The entire membrane should be laid in a 
continuous operation. Intemuyting and restarting 
work invites trouble: dirt and moisture can be 
trapped between stages of construction, resulting in 
poor adhesion and possible blistering of the 
membrane. Several nianufacturers secomrnend 
using bitumen-coated felts (as opposed to merely 
saturated felts) for slab waterproofing. T'his ensures 
8x1 even distribution of the binder, since it is 
pre-applied to the saturated felt. 

All finished work, whether vertical or 
horizontal, should be covered immediately with 
protection board. Proprietary bitumen-impregnated 
products are manufactured in 'ix- and '/?-inch 
thicknesses, and other durable matenals, including 
90-pound roll roofing and various insulation and 
drainage blanket produck, can be used. 

Since their mtroduct-ion over two decades ago, a 
variety uf liquid-applied waterproofing materials 
have been offered to the construction industry. 
Most ot these are installed at ambient temperature, 
and are said to be cold-applied. Single-component 
systems cure to a nibbery sulid through the 
evaporation of a solvent (such as asphalt cutbacks) 
or water (asphalt emulsions, for example), or 
through chemical curing. Two-component systems 
dre packaged separately and require mixing 
immediately prior to application. They cure 
chemically, so their curing rate is independent of 
humidity and is more predictable than most 
single-component formulas. As a general rule, 
two-component systems have a shorter pot life once 

Table 9-4: Recornmen ed ~ ~ ~ b r a ~ e  Construction in Rekition to 
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mixed thdll Siilgle-cOmpOnient products. I 'hk n~edns 
greater care must be taken in the scheduling of 
apgl ;cation for two-component formidas. The rate 
of curing of both one- and two-component systems 
is related to temperature. 

A few hot-applied elastomers are available. 
These rubberized asphalts are applied a: 
temperatures between 325°F and 450"F, and cure 
iririnediately as they cool to ambient temperalure. 
They have been used in Canada for many years but 
are relatively new to the United States. The 
characteristics and pioperties of hot-applied liquid 
systems are described in detail by Tosh and Morin 
[ 19761. 

Table 9-5: Advantages and Limitations of Cold 
Liquid- Applied Waterproofing Systems 

-..._I___ 

Advantages 

*Membrane is bonded to surface, localizes leaks. 
Self-flashing, suitable for substra?-es with many 

Easily accommodates complex shapes and sur€ace 

Seamless construction. 
Easy to handle and apply on horizontal surfaces. 
Easily accommodates overall structural expansion 

penetrations. 

geometries. 

and contraction. 

Limitatiom 

Requires careful preparation of substrate for smooth- 
ness, freedom from moisture. 
Curing time is sensitive to temperature and (some- 
times) humidity. 
Limited crack-spanning ability. 
Not self-healing. 
Fumes fIom solvents and membrane material may be 
toxic, flammable. 
Quality of membrane depends on workmanship and 
constant gauging. 
Menbrane should be installed in two applications 
(contrary to most manufacturers' recommendations). 

*"Open time" and pot life of materials must be timed. 
Substrate requires pretreatment of imperfections, 

Many manufacturers and. applicators lack quality 

Should not be applied at temperatures below W F .  
Requires protection course as S Q O ~  as sufficiently 

Difficult to apply evenly to vertical surfaces, more 

Cast-in-place concrete substrate should be permitted 

may require priming. 

conlrol. 

cured to accept it. 

suitable for horizontal sur€aces. 

io CIXY twenty -eight days before application of 
system. 

The chemical composition of liquid-applied 
elastomers varies widely among manufacturers. 
Products inch de polyurtthantl-bituaninous blends, 
epoxy-bituminoi.is blends, neoprene-bituminous 
blends, polysulfide-bituminous blends, and 
different formulations of neoprene, polyurethane, 
acrylics, silicones, hypalons, PVC, and SBR rubber. 
All products are described according io their content 
of solids. A 100 percent solids compound contains 
no solvents or dispersing agents (the cured 
membrane retains the same thickness as the wet 
film). Self-levelling grades are manufactured to 
yield a uniform thickness membrane on horizontal 
surfaces, while thickened non-sag forniulations are 
produced for vertical and sloping surfaces. 

Most liquid-a pylied waterproofing membranes 
require a dry film thickness of 50 to 60 mils (about 
'/I6 inch). The liquid may be applied by spraying, 
troweling, brushing, or rolling, or by 
"picture-framing" with a squeegee. Most 
manufacturers of cold-applied liquids do not 
recommend application at temperatures below 40°F. 
Hot-applied rubberized asphalts can be applied to 
frost-free surfaces at temperatures as low as Q"F, and 
are installed in thicknesses of about 3/16 inch (180 to 

Cold liquid-applied systems slhould meet the 
requirements of ASTM (3 836, Standard Specification 
for High Solids Content, Cold Liquid-Applied Elastorizcric 
Waterproofing Mewibrane for Use with Separate Wearing 
Course. ASTM (3 898, Staridard Guide for Use of High 
Solids Content, Cold Liquid-Applied Elastomeric 
Waterproofing Membrane with Separate Wearing Course, 
describes recommended installation practices and 
typical d.etails that have become industry standards. 

190 mils). 

Advantages and i..irnitzitiioas 

Elastomeric waterproofing materials possess 
many desjrable characteristics, including a broad 
range of service temperatures, great resiliency and 
ability to accommodate structural expansion and 
contraction, and excellent impermeability. Liquid 
application itself offers a number of additional 
benefits and some related disadvantages. These are 
itemized in 'Tables 9-5 and 9-6. 

prevents water from migrating beneath it to cracks 
in other permeable locations. Because the 
membrane is bonded, however, its crack-spanning 
ability is limited. Cold liquid-applied membranes 
cannot span cracks of inore than '/16 inch. 
Manufactumxs of hot liquid-applied membranes 
claim that the "cold flow" properties of rubberized 
asphalt (applied at a thickness three times greater 
than cold systems) enable it to accommodate cracks 
up to '/16 inch in width and to heal itself for the life of 
the waterproofing system. The highly elastic 
properties of all liquid-applied membranes allow 

Bonding of the membrane to the substrate 
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Table 9-6: Advantages and Limitations of 
Liquid- Applied ~ a ~ ~ r ~ r o ~ ~ i ~ ~  Systems 

Advantages 

Membrane IS bonded to surface, localizes leaks. 
Good spanning ability over small cracks. 

0 Self-healing of pin holes, srnall Cisstires up to 314 inch. 
e Cures imniedidtely to accept protection board and 

0 (_'an be applied at temperatures as low as 0°F. 
* Self-flashing, suitable for substrates with many 

* Easily accommodates overall struc tural expansion 

traffic wthin minutes after application. 

penetrations. 

and contraction. 
Sivmlws construction. 

e Accommodates complex building shapes. 
*Tolerates more iniperfectiion in substrate smoothness 

than cold liquid-applied and bonded sheet zysterns. 
e Resistant to inclement weather unmedjately after 
application. 

Limitations 

* Requires heating (325°F to 450°F) that generates 
fumes, requires spec~al cquipmenl, creates potential 
fire hazard 
Quality of membrdne unpaired by oveiheating. 

0 Substrate requires priming, yretreatnietit of mper- 

*System should be msulated on outside. 
fcctions. 

Separation sheet should be used between membrane 
m d  ddjacent modular materials (sut-h as insulation) 
to reduce shear stresses. 

* Membrane qixihty depends on workmanship ot 

* Awkward io apply to vertical surfaces. 
0 Not readily available in the United States. 
* lack of industry standards regarding materials and 

applicator. 

use I 

them to moue easily with the expansion and 
contraction of the structure. 

dnd ease of flashing around penetrations and 
irregularities, important factors when selecting a 
waterproofing system. To ensure a good bond, the 
substrate must be free of dirt, oil, moisture, and 
irregularities in its surface. Even with careful 
preparation and acceptable substrate smoothness, 
minor blistering and pin-holing can occur with cold 
liquid-applied materials. These huards can be 
reduced by applying the membrane in multiple 
layers. However, this increases labor time and 
forfeits the onc-step applicahon that i s  broadly 
promoted as an advantage of liquid-applied 
systems. Hot-applied rubberized asphalts are more 
forgiving of irrcgularities in the surface because of 

Liquid application permits seamless constnictiun 

their greater thickness, and pin holes arc 
self-healing ['l'osh and Morin 19761. The quality of 
all liquid-applied membranes depends on 
workmanship. 'T'he thickness of the membrane must 
be gauged constantly as i t  IS applied. 

a s  with all roofing and waterproofing systems, 
numerous failure.; of liquid-applied systems have 
been observed over the years. Many of these have 
been attributed to faulty application or the 
unsuitability oi the substrate, although 
mianufacturcrs also have been blamed for selling 
poorly developed materials. Some common defects 
in workmanship are [Cumpertz 19771: 

* use of materials that have exceeded their shelf 

5 poorly maintained equipment, producing 
life 

wrong mixing proportions (for two-component 

e loss of important ingredients through spraying 
* application on wet or ir~egular substrates 
e lack of uniformity in application, resulting in 

thin s p t s  and "holidays" (skipped areas) 
use of excessive solvents, resulting in pin holes 

* physical damage to the membrane due to 
abuse during construction 

Most manufacturers specify structural concrete 
as the only suitable substrate. he-stressing and 
post-tensioning are tavored to mi11imi2e shrinkage. 
Care must be taken r n  all phases of concrete mix 
design, execution, and curing to minimize 
shrinkage cracking. Most liquid-a pplied membranes 
are best suited to lturizontal application., where they 
level tl~ernselves to a Liniform coating. Allthough 
lhickened compounds are manufactured for walls, 
the installation must be gauged vigilantly to ensure 
uniform coverage. 

systems) 

strate 

The preferred substrate tor liquid-applied 
waterproofing is reinforced, cast -in-place structural 
concrete with a minilnuin density of 130 pcf. 
Insulating concrete is not acceptable because 
possible moisture trapped in lightweight aggregates 
can be released over time, caiisiiig delamination and 
blistering. The concrete should be cured a minimum 
of seven days and aged a minimum of twenty-eight 
days, including the curing time. Liquid or chemical 
curing compounds should not be used unless first 
approved by the manufacturer of the membrane 
material. Sodium silicate curing cornpounds are 
usually acceptable io rnost urethane manufacturers. 
Grease, residue from releaqe agents and curing 
compounds, dust, laitance, and other debris and 
contaminants must be removed from the surface 
prior to application; this may require sand blasting 
or etching with a suitable cleaning acid. 

Manufacturer's specifications for surface dryness 
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must be strictly followed, a s  excessive moisture 
tnappcd within the concrete can create blisters and 
pin holes in the membrane as it escapes. No vapor 
retarder should be pldcwi j nside the conctefe shell. 

‘1 he concrete surface should have a smooth 
finish. I’rojeatioiw must be ground Rush with the 
surface, aatd honeycombs and bug holes must be 
opened up and treated according to the 
manufacturer’s specifications. All flashing, 
expansion joints, crack p r e p  rations, pipe sleeves, 
and other projections and protrusions through the 
concrrk shell must be insta!led prior to the 
application of the rncrnbrdne Priming is not 
generally required; if, however, the substrate is not 
acceptably smooth, it may have to be pre-coated 
with a thin application of the m e r ~ ~ b ~ a n e  material, 
cut with a suitable solvent. It is advisable to have a 
rppresentative of the membrane manufacture: 
inspect the condition of the substrate prior to 
application. 

Application 

trowel, squeegee, roller, brush, spray, or other 
methods acceptable to the manufacturer. Thinning 
with solvents should be minimized, as their 
rapid evaporation can contribute to the formation of 
pin holes. Although manufacturers promote 
single-phase application as a labor-saving 
advantage of liquid-applied systems, both 
ACI 119791 and ASTM [C 8981 recoinmend 
multiple-phase application in order to reduce the 
hazards of pin holes. 

provide 3 find dry film thickness of SO to 60 mils 
(about ‘/I6 inch, or 1.5 mm). High solids content 
materials are applied with a wet film thickness of 60 
to 65 mils, nominally 4 gallons per 100 square feet. 
The required wet film thickness of materials of 
lesscr solids content is found by dividing the 
specified dry film thickness by the volume solids 
content of the liquid. ‘[he spreading rate is given by 
the formula: 

The liquid membrane material may be applied by 

The material is applied in sufficient quantity to 

% &!.by volume K 2604 
mils of dry  film required ft’lgar I= 

The wet film thickness should be checked every 100 
square feet to ensure that no less than the minimum 
thickness is applied. 

The membrane must be covered with protection 
boards immediately upon curing to prevent damage 
from ultraviolet radiation, backfill, aspdl physical 
abuse. If the membrane will be water tested, the test 
should be carried out before the protection board i s  
applied. The manufacturer should be consulted to 
determine how long the membrane must cure prior 
to testing and laying of the protection course. Eor 
the protective layer, ASTM [C 8981 recommends 

%-inch pre-molded bitumen composition board or 
other material “compatible with the liquid-applied 
membrane bsing used and sapable of withstanding 
continuous irnmersion.” Alternatives include 
Vs-inch cement composition board and 90-pound 
asphalt roll roofing. Some manufacturers allow use 
of polystyrene insulation for the protection board, 
provided that the membrane is fully cured. 
Protection boards should always be butted together, 
as overlapping will cause uneven distribution of 
stresses and defornration of the membrane. The best 
protection for the membrane is to backfill as soon as 
the protection board is in place. 

SHEET-APPLIED ELASTOMERIC 
WATE WFWOBFING 

AI! sheet-applied elastomeric waterproofing 
systems share at least one feature: prefabrication of 
the membrane to a uniform thickness. From this 
con-rmonality diverge an assortment of systems that 
differ from one another in various ways. Among 
these, 

sheets may be homogeneous or of multiple 

chenr,ical constit u m t s  may include synthetic 
layer construction; 

rubber, rubberiied asphalt, elastomeric 
plastics, and reinforcing materials such as glass 
fabric or scrim; 
sheets vary in sire from 36-inch-wide rolls and 
4-by-$-foot panels to large blankets of 50 by 100 
feet or more; ira some cases, large sheets may 
be custom fabricated by the manufacturer to fit 
individual building requirements; 

adhesive, overlapped and chemically 
cemented, overlapped and self-adhered, 
overlapped and thermally fused, or butted and 
scaled with a cay tape; 

membrane, but some are designed for 
multi-ply installation. 

seams may be overlapped and sealed with an 

most systems are laid as a single-ply 

Homogeneous sheet barriers are usually niade 
of synthetic rubber or elastomeric plastics. The most 
common of these are neoprene (polychloroprenc), 
butyl, polyissbutylene, ETDEVI (ethylene propylene 
diene monomer), and plasticized PVC (polyvinyl 
chloride). Homogeneous sheet systems may be fully 
or partially adhered, or loosely laid without 
bonding Composition materials ordinarily consist 
of one or more layers of a bituminous conipsund 
that is usually faced with a film of polyethylene, 
PVC, or glass fabric. ‘The asphalt or coal tar base is 
often modified with polymers to improve its 
physical properlies. Additional intermediate 
laminations of plastic film or glass reinforcing fabric 
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may also be used. Composite membranes combine 
the best properties of complementary materials, 
such as the ”cold flow” ability of a modified 
bitumen with the tensile strength of d reinforcing 
scrim and mechanical protection of a surfacing 
material. Characteristics of some of the most 
commonly used synthetic rubbers are described 
below [Underground Space Center 19811. 

- 

t 

Butyl nrbbfr: Isobutylene isoprene, the major 
component of tire innertubes, is a flexible and 
tough vulcanized material. Some butyl sheets 
are reinforced with nylon fabric, which is 
resistant to bacterial action, fungi, and most soil 
conditions. It should be protected from oils, 
solvents, and acids. 

has characteristics similar to butyl. It is more 
resistant to weathering, many chemicals, and 
ultraviolet exposure. J t  also may be reinforced 
with nylon. Field splices in this material are 
usually made with a solvent cement. 

Neopriw: (Polychloroprene) is a synthetic 
rubber with good resistance to chemicals, 
weathering, high temperatures, and abrasion. It 
is used as a flashing for other products. 

Hypalon: (Chlorosulfonated polyethylene) is 
highly resistant to ultraviolet exposure, ozone, 
and high temperatures. Because hypalon has 
these characteristics, it may be left exposed at 
below- to above-grade transitions, and may be 
used as a flashing material. However, because it 
has a higher water absorption rate than other 
vulcanates under continuous moisture exposure, 
it i s  not recommended for below-grade use. 

EPDM: (Ethylene propylene diene monomer) 

vantages and Limitations ob L o Q ~ ~ ~ y - L a ~ ~  
Membranes 

Because prefabrication ensures uniform 
thickness and construction, the performance of 
sheet-applied systems depends almost entirely on 
detailing and the competence of workers in 
preparing the substrate and sealing seams. 
Performance also depends on whether or not the 
membrane is bonded to the substrate. The 
characteristics and behavior of bonded and 
unbonded membranes are so different that they 
need to be considered separately. 

Watertightness of seams is critical in loosely-laid 
membrane systems, since water is free to travel 
beneath the membrane to vulnerable points in the 
structure. Although leaks in sheet materials are easy 
to repair, locating the fault in the membrane may be 
nearly impossible, even after taking up the entire 
wearing surface or earth cover, insulation, and 
drainage course. 

Loosely-laid membranes require minimal 
preparation of the substrate, and because they are 

unbonded they are free to “float“ over cracks and 
joints. The inescapable difficulty of locating leaks is 
such a serious disadvantage, however, that many 
specifiers regard all unbonded systems as 
unacceptable, or at least prefer bonded systems to 
unbonded ones [ACI 19791. As a leak-anticipating 
precaution, some manufacturers produce a 
caulk-like compound to apply in a grid over the 
substrate. This is supposed to coinpa.rtmentalize 
leaks within the grid, making it easier to locate 
them. Loosely-laid membranes are probably best 
suited to small structures with few penetrations, for 
which a single sheet can cover an entire surface 
without interruption for joints, seams, and flashing. 
When applied to vertical basemei7t walls, large 
single-sheet membranes are heavy and can be 
&€ficult to position. Advantages and limitations of 
loosely-laid membranes are summarized in 
Table 9-7. 

vantages and ~ ~ ~ ~ ~ a ~ ~ ~ ~ s  of Eoosely- 
Laid Sheet ~ ~ ~ ~ ~ a ~ e ~  

Advantages 

* Menibrane has uniform thickness and quality ot 

* Membrane requires no curing. 
e Installation is independent of temperature condition 

0 Substrate requires minimal preparation. 
e Application is clean, quick, odorless. 
9 Elastomeric membrane easily accommodates overall 

manufacture. 

and some amount of dampness. 

expansion and contraction of struchm. 
Unbonded membrane freely spans cracks and ex- 
pansion joints. 

seams. 
Membrane has broad service temperature range, 
does not stiffen or embrittle. 
Many membrane materials have established dur- 
ability as pond and reservoir liners. 
Good resistance to most chemicals, soil fungi, arid 
bacteria. 

*Sheets can be prefabricated in large sizes, mrnirnizing 

LiHnitatiOrPS 
*Water is able to migrate beneath membrane, making 

it very difficmlt to locate leakage fzults in membrane. 
* Membrane 1s not self-healing 
* Sealing of seams (workmanship) is critical to perfor- 

* I’enetrations require careful flashing and sealing. 
* Membrane is susceptible to physical damage during 

* Does not readily conform to complex shapes such as 

mance ~f system 

construction. 

compound curves 
Large single-sheet membranes are heavy and &€ficult 
io hold m place on vertical wall applications. 

25:e 



Advantages and Limitations of Bonded 
Membranes 

Bonded membranes a ~ e  installed with an 
adhesive that may be applied in the field or th.at may 
come as a self-adliering layer of the sheet material. 
Cold-applied adhesives n a y  be toxic or flammable. 
Some self-adhering backings require heating with a 
low temperature torch to prepare them for 
mounting and for fusing seams. Sheet systems often 
are difficult to install. Once a sheet or panel is 
seated, it is difficult --if not impossible ----- to 
reposition into place. Fish mouths and puckering 
caused by trying to realign the sheet during 
mounting must isle cut open and repaired as work 
progresses. Flashing a.nd sealing of seams may 
require considerable experience both to execute and 
to recognize dkfects once installed. 

time of application affect the sureq of bond 
between the membrane and substrate. This is 
especially true of self-adhering products, which 
should never be applied below the manufacturer's 

The temperatures of the air and substrate at the 

'Table 9-8: Advantages and Limitations of Bonded 

I._._.I 
Sheet Membranes 

Advantages 

Membrane has !iniform thickness and quality of man 
ufacture. 
Adhered membrane localizes leaks. 
Elastomeric membrane readily accommodates ov5rall 

Many materials used in rncmbranes have established 

Self-adheririg types offer clean, odorless application. 
Composition types combine most desirable proper- 

Some types may be partially self-healing. 

Limitations 

Membrane cannot be applied in inclement weather 

Substrate requires full curing and careful 

Application may require flammable or toxic solvents. 
Application process can be tricky, requiring proper 
tack of adhesive and careful positioning of sheet. 
Scaling of seams is important to performance. 
Most membrancs are not self-healing 
MPmbranes typically have limited crack-spanniizg 

Membrane is susceptible to physical damage during 

Penetrations require careful flashing and sealing. 
Does not readily conform to complex shapes such as 

expansi.on and contraction of structure. 

durability as pond and reservoir liners. 

ties of a variety of materials. 

or to damp or cold surfaces. 

preparation. 

ability. 

construction. 

compouird ciirves. ..._. -_I 

recommended minimum temperature (typically 
25"3;, although a more cautious 4O"F is often 
advisable). Some manufacturers will adjust the 
formulation of their adhesives (by increasing the 
solvent content) for colder conditions on special 
order, but as a whole, bonded sheet-applied 
systems are less limited than most other systems by 
weather conditions. Advantages and limitations of 
bonded systems are summarized in Table 9-8. 

Two systems are of special interest because of 
their combined use of rubber sheets and rubberized 
asphalts. In one of these, a 60-mil neoprene rubber 
sheet is embedded in a 180-mil layer of hot-applied 
rubberized. asphalt. The thick bituminous layer has 
desirable cold flow self-healing properties, while the 
rubber sheet provides a uniform outer skin that 
"floats" above the surface. The hot-applied bitumen 
enhances the bonding and crack-spanning 
effectiveness of the skeet membrane, and the sheet 
protects and compensates for deficiencies in the 
liquid-applied membrane. 

asphalt as an adhesive for a 5O-mi1 glass fabric 
reinforced, rubber modified asphalt sheet. For 
horizontal applications and vertical surfaces 
subjected to hydrostatic pressure, a second (and 
third, if necessary) sheet is capped over the first in a 
second, &mil adhesive coat, and the top sheet is 
given a final 22-mil coat of adhesive (additional 
ad.hesive is used to secure the protectiorn board). 
The overall two-ply system in place consists of 100 
mils of prefabricated, reinforced sheeting and a 
minimum of 50 to 60 mils of liquid-applied 
waterproofing used as an adhesive. Sheets are 
installed by the phase method. All seams, therefore, 
are sealed by overcoats of adhesive and by 
successive layers of sheet material. 

Another system uses a 30-mil layer of rubberized 

SUbSZK3k 

Substrates f a  all sheet membranes must be 
smooth and free of fins and projections that could 
p~incture the membrane from underneath. Bug 
holes, honeycombs, cracks, and cavities must be 
filled to provide even ssigport against hydrostatic 
pressure. Bonded and loosely-laid membranes both 
must have continuous underlying support over 
joints. 

Loosely-laid sheets require little substrate 
preparation other than smoothness and continuous 
support. Substrates to which membranes will be 
bonded require much the same preparation and 
surface condition as needed for liquid-applied 
systems (described in the previous section). The 
surface must be dry arid free of dust and chemical. 
contaminas,ts Compatibility of chemical curing 
compounds for concrete must be checked with the 
ma nufacturer prior to use. Bonded sheets should be 
applied directly to the structural shell; 
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poured-in-place concrete is preferred, although 
most systems will bond to other materials if they are 
primed properly. Lightweight concrete and concrete 
masonry are suitable substrates for bonded 
membranes; however, they will require greater 
quantities of bonding adhesive for application. 

Cants or fillet strips are required at internal 
corners by most manufacturers. Likewise, either 
beveled or square outside corners may be required, 
depending on the system. Inside and outside 
corners as well as static joints and cracks are usually 
prepared by stripping them with a cushioning or 
reinforcing mat. One manufacturer accepts an 
adhered 40- to 45-pound asphalt-coated roofing felt 
as preparation for irregular (horizontaI) concrete 
surfaces. In all cases, the manufacturer should be 
consulted concerning any deviations kom 
recommended details and practices. 

i 

Application 

Application and seam-seahg procedures vary 
so much from one product to another that it would 
be misleading to generalize about them. The 
following checklist of guidelines and precautions 
identifies issues to be considered concerning 
application of sheet membranes. 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

Check the compatibility of the membrane 
with concrete admixes and release agents, 
and with tars, sealants, and other 
waterproofing or related products with 
which it may come in contact. 
Check the shelf life of any adhesives to be 
used; adhesives stored beyond the 
recommended time or above recommended 
temperatures will lose bonding strength. 
Observe the "open time" of adhesives stated 
on the label; most adhesives cure during and 
after application, releasing solvents, so the 
time elapsed between opening the container 
and joining with the sheet membrane can be 
critical. 
Observe the manufacturef s 
recommendations for applying pressure to 
seams. 
Conduct peel tests of seams before and 
during construction to ensure that bonds 
meet the manufacturer's standards (contact 
the manufacturer for the appropriate test 
method and performance criteria). 
Slit, seal, and patch over fish mouths that 
occur in the overlapping of membrane 
sheets. 
Follow the manufacturer's inshuctions for 
rolling out sheets prior to application; some 
should be unrolled and left to relax and 
flatten overnight, while others should not be 

removed from their containers until 
immediately before application. 
Install protection board over the membrane 
as soon a s  allowed by the manufacturer. 
Do not apply the membrane at air or 
substrate temperatures below the specified 
limit. 
Be sure specified storage cccnditions are met 
both in the long term and immediately prior 
to application. 
I lave the manufacturer's representative 
verify the stlrhtabiIity of design details and the 
condition of the substrate at the time of 
application. 

Bentonite is a unique clay (sociium 
montmorillonite) that swells as much as twelve to 
fifteen times its dry bulk volume when fully 
saturated with w7ater. In its wetted state it forms a 
self-sealing gel of high impermeability (low 
pemeabdity), on the order of 1W8 to 10-'Ocm/sec. It 
is a compound of mostly silica (about 60 percent) 
and alumina (about 20 percent), and is of volcanic 
origin Bentonite is mined in the upper Black Hills of 
Wyoming, Montana, and South Dakota, and is 
processed in dry, granular or powder form. 

Bentonite obtained for use in waterproofing 
usually ranges in size from a No. 20 to No. 325 mesh 

e diiferent bentonite systems are used in 
the United States for waterproofing buildings. They 
differ fmm one another in method of application, 
and this influences detailing and perhaps 
lerfornaance . 

Panels, Bentonite has been used in civil 
engineering projects since the 292Qs, but it was not 
until a prefabricated panel containing the clay 
particles was inhroduced in 1964 that it became 
wideiiy available to the building industry. The 
proprietary panel i s  made of a 4-foot-square 
corngated kraft paperboard containing 16 pounds 
of granular bentonite packed in the flutes. The 
biodegradable paperhard is supposed to 
decompose in the soif, leaving a uniform clay 
membrane with coverage Qy weight of P pound 
per square foot. Clay ~ I Y U X J ~ ~ P S  packed in soluble 

hydrated bentonite gel in 5-gallon buckets are sold 
as accessories for flashing and filling joints. 
Problems have occurred with this system when 
water has migrated between the individual panels 
before degradation of the cardboard has occurred. 
Use of the gel to seal between panels may combat 
this problem. 

~ o ~ ~ ~ n y ~  akohol h k s  and long soluble boxes, and 
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Trr~avel-ssaz and sptay-on mixturce. One 
approach to using the unique expansion arid 
waterproofing capabilities of bentonite clay is to mix 
it with other substances. Since raw bentorrite should 
not be applied directly to buildings, it is necessary to 
combine it with materials that bird it and adhere to 
the substrate In the past bentonite has been mixed 
with asphalt for this pi [rpose; however, tlie asphalt 
can coat %he clay particles and reduce their 
effectiveness in expading and sealing when wet. 

Bentonite is currently available in two basic 
formulations. In  the first, i t  is mixed with a binding 
agent that forms a gel when applied. Som, otimes 
referred to as a one-component mixture, it can be 
sprayed or troweled onto building surfaces. 
Polyethylene is placed over the gel to protect it and 
assist in the caring process A seccltad formulation, 
referred to as a two-component mixture, is sprayed 
on in a form that dries veiy quickly ‘1 he ability of 
bectonita to expand ten or iwenty times its original 

A dense, impervious layer will only be formed if the 
coating is restrained by the weight of the earth; it is 
not effective above grade in exposed conditions. 
Approximately 30 to 60 pounds pcr square foot of 
pressure (about 6 to 12 inches of soil) arc adequate 
to restrain the bentonite and prevent separati~n. 
Often the bentonite coating works best as part of a 
composite system that uses a membrane material to 
cover or reinforce exposed areas and critical joints. 

Sheets and ~n~iats. Bentonite waterproofing in the 
form of 4-foot by 24-fo~t sheets and mats has been 
developed recently. A bentonite layer i s  adhered to 
high-density polyethylene sheets that can be 
stapled directly to vertical walls. In a different 
product, a bentonite layer is adliered to a geotextile 
fabric or mat. 

volume is the key to its; waterproofing effect’ 1veness. 

Advantages and Limitations 

res1 rictions on their application, are believed to have 
an unlimited lifetime of usefulness, a re seamless, 
self-healing, and abk to bridge cracks, and with the 
exception of the spray-on system, require little OF no 
experience or special skills to apply. Bentonite can 
be applied to the inside face of excavation bracing 
(blind-side waterproofing) left in place as formwork. 
The concrete is poured directly against the bentonite 
membra ne. 

The trowel- and spray-on rnembraws are 
self-flashing and readily conform to irregular 
geometries. The panel system is provided with a 
rLastic-like flashing compound and other flashing 
accessories. -1 he panel is not well-suited, however, 
to irregular surface geometries and reqtiiref 

Bentonite systems have no temperature 

somewhat more surface preparation. It also cannot 
be applied to ungarged concrete masonry, as the 
trowel and spray systems can. The sheet system is 
also best suited io flat surfaces but requires little 
surface prepara. tion. 

brines and some acids atad alkalies. The 
manufacturer will analyze water samples drawn 
horn the site to determine tolerance, and whethe; 
fre5h water accumulation in the backfill can be 

Bentonite’s SwelliiTg action is inhibited by salt 

.-,-I- 

Table 9-3: Ad~anlages of Bentonite Systems 

ComaptOil Ad~anRages 
Sdf-healing; good crack-spanning ability. 
Bonds to subsirate, localiies leaks. 
No teqeiature  restrictions for installation. 
Used as supplied; no mixing. 
Will. not deteriorate, indefinite sei-vice lifetime. 
Membrane easily acconimodatcs overall expansion 

Can be applied to concrete as soon as forms are 

Can be applicd to wood lagging to serve as concretc 

and contraction of strcrolure. 

stripped. 

formwork, 

Panel Syetrm 

Requires no special skills or experience to apply. 
Reqe~ir~s no special triols or equipment. 

*Requires no ciiring time. 
Not darnagd by sun prior to barkfihng. 

*Indefinite shelf life (must be kepi dry). 

Trowel-on and Spay-on System 

Substrate rcquires almost no preparation. 
Can be applied to irregular and uneven surfaces. 
Readily conforms to irregular surface geometries. 
Membrane immediately bonds without seams to 

Membrane is self-flashing. 
Only short cuing time required. 
Trowel-on systcm requires no special skills or ex- 

Trowel-on system requires no special tools or 

surface. 

perience to apply. 

equ iprnen t . 

Sheet System 

Kequires no special skills or experience to apply. 
Requires no special. tools or equipment. 
Requires IIU curing tame. 
Substrate rquires almost no preparation. 
Membrane immtdiately bonds without sL 0am5 to 

9 Membrane i s  self-flashing. 
surface. 
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recommended to obtain adequate hydration of the 
bentonite. Flowing groundwater can erode the 
membrane under unusual conditions. 

Bentonite systems can be applied to damp but 
lint wet substrates, and they must be protected from 
rain after installation. A wall cover of polyethyiene 
is required if the niembrarie cannot be backfilled 
immediately. Some concern exists as to whether the 
cardboard of the panel system will decompose in 
sods lacking in moisture and microorganisms, and it 
has been suggested that this system is rmsuitable in 
very arid soils [Underground Space Center 19811, 
especially if the region receives flash downpours. 

waterproofing systems from the desjgner/specifier's 
standpoint is the absence of a body of professional 
literature and standards concerning their use and 
performance. " h e  manufacturers are practically the 
only source of information about their systems. 
Exceptions indtade brief specifier's review of 
system characteristics [CSI 19721 and a military 
report that solicited the comments of wers but 

describe the systems [Kanarowski 19751. Some 
generalized advantages and Iimitatiions of both 
panel and trowel-on systems axe listed in 'Tables 9-9 
and 9-10. The spray-on system has the same 
performance characteristics as the trowel-on system 

skills. Bentonite waterproofing systems cannot be 
flood-tested prior to baddilling. 

A major disdvantage of bentonite 

ich relied on manufacturers' claims to otherwise 

r but requires special application cquiprnent and 

Panel system. Surfaces must be 
of mortar oozings and other project 
damaging the cardboard and leak 
granules. Moles, cracks, honeycombs and other 
voids must be parged with grout or bentonite gel. 
The gel should also be troweled over cracks and 
static joints to a thickness of 1/n inch and a width of 3 
inches. The subskate should be dry, to prevent 

premature deterioration of the 
Corners and joints must be flashed 

ite gel according to manufacturer's 
recommendations. Concrete niasonry walls must be 
parged with a minimum thickness of half-cement 
plaster before installing panels. 

on, and shed systems, It is 
ry to refinish substrates. Holes 

over %-inch diameter should be grouted; otherwise 
honeycombs and bug holes can be treated during 
the normal capplicafion. The membrane can be 
applied to damp, but not wet su 
coverings with frost or ice glaze. 
or trowel-on grades as well as sheet systems can he 
applied directly tu concrete masonry walls. 

Table 9-10: ~ i ~ ~ ~ a ~ i ~ ~ ~  of Bentonite Systems 

Common Limitations 
* MeInbrme has hrnited tolerance to soil salts, a d s ,  

a Cannot be used over decks tu receive rigid wearing 

* Membrane is damaged by rain when exposed to 

and alkalies. 

courses (depends on thickness). 

weather. 
Rackfill must be carefully compacted. 
Membrane may be eroded by rapid wdter movement 
in soil. 

* Mernbrme cannot be flood tested. 
0 Lack of impartial information about limitations and 

0 Must be stored in dry place. 
* Hashang requires special treatment. 

Panel System 

= Ln soils lacking bacteria, cardboard does not always 

* Requires smooth substrate. 
a Panels are easily damaged in handling. 
Membrane does not immediately bond to surface 

0 Panels arc not suited to curved surfaces, irregular 
geometries. 
Requires protection h a d  ligainst backfill. 

use. 

deteriorate as it should. 

Trowel-on and Spray-on Sysieem 

* Quality of mrmnbrane depends on skill of applicator. 
Membrane requires slip sheet to protect it from shear 
stresses generated by se t thg  backfill. 

Spray-on system require3 special equipment and 
experience. 

e Requires protection against. backfill. 

* Sheets not suited to c u r v d  surfaces, irregular 
geometries. 

em. Type 1 panels are secured to 
es with masonry nahls, mechanical 

fasteners, or an approved adhesive, The panels are 
overlapped 1% inches and vertical edges are 
staggered. A second layer of panels can be a 
over joints and other critical areas. Clay-fille 
are laid d t  the base of the wall on top of the fooling 
and in prepared recesses at construction joints. 

after application with a clean backfili. 'If coarse 
material is used, the panels should be covered with 
protection board to protect them from puncwring. 

The excavation should be backfil ied immediately 
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The backfill should be compacted to at least 85 
peicent of maxirnurn density measured by modified 
Proctor test. If the excavation cannot be bxkfilled 
immediately, it should be covered with 4-mil 
polyethylene sheeting to protect it from wind and 
rain. The iiim is removed pr,;ox to bixkfiiling. 

water-rssistant film on its exposed face. Tjrpc 1 
panels are used under reinforced slabs. They are 
laid horizontally and overlapped the same way as 
for wall application. Laps are stapled to secure 
them, and a 4-mil polyethylene cover sheet is laid 
over the dry membra tip to protect it. Tire concrete 
should be placed promptly and carefully. Type 3 
paiwls arc used unden nonstructural slab.;. 'They are 
butted instead of ovcrlapped, and must also be 
covered immediately with a polyethylene topping 
sheet. 

One-component trowel-on and sprag-on 
system. The material is either troweled or sprayed 
on at a rate of 1 gallon per 8 to 10 square feet, to 
create a membrane averaging 3/16 inch in thickness. 
Additional material is used over joints and 
imperfections in the surface. A 6 mil sheet of 
polyethylene should immediately be imbedded in 
the membrane, to protect it from weather. It can be 
burnished on with a dry paint roller. The plastic film 
also serves as a slip sheet and protection layer 
against the backfill. 

Insulation boards cannot be embedded directly 
in the membrane without fiiist covering it with a 
polyethylene sheet. Insulation makes an excellent 
protection course for the membrane TRe iiisdation 
itself, therefore, should be covered with a slip sheet, 
especially if the backfill is not compacted hlly and 
propeily. 'i'he preferred backfill material is sand. 

Sheet systems. Shwt systems in which a 
bentonite layer is adhered io a high-density 
polyethylene sheet can be attached directly to the 
fourdation wall. Staples 01- nails can be used since 
the bentonite will seal around the punctures when it 
expands. Joiiiis can be butted OK overlapped and do 
not require flashing or additional sealing. As with 
other systems, it should be covered with protection 
board and backfilled as soon as possible. 

Panel? can also be piarchased with a 

CEMENTITIQUS WATERPROOFING 

Cemeniitiaus (hydrolithic) waterproofing 
consists of several coatings of a special mortar 
parging. The barrier is a mix of Portland cement, 
sand with fine aggregate, and B waterproofing 
compoiind that enhances the impermeability of the 
cement mortar. The waterproofing compound may 
be completely inorganic, or a niix of organic and 
inorganic constituents. The compound forms 

crystals that swell within the mortar and are 
supposed to seal off the capillaries contained in it. 

as cementitisus or cement coat waterproofing, 
surface coat waterproofing, and rnetallic 
waterproofing. The most familiar i s  the (metallic) 
iron oxide type. Other compounds contain materials 
such as calcium chloride, aluminum chloride, and 
sodim! silicate. Simple cement grouts and mortars 
without additives have in many cases been shown 
to be as effective as many proprietary formulations 
(see later discussion of test results). 

TJnlike other waterproofing materials, surface 
coatings may be applied to either the outside or the 
imide of the section to be protected. Depending on 
the specific type, surface coatings may be brushed, 
Lroweled, or sprayed on the substrate. Final coating 
thicknesses are 3/s to 1 inch for the metallic type and 
less for certain proprietary types. Because 
cementitious waterproofing can be used on interior 
surfaces, it may be applied to supplement exterior 
membrana as a second line of defense. Interior 
application is possible because cernentitious 
coatings are rigid and bond securely to the 
sulxtrate, enabling them to resist large hydrostatic 
heads. Some cementitious compounds bond so 
strongly that they can be hand-plugged to stop 
runnhg leaks; their rapid crystallization sets 
immediately and bonds integrally with the concrete 
substrate. 

A number of proprietary products are described 

Advantages and Limitations 
Recause cementitious coatings are rigidly 

bonded to the concrete substrate, they are able to 
withstand hydrostatic pressures and can be used on 
the interior without support. This rigid bonding 
means that the coating moves with the concrete, 
however, SO it cracks along with shrinkage in the 
substiate. On the other hand, since the timing of 
application of interior cement coatings is not related 
to backfiiling, it can usually be delayed until long 
after the most severe shrinkage has occurred. 

Interior waterproofing has the major advantage 
that leaks are quickly detected and can be repaired 
easily. However, this requires that all surfaces 
through which water might migrate are exposed for 
inspection behind demountable wall. panels or 
within an accessible gallery. Particular problems 
with this approach may exist at junctions of interior 
walls or floors with the exterior wall. Since minor 
maintenance needs should be anticipated for the 
first year or tWo, interior Waterproofings are not 
ordinarily considered acceptable finishes in 
themselves for occupied spaces. 

heal themselves of minor shrinkage cracks. 
Moisture that weeps into the cracks i s  supposed to 
activate the residual uncrystallized waterproofing 

Most cementitious waterproofings ape claimed to 
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agent within the cement coat, which chemically 
expands to seal the fissure. Regnrdless of how 
effectively a cement coat may block seepage, all 
mortars transmit a small amount of capillary 
moisture. This wili be minute and will evaporate 

to a cement coat protecting against a permanent 
exterior head of water may maintain a higher 
moisture content than they would otherwise. 
Capillary transfer can be broken on the outside with 
a capillary-breaking drainage layer (see Chapter 8). 

The major advantages and limitations of 
cementitious waterproofings applied lo the inside 
are similar, regardless of chemical composition. 
They are summarized in Table 9- 11. 

c readily upon reaching the surface. Finishes applied 

vantages and ~ ~ ~ ~ ~ a ~ ~ Q ~ s  of 
Cementitious Wake 
(Interior Application) 

Advantages 

* Coating is lully bonded, leakage is easily located 
Failures atc rraddy accessible and relatively easy to 
repair 

cracks 
* Coating i s  capable of self-healing minor shrinkage 

*Coating IS seamless aid easily terminated 
* Substrate requires minimum preparahon. 
e Application requires no specid shlls, tools, or 

= Materials are nontoxic, nonflammable. 
Coating can be applied to damp surfaces, mcludrng 

*‘Iiming of application is unrelated to backlillmg. 
0 Coahng can be used as a substrate for pldster and 

*Membrane is not easily damaged. 
9 Membrane resists high hydrostntlc heads 

Limitations 

9 Minor leaks can be antmpated through first yea1 or 

*Surface ccat should be left exposed for easy mspec- 

equipmerat 

green concrete. 

other surface frtushes. 

Coating is not able to spm significant cracks. 

more after pounng ut shell 

tion and repair 
Surface coat does not provide a wearing or attractivt’ 
finish as applied. 
A curing pel iod may be required prior io painting OT 
plastering. 
Apphcation usually requires mixing of several 
cornponeri ts 

0 Multiple coat applicahon may reqtiirc’ several days 
Coating cannut accommodate joint movements 

9 Expansion and contrachon joints are not made 
waterproof easily 

0 Membrane a l l i ~ w ~  (small) capillary trarismmxon of 
water vapor 

~ u ~ § ~ a ~ ~  (Iron 

dirt, oil, wax, and other contaminants. High spots 
must be removed arid wire ties cut back to a depth 
of 1% inches. Holes, honeycombs, open joints, and 
porous areas should be cut out to a depth of I to 11/z 

inches with straight-sided walls (as opposed to 
V-shaped or feathered cuts). These should be 
cleaned arid vacuermed, and tl~orouglaly wetted 
prior to filling with a pointing mix of 1 part Portland 
cement to 2 parts sand, to which 10 to 15 poutids of 
metal aggrcgate compound is added with a minimal 
amount of water. 

Brick and cuncrrte masonry walls should he 
parged with a Portland cement plaster coat of ‘d part 
cement to 3 parts sand, Penetrations requiring 
caulking should be fnlEed with lead wool saturated 
with hydraulic grout. A meiallic puintmg mix 
shodd be used to form a watertight core at all 
corners, junctions of floor 
of flours and columns. Walls and FLooss subject to 
hydrostatic pressure should be drained so that no 
external pressure is present when the Waterproofing 
is applied. 

Concrete surfaces should be clean and free o f  

nd cvaills, and junctions 

The substsate must be wetted thoroughly and 
continuously for at ledst one hour prior to 
application. The waterproofing material can be 
applied in a variety of mix proportions, usually with 
three coats using a total of 30 io 40 pounds of metal 
aggregate per square. The f m t  coat normally 
consists of just the iron and oxidizing compound 
mixed with water to form a slurry that i s  well 
worked into the surface with a hru:;h. Second and 
third coats may use the same slurry, although sorne 
evidence shows that metallic cement coats perform 
better [Jumper 19311. A brush-on grout can be made 
of equal parts Portlancl cement an4 metal aggregate 
by weight, or a trowel-on mortar can be made 
containing sand and 25 percent iron by weight of 
cement [Fishburn 19581. A period ejf twenty-lour 
hours is left between coats to allow each coat to 
oxidix properly. Coats should be misted with a fine 
fog to aid in the oxidizing process. 

Cement protective coats are applied over the 
metallic waterproofing after the last waterproofing 
coat has been applied. Two gou t  coats are normally 
brushed on walls: the first contains I part Po&.tland 
cement, 2 parts sand, and 10 pounds metal 
aggregate per sack of cement; the second coat 
contains 1 part cement to 2.5 parts sand with no 
nietal compund. li a plaster finish is desired, “this 
can be applied in a 1 : 3  mix directly over the second 
grout coat and troweled to a smooth, even finish. 

Floors are normally protected with a 1- to 
2-inch-thick 12 cernent/sand grout, using as little 
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water as practicable. All surfaces should be cured 
€or a minimum of seven days with an impermeable 
sheeting. No loads should be placed on the 
waterproofing until it is at least three days old. The 
bond can be tested for soundness by tapping over 
the treated surfaces with a wooden mallet. The 
watcryroofirig should be applied and cured at 
temperatures of approximately 5cp"F. 

PN'T'EGRAE WA'FERJPRSPOFPNG 

Integral waterproofing usually refers to 
admixtures that are supposed to decrease the water 
pemieability of strrrctural concrete. In broader 
terns, integral waterproofing extends to ail aspects 
of watertightness of the concrete shell. This is not 
just a matter of concrete mix and available additives 
but also involves issues in stiuckura! design and the 
manner of handling the concrete in the field. 
Detailing and location of joints and reinforcing steel 
as well as quality control in mixing, placing, curing 
and finishing are more important to watertightness 
than adding "waterproofing" agents to the concrete 
mix. Efforts to decrease the permeability of concrete 
are wasted if joints are badly made and the finished 
~t~wcture is full of cracks and honeycombs. 'These 
issues arc well discussed and understood apart from 
their significance for waterproofing, however, so 
they need not be discussed in detail here. 

Well-made concrete is inherently waterproof, 
This is no better demonstrated than by a U.S. Navy 
experiment conducted du:ci.ng the 1970s. Several 
66 -inch-diam-eter spheres of 4-inch-thick concrete 
were submerged under 2800 feet of sea water. When 
the first of these was raised and opened after five 
years and four nionihs in the ocean, only slightly 
more than 9 gallons of water (1.2 cubic feet) were 
found inside the shell [ACI 1377b This represents 
a permeability of about 3.5 x 10- ftlday, or 
1.24 x 10-'*cdsec - - - - - -  considerably better (that is, 
less permeable) than bentonite clays sold for 
waterproofing concrete. While this may seem an 
extraordinary case, Freeman [19743 states, "Within 
the ranges of concretes normally used in practice, 
the coefficient of permeability, k, ranges from 10 -12 

to IO-'' c d s e c  (at 700~'' 

Coarse Aggregate Narmbaa Cement in Ibiyd3 
........ 

467 (1.5-inch maximum) 

57 (1-inch maximum) or 
67 (0.75-inch maximum) 

Mix and Curing Criteria for Stn wctural 
Csncrelle 

conciete depends mostly on the perrrieability of the 
cement paste. This, in turn, is a function of the mix's 
watcr/cement ratio and the length of the curing 
pefiod. For normal weight aggregates, concrete for 
wateriight applications shfiuld have a maximum 
watcr/cement ratio of 0.48 and a specified 
compressive stiength at twenty-eight days of 3500 
psi. It should also have a minimum cement paste 
content related to the aggregate grading shown in 
Table 9-12 [Freemm 19741. 

The irnpermmbility of concrete increases with 
the length of moist curing time. Figure 9 2 illustrates 
the relationship between permeability and moist 
cuting time for three different watpricernent ratios. 
In practical terms, Norton I19821 has recommended 
an absolute minimum of four days for walls and six 
days for slabs for underground buildings. l'he 
formwork should bP l d t  in place during this time 
Longer curing times are desirable, with the Portland 
Cement Association recommending seven days. 
Thoiough curing improves hydration of the cement 
and helps to rninimiLe shrLikage cracking. 

Careless constiuction practices increase 
prmeability regardless of how carefully the mix is 
proportioned. Excess handling in travel and 
placement segregates ingredients in the mix and 
leads to localixd weak areas and honeycombing. A 
properly formulated workable mix should have a 
mirziniurn slump of 1 inch, with a 3-inch maximum 
for slabs, beams, reinforced walls, and columns 
[Freeman 19741. Careful vibration is iiecessary to 
ensute that all voids are filled and that intimate 
contact is made between the concrete and joints, 
and farm surfaces Water-reduang agents can be 
used to enhance workability and increase 
impermeability. 

1 he permeability of well-placed, uniform 

COtICKek Shl%Ikngt? and ~eiP.afO~Ce~@nt 

Concrete shrinks as it cures, at a rate of about 
3/4 inch per 100 feet (exposed to air at 50 percent 
relative humidity). Roughly one-third of the total 
shrinkage occurs during the first month, and 9Q 
percent during the fiist year, Internal stresses 
crcated by shrinkage are relieved by cracking. 
Although tlie shrinkage cannot be prevented, 
cxposed cracking can be controlled and even 
eIiminated. Conlroi (contraction) joints, if spaced 
closely enough (25 feet apart, for example), take up 
most of the shrinkage movement. They do this by 
opcning, and must be fitted with S Q I I P ~  form of 
water barrier to prevent leakage through the joint. 
Waterstops are only part of the solution to joint 
problems, as discussed later in this section. 
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Concrete can be reinforced to distribute 
shrinkage stresses evenly enough to reduce 
cracking significantly. Theoretical analysis of 
shrinkage behavior indicates that without control 
joints, this can be achieved by installing 

sectional area [Vetter 19331. Experience has shown 
that a ratio of 0.45 percent works. For a 12-inch wall, 
this is approached (0.43 percent) by providing No. 5 
bars at 12-inch centers at both faces 
[Seidensticker 19741. 

Shrinkage reinforcement should be divided 
evenly between and placed near both surfaces of the 
wall or slab. When it is used to resist or redistribute 
expansion and contraction stresses due to 
temperature variation (“temperature” steel) at the 
exterior, 60 to 70 percent of the steel should be 
placed near the exposed side. Special attention 
should be given to walk-out basements and other 
long monolithic walls, especially those with a 
southern exposure [PCA 19751. 

-. reinforcement at a ratio of 0.6 to 0.75 percent of the 

LEAKAGE, PSFRlR 
2.5 

2.0 

1.5 

1 .o 

0.5 

0 

The common specification for shrinkage steel at 
a ratio of 0.25 percent of a sectional area has been 
found to allow shrinkage cracking of 0.06-inch 
width at approximately 25-foot intervals 
[Seidensticker 19741. This is considered inadequate 
by many for watertight construction, at least insofar 
as water containment structures are concerned. 

Integral Waterproofing Admixtures 
Many so-called ”waterproofing” agents are sold 

as liquid or powder admixtures for concrete. These 
include, among others, calcium chloride solutions, 
soaps, hydrated lime, butyl stearate, and oils and 
bituminous and waxy substances. 
Finely-subdivided dry materials are often used (as 
ultrafine aggregate), and various workability agents 
may reduce permeability, although they may not be 
marketed as such. 

absorptivity and capillary transfer of moisture by 
Some waterproofing admixtures reduce 

I I  I I 

LEAKAGE, KG/(M2H) 
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Source: Portland Cement Association [1979]. 

Figure 9-2: Effect of WatedCement Ratio and Curing on Watertightness 

Note that leakage IS reduced as the watericemrnt ratlo IS decreased and the curing yenod increased Specimens were I x 6-111 (25 z 150-mm) mortar d l s ~ s  
Pressure was 20 psi (0 14 mpa) Values are &hour averages 
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making the exterior face and interstitial pore space 
surfaces hydrophobic, or water repellant. While 
these can be useful for dampproofing, they are not 
necessarily effective in reducing permeability of 
water under pressure. Only compounds that stop 
the passage of water can be considered true 
waterproofing agents. Product literature does not 
always make clear exactly what the effect of the 
addilive is and many are, from a true waterproofing 
standpoint, worthless. Some admixtures, including 
those that may improve impermeability as we11 as 
those that don’t, have a deleterious effect on 
concrete strength. ?‘he generic types of admixtures 
marketed as waterproofing arc discnssed below. 

Ca.lcium chloride solutions. Calcium chloride 
(CaCl,) is used mostly in concrete as an accelerator, 
to shorten the curing time. It increases the rate of 
hydration and rate of gain of compressive strength. 
The permeability of treated concrete will be reduced 
initially compared ~ 4 t h  otherwise identical 
concrete, since impermeability increases with 
curing. Calcium chloride has an adverse effect on 
capilIary porosity, so over the long term (a year, for 
example), untreated concrete will equal or surpass 
treated concrete in impermeability. Tests by Jumper 
[1931] revealed that calciu 1x1 chloride reduced 
neither permeability nor absorptivity of a lean mix 
of concrete over the long term, although some 
reduced short-term permeability was found. The 
American Concrete Inslitute’s Committee 212 has 
noted that any advantage in impermeability 
obtained with calcium chloride or other accelerators 
[ACI 19711, ”is likely to be temporary since, if 
conditions are such that water is being transmitted 
through the concrete, they are also conducive to 
continued hydration of cement.” 

refer to the salts of fatty acids, such as calcium or 
ammonium sulfate or oleate. Commercial 
preparations usually contain 20 percent or less of 
the soap, with the balance made up of lime or 
calcium chloride. Stearic acid and oleic acids and 
butyl stearate are also used, these being (1) added 
directly to the concrete mix, (2) premixed with an 
inert filler (talc or silica), or (3) supplied in an 
emulsion that aids in dispersing the compound 
throughout the concrete. These are all 
water-repellent additives and are suitable only as 
dampproofing agents. 

As a general rule, soap content in excess of 0.2 
percent by weight of cement will reduce strength. 
Because soaps have a water-repellant effect, moist 
curing must be continuous and carefully controlled. 
Once the concrete dries, hydration effectively stops; 
the surface will not readily re-admit capillary 
moisture, so intermittent curing is not possible. The 
same property is likely to reduce the self--healing 

Soaps and fatty adds. Waterproofing “soaps” 

ability of the concrete. ‘Two special cements 
containing integral water repellents tested by 
Uunagan and Ernst I19341 produced concrete of 
lower initial permeability, but failed to develop the 
same imperviousness as  a plain cement concrete at 
the end of the twenty-eight-day test period. 

fly ash can contribute to increased long-term 
permeability (see Berry and Malhotra [ 198O]), and, 
according to the National Ready-Mixed Concrete 
Association, 39 percent of all ready-mixed concrete 
producers routinely use fly ash [McIntosh 19871. 
IJltrafine fillers may be inert or may react with other 
constituents in the concrete mix. Reactive materials 
are usually pozzolanic and include diatomaceous 
earth, fly ash, pumice, certain calcined shales, and 
finely-ground slags. Other materials include 
bentonite, hydrated lime, and finely-ground silica. 
In general, it can be said about the use of such fillers 
[Foster 19511: 

The degree of waterproofing achieved by the use of 
finely-subdivided dry materials is closely related to the 
properties of the particular concrete mix. If the cement 
content of the cementiwater paste is relatively low or if 
the aggregate is deficient in fines, the addition of the 
finely-subdiuided materials will probably be beneficial, 
decrensizg permeability and increasing strength. 
IYowever., if the concrete mix is rich in cement and the 
aggregate properly graded, added fine materials will 
probably be detrimental, since the increased surface 
urea hcreases the watev demand, resulting in a less 
dense and weaker concrete. The above coinments apply 
whether the addcd materials are inert or reactive. 
Regardless of quality of m i x ,  reactive materials erijoy 
an advaniage ouer the inert materials in tkat sone 
additional strength results from the reaction. 

IFiweiy.w.bdivided fillers. There is evidence that 

Effective Alternatives to ”Waterproofing” 
Additives 

Rixom [1978] has suggested that most 
waterproofing agents advertised as such (usually of 
the hydrophobic type) are worthless under a 
hydrostatic head, and states that the only additives 
suitable under such circumstances are 
water-reducing agents of the lignosulphonate, 
hydroxycarboxylic acid, or hydroxylated polymer 
type. ‘These are said to permit reductions of up to 10 
percent in watedcement ratio and lend greater 
impermeability to the concrete as a result. Rixom 
further suggests that the best solution is to use a 
water-reducing agent, but to reduce the water 
content by only 5 percent, for a slump in the region 
of 125 mm (5 inches); this increases impermeability 
by decreasing the water content and at  the same 
time increases workability. This, in turn, will aid in 
achieving proper compaction and in reducing suck 
faults as honeycombing and voids in corners and 
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joints, and around reinforcing steel. According to 
the National Ready-Mixed Concrete Association, 65 
to 70 percent of all ready-mixed concrete contains a 
water-reducing admixture IMcIntosh 19871. 

Air-entrainment is also effective for improving 
watertightness. An air-entrained concrete generally 
has a lower waterkement ratio, hence greater 
impermeabiiity, than one that isn't. The Portland 
Cement Association recommends that air-entrained 
concrete be used where watertightness is desirable 
[PCA 19791. 

J 

* 

Waterstcops 

defense against water problems, it may be necessary 
to rely on waterstops where construction joints 
occur. Waterstops were first designed for use in 
waterworks projects, usually to minimize leakage 
losses through otherwise unwaterproofed 
containment structures such as culverts, canals, 
diversion dams, and reservoirs. In such 
applications, a waterstop is considered successful if 
it reduces leakage, even if it does not stop it. 
Waterstops are often specified for buildings with an 
exterior waterproofing membrane system as a 
second defense against leakage through joints. 
Many designers consider this both unnecessary and 
counterproductive, because the waterstop may 
simply lead the water along the joint to enter at 
some other location, making the outside source of 
failure impossible to locate. 

Most waterstops marketed to the building 
industry are made of plastics and rubbers, and are 
available in a variety of shapes and sizes. As 
explained below, waterstops have limited 
usefulness in most foundation work, and need not 
be discussed in detail here. The development, use, 
performance, and applications of waterstops have 
been discussed by Hoff and Houston [1973], 
CritchelI[1968], Stilling [1967j, and others. 

The waterstop itself complicates the flow of 
concrete and the forming of the joint, and may lead 
to honeycombs and voids at the vulnerable joint 
area. Almost all of the literature on waterstops 
relates to their use and performance in containment 
structures that are exposed to surface weather 
conditions and significant joint movements over the 
course of the year. The temperature variation in the 
soil at a depth of 3 feet is only about 35°F throughout 
the annual cycle. For concrete with a typical 
coefficient of expansion of 6.5 x 10- per degree 
Fahrenheit, this temperature change would produce 
an overall expansion and contraction on the order of 
only V x  inch per 50 feet length of wall, or a 
movement of l/16 inch in a joint at the midpoint of 
the wall. Such small movements are easily 
accommodated by properly designed cuntrol joints 

If integral waterproof concrete is the major 

in the waterproofing membrane. If the foundation 
wall is insulated on the outside, the wall itself will 
maintain a nearly constant temperature, and no 
thermally-induced joint movements would be 
expected. No appreciable thermally-induced 
movements occur at basement wallifloor joints. 

The main consideration in the selection oi 
waterstops is the type of joint movement expected. 
A waterstop in the wall/floor joint might be useful 
for undrained basements built below the water level 
on unstable soils. The joint is subjected to 
transverse movement if soil expands and shrinks, 
but is subjected to lateral movement only during 
shrinkage curing. All waterstops are designed to 
accommodate lateral joint movement, but only 
center-bulb and bellows-type waterstops are 
designed for transverse movement. If conditions 
really favor the use of waterstops, the designer 
should discuss the detail with a representative of a 
manufacturer who offers a large variety of sizes and 
shapes. 

Bentonite-based chemical "waterstops" have 
been developed that act as in-joint sealants. The clay 
base expands when water contacts it, creating a 
nearly-i mpermeable gel that blocks passage of water 
both through and along the joint. Bentonite 
waterstops offer excellent potential sealing ability 
for the wall/footmg joint and other applications 
where it is not easily eroded out of position. It does 
this without complicating the forming of the joint, 
as do rubber and plastic waterstops. It is not suitable 
for moving joints. 

Summary 

the aid of admixtures. Leakage through sections 
formed from a weI1-designed concrete mix results 
only from shrinkage and faulty placement. Since 
waterproofing compounds are unable to remedy 
abusive handling in the field, they are of little value 
even if they do marginally enhance the 
impermeability of flawlessly-formed concrete. 
Admixtures cannot somehow compensate for 
quality lost through careless mixing and placement. 

A particular problem of selecting admixtures is 
that proprietary formulas and their constituents are 
not divulged by the manufacturer, so the specifier 
cannot evaluate them in light of research findings. 
Considering the poor performance of the majority of 
compounds tested by Jumper and others, hitting 
upon a product that does somewhat improve 
impermeability is unlikely. 

The products of most certain value for improving 
both unit impermeability and overall watertightness 
of structure are air-entraining and plasticizing 
(workability) agents. They permit better forming 
quality, reduce the likelihood of honeycombing, 

Good concrete is inherently waterproof without 
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and promote both higher strength and greater 
impermeability; they achieve this through the 
preferred means of reducing water content. None of 
the tested compounds sold as waterproofing agents 
offers these advantages. while some may actually 
reduce impermeability QT marginally improve it 
with a sacrifice in strength. 

In spite of the potential for carefully designed 
and controlled concrete structures to be waterproof, 
this approach is iiot generally recommended for 
residential basements. l’he quality of the mix and 
placement of the concrete must meet extremely high 
standards and virtually no cracking can be allowed. 
Moreover, where construction joints are necessary, 
waterstops cannot be totally relied upon to create a 
watertight structure. 

262 



9.3 Summary of Waterproofing and Dampproofing 
Recommendations for Residential Foundations 

1. For crawl space foundations, no 
waterproofing or dampproofing on the 
exterior foundation walls is generally 
considered necessary, assuming that 
drainage is adequate and a 6-mil polyethylene 
vapor retarder covers the floor and interior 
walls. 

recommended as minimum protection in all 
cases to reduce vapor transmission from the 
soil. A dampproof coating, however, is not 
effective in preventing liquid water from 
entering through the wall when the soil is 
saturated. On a wood foundation wall, all 
joints in the plywood sheathing should be 
caulked. 

3. On sites with anticipated water problems or 
poor drainage, waterproofing is 
recommended on the basement walls. Since 
subdrainage systems are seldom completely 
effective by themselves, waterproofing is 
recommended when a finished, habitable 
basement space is desired. Waterproofing 
may also be prudent on any structure built 
where intermittent hydrostatic pressure 
occurs against the basement wall due to 
rainfall, irrigation, or snow melting. 

4. On sites where the basement floor is below 
the water table, waterproofing can be applied 
beneath the floor slab as  well as the walls. 
However, the difficulty and expense of this 
waterproofing approach, combined with 
increased structural requirements to resist 
hydrostatic pressure, make it a very unlikely 
application for a residential basement. On 
such sites, a slab-on-grade or crawl space 
foundation is recommended. 

2. For basements, a dampproof coating is 

5. Where waterproofing is applied to basement 
walls, it should be placed on the exterior 
directly over the concrete, masonry, or wood 
substrate. Any exterior insulation should be 
placed over the waterproofing. 
Waterproofing should extend down to the 
level of the drainage pipe at the footing. 

6.  Waterproofing materials for residential 
basements should be evaluated based on the 
following criteria: 

appropriateness for application to vertical 
walls 
ability to bridge cracks in concrete 
ability to resed 
ability to localize leaks 

e resistance to soil chemicals 
puncture resistance 

* water pressure resistance 
* permeability 
8 freezelthaw resistance 

7. A large array of waterproofing products and 
materials are available for basement walls 
with a wide range of cost and effectiveness. 
There are no universally recommended 
systems for all situations. Final selection must 
be based on product characteristics, site 
conditions, and individual preferences and 
circumstances, Often the quality of the 
application of the product is more important 
to a successful system than the product itself. 
Waterproofing materials can be placed into 
six generic categories. The comments below 
are intended to provide some general 
guidance in product selection, but individual 
systems within these generic categories can 
vary considerably. 

Bituminous membrane waterproofing. 
Although commonly used for above-grade 
roof decks, effectiveness below grade is more 
questionable. Placing hot-mopped felts on 
vertical walls is difficult, leading to potentially 
poor quality application. 

waterproofing. This category includes a wide 
range of formulations that must be evaluated 
individually. Some products are definitely 
suitable below grade. Key concerns are 
whether the product is intended for vertical 
wall application (many are not) and the 
foolproof nature of the application. Some 
products require extreme care and nearly 
ideal conditions to ensure an effective 
application. 

Liquid-applied elastomeric 
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Sheet-applied elastomeric waterproofing. 
Most sheet products are manufactured to 
high-quality standards and many are suitable 
for below-grade use. The ability to apply 
large, heavy sheets to vertical walls is a 
concern, and sealing seams in the field must 
be done with extreme care. For basement 
walls, products that are self-adhering and 
available in narrow widths are more 
convenient to apply than larger sheets. 

Bentonite waterproofing systems. 
Bentonite-based products in several forms - 
sprayed and troweled mixtures as well as 
panels - are specifically designed for 
below-grade use and many applications have 
been effective. IJsually little surface 
preparation is necessary and products can 
adhere to rough surfaces and unusual shapes. 
Concerns arise over the inability to specify 
product characteristics and application 
precisely. 

cementitious products can be effective in 
sealing concrete surfaces, any cracks that 
develop in the concrete permit water to enter. 
'The quality and low level of reinforcement of 
cast-in-place concrete in residential 
basements usually results in a structure with 
significant cracking, and hence cernentitious 
waterproofing may not prove to be an 
effective choice in this applicatjon. 

Integral waterproofing. Concrete can be 
waterproof by itself if mixed and cured 
properly. Various additives to the mixture are 
available, some of which are effeclive in 
enhancing the watertightness of concrete. 
This approach has the same drawback as 
cernentitioiis waterproofing - the structure 
must be completely free of cracks, which is 
unlikely in residential basement construction. 

Cementi t h u s  ~ v ~ . ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ .  Although 
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10.1 Radon and the Radon €lazar 

Radon is a colorless, odorless, tasteless, 
radioactive gas found in soils and underground 
water. An element with an atomic weight of 222, 
radon is produced in the natural decay of radium, 
and exists at varying levels throughout the United 
States. Radon is emitted from the ground to the 
outdoor air, where it is diluted to an insignificant 
level by the atmosphere. Because radon is a gas, it 
can travel through the soil and into a building 
through cracks, joints, and other openings in the 
foundation flour and wall. Earth-based building 
materials such as cast concrete, concrete masonry, 
brick, and adobe ordinarily are not significant 
sources of indoor radon. Radon from well water 
sometimes contributes in a minor way to radon 
levels in indoor air. In a few cases, radon from well 
water has contributed significantly to elevated 
radon levels. 

RADON MEASUREMENT LEVEL§ 

Radon concentrations in the air are expressed in 
pic0 Curies per liter of air (pCi/l). A Curie is a measure 
of radioactivity, and pic0 is a prefix meaning 
one-trillionth (1/1,oao,ooo,uoo,mo). A pico curie represents 
2.2 radioactive decay events (disintegrations) per 
minute. In the International System (SI), radon 
concentrations are expressed in Becqzterel per cubic 
meter (Bq/m3), where a Becqiierel is defined as one 
disintegration per second. Thirty-seven Bq/m3 is 
equivalent to 1 pCi/l. 

The Working Level (WL) i s  a measure of exposure 
rate to radon; exposure itself involves the length of 
time as well as the exposure rate, or concentration 
during the time of exposure. Exposure is measured 
in Working Level Months (WLM) . For most purposes, 
1 WL is considered equivalent to 200 pCi/l. Both WL 
and pCUl are commonly used in the United States, 
while the international literature usually reports in 
Bq/m3 or Bq/m3 EER for decay products. 

The concentration of radon found in the air is 
extremely small in terms of percentages, but it is still 
imaginable. Ericson et al. [1986] have illustrated that 
at typical outdoor levels (5 Bq/m3; 0.135 pCi/l), 
individual radon atoms in the air are about 7 mm 
apart; at levels of 20 Bq/m3 or 0.54 pCi/l, they are 
about 4 mm apart; and at levels of 1,000 3q/m3 or 27 
pCi/l, individual radon atoms are less than 1 mm on 
center. This is very sparse, atomically speaking. 

RADON EXPOSURE AND HEALTH 
RISK 

Radon is potentially harmful only if it is in the 
lungs when it decays into other isotopes (called 
“radon progeny” or ”‘radon daughters”), and when 
these further decay. The decay process releases 
small amounts of ionizing radiation; this radiation is 
held responsible for the above-normal incidence of 
lung cancers found among miners. Most of what is 
known about the risk of radon exposure is based on 
statistical analysis of lung cancers m humans 
(specifically, underground miners) associated with 
exposure to radon. This information is well 
doivmented internationally, although much less is 
known about the risk of long-term exposure to low 
concentrations of radon in buildings. 

The lung cancer hazard due to radon is a function 
of the number of radioactive decay events that occur 
in the lungs. This is related to both intensity and 
duration of exposure to radon gas and decay 
products plus the equilibrium ratio. Exposure to a 
low level of radon over a period of many years in 
one building can present the same health hazard as 
exposure to a higher level of radon for a shorter 
period of time in another building. The sum of all 
exposures over the course of one‘s life determines 
the overall risk to that individual. 

exposure, only levels of associated risk. These are 
understood most easily in comparison with the 
health risk posed by other lung-cancer causing 
agents, as  illustrated in Table 10-1. These are for a 
lifetime (seventy years) of exposure at the indicated 
levels. The U.S. Environmental Protection Agency 
(EPA) current$ considers 4 pCi/l, or 0.02 WL, as an 
”elevated’ level of concentration, It is thought to 
increase the risk of lung cancer to three times the 
normal incidence for non-smokers over a lifetime of 
exposure. 

In Sweden, a country with a long history of radon 
research, 400 Bq/m3 EER (21.6 pCi/l) is considered a 
“sanitary nuisance” that calls for intervention to 
protect the public health. Ericson et al. [1986], citing 
conclusions of the International Commission on 
Radiological Protection, have recommended a 
maximum limit of 100 Bq/mJ EER (5.4 pCifl) as a 
reasonable and achievable standard for radon 
concentration in new building con5truction. The 
International Commission suggests 200 Bq/m3 EER 
(10.8 pCi/l) as an “action level” above which some 
remedial measure should be taken in existing 
buildings. The EPAs action level is slightly lower, at 
4 pCi/l(74 Bq/1n3 EER). 

There are no “safe” or “unsafe” levels of 

267 



Monitoring in existing buildings thus far shows 
that elevated radon levels are found mostly in 
houses, although some preliminary studies are 
linding elevated levels in some school buildings. 
Lower levels in nonresidential construction may be 
due to higher ventilation rates, better quality of 
construction, and the nature or gcneral lack of 
coupling of the occupied spaces to the foundation. 

SITE EVALUATION OF RISK 

There are a variety of methods for measuring 
radon concent rations in the soil. However, there are 
no standards for the methods, and the 
measurements themselves mean little, since the 
amount of radon that enters the building largely 
depends on detailing, the quality of construction, 
and soil porosity. Porosity governs the ease with 
which soil gas is supplied to the building, all other 
things being equal. Soils can include discontinuities, 
however, including utility trenches and drainage 
systems back6lled with porous soils not from the 

Table IQ-1: Radon isk Evaluation Chart 
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1 

0.5 

0.2 

0.1 

0.05 

0.02 

0.01 

0.005 

0.001 

estimated number of 

Lung Cancer Deaths 

[out of 1ooo) 
due to radon exposure 

440 io 770 

270 to 630 

120 to 380 

60 to 210 

30 to 120 

13 to 50 

7 to 30 

3 to 13 

1 t o 3  

original site. It is usually less expensive to provide 
the recommended radon control measures than to 
make the tests to determine if they are necessary. 
And, as will be pointed out, many of the 
recommended control measures are desirable for 
moisturcl control as well. 

Still, it is often desirable to evaluate the need for 
extraordinary radon control measures, such as 
fan-driven soil gas interception systems. The EPA 
offers the following questions and considerations 
for action: 

1. Have existing homes in the same geological 
area experienced elevated radon levels? State 
or regional environmental protection offices 
may be able to assist in obtaining this 
information. 

2. What are the general characteristics of the soil? 
Is the soil derived from underlying rock that 
normally contains above average 
concentrations of uranium or radium, such as 
granite, black shales, or phosphates? State or 
regional environmental protection offices may 
be able to assist in obtaining this information. 

Comparable 
Exposure Levels 

Comparable 
Risk 

1000 times 
average outdoor 

level 

100 times 
average indoor 

level 

100 times 
average outdoor 

level 

more than 60 times 
non-smoker risk 

4-pack-a-day smoker 

20,000 chest 
x-rays per year 

2-pack.a-day 
smv ker 

I-pack-a-day 
smoker 

10 times average 
indoor level 

5 times 
non-smoker risk 

10 times 
average outdoor 

level 

200 chest x-rays 
per year 

average indoor 
level 

average outdoor 
level 

non-smoker 
risk of dying 

from lung cancer 

20 chest x-rays 
per year 

Source: Environmental Protection Agency [ 1980al 
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Table 10-2: Radon Risk Based on Site Characteristics 

I Classification Types of Ground and Radon Concentration 

High Risk Areas Uranium rich granites, pegmntites, phosphates, and alum shale 
Highly permeable soils (e .g . ,  gravel and course sand). 

* Radon concentration in soil gas greater than 1350 pCi/l. 

Medium Risk Areas 0 Rocks and soils with low or normal uranium content. 
Soils with average permeability. 

'Radon concentration in soil gas from 270 to 1350 pCi/l. 

Low Risk Areas Rocks with very low uranium content (e.g., limestone, sandstone, and basic. 

Soils with very low permeability (e.g.? clay and silt). 
igneous and volcanic rocks). 

Note The factors are interrelated and mustbe consid- 
ered wth respect to one another. 

3. Is the permeability of the soil and underlying 
rock restridve or conducive to the flow of 
radon gas? SoiI permeability and the degree to 
which underlying or adjacent rock structures 
are stable or fractured can significantly affect 
the amount of radon that can flow readily 
toward and into a building. The characteristics 
that govern a soil's permeability to water (see 
Chapter 8) also generally govern its 
permeability to gas flow. 

4. If the planned source of water to the site is a 
local or on-site well, have excessive levels of 
radon been detected in other wells within the 
same geologic area? State health services, 
departments of natural resources, and 
environmental protection offices may be able 
to assist in providing this information. If 
feasible, digging a well and testing it for radon 
before the structure is built could indicate a 
potential radon problem. If excessive radon 
levels are confirmed, a granular-activated 
carbon filtration system might be considered 
when designing the plumbing plan. 

5. Does desirability of the site location from a 
marketing and economic point of view 
outweigh the potential marginal costs of radon 
control measures that might be provided 
during construction? The costs of installing 
radon control measures at the outset are much 
less than the costs of correcting a problem that 
might be found afterwards. 

These are reproduced in Table 10-2 for general 
information purposes. These levels are not 
recognized in the United States as mandating any 
particular requirements for control measures to be 
taken, or as risks to health. 

The EPA does not chssify sites as high or low risk 
based on measurements of radon concentration in 
the soil at the site. Swedish researchers have been 
studying radon problems in buildings for many 
years, and they have described a range of risk levels 
applicable to their own recommendations for action. 
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APPROACH 

The barrier approach keeps radon out by making 
it difficult to get in. Barrier techniques can be used 
alonc or can be augmented with air management 
techniques. Since radon is a gas, the barrier 
apptoach relies on infiltration control measures 
such as minimizing cracks, joints, and other 
openings through the foundation to the soil. 
Waterproofing and danippxoofing membranes 
outside the wall and under the floor are excellent 
barriers that, if performing properly, cover crachs 
and joints. Eecausc air contained in the soil is 
always very nearly saturated with water (almost 100 
percent relative humidity), measures that reduce 
the infiltration of soil gas for radon control have 
been shown, in retrofit cases, to lower basement 
indoor humidity levels as well [Brennan 19871. 
What's good for radon control, therefore, is usually 
good for moisture and humidity control, and vice 
ver'ja. 

Slab Barrier Design 

'The resistance of above- and below-grade floor 
slabs to radon infiltration can be increased by the 
following measures, summarized in Figure 10-1: 

1. To minimize shrinkage cracking, keep the 
water content of the concrete as low as 
possible. Workability can be increased with 
plasticizers if necessary. 

layer on top of the gravel drainage blanket. 
The edges should be lapped at least 12 inches. 
A 2 inch-thick sand blotter on top of the 
polyethylene improves concrete curing and 
reduces cracking. The sand should be 
dampened, but not saturated, before the 
concrete is poured. Using concrete with a low 
water/cement ratio as suggested above may 
make the sand layer less important. 

2. Lay a &mil (mi o imum) polyethylene film 

. D  

b :  

h . .  
' b  

POUR SEALANT INTO TOP 

6 x I WWF (8 OR 10 GAUGE) 
11/2 TO 2 IN. BELOW TOP OF SLAB 

24N. TO 3-dFB. SAND BLOTTER 

Figure 10-1: Slab Barrier Design Techniques 
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FOUNDATION WALL 
d * 

P 

t-- - - CdNCRETE FLOOR SLAB 
D 

b 

SAND BED 
P 

Figure 10-2: WaWFloor Isolation Joint 

3. Reinforce the slab with wire mesh to reduce 
shrinkage cracking. Be sure the reinforcing is 
placed properly before the pour. It should be 
hetween 1% inches and 2 inches from the top 
surface, and held in place by wire chairs or 
precast concrete stools. 

4. Minimize the number of pours to reduce the 
number of cold joints. Begin curing the 
concrete immediately after the pour, 
according to recommendations of the 
American Concrete Institute (1980; 19831. At 
least three days are required at comfortable 
outdoor temperatures (70°F z), and longer at 
lower temperatures. Use an impervious cover 
sheet or wetted burlap. 

5. Remove stakes and screed boards and fill all 
holes as the slab is being finished. Embedded 
wood members may decay over time and 
open up radon entry points. 

6. Where vertical movement may be expected 
between the wall and floor, an isolation joint 
must be provided. The joint may be sealed as 
shown in Figure 10-2. Concrete sealant 
practices are recommended by the American 
Concrete Institute [1977]. 

allow water to drain from the floor and waIl to 
beneath the slab. 

8. Where climatic conditions permit, design 
slab-on-grade floors with an integral edge 
beam to eliminate the perimeter joint between 
the slab and foundation wall. 

9. Carefully seal around all plumbing and utility 
lead-ins through the slab with polyurethane 
or caulking. Give special attention to bathtubs 
and shower drain openings and traps. Slit an 
"x" in the polyethylene membrane to receive 
utility pipes. Turn up the tabs and tape them 
around the pipes. 

7. Avoid edge joints ("channel drains") that 
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10. Do not discharge floor drains directly to the 
soil or into vented sump pits. Use solid pipes 
to daylight openings or water traps in 
systems that discharge to subsurface drains. 

11. If the design includes a sump pit, cover this 
with a sealed lid and vent the pit to the 
outdoors (a fan may be installed in the riser to 
vent the entire underside of the slab, as 
discussed in a following section; see 
Figure 10-6). 

12. Submersible pumps are recommended for 
vented sumps (continuous air flow through 
vented sumps accelerates corrosion). 

Wall Barrier Desigris 
The following measures, summarized in 

Figure 10-3, increase the resistance of concrete and 
masonry walls to raclim infiltration. 

1. Reinforce walls and footings to minimize 
shrinkage cracking and cracking dire to uneven 
settlement. 

2. Seal the top of hollow masonry walls with a 
solid block, bond beam, or cap block. This 
eliminates a major route of soil gas delivery 
and makes it easier to install a wall ventilation 
system afterwards if needed. 

walls in contact with the soil. 

waterproofing membrane on the exterior of the 
wall. 

5. Paint the interior face of the foundation wall 
with an epoxy or other high quality 
water-resistant paint. Its effectiveness depends 
on the wall material and the extent and quality 
of the exterior moisture-proofing. It is wise to 
wait thirty days after wall construction to 
permit drying of the concrete. 

6. Carefully seal aroixnd plumbing and other 
utility and service lead-ins through the 
below-grade portion of the wall with 
polyurethane or caulking. 

7. Install airtight seals 011 doors and other 
openings between basements and adjoining 
crawl spaces. 

service connections between basements and 
crawl spaces. 

3. Parge the exterior face of concrete masonry 

4. Install a continuous danipproofing or 

8. Seal around ducts, plumbing, and other 

Crawl Space Floor Design 

&mil polyethylene vapor barrier over the entire 
floor. Edges should be overlapped 12 inches and 
sealed. Seal edges to the foundation wall. 
Ventilation is recommended for all crawl spaces. 

In crawl spaces with exposed soil floors, place a 

THE INDOOR AIR ANAGEMENT 
APPROACH 

Air management techniques may be used (1) to 
minimize the suction applied to the foundation 
system or basement space by the occupied spaces 
above, and (2) to dilute indoor radon concentrations 
by ventilating with relakively radon-free outdoor air. 
While the latter may be an important strategy for 
nonresidential buildings, it should not be relied 
upon in new house construction. 

Proper air mariagement requires that the entire 
building be viewed as an interconnected air system. 
Soil gas is drawn through the foundatiori envelope 
when the indoor air pressure is lower than the gas 
pressure in the soil. The lower jnterior pressure can 
be created by (1) the stack effect of hot air rising 
through the structure, (2) exterior winds creating a 
suction zone on the leeward side of the building, 
(3) the partial vaciiiini created by combustion 
devices such as furnaces, fireplaces, and gas 
burners, especially when vented to the nutside, but 
without an outdoor air intake, and (4) power 
exhaillst of indoor air from kitchens, bathrooms, 
clothes dryers, and attics. Case studies show that 
winter indoor radon levels are normally much 
higher than summer levels, due to the suction 
created at the base nf the building by stack effect air 
losses through the top of the structure. 

Reduction s f  Superstructure Suction Forces 

exfiltration from the occupied space and air leakage 
between basements and crawl spaces into the 
occupied space. They are, for the most part, the 
same principles recornmended for moisture vapor 
control and energy-efficient design. 

The following measures seek to reduce 

1. Reduce air infiltration from the basement or 
crawl space into the occupied space by sealing 
openings and cracks between the two, 
including plumbing, wiring, and duct 
openings. 

2. Minimize ais leakage between occupied spaces 
and attics. Seal openings around flues, vent 
stacks, plumbing chases, and attic stairs or 
hatchways. 

combustion devices (such as fireplaces and 
furnaces); alternatively, locate the furnace in a 
separate room vented to the outside and 
air-sealed from the rest of the building. 

4. Use an air barrier at the exterior sheathing. 
Completely seal vapor retarder seams and 
penetrations through it. 

3. Provide separate outdoor air intakes for 

272 



ARGE EXTERIOR FACE 
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Figure 10-3: Wall Barrier Design Techniques 
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5. An air-to-air heat exchange system may be 
adjusted to help neutralize imbalances 
between indoor and outdoor air pressures, 
thereby reducing the suction on the 
foundation. While this can be helpful, do not 
rely on it as a sole solution to radon control. 

P~~SSlaf f iZat iOn 

building by  pressurizing the space coupled to the 
foundation. While this may be effective for radon 
control, i t  means that (1) warm, humid indoor air 
will be forced into the exterior wall cavities of the 
superstructure, and (2)  outdoor make-up air must 
be supplied continually to offset the air leakage. 
Neither is desirable. The former may lead to 
condensation within wall cavities, which in turn 

It is possible to prevent soil gas from entering the 

may result in decay if the structure i s  wooden, or 
spalling in rndson?y materials due to frcezelthaw 
cycling. fhe latter is energy inefficient, as all 
make-up air must be heated or cooled throughout 
most of the year. Pressurization is not a 
recommended radon control strategy. 

Space Ventilation 

I'he indoor concentration of radon can be diluted 
by ventilation with outdnnr air, but the effectiveness 
of this strategy depends not only on the air change 
rate but also on the method of ventilation and the 
pressure conditions it produces. Case studies in 
Sweden reveal that air exchange induced by exhaust 
fans depressurizes the interior, resulting in higher 
radon concentrations due to increased suction on 
the soil. Ventilation techniques that pressurize the 

0 0.25 0.5 1 .Q 1.5 2 .8  2.5 
r-J I I 

TIGHT AVERAGE LEAKY 
HOUSE HOUSE MOUSE 

RATE (AIR CHANGES PEW HQUR--.ACH) 

8 

Figure 10-4: Effect of VentiSa Lion on Indoor Radon Csiicentratioiis 



interior while exchanging air are beneficial to radon 
control but cannot be recommended for the reasons 
discussed above. 

Ventilation with balanced indoor and outdoor 
pressures (or slightly greater indoor pressure) can 
be very effective in radon control. The EPA [1986b] 
illustrated that a 90 percent reduction in radon level 
can be achieved in a house with a natural air 
exchange rate of 0.25 air changes per hour (ACH) by 
ventilating at a rate of 2 ACH, as shown in 
Figure 10-4. The curve shows a clear diminishing 
rate of return for increasing the air change rate. 

disadvantages: (1) it requires that the ventilation 
system be maintained carefully to balance indoor 
and outdoor air pressures; (2) it causes a serious 
energy cost penalty in most climates, since the 
ventilation air will have to be heated or cooled, and 
humidified or dehumidified, throughout most of 
the year; and (3) the high rates of air exchange 
required may cause uncomfortable drafts in the 
occupied space. 

Ventilation should not be considered as a 
substitute for barrier and interception techniques for 
radon control in basements. The design of air 
handling systems for buildings with basements in 
which radon control is necessary should be left to a 
qualified professional engineer. The value of crawl 
space ventilation is a different matter. The EPA 
recommends ventilating crawl spaces in compliance 
with local codes. See Chapter 3 for more on vented 
crawl space design. As a general rule, ducts located 
in the crawl space should be well sealed. Ducts 
should not be buried in soils known to have high 
radon concentrations or rates of supply. 

The dilution strategy has three serious 

THE SOIL GAS INTERCEPTION 
APPROACH 

Interception systems, commonly known ds 

suction systems, collect soil gas outside the 
foundation and vent it to the outdoor air. They keep 
radon out by creating a stronger suction than the 
building offers. They are recommended by the EPA 
for new construction in areas where a high potential 
for elevated radon levels has been established. They 
also should be considered for porous masonry 
foundation materials such as concrete block. 

Interception systems consist of two coniponent 
subsystems, the collection system and the discharge 
system. Collection systems can be installed at little 
or no additional cost in new construction, and the 
discharge system can be deferred to a later time (if it 
proves to be necessary) and to the owner’s expense. 
There is little reason, therefore, for the designer or 
builder not to include provisions for radon 
collection as  part of the structure’s foundation plan. 

Coliection Systems 
The soil gas collection system should serve both 

the perimeter and the underside of the slab. It may 
be independent of the drainage system (see 
Figure 10-3), or it may use it, provided that the 
perimeter drain is installed as a continuous loop. 
For radon control, placement of the perimeter drain 
line at the inside of the footing is preferred to 
exterior placement, although either can be used. 
Generally, exterior placement is preferred for 
drainage purposes. The underslab gravel drainage 
blanket can also be used to collect soil gas. It should 
be at ledst 4 inches thick, dnd of clean aggregate no 
less than l/z inch in diameter. If groundwater 
conditions suggest that the gravel layer will be used 
actively for water conduction (as opposed to 
providing merely a capillary break), this coarse 
aggregate should be separated from the subsoil by a 
suitable filter fabric (see Chapter 5) to keep it from 
clogging with soil fines. The gravel or crushed stone 
should be covered with a polyethylene radon and 
moisture barrier, which in turn should be covered 
with a 2-inch sand bed. The sand layer protects the 
polyethylene membrane during construction, and 
minimizes bleeding and shrinkage cracking of the 
concrete slab. Using a concrete mixture with a low 
watcr/cernent ratio may make the sand layer less 
important to reduce shrinkage cracking. 

If the building is not very wide (as in house 
construction), single perforated pipe can be run 
down the centerline of the slab through the 
drainage layer. It should stop 10 to 15 feet short of 
the end wall perimeter drain and be capped. The 
other end can feed into the perimeter drain loop, 
but the first 10 to 25 feet of pipe should be a 
non-perforated leader, It could also be a separate 
length of pipe capped at both ends and tapped 
through the floor with its own riser. 

an underfloor pipe. These require no more than a 
short length of tubing cast into the slab, with its 
bottom end protruding into the drainage course. 
The vapor retarder should be taped or otherwise 
sealed around it. The risers can be capped and left 
as standpipes for future connection to a discharge 
system (Figure 10-3). One suction tap should be 
provided for every 400 to 500 square feet of floor 
ared (roughly 20 to 25 feet on center) for slabs 
poured on the soil with no drainage layer, A single 
tap is adequate for typical house basement-size 
floors with a clean, course gravel layer. The tap(s) 
should be located with consideration to even 
dhtribution over the floor, so that future risers can 
be routed easily through other chases to the roof. 
The location of the risers may be inconvenient to 
future use of the space and may be awkward in their 
overhead location. 

Individual suction taps can be provided instead of 
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Figure 10-5: Soil Gas Collection and Discharge Techniques 

276 



ALTERNATE PREFERRED 
DISCHARGE 

ABOVE EAVES THROUGH ROOF 

---- 

CONCRETE SLAB 

1 I 

Figure 10-6: Soil Gas Collection and Discharge Techniques 
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The radon collection system may be combined 
with a drainage system that discharges either by 
gravity to an outfall or by an underfloor sump with 
pumped discharge. If a gravity discharge is 
available, the water drainage leader must be 
provided with a water trap so that the soil gas 
collection system can maintain su-ction. The need for 
keeping water in the trap and the unlikelihood of 
regular inspection is a major disadvantage of 
combining the radon interception system with a 
gravity water drainage system. 

The gas collection system can be tapped with a 
riser either inside or outside of the foundation 
(Figure 10-5). A separate riser is needed to keep the 
water trap filled. A ball valve of the type designed to 
keep sewer gas from entering through floor drains 
might be used in place of the trap if it is in a 
maintainable location. 

An ur-tderfloor sump can be used for soil gas 
collection as well as for water collection. It must be 
tightly capped and sealed to the floor and to pipe’ 
and wires leading through it. The underfloor sump 
may serve a perirneter drain loop on either the 
outside or inside of the footings, in addition to 
either a floor cen trrline pipe or a gravel bed draining 
directly into the sump (as recommended for water 
drainage by the National Association of Home 
Builders Research Foundation; see Chapter 8). ‘The 
sump has the advantage of not requiring a water 
tray to maintain suction (unless it also discharges to 
an external outfall at grade), although if sealed 
improperly, it rnay leak soil gas into the space. A 
sump system with an exterior footing drain is 
shown in Figure 10-6. 

slab to be airtight so that collection effo- Its are not 
defeated by drawing rooin air down through the 
slab and into the system. Cracks and control joints 
must be sealed, and a polyethylene barrier should 
be provided on top of the aggregate ”plenum.” As 
research efforts into the effectiveness of collection 
systems continue, more specific recommendations 
will be possible. Consult state offices of public 
health and natural resources protection and regional 
offices of the EPA for updates on design 
recommendations for both new construction and 
retrofit. 

All underslab collection systems require the floor 

Discharge Systcms 
Discharge systems are normally powered by a 

small fan, and are said to be “active.” “Passive” 
discharge systems rely on natural draft. While they 
can be effective under favorable conditions, the 
range of favorable conditions has not been studid 
well enough to recommend them The main design 
requirements for a passive system iriclude very low 
system air flow resistance in the collection system 

and a straight riser extending from the ground slab 
to a point several feet above the roof. The stack 
should be insulated where it passes through an 
uninsulated attic space. These requirements make it 
easy to retrofit a passive system into an efficient 
active system, meaning that a passive system may 
be acceptable in areas of low potential hazard while 
indoor radon concentrations are monitored. 

Active systems use fans to draw gas from the soil. 
The fan  should be located in an accessible section of 
the stack 50 that any leaks from the positive 
pressure side of the fan are not in the living space. 
Ideally, the stack should be routed up through the 
building and extend 2 to 4 feet above the roof. It can 
also be carried out through the band joist and up 
along the wall, to a point at or above the eave line. 
This is less desirable, as exposure of the stack to the 
winter cold may reduce the draft and the 
effectiveness of the suction system. Wall-mounted 
stacks should be located away from doors and 
windows to minimize entry of the soil gas into the 
above-grade space. 

Field experiments show that a fan capable of 
maintaining 0.2 inches of water suction under 
installation conditions is adequate for serving both 
perimeter and underslab collection systems for most 
houses. According to the EPA‘s Technical Guidance 
document [EI’A 1986b1, this is often achieved with a 
0.03 hp (25W), 160 cfm centrifugal fan (maximum 
capacity) capable of drawing up to 1 inch of water 
before stalling. Under field conditions of 0.2 inches 
of water, such a fan operates at about 80 cfm. 

It is possible to test the suction of the subslab 
system by drilling a small (V4-inch) hole in a n  area of 
the slab remote from the collector pipe or suction 
point, and measuring the suction through the hole. 
A suction of 5 Pa is considered satisfactory. The hole 
must be sealed after the test. 
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Termites and moisture (by capillaiy transfer) 
often find their way into wood foundation members 
by the same paths, so their design and detailing 
control measures share much in common. Also, 
berause termitm are attracted to decaying wood and 
because they transport moisture from the ground 
into the wood on which they feed, termites 
themselves aid the wood decay process. It is 
convenient, therefore, to consider termite and decay 
control measures together. 

This chapter is divided into two sections. The first 
section discusses termites, and includes a 
description of the types of termites found in the 
TJnited States, control methods, and soil treatments. 
The second section covers decay control measures. 
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11.1 Termite Control 

NATURE OF THE PROBLEM 

Termites occur naturally in the wild, where they 
help break down dead and dying plant material and 
play an important role in keeping the nutrient cycle 
revolving. However, termites don't distinguish 
between wood in trees and wood in houses, and 
they are believed to have been responsible for over 
$750 million in damage and control costs in 1981 
[Mauldin 19861. 

the wild (as opposed to exterminating them within 
the building). This is simple in concept, but not 
necessarily in practice, since termites can pass 
through cracks as narrow as 1/32 inch. The major 
strategies of termite control include: 

The main goal of termite control is to keep them in 

keeping wood members out of contact with the 
soil 

* minimizing cracks in walls and slabs through 
which termites can travel to wood members 
installing barriers that force termites out in the 
open where they can be detected 

* treating the soil with chemicals that either kill or 
repel termites 
keeping the soil and foundation dry 

Termites in the Continental United States 
There are forty-three species of termites in the 

contiguous United States, only thirteen of which 
are significant pests in building structures 
[Moore 19791. The latter may be grouped into three 
categories: drywood, dampwood, and 
subterranean. Drywood terirzifes are found in 
southern regions and extend as far north as Virginia 
and North Carolina. They require little moisture and 
may nest anywhere in the wood of a structure. Since 
drywood termites live without contact with the soil, 
they are of no special intcrest to foundation design. 
Although they require a moist environment for 
survival, dampwood termites similarly do not require 
contact with the soil, and are not of special interest 
in this handbook. They are limited to certain regions 
in the Pacific Northwest. For more information 
about control of above-ground dwelling termites, 
see Moore [1979]. 

Subterruneun terinites are widely distributed 
throughout the United States, and are said to 
account for 95 percent of all termite damage 
[I'ercivnl1980]. Most subterranean termites belong 
to the genus Retzculitcmnes, although those in the 
southwcstern deserts of Arizona and California 
belong to the genus Ifefeuofeumes. 

formosanus) were first reported in port cities along 
Formosan subfeuranem termztes (coptoterrnes 

the Gulf Coast during the mid- to late 1960s. They 
are currently found in Texas, Louisiana, 
Mississippi, Florida, and South Carolina. They have 
been reported in California, and wiIl likely spread 
throughout the humid South. The Formosan 
subterranean termite is more vigorous and 
destructive than our native species. It is also slightly 
larger-swarmers range up to 5/w inch in overall 
length. The control requirements for Formosan 
termites are the same as for the domestic variety, 
with extra care to eliminate above-gruund moisture 
sources. Aerial nests require different treatments. 

The native subterranean termites of the United 
States require a very humid environment, and nest 
in the ground. They leave the humidity of the soil 
only to forage €or food sources above ground, and 
only under protective cover from other insects. If 
they cannot find cover within or through cracks in 
walls, they build their own shelter tubes (from bits 
of masticated soil and fecal matter) to conceal them. 
The tubes theinselves are visible, however, and are 
often the only evidence of an infestation. 

Colonies and Reproduction 
Termites live in colonies consisting of workers, 

soldiers, and reproductives. Thc size of six colonies 
investigated in Mississippi averaged about 240,000 
individuals [Howard et al. 19821, with workers as 
the majority of the population. Workers mine for 
food in the wood structure, build the shelter tubes, 
carry moist soil, prepare the nest, and feed the king, 
queen, and young. They are sterile, soft-bodied, 
and gray or whitish-yellow in color. Workers live for 
one or more years, and are the individuals usually 
found in shelter tubes arid in the wood structure. 
Soldiers, which usually make up a small percentage 
of the colony, defend the colony from other insects 
(primarily ants). They are similar in appearance to 
workers but have enlarged heads and mouth parts. 

supplementary reproductives. In Reticulitermes, 
these are light tan to black in color and have four 
equal-sized wings (termites belong to the order 
lsopteru, which means "equal wings"). They are 
about V 3  to 1/2 inch long. Thousands of winged 
reproductives may be produced each year in a single 
colony. When environmental conditions are right, 
they swarm from the colony in a single outpouring, 
seeking mates and new turf. Swarming occurs 
during daylight, usually after the first few warm 
days of spring, after a rain. Inside buildings that are 
heated and cooled year round, termite swarms may 
be triggered at any time of year. Formosan termite 
swnrmers fly between dusk and midnight, usually 
in May and June. 

Each colony may have primary and 
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Termites ordinarily are visible only during 
swarms, when they are commonly mistaken for 
winged ants. Ants can be distinguished from 
termite reproductives by their pinched waist and 
dissimilarily of wings (Figure 11-1). The few pairs of 
swarmers that survive and mate become king and 
queen of a new colony, from which all members are 
descended” The colony itself n-iust develop for four 
to five years before it can generate its own swarms 
of reproductives. 

Termites feed only on wood and products 
containing cellulose, but they may damage other 
materials such as plastic and rubber. They are 
attracted to certain fungi as well, so damp and 
decaying wood is especially susceptible to attack. 
Preventing excessive moisture content in wood in 
basements and crawl spaces is an important aspect 
of termite contxol. 

Geographic Distribution 

termites is governed by temperature and humidity. 
They are found throughout the continental United 
States in regions with an annual average air 
temperature of 50°F and above, although the 
northern limit of the eastern subterranean termite 
has been found in Wisconsin to coincide with an 
annual minimum temperature of - 22°F. Termites 
cease above -ground activity at freezing 
temperatures and move downward in the soil to 
escape the extreme cold. The map of termite 
distribution hazard (Figure 11-2) published 
originally by the Building Research Institute 
[Dillon 19563 is still widely referred to by the 
U.S. Department of Housing and Urban 
DevelopInent [HUD 19831 and others 
[Bed et al. 1985; Moore 19791. 

The geographic distribution of subterranean 

ANTENNA 
“ELBOWED” 

WINGS NOT ALIKE 
IN SIZE, SHAPE, 
OR PArrERN 

Figure 11-1: Comparison of Winged Termite and Winged Ant 
Source: Moore [1979]. 
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REGION H 
TERMITE PROTECTION 
GENERALLY REQUIRED. 

REGION 1111 0 TERMITE PROTECTION GENERALLY 
NOT REQUIRED EXCEPT THAT CERTAIN 
LOCALITIES MAY REQUIRE PROTECTION. 

REGION IV 0 TERMITE PROTECTION NOT 
REQUIRED. (REGION IV INCLUDES 
ALASKA.) 

PUERTO RlCO IS AN AREA O f  SEVERE 
INFESTATION: ALL LUMBER SHOULD BE 
PRESSURE-TREATED PER AWPl STANDARDS. 
IF CONSTRUCTION IS SLAB-ON-GRADE 
TYPE, USE A CHEMICAL BARRIER OR A 
MONOLlTHiC CONCRETE SLAB DESIGN. 

Figure 11-2: Termite Hazard Zones in the United States 
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CONTROL BY DESIGN 

Termites occur naturally in forests and 
brushlands. Clearing wooded sites robs termites of 
their food supply, and they adapt by feeding on 
wood in structures. Termite control begins by not 
providing easy routes of entry from the soil to wood 
in the structure. Some of the most common points 
of entry are pictured in Figure 11-3. Other design 
control measures involve draining around the 
foundation and ventilating crawl spaces to reduce 
the moisture content of the wood. 111 the summer, 

however, ventilation with humid outside air can 
actually cause a higher wood moisture level. 

Site Preparation 

earthwork and preparation of the site for 
construction [adapted from Bed et al. 19841: 

The following points should be observed during 

1. Remove all roots, stumps, and other wood 
debris from the site before construction. Do 
not bury it on site, as this increases the 
probability of infestation. 

Figure 11-3: Common Points of Termite Entry 
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2. Remove wood grade stakes and spreader sticks 
from within formwork for concrete before or 
during the pour. 

lumber before backfilling around the 
foundation. Every piece of wood that can be 
picked up between the tines of a garden rake 
should be removed. 

building to reduce perimeter soil moisture 
content. Both footing and intercepting 
drainage systems (see Chapter 8) may be 
beneficial, depending on site conditions. 

3. Remove all wood formwork and scraps of 

4. Install subdrainage systems around the 

5. Drain roof water well away from the perimeter 
by using gutters, downspouts, and long leader 
lines. 

Relationship to Grade 

separated from the soil by a minimum of 6 inches, 
and the structural framing, including wood-based 
sheathing, should be a minimum of 8 inches above 
grade (Figure 11-4). Crawl spaces with floors at or 
above the exterior grade are preferred over those 
recessed below grade for reasons of drainage, 

Exterior wood siding and trim should be 

REINFORCED CONCRETE CAP / MlN. 4 IN. HIGH 

OPTIONAL DAMPPROOFING 
BARRIER UNDER I L L  PLATE 

P 
4 

w 

T 
124N. MINIMUM WITH NO ACCESS; 
18 IN. WITH ACCESS 

OPTIONAL AREA DRAIN 
AT LOW PQINT, ESPEClALLV 
IF BELOW FOOTING DRAIN 

OPTIONAL ACCESS 
TRENCH UNDER 
GIRDERS AND DUCTS 

Figure 11-4: Termite Control Measures for a Crawl Space Foundation 
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ventilation (where applicable), exposure of the 
exterior wall to drying, and termite inspection. In all 
cases, joists should be no closer to the crawl space 
floor than 18 inches, and girders no closer than 12 
inches (the Small Homes Council of the University 
of Illinois [Jones 19801 recommends 24 and 18 
inches, respectively). Shallow trenches [nay be 
necessary under girders and ducts to allow access to 
all areas of the perimeter for inspection. For 
recessed crawl spaces on sloping sites where water 
flowsdoward the building, floor area drains should 
be provided to prevent flooding. 

Porches, steps, and decks separated from the 
ground are preferred over slabs on earth fill. They 

should be supported on concrete pedestals, and the 
underside of the structure must be accessible for 
inspection (Figure 11-5). Supporting piers or 
pedestals should be no closer than 2 inches to the 
building and should project at least 6 inches above 
grade. Slab porches and patios on earth fill slrould 
be at least 2 inches below the exterior sheathing to 
allow inspection for shelter tubes (Figure 11-6). 
Concrete stoops one step down from floor level can 
be poured on fill or suspended above, provided that 
they are separated from the structure by a 2-inch air 
space or a continuous metal flashing. ‘The edges of 
the slab should be supported on piers extending 
below frost level to prevent heaving and settlement, 

Figure 13-5: Termite Control Measures Near Exterior Steps 
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PRESSURE-TREATED 
SILL PLATE AND BAND JOlST 

DAMPPROOFING BARRIER 
UNDER SILL PLATE 

MINIMUM 2-IN. 

OPTIONAL METAL 
BEARING PLATE 

Of ------ OPTIONALNO.5 
BARS TO RESIST 
SETTLEMENT CRACKING i /  DRIFTPIN 

DRAIN, MINIMUM 
l i s  IN. PER FT. 

.I/ 

(TOP AND BOTTOM) 

---- SHRINKAGE 
REINFORCING 

/ 
PRESSURE-TREATED POST *" 

SOL FLOOR WITH 
GROUND COVER i t 8-IN. MIN. 

-% NO. 5 BARS IN FOOTING 
TO RESIST SETTLEUENT 

Figure 11-6: Termite Control Measures for a Crawl Space Foundation 
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and may be carried on a corbelled course of masonry 
(Figure 11-7). The slab may also span between wing 
walls (cheek walls), with an excavated area below 
that is open to the basement or crawl space. In 
either case, the slab should be reinforced. All 
porches, patios, and steps inust be pitched to drain 
away from the structure. 

Crawl Space Structure 
Foundation walls should be made as 

impenetrable as possible so that termites have no 
concealed routes of access to the wood 
superstructure. ?'his requires great care in detailing 
and especially in construction. Beal et al. [1986] 

b, 

STRUCTURAL @ONCF)ETE 
SLAB ON FILL OR 
SPANNING CHEEK WALLS. 

1N. "io IN" PER FOOT. 

1. 

2. 

consider proper construction one of the most 
important protection measures possible. They 
ranked the termite resistance of crawl space 
foundation structural systems in the following 
descending order: 

Poured concrete wall and pier foundations 
(Figure 11-6) rank highest, if reinforced 
properly to prevent large shrinkage or 
settlement cracks. 
Hollow block or brick wall and pier 
foundations are next, if they are: 
a) capped with a minimum of 4 inches of 

reinforced concrete (Figures 11-4, 11-7 and 
11-S), 

PRESSURE-TREATED 
OQD 

' ' 5  TURN DOWN 

NCWETE PQU 
CAP RCED 

MESH 

Figure 11-7: Termite Control Measures at Exterior §lab/Foundation Wall Joint 
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. 

FLASHING AND 
WEEP HOLES 
ABOVE CAP - 

QPTIONAL METAL 
BEARING PLATE 

c , MINIMUM 5% SLOPE 

'------ REINFORCED CONCRETE CAP \ MIN. 4 IN. THICK 

OPTIONAL RElNFORClNG 
IN MASONRY WALL 

iFeY-=YI II 1.1 YI 

& 
OPTIONAL 

PRESSURE-TREATED 
WOOD POST ------ DRIFT PIN 

m-r-k- . -F-X TREATED SOIL &/ 

NO.5BARS 
IN FOOTING 

Figure 11-8: Termite Control Measures for a Crawl Space Fowndation with Brick Veneer 
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_ -  BcPFdsD BEAM LAIS WITH 
FULL AND SQUEEZED 
VERTICAL MEAD JOINTS 

- - - NO. 3 BAR CONTINUOUS 
HORIZONTAL REINFORCING 

STANDARD SLOW WITH CORES 
CONTAINING AHCNOR BOLTS 
GROUTED SOLID 

METAL LATH JOINT 
UNDER CORES WBTH 
ANCHOR BOLTS 

- '/4-IN TO 3's-IN. 
MORTAR TOPPING 

SOLID UNITS LAID WTH 
FULL AND LEVELED BED 
WITH FULL AND SQUEEZED 
HEAD .IOIPaTS 

- '/4-IN TO 3's-IN. 
MORTAR TOPPING 

SOLID UNITS LAID WTH 
FULL AND LEVELED BED 
WITH FULL AND SQUEEZED 
HEAD .IOIPaTS 

FULL LEVELED ~~~~~~ 

BED ON METAL LATH 

STANDARD 0L3CK WITH CORES 
CONTAIRIING ANCHOR BOLTS 
GROUTED SOLID 

METAL LATH IN JOINT 
UNDER CQRES WITH 
ANCHOR BOLTS 

Figure 11-9: Masonry Wall Details for 
Moderate Termite Hazard. 

b9 capped with precast solid concrete blocks, 
and all joints are sealed completely with 
cement rnohar (Figures 11-9 and 11-lQ), 

c )  made of a top course of hollow blocks and 
all joints are filled completely with concrete 
(Figunes 11-9 and 11-10). Where hollow 
blocks remain open, no protection is 
provided unless a.11 voids are treated 
chemically. 

3. Last are wooden piers, or posts used for 
foundations or piers, pressure-treated with an 
approved preservative by a standard pressurp 
process. Wood posts in crawl spares must be 
elevated above the floor level on concrete 
pedestals. The pedestal should project at least 
8 inches above exposed earth in crawl spaces 
(Figure 11-6) and at least I inch above concrete 
floors (Figure 11-8). 

Slab-on-Grade and Basement Slabs 
Although a well-made and lightly reinforced slab 

may itself be impenetrable to termites, slab 
foundations are especially susceptible to infestation 
because of the vulnerability of concealed cracks, 

- ST D BLOCK MODlFBED 
TO BOND BEAM 
FULL AND SQUEEZED 
HEAD JOINTS 

NO. 3 BAR CONTINUOUS 
MORlZONTAL ~~1~~~~~~~~ 

FULL LEVELED MORTAR 

STANDARD BLOCK WITH CORES 
C ~ N T ~ ~ ~ ~ ~ ~  A ~ ~ M ~ ~  BOLTS 
GROUTED SOLID 

METAL LATH IN JOINT 

--..' BED ON METAL LATH 

'/d-IN. TO 3/8-IM. MORTAR BED 

FULL AND LEVELED BED 
WITH FULL AND SQUEEZED 
HEAD JOlNTS 

3/16 IN. OR 6 GAUGE WIRE 

_- FULL LEVELED MORTAR 
BED QN METAL LATH 

UNDER MORTAR-FILLED 
GORES WITH AMGHOR BOLTS 

---/ METAL LATH iW JOINT 

Figure 11-10: Masonry Wall Details for 
Severe Termite Hazard 

joints, and other openings They are also especially 
difficult to tneat after construction. The soil should 
always be treated prior to pouring the slab, and all 
wood debris must be removed from the foundation 
area before the pour. 

Monolithic slabs offer the most resistance to entry 
because there is no perimeter joint. The slab is 
formed with a thickened edge that acts as a grade 
beam under the wall (Figure 11-lla). Suspended 
slabs are not integral with the foundation wall, but 
extend over it and also eliminate the joint 
(Figure 11-llb). Floating slabs are poured up to the 
face of the wall and are the most vulnerable because 
of the joint (Figure 11-llc). In unstable soils, this is 
designed as an isolation joint that allows movement 
between the slab and the foundation wall-and 
allows teImites to enter. Ledge- or shelf-supported 
slabs are similar to floating slabs, but are poured 
into a ledge cast into the top of the foundation wall, 
instead of being supported entirely on the fill 
(Figure 11-1ld). Ledge-supported slabs are not 
recommended by the L4n~erican Concrete Institute. 
The top edge of monolithic and suspended slabs 
should be at least 8 inches above exterior grade at all 
points, and the bottom of suspended slabs also 

290 



should be at least 4 inches above grade. The top of 
the foundation wall for floating and 
ledge-supported slabs should be at least 8 inches 
above grade. 

The isolation joint at the perimeter of floating 
slabs should be formed with a removable strip that 
creates a pocket that can be sealed with roofing 
grade coal tar pitch. While this resists termite attack, 
it does not necessarily remain impenetrable over 
time. Special attention must be given to treatment of 
the soil in the area under the joint. Special treatment 

A. MONOLITHIC SLAB 
(INTEGRAL EDGE BEAM) 

VULNERABLE 
ISOLATION JOINT 

also niust be given to the area around all conduit, 
plumbing, and other service penetrations through 
all slab types. 

Heating ducts cast into the slab or buried under it 
can be very troublesome. Cracks and irregularities 
in the concrete may allow termites to enter the duct, 
through which they may move freely. The problem 
is very difficult to treat after the fact, as it is 
complicated by trying to keep chemicals out of the 
air suppiy system. 

B. SUSPENDED SLAB (USUALLY WITH 
CONCRETE MASONRY STEM WALL) 

, VULNERABLE 
ISOLATION JOINT 

C. FLOATING SLAB D. LEDGE-SUPPORTED SLAB 
(NOT RECOMMENDED BY ACI) 

Figure 11-11: Types of Slab-on-Grade Construction 
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A number of chemicals effectively create a barrier 
that either repcls or kills termites when applied 
properly to the soil. Practices of soil treatment for 
subterranean termite control have been 
recommended by the U.5. Department of 
Agriculture [Beal et al. 19863, and the 
Environmental Protection Agency (EPA) prescribes 
application procedures on approved product labels. 

Chemical Termiticicles 
Only approved termiticides should be used. 

Chemicals for pest management are controlled by 
the EPA and by state and local governments. The 
most familiar registered terrniticides and their 
recommended concentrations (by weight) are 
shown in Table 11-1. 

cyclodienes. They are potent and long-lasting, 
having provided over thirty years of protection 
under adverse field conditions without failure. 
Debate has increased in recent years about the 
environmental and health safety of the chlorinated 
cyclodienes. ‘This is due, in part, to the very 
persistence that has made them so successful as 
termiticides. Chlordane and heptachlor were 
suspended in August, 1987 by the EPA. At the time 
of the suspension, about two-thirds of all U.S. home 
termite treatments iised these chemicals, which are 
suspected of exposing humans to higher cancer 
risks. 

safety of pesticides during its registration process. 
Detailed documentation of these investigations is 
available through the National Technical 
Information Service. Consumer-oriented 
information may be obtained from groups such as 
the National Coalition Against the Misuse of 
Pesticides (NCAMP). The National Pest Control 
Association represents the industry, and also 

Aldrin, chlordane, and heptachlor are chlorinated 

The EPA conducts lengthy investigations into the 

Table 11-1: Registered Termiticides and 
~ e ~ ~ ~ ~ ~ ~ ~ n ~ e ~  Concentrations 

Chemical Percent 
... 

Aldrin 0.5 
Chlordane 1.0 
Chlordane-I Ieptachlor 
Chlorpyrifos (DursbanB) 1.0 

0.5 c + 0.25 t r  

Heptachlor 0.5 
Perrnethrin (DiagnMB and 0.5 

Torpedo@) 
Isofenphos (“Oftanol”) 1.0 

publishes a variety of written and audio-visual 
information about termites and their coiltrol. 

In anticipation of these restrictions on some 
commonly used termiticides, several chemical 
companies have registered alternatives. The active 
ingredient in Torpedo@ and Dragnet@, for 
example, is a pyrethroid, a manmade substance 
based on the chemistry of pesticides produced 
naturally in certain plants. Pyrethroids are 
supposed to be less persistent in the environment, 
meaning that they are expected to have a shorter 
service life than the chlorinated cyclodienes 
[Hall 19861. Tests using pyrethroids show them to 
be performing well after several years in the Geld, so 
their service life has not yet been established. 

The purpose of soil treatment is to create a 
continuous barrier in the soil surrounding the 
foundation. The chemical must be applied 
thoroughly and uniformly to block all routes of 
termite entry. Special consideration must be given 
to joints, pipes, and utility conduits that pass 
through the wall and floor. 

The type of soil at the building site and its 
moisture content at the time of treatment affect the 
acceptance and penetration depth of the chemical, 
and therefore the rate of application. Soils best 
accept treatment when they are damp; however, 
excessively wet soils may not absorb the chemical 
easily, increasing the chance of run-off. Excessively 
dry and frozen soils may repel it, causing it to skip 
and form puddles. 

Mechanical disturbance breaks the continuity of 
the barrier and increases the possibility of termite 
penetration. The absorption of the chemical into the 
fill under slabs is usually no more than about 2 
inches, most of which is in the top 3/4 inch. The 
underslab chemical treatment should be the last 
operation before the concrete pour, and the treated 
subgrade should not be disturbed before or after the 
pour. The freshly treated slab foundation site 
should be protected with a polyethylene sheet or 
other waterproof material, unless the concrete will 
be poured on the same day as the soil treatment. 
This prevents rain from washing away unabsorbed 
pesticide, or the treated sail itself. ’Treatment of the 
outside of the foundation wall should be the last 
step in the site earthwork, after final grading. A 
typical job requires at least two separate treatments 
at different times during construction. Remedial 
and other treatments may be necessary, depending 
on the foundation material (masonry versus 
cast-in-place concrete), and any disturbance that 
may occur to previously treated areas. 

Termiticides are stable once they dry on the soil. 
They are insoluble in water (they are applied as an 
emulsion) and do not leach out. However, there is a 
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slight risk of contaminating wells and other water 

during periods of drought. Such soils should not be 

2. 
supplies if insecticides are applied to soils that 
contain layers of gravel or if the soils tend to crack 

3. 
treatedwith toxic chemicals. As noted in the 
previous section, concerns over these 
environmental effects have led to suspending some 
widely-used products from the marketplace. 

Slab-on-Grade and Basement Floor Slabs 
Slabs poured on the ground or on gravel fill 

should always be treated when there is any termite 
hazard on site. Most of the commonly used 
chemicals may be applied with either a power 
sprayer or a tank-type garden sprayer using low 
pressure to avoid misting. The general 
application rates are given below for the dilutions 
[Beal et al. 19861, in water (see Figure 11- 12). 

1. Use 1 gallon per 10 square feet of ground area 
as an overall treatment under slabs and 
attached slab porches, carports, garages, and 
terraces where the fill is soil or unwashed 
gravel. 

4. 

5. 

Use 2.5 gallons per 10 square feet of ground 
area where the fill is washed gravel, cinder, or 
other coarse absorbent material. 
Use 4 gallons per 10 lineal feet to the fill in 
critical areas under the slab, such as along 
foundation walls, both sides of interior 
partition walls, and around plumbing. 
Use 2 gallons per 10 lineal feet, applied to the 
voids of concrete masonry foundations (if 
applicable). If voids are inaccessible, drill holes 
near the footing and inject from the side. The 
purpose is to completely treat the top of the 
footing in situ 
After the slab has been poured, dig a trench 6 
to 8 inches wide along the outside of the 
foundation, including porches and patios. 
Where the top of the footing is more than 12 
inches deep, and where large volumes of 
chemical must be applied, make holes about 12 
inches apart in the bottom of the trench to the 
top of the footing using a crowbar or other 
metal rod (hole spacing may need to be closer 
in clay soils). Apply 4 gallons per 10 lineal feet 

GROUND LEVEL *\ 

TREATED SOIL 
1 GAL. PER 10 SO. FT. 

- 
I - 

- M&SONRY WALL 

TREATED SOIL 
((TRENCHED) 
4 GAL. PER 10 Ff. MINIMUM 

0 FT. MlNIMUM 

VOIDS TREATED ___ 
2 GAL. PER 10 L1N. FT. 

Figure 11-12: Application of Chemical to Slab-on-Grade Foundation 
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of trench for each foot of depth from grade to 
footing. Refill the trench and saturate the soil 
with chemical. Finally, place a thin layer of 
untreated soil on top of the treated backfill. 

Crawl Space Foundations 

foundations should be treated as follows, and as 
summarized in Figure 11-13 [Beal et al. 19863. 

The soil under and arou tid crawl space 

1. USC 4 gallons per 10 lineal feet of trench along 
the inside of all foundation walls, including 
porches and patios, and along all sides of 
interior supports and plumbing. 

outside of the foundation, including porches 
and patios. Where the top of the footing i s  
more than 12 inches below the trench, arid 
where large volumes of chemical must be 
applied, make holes about 12 inches apart in 

2. Dig a trench 6 to 8 inches wide along the 

TWE T 
QblTSliBE wa1 i 

/ 

the bottom of the trench to the top of the 
footing using a crowbar or other metal rod 
(hole spacing may need to be closer in clay 
soils). Apply 4 gallons per 10 lineal feet of 
trench for each foot of depth from grade to 
footing. Rcfill the trench and saturate the soil 
with chemical. Finally, place a thin layer of 
untreated soil on top of the treated fill. 

3. Use 1 gallon per 10 square feet of soil surface as 
an overall treatment only if attached concrete 
platforms and porches are on fill or ground. 

Basements 
Basement floor slabs should be treated in the 

same manner as slab-on-grade floors (Figure 11-12). 
Voids in masonry foundations should be treated at 
or near the footing with 2 gallons per 10 lineal feet of 
wall. The soil outside the basement wall is treated in 
the same manner as crawl space walls, as discussed 
in (3) above (see Figure 11-14). 

' I  

Figure 11-13: Application of Chemical to Crawl Space Foundation 
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FINISHED GRADE 

I TREATMENT OUTSIDE 
FOUNDATION WALL 

PIP E AND ROD 
HOLE FROM BASE 
OF TRENCH TO 
TOP OF FOOTING 
AIDS DISTR1BUllON 
OF THE CHEMICAL- 

Figure 

REINFORCED CONCRETE CAP 

MASONRY WALL 

TREATMENT UNDER 
CONCRETE SLAB 
IN BASEMENT 

POSiTION OF SLAB 
AFTER TREATMENT \ 

\ 
GRAVEL FILL 

11-14: Application of Chemical to Basement Foundation 
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TERMITE SHIELDS 

Metal termite shields are supposed to provide a 
continuous bartiel through the foundation wall so 
that termites are forced to build conspicuous shelter 
tubes around them. Since termites ran pass through 
openings as small as 1/22 inch, extraordindry care is 
required to make the shield impassable. I'hey must 
be soldered completely d t  all seams and at 
overlapping corners. Openings around anchor 
bolts, plumbing, electrical conduits, and other 
service lead-ins must be 5oldered. The shield is 
usually required to project 2 inches beyond the 
inside wall face and then turn down at an angle of 
45" and continue another 2 inches (see Figure 11-15). 
The exterior of the shield must extend beyond the 
joint in such a way that it forces termites out in the 
open but does not lead water iniu the joint. 

shields are fabricated properly, and even when they 
are, they are usually damaged or otherwise altered 

Experience has shown that very few termite 

during construction. They are not considered as 
adequate protection [Moore 19791, and are 
recommentled against as a substitute for either 
visual inspection or the use of termiticides 
[Real et al. 19861. 

TERMITES AN INSULATION 

Plastic foam and fiberglass insulation materials 
have no food value to termites, but they do provide 
protective cover and easy tunnelling. This has 
caused some termite treatment companies to 
remove their guarantees when foundation 
insulation is used that provides an undetectable 
path from the ground to the wood structure. 
Insulation installations can be detailed for ease of 
inspection, although often by sacrificing thermal 
efficiency (see Figure 11-15). In principle, termite 
shields offer protection through detailing, but 
should not be relied upon as a barrier. 

PRESSURE-TREATED / SILL PLATE AND 

.- I 
I l I \ / l d /  I 

\ I l'v 

AT 45" 

d 

WITH C8Ak TAR PITCH. 111111111 

Figure 11-15 Termite Shield Detail 
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These concerns over insulation and the 
unreliability of termite shields have led to the 
conclusion that soil treatment is the only effective 
technique to control termites with an insulated 
foundation. Unfortunately the recent restrictions on 
widely-used termiticides may make this option 
either unavailable or Cause the substitution of 
products that are more expensive and possibly less 
effective. This situation may stimulate development 
of construction techniques that enhance visual 
inspection and effectively provide barriers to 
termites. 
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Termites feed most actively on decaying wood. 
They also carry moisture to their feeding sites, so in 
addition to seeking out moist wood, they contribute 
to the decay process. Many sources can raise the 
moisture content of wood in foundation members 
above the critical fiber saturation poinf  (usually 28 to 
30 percent by weight) that supports growth of fungi. 
These sources include (1) direct contact with the 
soil, (2) capillary transfer of inoistiire through 
unprotected roncrete and masonry in contact with 
the soil (sill plates arid wall furring, for example), 
(3) rain splash onto exterior sheathing, with 
subsequent welting of backup members, 
(4) condensation of humid indoor air on wood 
surfaces, (5) water leakage through above-grade 
walls due to faulty detailing (including at termite 
shields), and (6) plumbing leaks. Leakage problems 
through the superstructure are beyond the scope of 
this manual, and condensation (Chapter bi), ground 
contact (Chapter 9), and drainage issues (Chapter 8) 
are discussed in detail elsewhere. 

DAMP BARRIER 

Capillary trmsfer of moisture from the subsoil 
into concrete and masonry walls and floors can be 
controlled with dampproofing and waterproofing 
membranes, and with non-capillaPy-conducting 
drainage materials (Chapter 8). In humid climates 
and on poorly drained sites, moisture may be 
absorbed by the aboveground portion of the 
foundation wall from rain and rain splash, and from 
standing surface water (due to poor drainage) 
adjacent to the foundation. 

wall by setting them on a through-wall flashing 
impervious to moisture. Foam sill sealers used for 
infiltration control serve the purpose under most 
conditions, as does a continuous metal termite 
shield. The capillary barrier i s  known as a darnp 
barrier os damp course. 

Wood sill plates can be protected from the damp 

RAIN SPLASH 

Rain splash has been reported to be the single 
most important cause of wood decay problems in 
houses in Louisiana [Cassens 19781, and it probably 
is elsewhere as well. Rain splash not only affects the 
outside sheathing but also sill and framing members 
in contact with it. Wood sheathing should be held a 
minimum of 6 inches above the ground, and the sill 
plate should be at least 8 inches above grade. The 
width of overhang, use of gutters, and ground 

Table 11-2: Amount of Protection Needed for 
Foundation and S ~ ~ S ~ K U C ~ U E  Items in 
Different Climate Zones 

item3 

- .................. ____ 
Flooring on 
concrete slab 

Foundation: 
pole, lumber, 
plywood in 
ground contact 
or separated 
from soil by a 
moisture-proof 
membrane 

Furring strips 
in basements4 

Joists, girders, 
or beams with 
ends embedded 
in concrete or 
masonry5 

Piers in crawl 
space5 

Posts set in 
ground (fence, 
etc., not a part 
of the building) 

_I_ 

~. ..... 

Sills or plates 
embedded in 
concrete slab 

Sills and plates 
on concrete slab 
or foundation 
wall 

MOW 
than 70 

D 

~. .............. 

A 

A 

A or D 

A 

A 

A 

A 

h a t e  Index' 

35 to 70 

D 

A 

A 
... 

A or D 

A 

A 

A 

C 

'Climate zones are s h w n  in Figute 11-16. 

2Needed protection is designated by: (A) maximum 
protection required, Le., pressure treatment or equiv- 
alent, (B) moderate protection required, i.e., non- 
pressure Lredtments, (C) all heartwood of species with 
high natural decay resistance; small arnouut of sap- 
wocd sometimes is acceptable, and (D) no treatment 
needed. 

31t is assumed that foundation and subsiructure de- 
signs will meet design recommendations. 
4B or C may be adequate in well moisture-proofed 
basements, but k is recommended. 
5D is permissible if all wood is at  least R inches (20 cm) 
above the soil. 

Source: Venal1 and Amburgey 

Less 
than 3! 

A 

AorC 
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vegetation cover are important factors, as is the 
slope of the surface. Use of pressure-treated lumber 
for the sill plate and band joist is helpful. 

TREATED LUMBER 

pressure-treated sill plate to guard against decay. If 
the sill plate is set on a damp barrier, elevated to 
avoid rain splash, and insulated on the outside, this 
should not be necessary (assuming there are no 
leaks). However, since termites do not attack 
treated wood, the practice may aid in termite 
inspection by forcing them to build around the sill 
plate in a conspicuous way. The impossibility of 

Many designers and builders use a 

sealing the gaps between ends of abutting sill plates 
prevents them from being true baniers, so treated 
sill plates are not in themselves sufficient 
protection. Use of a pressure-treated band joist may 
also aid in termite control by making entry into the 
end of floor joists more difficult. 

Crawl space and basement wood posts and 
columns must always be pressure-treated, as 
must all other wood members in contact with 
concrete floors and piers, including stair stringers. 
Use of pressure-treated lumber for joists and girders 
is rarely ever justified because of cost. 
Recommended levels of protection are given for 
different foundation applications in Table 11-2 
[Verrall and Amburgey], with reference to the 
climatic zones in Figure 11-16. The climatic zones in 

a 35TO70 

MORE THAN 70 

Figure 11-16: Relative Decay Hazard of Wood Exposed Above Grade 
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the map are based on a decay hazard index (DHI) 
derived from the following equation: 

30 

Where: 

T,,, 
Do o1 = mean number of days in the month with 0.01 

As indicated in Figure 11-16, dark areas, with an 
index of more than 70, are the wettest areas most 
conducive to decay. Lightest areas, with an index 
less than 35, are the driest and have a low decay 
hazard. Gray areas, with indexes of 35 to 70, are 
moderately wet and have moderate hazard. 

Maximum protection (A) is provided by pressure 
treating to a retention of 0.6 pcf of chiomated 
copper arsenate (CCA; usually type C for residential 
work) or ammoniacal copper arsenate (ACA, used 
primarily for Douglas fir). Moderate protection (€3) is 
offered by non-pressure short-soak and on-site 
treating methods, and by use of heartwood of wood 
specie with high natural resistance to decay (C). No 
treatment (D) is necessary for wood that is well 
protected by design, or exposed to very little 
hazard. Trea iment processes and requirements are 
discussed in detail in Preueiifion and Control of Decay 
in Homes [Verrall and Amburgey], which is highly 
recommended to architects and builders. Many 
wood preservatives are highly toxic and should be 
handled with great care. Information about wood 
pr~sewatives may be obtained from the 
Environmental Protection Agency, the National 
Coalition Against the Misuse of Pesticides, and 

= mean monthly temperature ( O F )  

inches or more of rain 

other groups. 
All wood used in the foundation should be dried 

to a moisture content of less than 20 percent. New 
lumber should be inspected for infection by fungi, 
and rejected for foundation use if present. 
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Appendix A: Checklists for Preparing Working Drawings 

You may use these checklists to identify issues in the 
design development phase and to review the 
completeness of construction drawings and 
specifications. There are four checklists: The first covers 
overall site and coordination issues, while the remaining 
three cover basement, crawl space, and slab-on-grade 
foundations, respectively. Start with Checklist 1, then go 
to Checklist 2,3, or 4. Note that not all measures are 
necessary under all conditions. 

CHECKLIST 1: GENERAL REQUIREMENTS 

We suggest that you use different symbols to 
distinguish items that have been satisfied in design ( J )  
from those that have been checked but do not apply (x). 
Leave unfinished items unchecked. 

__ Initials of checker 

Coordination of Drawings 
__ Include north arrow 
I_ Check titles and scale 
- Coordinate dimensions with structural drawings 
__ Coordinate dimensions with architectural 

- Coordinate section cuts and detail numbers 
drawings 

Foundation Items 
Indicate location and details of 

__ Fireplace foundations 
___ Basement stair bulkhead 
- Sidewalk vault 
- Elevator pit 
- Sump pits, floor drains 
__ Patio and porch foundations 

__ Raised pads for mechanical equipment, oil tanks, 

__ Garage apron and frost wall 
- Housdgarage connection (curb or step required 

__ Foundations for fire stairs, loading docks, ramps 
- Unexcavated areas and their grade elevations 

~ Pipe sleeves and other accommodations for 

__ Openings in wall and/or floor for mechanical and 

Areaways and retaining walls 

etc. 

by code) 

service leads 

electrical system pipes, conduits, ducts, chases, 
air intakes 

- Basement windows and window well retaining 
devices 

Sitework 

__ Define “finish subgrade” (grading contractor), 
’?base grade” (construction contractor), ”finish 
grade” (landscape contractor) 

swales, catch basins, toundation drain outfalls, 
bulkheads, curbs, driveways, property corners, 
changes in boundaries 
Specify grading tolerances 

foundation 

foundation level 

_I Call out elevations of finish grades, drainage 

__ Provide intercepting drains upgrade of 

__ Locate drywells and recharge pits below 

__ Specify precautions for stabilizing excavation 
- Delineate limits of excavation and note trees, 

roots, buried cables, pipes, sewers, etc., to be 
protected from damage 
Confirm elevdtion of water table 

__ Specify and dimension drainage systems 
_I Discharge roof drainage away froin foundation 
- Specify removal of stumps and grubbing debris 

__ Specify frost heave protection for winter 
from site 

construction 

Footings 
__ Posihon bottom of footing at least 6 inches below 

frost depth around perimeter (frost wall at 
garage, slabs supporting roofs, other elements 
attached to structure) 

I_ Confirm adequacy of footing sizes 
__ Include spec: do not fill the overexcavated footing 

- Install longitudinal reinforcing (two No. 4 or No. 

- Reinforce footing at spans over utility trenches 
__ Include spec: do not bear footings partially on rock 

__ Include spec: do not pour footings on frozen 

__ Indicate minimum concrete compressive strength 

trench 

5 bars 2 inches from top) 

(sand fill) 

ground 

after 28 days 
Call out elevations of tc p of footings and 
dimension elevation chinges in plan 

-_ Use keyway or steel do7 rels to anchor walls 
I_ Dimension stepped foo ings according to local 

codes and good practice (conform to masonry 
dimensions if applicable) 

a t  4 feet to 8 feet on-center) 
__ Provide weep holes (minimurn 2-inch diameter 

- Provide through-joint flashing as a capillary break 
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CHECKLIST 1: GENERAL REQUIREMENTS 
(CONTINUED) 

Decay and Termite Contrd Measures 
General considerations. Strategy: (1) Isolate wood 

members horn soil by an air space or impermeable barrier; 
(2) expose critical areas for inspection. Pressure-treated 
lumber is less susceptible to attack, but is no substitute for 
proper detailing. Termite shields are not reliable barriers. 

........ Pressure-treat wood posts, sill plates, rim joists, 
wood members in contact with foundation piers, 
walls, floors, etc. 

wood members 

and beams in pockets (flashing or sill seal gasket) 

in beam pockets 
Expose sill plates and rim joists for inspection 

exterior grade 

porches, stairs, decks, etc., above grade (6-inch 
minimum) on concrete piers 
Elevate wood siding, door sills, other finish 
wood members at least 6 inches above grade 
(rain splash protection) 

____ Separate raised porches and decks from the 
building by 2-inch horizontal clearance (for 
drainage and termite inspection) 

(minimum 1/4 in/ft) 

access to superstructure (structural slab over 
inspectable crawl space) 

insulated foundations 

- Pressure-treat all outdoor weather-exposed 

-.-....- Call out dampproof membrane under sill plate 

- Leave minimum Vr-inch air space around beams 

__ Elevate sill plate minimum 8 inches above 

.___.___ Elevate wood posts and framing supporting 

- Pitch porches, decks, patios for drainage 

____.____ Detail slab porch and patios to prevent termite 

- Treat soil with termiticide, especially with 

Radon Control Measures 

General considerations. Radon hazard is highest in 
schools and single-family houses. Check state and local 
health agencies for need of protection. Strategies: 
(1) barriers, (2) air management; (3)  provisions to simplify 
retrofit. Since radon is a gas, its rate of entry through the 
foundation depends on suction due to stack effect and 
superstructure air leakage. Barrier and retrofit-ready 
measures are listed in Checklists 2 through 4. 

____ Separate outdoor intakes for combustion devices 
- Specify air barrier wrap around superstructure 
- Seal around flues, chases, vent stacks, attic stairs 
- Specify polyethylene vapor retarder as floor 

underlayment between first floor and basement 
or crawl space 
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CHECKLIST 2: BASEMENTS 

Thermal and Vapor Controls 

the wall close to indoor temperature. This eliminates the 
need for vapor retarders and keeps rubber and 
asphalt-based moisture-proofing warm and pliable. 
Interior and integral insulations require a vapor retarder 
at the inside surface. Difficulty of vapor sealing at the rim 
joist generally favors exterior insulation. 

__ Verify that wall insulation R-value and depth 

_I Insulate ceiling in unheated basements 
__ Specify exterior insulation product suitable for 

- Specify protective coating for exterior insulation 
__ Specify polyethylene slip sheet between soil and 

General considerations. Exterior insulation maintains 

meet local codes 

in-ground use 

wall insulation 
Detail vapor retarder at inside face of internally 
and integrally insulated walls 

insulations 
__ Place a fire protective cover over combustible 

__ Specify infiltration sealing gasket under sill plate 
___ Seal air leakage penetrations through rim joists 
~ Detail air barrier outside rim joist 

Subdrainage 

the ground water level; (2) prevent ponds of rainwater 
and snow melt in the backfill. The underslab drainage 
layer (1) conveys rising groundwater laterally to collecting 
drain lines; (2) acts as a distribution and temporary 
storage pad for water that drains through the backfill and 
would otherwise form ponds at the bottom. 

- Use pipeless system with gravel pad and footing 
weep holes 

__ Position high end of footing drains below 
underside of floor slab 

I_ Note: outside footing placement is preferred for 
drainage; inside placement is less susceptible to 
failure 

General considerations. Footing drains (1) draw down 

~ Specify footing drain pitch 
__ Lay footing drain on compacted bedding 

- Set unperforated leaders to drain to outfall 
__ Ensure that transitions are smooth between 

___ Separate surface, roof, and foundation drain 

__ Call out gravel or crushed stone envelope around 

__ Locate clean-outs for flushing the system 
- Specify porous backfill or wall-mounted drainage 

__ Provide minimum 4-inch-thick gravel or stone 

(minimum 4 inches thick) 

pipes of different slopes 

systems 

drainpipe and wrap with a synthetic filter fabric 

product 

layer under slab 

Moisture-Proof ing 
General Considerations. Waterproofing is usually 

recommended for all below-grade living and work spaces. 
Dampproofing provides a cnpllary break and serves as a 
vapor retarder. Waterproof membranes (WPM) 
dampproof, but dampproofing does not waterproof. 

- Either dampproof or waterproof walls 
__ Place a polyethylene vapor retarder under floor 

slabs (optional sand layer between polyethylene 
and slab) 

__. Place a continuous WPM under slab for 
basements below groundwater (special detailing 
and reinforcement required for support) 

recommendations of WPM manufacturer 
_. Detail control and expansion joints according to 

__ Specify protection board for VVPM 

Backfilling and Compaction 
__ Specify minimum concrete strength or curing 

- Specify high early strength concrete if necessary 
__ Specify temporary wall support during 

- 
__ Specify compaction 
__ Cdp backfill with an impermeable cover 

prior to backfilling 

backfilling 
Specify condition of fill material 

Concrete Masonry Walls 
__ Specify mortar mixes and strengths 
II_ Size walls to resist height of fill, seismic loads, 

loads transmitted through soil from adjacent 
foundations 

__ Grout top courses of block to receive anchor bolts 
I_ Indicate special details for proprietary mdsonry 

--- Include masonry spec: surface quality suitable to 

__ Prepare exterior surface for application of 

systems 

WPM 

dampproofing or WPM (special preparation 
consisting of cement parging, priming) 

joint reinforcing 

areas 

____I For crack control, use bond beam or horizontal 

___ Use special measures for high termite hazard 

I_ Treat hollow cavities with tertniticide 

Special nieasures for high radon hazard areas 
(include crack control above): 

Seal top of hollow masonry walls with solid 
block, bond beam, or cap block 

- Parge exterior face of wall 
__ Install continuous moisture-proofing 
__Paint interior wall surface with epoxy or other 

high-quality water-resistant paint 
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CHECKLIST 2: BASEMENTS (CONTINUED) 

Floor Slab 
Indicate general concrete notes and specifications for: 

- Minimum compressive strength after 28 days 
~ Maximum waterlcement ratio. Note: add no 

water at site 
- Allowable slump 
~ Acceptable arid unacceptable admixtures 
~ Curing requirements (special hot, cold, dry 

conditions) 
~ Surface finish 

Shrinkage control: WWF reinforcement or 
control joints 
Isolation joints at wall perimeter arid column 
pads 

~ Vapor retarder under slab 
~ Sand layer over vapor retarder or insulation 

~ Compac&ion of fill under slab 

Special measures for high termite risk areas: 

- I’our monolithic slab (designed without control 

......... Reinforce slab 
- Specify removal of all grade stakes, spreader 

I_ Note: do not disturb treated soil prior to 

board 

joints) 

sticks, wood embedded in concrete during pour 

concreting 

Special measures for high radon risk areas: 

.- Pour monolithic slab (designed without control 

- Reinforce slab 
~ Specify removal of all grade stakes, spreader 

~ Form perimeter wall joint trough with pour-in 

__ Place vapor retarder under slab (with optional 

joints) 

sticks, wood embedded in concrete during your 

sealant 

sand layer) 
Caulk joints around pipes and conduits 

__ Detail sump pit with airtight cover 
- Vent sump pit to outside 
__ Do not use floor drains, or specify sealing ball 

- Lay minimum 4-inch-thick layer of coarse, clean 

__ Cast 4-inch-diameter PVC tubing standpipes 

~ Install interior footing drain with leader (for 

valve 

gravel under slab 

(capped) into slab 

suction system) 

Cast-in-Place Concrete Walls 

Indicate general concrete notes and specifications for: 

- Minimum compressive strength after 28 days 
__ Maximum waterlcement ratio. Note: add no 

water at site 
Allowable slump 

- Acceptable and unacceptable admixtures 
~ Form-release agents acceptable to WPM 

__ Curing requirements (special hot, cold, dry 
manufacturer 

conditions) 
Include spec for surface finish and preparation 
for WPbI 

at top of wall and/or control joints 
- For shrinkage control: use horizontal reinforcing 

Indicate wall engineering and accessories: 

~ Width of wall resists height of fill, seismic loads, 
loads transmitted through soil from adjacent 
foundations 

- Two-way reinforcing to resist cracking at exterior 
surface (for watertightness and termite 
resistance) 

- Anchor bolt requirements for sill plate 
Cast-in-place anchors for joist ends 

__ Beam pocket elevations, dimensions, details 
~ Top of wall elevations and changes in wall height 
- Details and elevations of crawl space retaining 

~ Brick shelf widths and elevations 
.- Reinforcing (with No. 5 bars) top and bottom of 

wall to resist settlement cracking (for high radon 
and termite risk areas) 

walls 
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CHECKLIST 3: CRAWL SPACES 

Overall 

viewed as a way of elevating the building above wet 
problem sites. Under adverse conditions, crawl spaces 
should be designed with the same drainage measures as 
basements (Checklist 2). All areas of the crawl space must 
be accessible for inspection of pipes, ducts, insulation, sill 
plates, rim joists, posts, etc. A crawl spice floor above 
exterior grade is preferred for positive drainage. 

General considerations. Crawl spaces should not be 

I_ Provide access into crawl space 
_I Provide clearance under floor structure and 

__ Call for trenches under girders and ducts to 

- Use 2-inch slurry slab (vermin control and 

- Locate footing frost depth with respect to intenor 

__ Consider optional floor drain 

ducts to provide access to entire perimeter 

allow passage 

ground cover protection) 

for well-vented recessed crawl spaces 

Decay and Termite Control Measures 

__ Locate and specify foundation vents 
__ Specify ground cover vapor retarder 
___ Elevate interior wood posts on concrete 

- Locate floor (area) and footing drains if crawl 
pedestals 

space floor is below exterior grade (see 
Subdrainage under Checklist 2) 

__ Locate through-wall weep holes from crawl 
space floor above exterior grade on down-slope 
side of crawl space cut in hillside 

Thermal and Vapor Controls 

insulated in the ceiling, and enclosed crawl spaces are 
insulated either inside or outside the wall. Ceiling 
insulation requires insulating ducts and plumbing. Wall 
insulations require special moisture control measures and 
may conceal termite infestations. Exterior insulation may 
reduce condensation hazard at rim joists. 

General considerations. Vented crawl spaces are 

___ Confirm that wall or ceiling insulation R-value 

__ Specify exterior insulation product suitable for 

__ Cover exterior insulation with a protective 

meets local codes 

in-ground use 

coating 

Structural Design 

fill should be designed as a basement (see Checklist 2). 
General considerations. Walls with high unbalanced 

Indicate wall engineering and accessories: 

-_ Wall sized to resist height of fill and seismic loads 
Anchor bolt requirements for sill plate (minimum 
code) 

.- Anchors for joist ends (typically 6-foot spacing) 
Beam pocket elevations, dimensions, details 

__Top of wall elevations and changes in wall height 
- Brick shelf widths and elevations 

Indicate concrete notes and specifications: 

-_ Minimum compressive strength after 28 days 
__ Maximum watericement ratio. Note: add no 

water at site 
Allowable slurnp 

__ Acceptable and unacceptable admixtures 
__ Curing requirements (special hot, cold, dry 

- Two-way reinforcing to resist cracking at exterior 

I No. 5 bars at top and bottom of wall to resist 

Concrete masonry walls: 

__ Special details for proprietary masonry systems 
__I_ Use either bond beam or joint reinforcing for 

I_ Use special measures for high termite hazard 

__ Treat hollow cavities with termiticide 

conditions) 

surface (for termite resistance) 

settlement cracking (for termite resistance) 

Specify mortar mixes and strengths 

crack control (for termite resistance) 

areas 
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CHECKLIST 4: SLAB-ON-GRADE 
FOUNDATIONS 

Overall 

planning for plumbing and electrical service. They 
generally minimize moisture and radon hazard but make 
detection of termite intrusions especially difficult 
Expansive soils require special measures. 

- Elevate slab above existing grade 

General considerations. Slab floors require advance 

Provide minimum 4-inch-thick aggregate 
drainage layer under slab 

. . __ Locate pliimbing to be cast in slab 
- Locate electrical service to be cast in slab 
- Locate gas scrvice to be cast in slab 

Thermal and Moisture Controls 

General considerations. Heat loss rate is greatest at 
the exposed slab edge or frost wall above grade, and at the 
floor perimeter. Continuity of insulation is difficult except 
for exterior placement. Horizontal exterior 
(under-flowerbed) insulation reduces frost penetration 
depth. Uniform insulation under the entire slab is 
inefficient in all climates. 

codes 
-- Confirin that insulation R-value meets local 

- Specify insulation product suitable for in-ground 

- Specify infiltration sealing gasket under sole 

- Place vapor retarder under slab 

use 

plate 

Special Measures for igh Termite Risk Areas 

_______. Use monolithic slab (design without control 
joints) 

- Reinforce slab 
Remove all grade stakes, spreader sticks, wood 
embedded in concrete during pour 

__ Note: do not disturb treated soil prior to 
concreting 

______-Avoid ducts in floor slab 
- Specify pressure-treated wall sole plates and 

sleepers 

Special Measures for High Radon Risk Areas 

Use monolithic slab (design without control 
joints) 

__ Reinforce slab 
__ Remove all grade stakes, spreader sticks, wood 

embedded in concrete during pour 
Form perimeter wall joint with trough, fill with 
pour-in sealant 

layer) 
~ Place vapor retarder under slab (optional sand 

- Note: caulk joints around pipes and conduits 
- Place minimum 4-inch-thick layer coarse, clean 

gravel under slab 

Structural 

- Avoid ledge-mpported slabs imless structurally 
reinforced 

- Place isolation joints at frost wall, columns, 
footings, fireplace foundations, mechanical 
equipment pads, steps, sidewalks, gdrage and 
carport slabs, drains 
Check that partition load does not exceed 500 plf 
on unrt4nforced slab 

depressed 

inch 

support WWF 

board 

I Call out depressed bottom of slab where top is 

- Reinforce slab at depressions greater than 1% 

- Specify wirc chairs or precast pedestals to 

- Place sand layer over vapor rptarder or insulation 

__- Specify compaction of fill under slab 

Indicate general concrete notes and specifications: 

_. Minimum compressive strength after 28 days 
- Maximum watericement ratio. Note: add 110 

water at site 
Allowable slump 

- Accpptable and unacceptable admixtures 
- Curing requirements (special hot, cold, dry 

- Dampening of subgrade prior to pour 
~ Surface finish 
I_ Shrinkage control. WWF reinforceinent or 

control joints 
__I Key or dowelling for construction joints 

conditions) 



Appendix B: Climate Data 

The following data from the National Oceanic and Atmospheric Administration (NOAA) represent thirty-year averages 
from 1951 to 1981. 

FREEZING HEATING COOLING COOLING ANNUAL 
DEGREE AVERAGE DEGREE DEGREE DEGREE 

DAYS DAYS DAYS DAYS TEMPERATURE 
STATION (BASE 65) (BASE 75) (BASE 65) (“F) __ 

1 

Alabama 

Birmingham 
Huntsville 
Mobile 
Montgomery 
Ozark 
Tuscaloosa 

Arizona 

Flagstaff 
Gila Bend 
Nogales 
Phoenix 
Prescott 
Tucson 
Winslow 
Yuma 

Arkansas 

El Dorado 
Fa yet teville 
Fort Smith 
Little Rock 
Pine Bluff 
Texarkana 

California 

Bakersfield 
Bishop 
Blue Canyon 
Burbank 
Death Valley 
El Centro 
Eureka 
Fresno 
Long Beach 
Los Angeles (city) 
Modesto 
Mt. Shasta 
Oakland 
Red Bluff 
Sacramento (airport) 

66 
125 
15 
32 
19 
54 

636 
0 
0 
0 

115 
0 

331 
0 

38 
198 
115 
74 

23 
’ 6 4  

0 
98 

258 
0 
0 
0 
0 
0 
0 
0 
0 

175 
0 
0 
0 

2863 
3279 
1695 
2277 
1928 
2675 

7254 
1301 
2911 
1442 
4949 
1734 
4839 
983 

2755 
3929 
3477 
3152 
2729 
2501 

2128 
4288 
5750 
1679 
1148 
1213 
4725 
2647 
1485 
1595 
2671 
5931 
2877 
2682 
2772 

540 
467 
829 
700 
670 
653 

0 
2102 
226 

1856 
42 

1143 
247 

2189 

659 
407 
666 
673 
763 
781 

884 
181 
43 

218 
3292 
1817 

0 
512 
120 
36 

237 
15 
0 

634 
198 

1881 
1768 
2463 
2274 
2293 
2102 

127 
4043 
1285 
3746 
606 

2840 
1187 
4244 

2109 
1518 
1969 
2045 
2272 
2314 

2347 
1045 
433 

7 292 
5467 
3717 

0 
1769 
1091 
728 

1287 
317 
174 

1931 
1198 

62.2 
60.6 
67.5 
64.9 
65.9 
63.4 

45.4 
72.4 
60.5 
71.2 
53.0 
68.0 
54.9 
73.9 

63.1 
58.3 
60.8 
61.9 
63.7 
64.4 

65.6 
56.0 
50.4 
63.9 
76.7 
71.8 
52.0 
62.5 
63.9 
62.6 
61.2 
49.6 
57.6 
62.9 
60.6 
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STATIQN 

FREEZING HEATING COOLING C 0 0 LING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS DAYS TEMPERA4TURE 
(BASE 65) (BASE 75) (BASE 65) ("F) 

California (continued) 

Sandberg 46 
San Diego 0 
San Francisco (city) 0 
§anta Maria 0 

Colorado 

Alamosa 
Boulder 
Colorado Springs 
Denver (airport) 
Grand Junction 
G ~ n t ~ i s o n  
Lamar 
Pucblo 

Connecticut 

Bridgeport 
Dan'oury 
Hartford 
Mount Carme1 
Norfolk 

1593 
351 
608 
514 
647 

2314 
492 
464 

401 
575 
612 
516 

1179 

Delaware 

Dover 217 
Newark 31 1 
Wilmington 351 

District of Columbia (D.C.) 

Washington (Dulles) 354 
W-ashington (National Airport) 19s 

Florida 

Apalachicola (city) 
Daytona Beach 
Fort Myers 
Gainesville 
Jacksonville 
Key West 
Lakeland 
Lake City 
Miami 
Miami Bench 
Orlando 
Pensacola 
Tallahassee 
Tampa 
West Palm Beach 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

12 
9 
0 
0 

4435 
1284 
3161 
1873 

8717 
5460 
6346 
6014 
5683 

10122 
5350 
5465 

5501 
6100 
6156 
5978 
780 1 

4356 
4906 
4986 

5004 
4122 

1408 
900 
441 

1069 
402 
114 
618 

1361 
199 
133 
656 

1571 
1652 
739 
262 

180 
45 
0 
0 

0 
121 
41 
83 

279 
0 

301 
231 

69 
22 
49 
29 
0 

189 
140 
157 

138 
299 

755 
768 

1158 
795 
675 

1720 
1072 
662 

1257 
1244 
1038 
848 
707 

1015 
1098 

922 
842 
115 
438 

69 
790 
501 
680 

1205 
18 

1242 
1042 

746 
521 
600 
547 
214 

1179 
1003 
1015 

970 
1430 

2603 
2878 
3699 
2856 
2520 
4756 
3461 
2536 
4095 
4150 
3401 
2680 
2492 
3324 
3769 

55.3 
63.8 
56.6 
61.1 

41.2 
52.1 
48.9 
50.3 
52.7 
37.2 
53.6 
52.8 

51.9 
49.6 
49.7 
50.0 
44.1 

56.2 
54.2 
54.0 

53.9 
57.5 

68.2 
70.3 
73.9 
69.8 
68.0 
77.7 
72.7 
68.2 
75.5 
76.0 
72.4 
68.0 
67.2 
72.0 
74.6 
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STATION 

Georgia 

Albany 
Athens 
Atlanta 
Augusta 
Brunswick 
Columbus 
Douglas 
Macon 
Rome 
Savannah 
Thomasville 

Idaho 

Boise 
Idaho Falls 
Kellogg 
Lewiston 
McCall 
Pocatello 

Illinois 

Aurora 
Cairo 
Chicago (OHare) 
Chicago (Midway) 
Moline 
Olney 
Peoria 
Rockford 
Springfield 
Urbana 

Indiana 
Evansville 
Fort Wayne 
Indianapolis 
Marion 
South Bend 
Terre Haute 

Iowa 

Des Moines 
Dubuque 
Fort Dodge 
Mason City 
Ottumwa 
Sioux City 
Waterloo 

FREEZING HEATING COOLING COOLING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS DAYS TEMPERATURE 
(BASE 65) (BASE 75) (BASE 65) (“F) 

34 
50 
69 
35 

7 
2s 
28 
26 
79 
14 
11 

444 
1386 
532 
308 

1198 
892 

415 
229 
942 
862 

1065 
495 
947 

1203 
756 
744 

321 
854 
688 
851 
854 
677 

1168 
1423 
1415 
17h0 
1046 
1358 
1565 

2062 
2965 
3021 
2568 
161 1 
2356 
2075 
2279 
3122 
1921 
1672 

5802 
7995 
6781 
5429 
8900 
7123 

6618 
3913 
6455 
6177 
6498 
4843 
6226 
6952 
5654 
5758 

4260 
6320 
5650 
h318 
6377 
5521 

6554 
7375 
71 75 
7881 
6339 
6947 
7537 

739 
408 
41 5 
533 
71 5 
617 
613 
698 
431 
636 
673 

142 
8 

25 
142 

0 
31 

88 
538 
90 

181 
153 
298 
173 
88 

259 
184 

443 
94 

163 
81 
89 

174 

210 
64 

126 
83 

200 
199 
91 

2396 
1600 
1670 
1935 
2487 
2152 
2223 
2217 
1601 
2290 
2430 

742 
288 

742 
74 

445 

318 

733 
1807 
740 
955 
899 

1239 
948 
714 

1165 
101 9 

1577 
786 
988 
734 
710 

1049 

1019 
580 
785 
61 9 

1028 
940 
667 

65.8 
61.4 
61.2 
63.2 
67.3 
64.4 
(25.3 
64.7 
60.8 
65.9 
67.0 

51.1 
43.8 
47.2 
52.1 
40.7 
46.6 

48.7 
59.1 
49.2 
50.6 
49.5 
55.2 
50.4 

52.6 
51.9 

47.8 

57.5 
49.7 
52.1 
49.6 
49.4 
52.6 

49.7 
46.3 
47.4 
44.9 
50.3 
48.4 
46.1 
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STATION 

FREEZING HEATING COQLING COOLING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS DAYS TEMPERATURE 
(BASE 65) (BASE 75) (RASE 55) (“F) 

Kansas 

Concordid 

Coodland 
Salina 
Toppka 
WakePney 
Wichita 

Ken tueky 

Dodge City 

Ashland 
Bowling Green 
Covington 
Lexington 
Louisville 
Somerset 

Louisiana 

Alexandria 
Baton Rouge 
Lake Charles 
Monroe 
New Orleans (airport) 
Shreve port 

Maine 

Augusta 
Bangor 
Caribou 
Portland 
Rumford 

Maryland 

Baltimore (airport) 
Baltimore (city) 
College Park 
Cumberland 
Rockville 
Salisbury 

h.9assiachusetts 

Bosta11 
Framingham 
Nantucket 

Stockhridge 
Worcester 

Springfield 

699 
474 
649 
550 
607 
596 
451 

444 
293 
526 
417 
360 
307 

23 
13 
9 

29 
9 

28 

1131 
1289 
2126 
988 

1431 

285 
166 
239 
391 
298 
165 

436 
656 
281 
590 
975 
848 

5615 
5059 
6099 
5187 
5319 
5580 
4787 

4900 
4309 
5243 
4814 
4525 
4435 

1961 
1693 
1579 
2404 
1490 
2269 

7598 
7947 
961 6 
7501 
8355 

4706 
4083 
4455 
5106 
4663 
4016 

5593 
6205 
5960 
5953 
7269 
6950 

413 
470 
204 
530 
400 
346 
578 

213 
345 
170 
218 
295 
166 

79s 
764 
814 
775 
816 
829 

25 
8 
7 
6 

10 

193 
391 
209 
115 
188 
186 

74 
48 
0 

69 
5 
9 

1340 
1479 
934 

1566 
1380 
1231 
1684 

1071 
1429 
1037 
1170 
1342 
1060 

2521 
2605 
2682 
2340 
2686 
2444 

353 
250 
147 
254 
248 

1138 
1545 
1203 
902 

1063 
1200 

699 
613 
284 
699 
274 
359 

53.2 
55.1 
50.7 
55.0 
54.1 
53.0 
56.4 

54.4 
57.0 
53.4 
54.9 
56.2 
55.7 

66.5 
67.5 
68.0 
64.7 
68.2 
65.4 

45.0 
43.8 
38.9 
45.0 
42.7 

55.1 
57.9 
56.0 
53.4 
55.0 
57.2 

51.5 
49.6 
49.4 
50.5 
45.7 
46.8 
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FREEZING 
DEGREE 

DAYS 
‘STATION 

HEATING COOLING COOLING ANNUAL 
DEGREE DEGREE DEGREE AVERAGE 

(BASE 65) (BASE 75) (BASE 65) (“F) 
DAYS DAYS DAYS TEMPERATURE 

Michigan 
Alpena 
Detroit (airport) 
Escanaba 
Flint 
Grand Rapids 
Iron Mountain 
Lansing 
Marquette (airport) 
Muskegon 
Sault Saint Marie 

Minnesota 

Bemidji 
Duluth 
International Falls 
MinneapolisISaint Paul 
Rochester 
Saint Cloud 

Mississippi 

Biloxi 
Greenville 
Hattiesburg 
Jackson 
Meridian 
Tupelo 
Vicksburg 

Missouri 

Columbia 
Jopfn 
Kansas City (airport) 
Kirksmlle 
Poplar Bluff 
Saint Joseph 
Saint Lou is (airport) 
Springfield 

Montana 

Billings 
Bozeman 
Butte 
Glasgow 
Great Falls 
Havre (airport) 
Helena 
KalispeU 

1414 
802 

1502 
1009 
965 

1782 
1009 
2043 
862 

1879 

2974 
2492 
3148 
1862 
1931 
2310 

6 
48 
25 
45 
44 
73 
27 

559 
320 
501 
813 
245 
696 
522 
373 

11 74 
1157 
1730 
2367 
1503 
2209 
1453 
985 

8410 
6563 
8547 
7068 
6927 
8692 
6987 
9520 
6925 
9305 

10203 
9901 

10604 
8007 
8277 
8965 

1498 
2635 
2027 
2389 
2479 
3088 
2201 

5206 
4321 
4812 
5848 
4101 
3 5 3  
4938 
4660 

7212 
7997 
9613 
$940 
7766 
8660 
8176 
771 1 

0 
51 
0 

26 
57 
7 

46 
0 

28 
0 

13 
0 
7 

98 
43 
29 

823 
728 
681 
712 
6 9  
62 1 
693 

326 
538 
539 
192 
427 
379 
430 
381 

82 
7 
0 

57 
39 
45 
20 
11 

180 
615 
183 
4% 
570 
236 
530 
148 
451 
131 

278 
150 
216 
662 
479 
397 

2652 
2246 
2338 
2290 
2158 
1961 
2306 

1269 
1628 
1681 
1030 
1577 
1347 
1468 
1374 

553 
241 
107 
465 
39 1 
420 
294 
2.34 

42.3 
48.6 
42.0 
46.8 
47.5 
41.7 
47.2 
39.2 
47.1 
39.7 

37.7 
38.2 
36.4 
44.7 
43.5 
41.4 

h8.1 
63.9 
65 8 
64.6 
64.0 
41.8 
h5.2 

.% 1 
57.5 
56.3 
51.7 
58 0 
53.6 
55.4 
55.9 

46 7 
43.7 
38.8 
41.6 
44.7 
42.3 
43.3 
44 4 
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STATION 

HEATING COOLING COOLING ANNUAL 
DECREE DEGREE DEGREE DEGREE AVERAGE 

FREEZING 

DAYS DAYS DAYS DAYS TEMPERATURE 
(BASE 65) (BASE 75) (BASE 65) (“F) 

Montana (continued) 

Lewiston 
Miles City 
Missoula 

Nebraska 

Grand Isle 
Hastings 
Lincoln (airport) 
Norfolk 
North Platte 
Omaha 
Scottsbluff 
Valentine 

Nevada 

Eiko 

Las Vegas 
Reno 
Tonopah 
Winnemucca 

New ~ a ~ ~ s h i ~ ~  

Bethlehem 
Concord 
Hanover 
Keene 
Nashua 

ElY 

New Jersey 

Atlantic City 
Flemington 
Glassboro 
Newark 
Newton 
Trenton 

New Mexico 

Alamogordo 
Albuquerque 
Clayton 
Clovis 
Gallup 
Hobbs 
Lordsburg 
Roswell 
Santa Rosa 

1592 
1773 
1054 

1025 
881 

1037 
1292 
1051 
1147 
842 

1328 

886 
941 

0 
307 
364 
479 

1593 
1111 
1244 
951 
881 

307 
520 
347 
333 
733 
315 

17 
135 
273 
103 
457 

15 
21 
38 
49 

8613 
789 1 
7839 

6482 
5097 
6375 
7005 
6909 
6592 
6702 
7362 

7248 
7700 
2532 
6030 
5753 
6409 

8585 
7482 
7649 
7035 
7081 

5086 
5783 
4976 
4979 
6504 
4950 

3059 
4414 
5158 
4076 
6161 
2881 
3253 
3126 
3721 

19 
193 

6 

260 
277 
291 
21 3 
152 

122 
149 

204 

38 
0 

1431 
21 
82 
53 

8 
20 
11 
18 
9 

105 
74 

122 
184 
25 

137 

495 
264 
109 
255 

12 
512 
524 
559 
251 

230 
776 
216 

1028 
1097 
1124 
935 
773 
964 
728 
76 1 

406 
192 

3029 
357 
676 
505 

202 
353 
355 
406 
351 

7Y2 
733 
971 

1091 
482 
983 

1756 
1254 
797 

1194 
416 

1838 
1744 
1863 
1283 

41.9 
45.4 
44.1 

49.9 
51.2 
50.5 
48.2 
48.1 
49.5 
48.5 
46.8 

46.2 
44.3 
66.3 
49.4 
51.0 
48.7 

41.9 
45.3 
44.9 
46.7 
46.4 

53.1 
51.0 
53.9 
54.2 
48.4 
54.0 

61.4 
56.2 
52.9 
57.0 
49.2 
62.1 
60.8 
61.4 
58.2 

31.4 



STATION 

FREEZING HEATING COOLING COOLING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS DAYS TEMPERATURE 
(BASE 65) (BASE 75) (BASE 65) (“F) 

New York 
Albany (airport) 
Binghamton (airport) 
Buffalo 
Elmira 
Glens Falls 
New York City 
Ogdensburg 
Rochester 
Syracuse 
West Point 

North Carolina 
Asheville 
Cape Hatteras 
Charlotte 
Fayetteville 
Greensboro 
Raleigh 
Wilmington 

North Dakota 
Bismarck 
Devils Lake 
Fargo 
Grand Forks (airport) 
Minot (airport) 
Pembina 
Williston 

Ohio 

Akron-Canton 
Cincinnati 
Cleveland 
Columbus (airport) 
Dayton 
Mans field 
Portsmouth 
Sandusky 
Toledo 
Youngston 

Oklahoma 
Ada 
Bartlesville 
Enid 
Lawton 
Oklahoma City 
Tulsa 

988 
1070 
851 
878 

1242 
298 

1479 
847 
897 
530 

183 
27 
74 
67 

130 
105 
25 

2416 
2921 
2650 
2924 
2549 
3264 
2512 

76 1 
456 
71 5 
628 
551 
798 
377 
71 1 
865 
837 

8.3 
2(x) 
207 
96 

172 
196 

6927 
7344 
6798 
6927 
7547 
4868 
7832 
6713 
6787 
5694 

4294 
2682 
3342 
3155 
3874 
3531 
2469 

YO75 
9885 
9343 
9881 
9415 

10335 
9241 

6241 
4950 
6178 
5686 
5255 
6249 
4702 
6016 
6570 
6560 

3124 
3842 
3764 
3237 
3735 
3731 

30 
6 

28 
22 
9 

194 
31 
41 
38 

1 06 

85 
297 
370 
395 
236 
263 
470 

64 
30 
51 
48 
54 
39 
52 

48 
209 
47 

115 
232 
50 

184 
99 
50 
23 

731 
624 
764 
796 
640 
756 

494 
330 
476 
411 
374 

1089 
409 
531 
506 
858 

842 
1556 
1546 
1657 
1303 
1394 
1704 

473 
385 
476 
418 
423 
381 
440 

625 
1159 
612 
862 

1198 
652 

1137 
82 1 
622 
485 

2103 
1886 
2075 
2216 
1914 
2043 

47.3 
45.7 
47.6 
47.0 
45.2 
54.5 
44.5 
47.9 
47.7 
51.6 

55.5 
61.9 
60.0 
60.8 
57.9 
59.0 
63.4 

41.3 
38.8 
40.5 
38.9 
40.2 
37.6 
40.8 

49.5 
54.5 
4Y.6 
51.7 
53.8 
49.5 
55.1 
50.6 
48.6 
48.3 

62.1 
59.5 
60.3 
62.1 
59.9 
00.3 

31.5 



FREEZING 
DEGREE 

DAYS 
STATION 

HEATING 

DAYS 
(BASE 65) 

COQLING COOLING 
DEGREE DEGREE 

DAYS DAYS 
(SASE 75) (BASE 65) 

ANNUAL 
AVERAGE 

TEMPERATURE 
(“F) 

Oregon 

Astoria 
Baker (airport) 
Bui-11~ 
Corvallis 
Eugene 
Medford 
Pendletan 
Portland (airport) 
Redrnond 
Roseburg 
Salem 

Pennsylvania 

Allen town 
Coatsville 
Erie 
Franklin 
Harrisburg 
Johnstown 
Philadelphia (airport) 
Pittsburgh (airport) 
ScrantonMlilkes-Barre 
West Chester 
Williarnsport 

Rhode Island 

Block Island 
Kingston 
Providence 

South Carolina 

Charleston (airport) 
Coliimbia 
Conway 
Florence (airport) 
Greenvil~eiSpartaiibui g 

South Ilakosta 

Aberdeen 
Euro11 
1,emmon 
l’nerre 
Rapid City 

Watertown 
Sioux Falls 

10 
772 
614 
36 
36 
56 

325 
48 

382 
12 
41 

540 
464 
821 
815 
462 
581 
347 
667 
699 
437 

’ 612 

335 
492 
500 

20 
47 
35 
52 
66 

21-88 
1919 
2026 
1625 
1194 
1770 
2227 

5248 
7286 
7024 
4987 
4799 
4798 
5263 
4591 
6741 
4448 
4974 

5815 
5630 
6768 
6555 
5335 
5768 
4947 
5950 
6330 
5370 
6047 

5755 
6121 
5908 

2247 
2629 
2490 
2561 
3239 

8570 
8103 
8672 
7571 
7301 
7885 
8822 

0 
9 

20 
6 
0 

88 
145 
18 
18 
21 
5 

80 
63 
15 
19 

172 
61 

177 
50 
38 

140 
56 

5 
16 
40 

554 
601 
533 
557 
334 

88 
155 
60 

21 1 
140 
152 
68 

14 
227 
350 
202 
261 
645 
726 
332 
240 
375 
238 

75 1 
739 
402 
473 

1006 
728 

1075 
645 
569 
895 
659 

383 
382 
574 

2093 
2033 
1952 
1998 
1501 

589 
738 
469 
853 
667 
749 
513 

50.6 
45.6 
46.6 
51.8 
52.5 
53.6 
52.5 
53.0 
47.1 
53.8 
52.0 

51.0 
51.5 
47.5 
48.2 
53.0 
51.1 
54.3 
50.3 
49.1 
52.6 
50.1 

50.2 
49.2 
50.3 

64.8 
63.3 
63.4 
63.4 
60.1 

43.0 
44.7 
42.4 
46.4 
46.7 
45.3 
42.1 
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STATION 

Tennessee 
Bristol 
Chattanooga 
Kingsport 
Knoxville 
Memphis (airport) 
Nashville 
Oak Ridge 

Texas 

Abilene 
Amarillo 
Austin 
Brownsville 
Corpus Christi 
Dallas/Fort Worth 
El Paso 
Galveston (airport) 
Houston (airport) 
Lubbock 
Midland 
Port Arthur 
San Angelo 
San Antonio 
Victoria 
Wac0 
Wich~ta Falls 

Utah 
Logan 
Milford 
Salt Lake City 
Salina 
Wendover 

Vermont 
Burlington 
Montpelier 
Rutland 
Saint Jolmsbury 

Virginia 

Charlottesville 
Frrdericksburg 
Lynchburg 
Norfolk 
Richmond 
Roanoke 

FREEZING HEATING COOLING COOLING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS WAYS TEMPERATURE 
(BASE 65) (BASE 75) (BASE 65) (“PI 

273 
128 
183 
150 
97 

194 
196 

32 
190 
10 
0 
0 

36 
7 
0 
7 

77 
20 
8 

16 
0 
0 

18 
59 

822 
702 
463 
608 
462 

1491 
1616 
1038 
1417 

194 
236 
208 
96 

160 
227 

4356 
3583 
3920 
3658 
3207 
3756 
4006 

2621 
4231 
1760 
609 
970 

2407 
2664 
1253 
1549 
3516 
2658 
1477 
2313 
1606 
1273 
2126 
3011 

6751 
6451 
5802 
6230 
5793 

7953 
8527 
7155 
7881 

4189 
4360 
4323 
3446 
3960 
4315 

159 
41 7 
162 
325 
684 
464 
263 

935 
377 

1076 
1349 
1348 
113Y 
672 
975 
896 
461 
681 
945 
979 

1103 
1145 
1147 
1042 

54 
76 

210 
52 

331 

26 
7 

16 
16 

208 
210 
157 
326 
275 
176 

1066 
1578 
1164 
1449 
2067 
1661 
1294 

2467 
1428 
2914 
3772 
3574 
2809 
2096 
2967 
2761 
1676 
2126 
2861 
2596 
2983 
3184 
2891 
2506 

593 
676 
981 
482 

1192 

379 
224 
377 
343 

1220 
1203 
107’4 
1458 
1336 
1085 

55.9 
59.4 
57.3 
58.9 
61.8 
59.2 
57.5 

64.5 
57.2 
68.1 
73.6 
72.1 
66.0 
63.4 
69.6 
68.3 
59.9 
63.5 
68.7 
65.7 
68.7 
70.1 
67.0 
63.5 

48.0 
49.1 
51.7 
49.5 
52.3 

44.1 
42.1 
46.3 
44.2 

56.8 
56.2 
56.0 
59.5 
57.7 
56.1 
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STATlON 

FREEZING HEATING COOLING COOLING ANNUAL 
DEGREE DEGREE DEGREE DEGREE AVERAGE 

DAYS DAYS DAYS DAYS TEMPEKATURE 
(SASE 65) (RASE 75) (BASE 65) ("F) 

Washington 

Bellingham 
Centralia 
Olympia 
SeattlefI'acnma 
Spokane 
Walla-Walla (airport) 
Yakima 

West Virginia 

Charleston 
Elkins 
Huntington 
Parkersburg (airport) 
Wheeling 

Wisconsin 

Eau Claire 
Green Day 
La Crosse 
Madison 
Milwaukee 
Oshkosh 
Wausau 

Wyoming 

Casper 
Cheyenne 
Gillette 
Jackson 
Lander 

97 
37 
51 
39 

667 
293 
475 

337 
626 
381 
469 
506 

2000 
1644 
1560 
1543 
1169 
1473 
1916 

785 
832 

1208 
1826 
1354 

5724 
5081 
5709 
5121 
6882 
5049 
6031 

4697 
6045 
4676 
5170 
5450 

8463 
8143 
7540 
7642 
7326 
7692 
8565 

6907 
7310 
7754 
9822 
7905 

Rock Springs (airport) 1324 8356 
Sheridan 1331 7841 

0 
0 
0 
0 
a0 

189 
55 

149 
0 

209 
140 
101 

43 
21 
97 
35 
37 
42 
20 

65 
11 
74 
0 

39 

62 
172 
94 

184 
41 1 
843 
484 

1007 
378 

1121 
964 
840 

472 
381 
683 
447 
470 
523 
371 

521 
309 
478 

8 
436 

49.5 
51.5 
49.6 
51.4 
47.2 
53.4 
49.7 

54.8 
49.4 
55.2 
53.5 
52.2 

43.0 
43.6 
46.1 
45.2 
46.1 
45.2 
42.4 

47.4 
45.7 
45.0 
38.0 
44.4 

0 237 42.6 
50 419 44.6 
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Appendix C: Professional and Trade Associations 

American Concrete Institute (ACI) 
P.O. Box 19150, Redford Station 
Detroit, Michigan 48219-9979 

American Lumber Standards Committee (ALSC) 
P.O. Box 210 
Germantown, Maryland 20874 

American National Standards Institute (ANSI) 
1430 Broadway 
New York, New York 10018 

American Plywood Association (APA) 
P.O. Box 11700 
Tacoma, Washington 98411 

American Society for Testing and Materials (ASTM) 
1916 Race Street 
Philadelphia, Pennsylvania 19103 

American Society of Civil Engineers (ASCE) 
345 East 47th Street 
New York, New York 10017-2398 

American Society of Heating, Refrigerating, and 

1791 'Tukkie Circle N.E. 
Atlanta, Georgia 30329 

American Wood Preservers Bureau (AWPB) 
P.O. Box 6085 
Arlington, Virginia 22206 

Basic Building Code, Building Officials and Code 

17926 South Halsted Street 
Homewood, Illinois 604330 

Building Research Advisory Board (BRAB) 
National Research Council 
National Academy of Sciences 
201 Constitution Avenue 
Washington, D.C. 20418 

Canada Mortgage and Housing Corporation (CMHC) 
Montreal Road 
Ottawa, Ontario KIA OM 

Canadian Home Builders' Association (CHBA) 
20 Toronto Street 
'Toronto, Ontario M5C 2B8 

Fomerly Housing and Urban Development Association 

3131532-2640 

2061565-6600 

212/705-7275 

Air-conditioning Engineers (ASHRAE) 

4041636-8400 

Administrators (BOCA) International, Inc. 

6131728-6884 

4161364-4135 

of Canada (HUDAC). 

Construction Specifications Institute (CSI) 
601 Madison Street 
Alexandria, Virginia 22314-1791 
7031684-0300 (orders) 

Division of Building Research, National Research 

See Institute for Research in Construction. 
Council Canada (DBIUNRCC) 

Energy, Mines and Resources Canada 
Energy Conservation and Oil Substitution Branch 
580 Booth Street 
Ottawa, Ontario KlA OE4 

Housing and Urban Development Association of Canada 

See Canadian Home Builders' Association (CEIBA). 

Institute for Research in Construction 
National Research Council of Canada (IRUNRCC) 
Ottawa, Ontario K1A OR6 

Formerly Division of Building Research. 

International Conference of Building Officials 
5360 South Workman Road 
Whittier, California 90610 

Masonry institute of America 
2550 Beverly Blvd. 
Los Angeles, California 90057 

National Association of Home Builders (NAHB) 
15th and M Streets 
Washington, D.C 20005 

National Academy of Sciences 
See Building Research Advisory Board (BRAB). 

National Climatic Center (NCC) 
Environmental Data Service 
Federal Building 
Asheville, North Carolina 28801 

National Concrete Masonry Association (NCMA) 
P.O. Box 781 
2303 Horse Pen Road 
Herndon, Virginia 22070 

National Forest Products Associa !ion (NFoPA) 
1619 Massachusetts Avenue, N.V . 
Washington, D.C. 20036 

National Pest Control Association (NPCA) 
NPCA Resource Center 
8100 Oak Street 
Dunn toring, Virginia 22027 

(H WAC).  

613/993-2463 

8001368-5242 

7041259-0682 

7031435-4900 

7031573-8330 
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National Ready Mixpld Concrete Association (NRMCA) 
900 Spring Street 
Silver Spring, Maryland 20910 

National Research Council 
See Building Research Advisory Board (BRAB). 

National Roofing Contractors Association (NWCA) 
1515 N. I Iarlem Road 
Oak Park, Illinois 60302 

National Technical Information Service (NTPS) 
5285 Port Royal Road 
Springfield, Virginia 22161 
7031487-4600 

Fortlatad Cement Association IPCA) 
5420 Old Orchard Road 
Skokie, Illinois 60077 

Small Homes CounciYlsuilding Research Council 

University of Illinois at Urbana-Champaign 
1 East St. Mary’s Road 
Champaign, Illinois 61820 

Standard Building Code, Southern Building Code 
Congress International 

900 Montclair Road 
Birmingham, Alabama 35213 

Underground Space Center 
University of Minnesota 
790 Civil and Mineral Engineering Building 
500 Pillsbury Drive S.E. 
Minneapolis, Minnesota 55455 

U.S. Department of Housing and Urban 

451 7th Street S. W. 
Washington, D.C. 20410 

3011587-1400 

3121383-95 13 

3121966 -6200 

(SHC/BRC) 

21 71333-1 801 

6121624-0066 

(HUP)) 

U.S. Environmental Protection Agency (EPA) 
Office of Radiation Programs (ANR-460) 
401 M Street, S.W. 
Washington, D.C. 20460 
7031557-9710 

Regional Offices (see map of federal regjons). 

Region 1: J.F. Kennedy Federal Building 
Boston, Massachusetts 02203 

Region 2: 26 Federal Plaza 
New York, New York 10278 
21 21264-44418 
Region 3: 6th and Walnut StrPets 
Philadelphia, Pennsylvania 19106 

Region 4: 345 Courtland Street, N.E. 
Atlanta, Georgia 30365 

Region 5: 230 South Dearborn Street 
Chicago, Illinois 60604 

Region 4:  1200 Elm Street, Suite 2800 
Dallas, Texas 75270 

Region 7: 726 Minnesota Avenue 
Kansas City, Missouri 66101 

Region 8: 1860 Lincoln Street 
Denver, Colorado 80295 

Region 9: 215 Fremont Street 
San Francisco, California 94105 
41519744378 
Region 10: 1200 Sixth Avenue 
Seattle, Washington 98101 

6171223 -4845 

2 151597-9800 

4041347-3776 

3121353-2654 

2141767-5319 

913J236-2893 

3031293-1 700 

2061442-7660 

U.S. Government Printing Office 
Superintendent of Documents 
Washington, D.C. 20402 
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Appendix D: Construction Documents Practice Guide 

This section is a working summary of practice and 
detail options for reference during preparation of working 
drawings and specifications. Only practices applicable to 
conventional house construction are covered here. A 
number of coded items are listed and left blank; these 
generally do not apply to houses, but may under special 
site and program circumstances. They are provided here 
as a suggestion of issues that may require consideration. 

'The text is organized by subtopic in the industry 
standard 16 Division format, and corresponds to both the 
CSI MASTERFORMATspecification system and Sweet's 
Catalog File "Data Filing Format." While much 
specification level information is given, it is not presented 
in specification language, nor is it intended to serve in lieu 
of a properly prepared set of specifications. 

Nofe: Local codes that are more restrictive than the 
practices recommended here always take precedence 

DIVISION 1: GENERAL 
REQUIREMENTS 

OOOOM Defined Terms 
Basement wall: Any foundation wall that retains earth 
and contains an occupied space (i.e., with a finish floor 
below the elevation of extenor grade). 
Construction joint: The plane where interrupted pours 
of concrete join but do not bond cementitiously. 
Contraction joint: Same as control joint. 
Control joint: A weakened plane that divides wall or 
fltmr masses into separate panels to relieve shrinkage at 
the joint, rather than as random cracking throughout 
the mass. 
Drainage aggregate: Coarse mineral aggregate 
predominantly retained on a No. 4 sieve ( 3 h  inch), and 
completely retained on a No. 10 sieve (never more than 
3 to 5 percent passing the No. 200 sieve). 
Expansion joint: A separation between adjoining 
members that accommodates closing due to expansion 
within them (usually due to thermal conditions). 
Finish grade (construction contractor). 
Finish grade (landscape contractor). 
Finish subgrade (grading contmctor). 
Isolation joint: A separation between adjoining 
members to allow independent movement (usually due 
to volume change or differential settlement). 
Rough grading: Earth work done prior to building 
construction. 
Select material: Sand, gravel, crushed stone, blast 
furnace slag, crushed shell, crushed coral. 
Unbalanced fill. Height of soil retained, fmm grade to 
bottom wall support (top of footing or slab). 

01019 Contract Considerations 
Establish limits of responsibility for unforseen on-site 
conditions. 

01041 Project Coordination 

01042 Mechanical and Electrical Coordination 
Determine need in advance of construction for pipe 
sleeves and accommodations for service and other 
penetrations through wall and protective membranes, 
including termite soil treatments. 

01045 Cutting and Patching 
* Clarify responsibilities of contractors who work through 

waterproofing and vapor and air retarder membranes to 
repair or bear cost of repairing damage they cause to 
them. 

01051 Field Engineering 
Locate underground utilities, sewers, and other 
services. 

01090 Reference Standards 

01200 Project Meetings 
Waterproofing: Discuss responsibilities of and 
coordination between architect, construction manager, 
general contractor, waterproofing contractor, 
waterproofing manufacturer, and other contractors who 
may perform work on or through the membrane (see 
text). 
Special coordination may be required regarding timing 
of installation of WPM and backfilling. 
Special coordination and cooperatior, may be required 
between Pest Control Operator (tor soil treatment) and 
backfill contractor, general contractot, and other trades 
that may perform work on the site after treatment and 
prior to concreting. 

01330 Survey Data 

01380 Construction Photos 
Keep record of dates arid progress during and following 
critical operations such as excavation, erecting of forms, 
stripping forms and curing, application of WPM, 
installation of drainage system, backlilling, soil 
treatments. 
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01410 Testing Laboratory Services 

01420 Inspection Sewices 

81440 Contractor’s Quality Control 

02810 Subsurface Investigation 
Locate high groundwater level on site. 
Locate depth to rock within proximity to foundation. 
Collect soil samples for laboratory testing of bearing 
capacity if there is any question of adequacy. 

82110 Site Clearing 
Stumps, root trees, grubbing debris, and all refuse must 
be removed from (not buried on) site. 

02160 Excavation Support 

02211 Rough Grading 

02218 Landscape Grading 
Grade surface to drain at  minimum 5 percent slope away 
from structure over minimum 10-foot perimeter (at least 
6 inches overall). 
Design swales to intercept surface water flowing toward 
the foundation on sloping sites. Locate swale beyond 
extend of cxcavation and backfill. 
Finish grade must be held at least 6 inches below finish 
shea thing. 
Finish grade must not cover weep holes in masonry 
veneer. 
Specify acceptable limits of uniformity for grading and 
requirements for planing and rolling. Tolerances may be 
tested with straightedge at right angles and 
perpendicular to reference lines (degree of smoothness 
provided by bladegrader is usually acceptable, with 
some shovelling and raking touch-up). 

02222 Excavation 
Establish responsibilities for stabilizing excavation. 
Establish responsibilities for erecting barriers to public. 
Require covering of excavated soil in storage for backfill 
to prevent excessive drying, if feasible. 
Establish need and responsibilities for protecting 
excavation from freezing duiing winter construction. 
Delineate limits of excavation and trees, roots, buried 
utilities and services to be protected. 

- Excavation should be no wider or deeper than 
necessary, with sides as straight as possible (typically 2 
feet outside of wall at base). 
In good cohesive or clay soils, soil may be excavated to 
top of footing elevation with mechanical equipment, 
and to footing base grade by hand, or with specialized 
equipment; noncohesive or sandy soils may be 
excavated to footing base grade with mechanical 
equipment. 
Excavated grades should bc finished off smooth, true to 
grade and outline; final clearing of foundation area 
should be done immediately prior to placing of concrete. 
In the event of overexcavation of the footing subgrade, 
the footing must be brought to design elevation with 
extra concrete, not with soil fill under the fvoting. 
Footings must not bear partially on soil and partially on 
rock. If rock is encounterPd in excavating the footing 
trench, remove it to at least 18 inches below the base of 
the footing and replace with sand fill. 

02223 Backfilling 
Require inspection of installed drainage system, filter 
fabrics, WPM protection board, slip sheets, insulation, 
etc., in situ before backfilling. 
Wall must not be backfilled until concrete has been 
cured to specification, or reached specified strength. 
Lateral bracing of wall is required if (1) basement slab or 
(2) floor deck is not in place prior to backfilling. 
Slopes bounding or within area to be backfilled should 
be benched, cut, or serrated to develop bond with the 
backfill and to minimize slippage. 
Backfill material and excavation area must be free from 
clumps, frozen clods, large stones, lumps of clay, wood 
and grubbing debris, and other refuse. 

optinium moisture content for compaction. 

shallow layers of not more than 8 inches (4 to 6 inches 
desirable); large self-propelled compactors should not 
be operated closer than 4 feet to wall without 
engineering consideration. 
When backfill is interrupted by heavy rain, fill 
operations should not be resumed until moisture 
content and density of previously-placed backfill meet 
specified. moisture conditions for backfill. 
Drainpipes should be backfilled with drainage aggregate 
to mid-pipe level and compacted to secure alignment. 
Tamping instrument face should not exceed 25 square 
inches (foot tamping is adequate if uniform). Drainage 
aggregate should be placed and compacted to at least 6 
inches above the top of the pipe and protected with a 
fabric filter before backfilling with native soil. 

Backfill soil should be wetted if necessary to obtain 

Backfill should be laid and tamped or vibrated in 

02225 Trenching 
Dig trenches from lowest elevation and work upgrade. 

02240 Soil Stabilization 

322 



02275 Geotextiles 
* Geotextiles are produced in a variety of strengths and 

materials for different purposes, including roadbed 
stabilization, surface water erosion control (silt fences), 
and subdrainage applications. Subdrainage is the least 
demanding of most of these applications, and the 
lightest weight fabrics are usually suitable for house 
construction. 

* All coarse gravel and crushed stone used as drainage 
aggregates surrounding drainpipes should be protected 
from the surrounding soil with a filter fabric wrap or 
cover. 

02280 Termite Control (Chemical Soil 
Treatment) 

Soil treatments must be applied by a qualified applicator 
using chemicals and procedures approved by the U.S. 
Environmental Protection Agency. 

* Treated soils are fragile ”membranes” and are easily 
damaged if disturbed, due to shallow penetration of 
chemicals. 
Subslab treatment must be the last operation before 
pouring slab. 
Backfill (wall soil) treatment is the last step in site 
earthwork after final grading. 

0 Basements require at least two separate treatments by 
the applicator. Hollow CMU walls require chemical 
treatment of block cells after wall is in place. 

02710 Subdrainage 
Locate intercepting and curtain drains upgrade of the 
foundation beyond the excavation and backfill (see 
Chapter 8). 
If native soil does not drain freely, specify d porous 
backfill or a manufactured wall drainage mat. 
A variety of conduit types are suitable for footing drains 
(see text for advantages and disadvantages regarding 
filter requirements, susceptibility to settling, installation 
requirements of each). 
Four-inch pipe is adequate for most house construction. 
Pipes are laid with holes down on a minimum 4-inch 
compacted bedding of select material; surround pipe 
with a minimum &inch thickness of drainage aggregate 
on both sides, and extend above indoor floor level. 
Drainage aggregate must have self-filtering properties 
or be wrapped at backfill side and top with fabric filter 
(ASTM C 33 concrete sand has sufficient self-filtering 
properties against many native soils; see text). Coarse 
uniform gravel and crushed stone always require a filter 
fabric. 

below the underside of the slab. 

dead level lines can work if they do not settle or heave 
and if the perimeter is no longer than 200 feet. 

The top of the pipe at its highest elevation must be 

* ‘The pipe should be pitched at least 1 inch in 20 feet; 

0 The pipe should be laid in two branches, splitting at the 
low corner and running around the perimeter to again 
join at the high corner. 

* Pipes may be laid on either side of the footing: (1) If 
placed under the floor slab, weep holes (minimum 
2-inch effective diameter; may be cast-in-place with 
pipes or as 2-by-4 knock-outs wrapped in polyethylene) 
must be provided through the footing at 6 feet 
on-center; (2) If placed in the backfill, weep holes are 
necessary only when a gravel layer is installed under the 
slab for groundwater control and when no pipes or 
sump are provided under the slab. 
The drainage system must discharge by gravity via an 
unperforated leader to an outlet below the collection 
level. 
Locate sumps several feet away from the footing to 
prevent weakening of the soil bearing zone. 
Sump minimum dimensions are 30 inches deep and 
either 24 inches diameter or 20 inches square. May be 
precast concrete pipe or terra cotta flue liner. Surround 
sump on all sides and bottom with 5 to 6 inches drainage 
aggregate. 

* In areas of high radon hazard, sumps must be sealed 
with an airtight lid and vented to the outdoors. 

* On sites with known water levels above the basement 
floor, the underslab aggregnte layer should be 
engineered to the proper thickness and permeability 
(see text). 

DIVISION 3: CONCRETE 

03001 Concrete, General 
* Footings and floor slabs must not be cast on frozen 

* Establish responsibilities for protecting concrete from 

Establish responsibilities and acceptable methods for 

ground. 

freezing during winter construction. 

protecting from freezing of soil under and behind cast 
walls and slabs (may include heating and/or insulation). 
Footing concrete mix: 2500 psi desirable, 2000 psi 
acceptable strength after twenty-eight days; S- to 7-inch 
slump. 

acceptable strength after twenty-eight days; 5- to 7-inch 
slump. 

acceptable strength after twenty-eight days; 3- to 5-inch 
slump. 
Floor slab concrete fine aggregate: ASTM C 33 and C 330 
specifications are acceptable; the following gradings are 
preferred when economical: 

Wall concrete mix. 3000 psi desirable, 2500 psi 

Floor slab concrete mix: 3500 psi desirable, 2500 psi 

Sieve Designation 

9.5 mm 3/8 inch 
4.75mm No.4 
2.36mm No.8 
1.18mm No. 16 
600pm No. 30 
300pm No.50 
150pm No. 100 

Percent Passing 

100 
95 to 100 
80 to 90 
50 to 75 
30 to 50 
10 to 20 
2 to 5 
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When fine aggregates contain minimum perceniages of 
rnateridl passing the No. 50 and No. 100 sieves, the 
likelihood of excessive bleeding is increased and 
limitations on maximum slump become more 
important. 

All admixtures must be approved by waterproofing 

High early strength admixture (accelerator) may be 
manufacturer. 

beneficial for construction scheduling. Calcium chloride 
should conform to ASTM D 98 and must not exceed 2 
percent by weight of cement (has no significant 
corrosive effect on reinforcing at this concentration, 
provided that cement is of high quality). CaCI, must be 
added in solution as part of mixing water. 
Calcium chloride in acceptable concentrations does not 
significantly reduce the freezing temperature of 
concrete. 
"Waterproofing" admixtures are not recommended; do 
riot use unless the active components are labeled by the 
manufacturer and there is published evidence of their 
waterproofing effectiveness and lack of deleterious 
effect on concrete strength and workability. 
Water-reducing agents (plasticizers) of the 
lignosulphonate, hydroxy carboxylic acid, or 
hydroxylated polymer type are generally recommended; 
a 5 percent reduction in water content- with 5-inch slump 
reduces shrinkage cracking and still improves 
workability. 

improve watertightness, and are generally 
recommer-ided. 

Air-entraining agents reduce watericement ratio and 

03100 Formwork 
Use of formwork for casting footings is preferred to 

Polyethylene-lined forms are recommended where 

Form release agents should not be permitted unless 

casting against soil in trench. 

surface quality is important to application of the WPM. 

approved by the WPM manufacturer. 

Reinforcement 
Footings: 
* Provide longitudinal reinforcement at spans over pipe 

and utility trenches and near underfloor sumps and 
other weak bearing areas. Two No. 5 bars 3 inches from 
bottom of footing. 
Optional longitudinal reinforcement, recommended for 
crack control in basement walls, especially for masonry 
and in areas of high radon and termite hazard: Two No. 
4 or No. 5 bars placcd 2 inches down from top and at 
least 3 inches in from sides of footing. 

Walls: 
Reinforcing i s  required in seismic zones 2, 3, and 4 for 
walls retaining 4 feet or more of unbalanced fill. The 
following recommendations are for 8-inch walls 
retaining soils with an equivalent fluid weight not 
greater than 30 pcf: 

Unbalanced Wall Horizontal Vertical 
Fill Heieht Imwth' Reinforcement Reinforcement 

<4 ft. unlimited not required not required 
4ft. 8 ft. 2 N0.3 No. 3 at Win. O.C. 
<8 f:. 8 to 10 ft. 2 No. 3 No. 3 at 18-in. O.C. 
<8 ft. 10 to 12 f t .  2 No. 3 No. 3 at 18-in. O.C.  

' Length of wall between supporting concrete walls. 
Mote: Depths greater than 8 feet and soils with equivalent fluid 
weights exceeding 30 pcf require engineering design. 

Reinforcing should be located at least 1 inch, and not 
more than 2 inches from each face of walls greater than 8 
inches thick; in 8.-inch walls, reinforcing should be 
placed along center line. 
Reinforcing is required at (a) joints between separately 
cast concrete elements and (b) around openings. For 
concrete porches and other appurtenances to be poured 
after the foundation wall, provide a support ledge or 
corbel and No. 4 bar dowels on maximum 24-inch 
centers across the joint. 

continuous (lapped ends) at 2 inches below top of wall 
or continuous under basement window openings; run 
through control joints and overlap 4 feet where 
under-window and top of wall bars meet. 

Type I Floor Slabs (03220 Welded Wire Fabric): 
Reinforcing is not required on firm ground where (1) no 

Optional crack control reinforcement: Two No. 4 bars 

soil volume change is expected, and (2) contraction 
joints are an acreptahle means of shrinkage crack 
control. Unreinforced slabs are commonly designated 
"Type I" slabs. 
Depressions (to accommodate changes in floor 
materials) greater than 1% inches in otherwise 
unreinforced. slabs require thickening and 
reinforcement: minimum 6x6-1.4Wx1.4W extending at 
least 25 inches beyond perimeter of depression; install 2 
inches below surface. Maintain normal slab thickness 
under depression, and maintain lowered base for 
minimum 24 inches (thickened slab) beyond perimeter 
of depression. 
Openings through Type T slabs: provide 6x6-W1.4xW1.4 
extending 25 inches beyond all openings greater than 12 
inches (sumps, e.g.). 

'Type T I  Floor Slabs (03220 Welded Wire Fabric): 
Slabs on firm ground where little change in soil volume 
is expected can be reinforced to resist shrinkage 
cracking, and to produce a monolithic slab by 
eliminating control joints. Lightly reinforced slabs are 
commonly designated "Type II" slabs. Jointless 
construction is desirable in regions of high termite and 
radon hazard. Reinforcing requirements depend on 
spacing of control joints: 
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Maximum 
Slab Dimension Wire Fabric Bar Reinforcing 

65 ft. 6x6-W2.1xW2.1 #3 @ 18  E.W. 
45 ft. 6x6-W1.4xW1.4 #3 C! 18”E.W. 

75 ft. 6~6-W2.9~W2.9 #3 @ 18” E.W. 

Monolithic siabs should generally be reinforced with 

Reinforcing should be placed 1.5 to 2 inches below the 
slab surface, supported on chairs or precast concrete 
blocks; or concrete may be placed 1.5 to 2 inches low of 
finish level, the WWF laid on it, and the top 2 inches cast 
immediately. Laying WWF on ground and pulling up 
during the pour is not acceptable. 
Reinforcing should eytend to about 2 inches from the 
slab edge, but not farther than 6 inches; WWF should be 
lapped minimum 8 inches. 
Openings through Type 11 slabs: Provide an additional 
layer of 6x6-W2.9xW2.9 reinforcing extending 25 inches 
beyond all openings greater than 12 inches (sumps, 
e.g.). 

6x6- W2.9~  W 2.9. 

03251 Isolation and Control Joints 
Wall control joints: 
* Location of control joints for walls: (1) within 10 feet of 

comers, or one-half the normal spacing; (2) 20-foot 
spacing desirable, 30-foot acceptable; locate at each side 
of window openings and doorways. 

0 Form joints with opposing grooves on each side at 1/8 

thickness of wall, using beveled strip (for typical house 
basement, groove should be 1 to 1.25 inches deep, 112 

inch wide at bottom, 3/4 inch wide at wall surface). 
* Optional shrinkage reinforcement runs through joint. 

Floor control joints: 
0 Control joints are required for all unreinforced (Type I) 

slabs. As a general rule, maximum 15-foot spacing is 
desirable, while 25-foot spacing is acceptable. 

* Irregularly shaped slabs (“T” and ‘L“ plans) should be 
divided into squares or rectangles with maximum 
25-foot dimensions; the long side of rectangular floor 
panels should not be more than 1.5 times the short side. 
Control joints should be one-fourth to one-third the slab 
ttuckness, and may be tooled or saw-cut, or formed 
from the bottom with cast-in-place strips of 
non-cellulosic material. Sawed joints should be cut as 
soon as the concrete is hard enough not to be torn by the 
blade, but before random cracks can fomi (generally 
between four and twelve hours after casting). 

Isolation joints: 
Isolation joints are required wherever different elements 
with unrelated loading conditions (that may cause 
differential movement) meet. Typical requirements are 
at: (1) wall/floor, (2) column pedestal/slab, (3 )  fireplace 
foundatiodslab, (4) fireplace foundationlfoundation 
wall, (5) foundation waWoutside stair bulkhead, (6) floor 
drairdfloor slab, [7) top of footinglfloor slab. 

Isolation joints may be formed with a variety of 
bond-breaking materials, and must be wide enough to 
prevent contact between concreto members through the 
membrane. Prefabricated bihminous fiber and foam 
joint fillers (including insulation boards) are preferred; 
some joint fillers are available with a removable top strip 
that forms a sealant trough for use with slab Boors. 

03260 Cast-in-Place Anchors 
Anchor bolts: Embed Vz-inch-diameter anchor bolts 
minimum 7 inches at maximum 6-foot spacing and 
within 12 inches of corners of walls. 

lieu of a formed keyway in the footing. 
9 Optional: steel dowels may be provided as drift pins in 

03265 Waterstops 
* Cast-in-place rubber and plastic waterstops are not 

recommended for house basements. 

03295 Tool-Driven Concrete Fasteners 

03300 Cast-in-Place Concrete (Design) 
Tolerances: 

Footings: Horizontal dimensions of + 2 inches or -112 

inch (board-formed), + 3 inches or 4 2  inch (unformed). 
* Variation from plumb in lines and surfaces of walls, 

columns, piers, and contraction joint grooves: (1) in any 
bay or 20-foot maxlmum length, ~?r Vz inch; (2) in 
conspicuous length in excess of 20 feet, +-3/4 inch. 

- 114 inch. 

dimension in plan and related position of walls or 
columns: (1) in any bay, k 112 inch, (2) in any 20 feet, 
+ 112 inch; (3) maximum for structure: 2 1 inch. 
Variation in size and location of wall openings: (1) size 
of openings, t V 4  inch; (2) location of openings: 
t 112 inch. 
Inspection: See ACI 311, “Recomrnended Practice for 
Concrete inspection.” 

Variation in thickness of walls and columns, +3/a inch, 

* Variation in length of building lines from basic 

Footings: 
* Plain concrete footings are adequate for most houses on 

soils of average bearing capacity ( 2 W  psf). 
Unreinforced concrete footings may be sized by rule of 
thumb: (1) the height of the footing should be the 
thickness of the wall it supports, and it should be twice 
as wide as, and centered under, the wall; (2) the sides of 
the footing must not extend more than two-thirds of the 
footing height beyond the wall plane. 
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When the load imposed by footings sized by the above 
criteria Pxieeds the allowable bearing capacity of the 
soil, the footing must be widened and (transversely) 
reinforced; this requires engineering design by a PE. 
Keyway should be formed with a beveled 2-by-4. 
Optional: Longitudinal reinforcing may be added to 
improve tensile strength and reduce cracking in 
foundations walls (see 03200). 
Stepped footings: Footing must be continuous and 
formed to maintain true vertical and horizontal surfaces 
at the wall side; the thickness of the footing as it riscs 
must not be less than 6 inches, and the soil side of the 
rise may slope so that the footing thickens as it rises. 

float-finished. 
Top of footings should be struck off level and 

Walls: 
Reinforcement is not required in seismic zones 0 and 1 
for (a) 6-inch walk retaining no more than 4 feet 
unbalanced fill; (b) &inch walls retaining no more than 
7 feet unbalanced fill. 
Otherwise unreinforced walls may be reinforced at the 
top of the wall for crack control (see 03200). 

Floor slabs: 

. 

Floor slabs may be Type I, unreinforced, or Type 11, 
lightly reinforced. Both are 4 inches thick and suitable 
for firm soils. Expansive soils require special design. 
Type I slabs require control joints to accommodate 
shrinkage at predetermined locations. Joints should be 
shown in the drawings (see 032.51). 
Type I1 slabs require reinforcement but no control joints 
for areas with a maximum dimension of 75 feet (see 
03200). 
Jointless Type I1 slabs should be used in areas of high 
radon and termite hazard, and with thinset tile and 
other inflexible floor finishes. 
Interior partition loads in excess of 500 plf on Type I 
slabs must be carried on a separate foundation wall and 
footing. 
Interior partition loads in excess of 500 plf on Type I1 
slabs should be carried on a separate foundation wall 
and footing; less desirable alternative: add a second 
layer of reinforcement under the full length of the 
partition extending 25 inches on either side. 
Slab depressions (to accommodate changes in floor 
material) require lowering of the slab to maintain 
thickness; the thickened slab should extend at least 21 
inches beyond the change. 
The perimeter of openings through the slab more than 
12 inches wide should be reinforced (see 03200). 
Optional sand layer: When a polyethylene vapor 
retarder is installed under the slab, a 2- to 3-inch layer of 
damp sand may be installed above it to improve curing 
conditions and to reduce shrinkage cracking. 
Outdoor slabs should be pitched minimum 114 inch per 
foot to drain. 

03346 Floor Finishing 
Surface tolerances may be specified as: “Ilepressions in 
floors between high spots shall not be greater than 

blank with a dimension corresponding to the class of 
finish tolerance: 

Tolerance class 

inch below a 10-foot long straightedge.” Fill the 

Max. Depression . . .. . . .. .. Between . . ... . . ._. High Spots 
AA lis in. 
AX 3/16 in. 
RX 5/16 in. 
cx 1/2 in. 

Class BX i s  usually suitable for house floors, and CX for outdoor parking 
areas, provided the latter are adequately sloped to drain. See AC1 
SCMM3, Conetructior~ of Slabs-on-Grade, for discussion of tolerance 
measurement specifications. 

nical Concrete Finishes 

03370 Concrete Curing 
General: 

Temperature of concrete during pour must be greater 

Fresh concrete must be protected from freezing until it 
than 55°F. 

has gained a strength of at least 500 psi (usually after 48 
hoirrs) . 

cumulative hours (seven days) when air temperature is 
above 50”F, or 120 cumulative hours (five days) at 
temperatures above 70°F. Curing time may be reduced 
to 96 cumulative hours (four days) above 50°F with high 
early strength concrete (Type 111 cement). 
Cold weather curing may require insulation or heating; 
see ACI ”Recommended Practice for Cold Weather 
Concreting” (ACI 306, ACJ Journal, vol. 75, no. 5, May 

Concrete should be cured for a minimum of 165 

1978, py. 161-183). 

Slabs: 
Start curing as soon as finishing is complete and curing 
membrane or agent can be applied without surface 
damage. 
Slab should be kept continuously moist overnight after 
pouring for best results. 
Acceptable curing methods include: (a) ponding or 
continuous sprinkling (mat or fabric recommended); 
(b) absorptive mat or fabric continuously wetted 
(usually burlap; dirty fabric may discolor surface); 
(c) loose dill continuously wetted (minimum 1 inch to 
2 inches of sand, soil, sawdust, straw; may stain 
surface); (d) curing compound conforming to 
ASTM C 309, “Liquid Membrane-Forming Compou-nd 
for Curing Concrete” (leaves adhered film that may 
interfere with bonding of flooring adhesives, joint 
sealants, waterproofing, dampproofing, and 
subsequent concrete toppings); (e) waterproof paper 
conforming to ASTM C 171, “Waterproof Paper for 
Curing Concrete” or minimum 4-mil polyethylene film; 
lap seams minimum 6 inches and weight with planks or 
sand, or seal with tape, mastic, or glue (may mottle OF 
discolor surface). 
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Walls: 
Initial curing: Leave forms in place as long as possible 
(minimum of twelve cumulative hours of temperature 
above 50°F); with wood wall forms in hot weather, 
loosen forms and run soaker hose at top of wall to bathe 
sides with water. 

DIVISION 4: MASONRY 

04001 Design Information 
Hollow CMU walls may be either plain or reinforced 
vertically through the cores. Plain masonry is adequate 
for unbalanced depths shown below, in seismic zones 0 
and 1, with average stable, well-drained soils (values in 
parentheses are for especially favorable soil conditions). 

Nominal Max. height of unbalanced 
CMU fill by superstructure 

Wood frame Masonry veneer Masonry 
8" 4' (6') 4 5' (6') 5' (7') 
lo" 5' (7') 5 5' (7') 6' (7') 
12" 7' 7' 7' 

?dote Unfavorable soils (high slit and clay content, poorly drained) reduce 
these urnemforced heights and may requm special engmeenng 

Unreinforced CMU walls should not retain more than 4 

Pilasters help stiffen the wall and are recommended 
feet unbalanced fill in seismic zones 2 and 3. 

under uncertain soil condibons. Rule-of-thumb design: 
(a) pilaster projection at the interior should be greater 
than 1/12 height of wall, and (b) pilaster width should be 
greater than '/in spacing between pilasters. 
Where girders bear on hollow CMU, at least two cores 
should be filled to a depth of 6 inches in the top course 
below the end of the girder. 
Stacked bonding is not well suited to foundations 
(requires special horizontal reinforcing). 
Top course should be solid cap blocks, bond beam, or 
filled cores (see special requirements for reinforced 
cast-in-place cap for termite barrier). 

04100 Mortar and Parging 
See also 03600 Grout. 
ASTM C 270, 'Types M or S, are suitable for foundations, 
with the following proportions by volume generally 
recommended: 1 part Portland cement, 112 part hydrated 
lime, 4 to 4.5 parts sand. 
Where the lime hydrate is not a high calcium type, it 

Mortar should have a water retention of not less than 70 
& should be ASTM C 207, Type S. 

percent when mixed to an initial flow of 100 to 115 
(ASTM C 270). 
Mortar must be used within 2.5 hours of mixing; mortar 
that has stiffened due to evaporation within this period 
may be retempered to restore its workability, as long as 
it has not begun to set. 

Calcium chloride admixtures must not be used in mortar 
or grout in which reinforcing, metal ties, or anchors are 
embedded. When acceptable, calcium chloride may be 
added to accelerate setting and hardening of mortar in 
cold weather, in an amount not to exceed 1 percent by 
weight of Portland cement, and must be added in 
solution as part of the mLving water. 
Parging may be required as a moisture retarder or as a 
surface preparation for moisture-proofing (exterior) or 
radon barrier (interior) membranes. Prepare according 
to specifications of membrane manufacturer. 

dampproofing, parge with two I/?-inch coats of either 
Portland cement-sand plaster (1:3.5 by volume) or Type 
M mortar (described above). The first coat should be 
roughened when set, hardened for 24 hours, and 
moistened before the second coat is applied. Trowel 
finish and moist cure for 48 hours. 

As a preparation for brush-on bituminous 

04150 Masonry Reinforcing and Accessories 
Vertical reinforcing: 
* Vertical reinforcing is required for depths greater than 

those listed in 04001 above, for soils of higher than 
normal lateral pressure, for unstable soils, and under 
seismic conditions; it requires engineering design. 

* Reinforced construction requires (a) proper position of 
steel, (b) complete filling of cavities containing 
reinforcement, (c) complete embedment and bond of 
reinforcement in grout or corefill. 
Two-core CMU have larger cells and are easier to 
reinforce and fill than three-core units. They also 
provide greater continuity in the corefill column, and 
allow higher pour heights (wall height), as indicated for 
three typical block types below: 

CMU size 
Pour Height by CMLJ Number of 

Cells and End Tvue 
(Nominal) 3Iconcave 2/concave 2/plain 

Grout corefill 
8" g-6" 7-6" 8'-6" 

10" g-0" 9'.0" 10'4" 
12" 10'-0" 10' -0" 10'4' 

Pea gravel concrete corefill 
8" y-0" 5'4" g-6" 

lo" 6'-0" 6'-Y1 7'4" 
12" 7-0" 7-6" 9'-0" 

0 Coarse sand grout is recommended as corefill when the 
clear horizontal dimension of vertical cells is less than 4 
inches: by volume, 1 part Portland cement and 2.5 to 3 
parts fine aggregate (fineness modulus 2.5 to 3.5), with 
sufficient water to produce a mix scutable for pouring 
without segregation. 

honzontal dimension within cells exceeds 4 inches in 
either dimension: by volume, 1 part Portland cement, 
2.5 parts fine aggregate, 2 parts pea gravel (No. 2 and 
No. 8 aggregates, ASmf C 404). 

* Pea gravel concrete is recommended when the 
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Corefill should have a maximum slump of about 8 to 10 
inches and should be rodded or vibrated as placed, with 
lift heights not exceeding 4 feet. If time between lift 
pours will exceed 1 hour, pour should be stopped at 
minimum 1.5 inches below a mortar joint. 

Ilorizontal reinforcement: 
Bond beams and joint reinforcement are used primarily 
to control cracks and to preserve (rather than increase) 
the strength of walls in the horizontal span; they do not 
appreciably strengthen the wall over the vertical span. 
Horizontal reinforcement is generally desirable in areas 
of high radon and termite hazard, and to minimize 
crack-related stressing of waterproofing membranes. 

A continuous bond bean is recommended as the top 
course of foundation walls carrying masonry and 
masonry veneer walls. 
Bond beams used for crack control should be continuous 
around the foundation at the highest course, It may 
substitute for lintels over window and door openings. 

specially shaped CMU, and should contain two No. 4 
bars (minimum) in 8-inch walls, and two No. 5 bars 
(minimum) in 10-inch and 12-inch walls. 
Joint reinforcing may be used instead of bond beams. 
Locate in three consecutive joints as high as possible 
and extend continuously around foundation (usually 
below window openings). Diameter of wire in 31s-inch 
joints should not exceed 6 gage. 

* In areas of high termite hazard, the top course should be 
carefully reinforced to create a crack-free termite barrier. 
See options in Chapter 11. 

Bond beams may be formed with boards or with 

Joints: 
Mortar joints for foundation walls should be Vis inch. 
Control joints are unnecessary and should generally be 
avoided in foundation walls less than 100 feet long. 
Where above-grade masonry walls have control joints, 
these should be stopped at the foundation wall; the top 
course of the foundation wall should be a bond beam. 
Expansion joints are not recommended, and should be 
provided only as necessary to align with required 
expansion joints in the superstructure. 

Anchor bolts: 
Provide %-inch anchor bolts at maximum 6--foot spacing 
and within 12 inches of corners and walls; embed at 
least 15 inches deep through two courses, grouted solid. 
See also 06050 Framing Anchors. 

04220 Comcrete Unit Masonry 
Hollow CMU should conform to ASTM C 90, grade N 
(minimum 1000 psi average value). 

04240 Clay Tile Unit Masonry 
Sump pit may be formed with 20-inch square flue liner, 
30 inches deep. Surround with at least 5-inch layer of 
drainage aggregate at sides and underneath. Keep 
several feet away from footing. 

DIVISION 6: WOOD AND PLASTICS 

06058 Framing A I I C ~ Q ~ S  
For CMU walls parallel to floor joists: provide I1/a in. x 
3/16 in. steel plates with bent end embedded in either 
horizontal or vertical mortar joints and grouted solid in 
core; nail through plate to bottom of at least three joists 
nearest to the wall. (plates in vertical joints must be 
twisted 90 degrees). 

06105 Treated Wood Foundations 
Wood foundations should be designed according to 
current recommendations of the National Forest 
Products Association. 

$36112 Framing and Sheathing 
Sill plate should be elevated minimum 8 inches above 
exterior grade. 
Sheathing, door sills, and other finish wood should be 
elevated minimum 6 inches above exterior grade. 
Wood posts supporting porches, stairs, decks, etc., 
should be elevated minimum 6 inches above ground on 
concrete piers and bear on steel shoes above piers. 
Sill plates and other wood members should be separated 
from direct contact with foundation walls and floors 
with a dampproof membrane (foam sill gasket suffices). 
Provide minimum 112-inch air space aroiind beams in 
beam pockets. 

06125 Wood Decking 

Treated wood should be used for all members (1) in 
direct contact with the soil, (2) abutting or bearing on 
masonry and concrete foundation walls and floors, and 
(3) exposed to outdoor weather. 
Lumber should be pressure-treated to a retention of 0.6 
pcf chromated copper arsenate (CCA) or ammoniacal 
copper arsenate (ACA), and should bear the mark of a 
qualified testing agency. 

DIVISION 7: THERMAE AND 
ISTURE PROTECTION 

09081 Design Infornabion 

07110 Sheet Membrane Waterproofing 
See manufacturer's specifications for acceptable wall 
materials, quality of finish, surface preparations, and 
weather and other limitations on application. 
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07150 Dampproofing 
Acceptable dampproofing materials include brush-on 
bitumens, 6-mil polyethylene film, extruded 
polystyrene insulation board, all waterproofing 
membranes, and other products that have been tested 
and shown to prevent the absorption of below grade 
moisture. 
See 04100 for masonry parging. 

07192 Vapor Retarders 
Basement walls: Provide vapor retarder on warm side of 
internally insulated walls (typically &mil polyethylene). 

Crawl spaces: 
* Provide minimum 6-mil polyethylene ground cover over 

entire area of earth floor; lap edges 6 to 8 inches. 
If crawl space floor i s  below exterior grade and no 
footing drains are provided, extend ground cover up 
perimeter walls above exterior grade level. 
Do not ballast ground cover with sand or gravel; if a 
slurry slab is poured over the ground cover for vermin 
control, consider a floor drain when below exterior 
grade. 

less than that of the floor finish, and generally not 
greater than 0.3 perm, measured by the wet cup method 
(ASTM E 96). 

Under floor slabs: Permeance of vapor retarder must be 

07196 Air Infiltration Barriers 
Sill plate seals: Compressible foam gaskets are preferred 
over foam-in-place sealants after fastening of the sill 
plate. 

07200 Insulation 
For in-ground use: Generally only extruded polystyrene 
and glass fiber drainage mats are advisable for direct 
ground contact in damp soils; expanded polystyrene 
may be acceptable in dry soils, and if adequately 
protected from direct soil contact. Foil-faced insulations 
are not suitable for soil contact 
Optional: Six-mil poiyethylene may be desirable as a slip 
sheet over exterior insulation boards. 

07248 Insulation Fastening Accessories 

07600 Termite Shields 
9 Termite shields are nearly impossible to install perfectly 

and to maintain undamaged during construction. They 
are not considered adequate protection, and are not 
generally recommended. 

07631 Gutters and Downspouts 
Provide gutters and downspouts; locate on plan a 
discharge point well away from perimeter and at an 
elevation below basement floor level if possible. 

* Do not discharge into drywells in the vicinity of 
foundation. 

07900 Joint Sealers 
Wall control joints: Fill grooved control joints in walls 
with backer rod and bond breaker, caulk with 
chemically curing thermosetting joint sealant 
(polysulfide, polysulfideicoal tar, polyurethane, 
polyurethanekoal tar, silicone), and cover with draindge 
mat before backfilling. 

isolation joints with a sealant trough and install bond 
breaker and joint sealer as listed above (joint filler tvlth 
removable cap strip aids in forming). 

. Isolation joints: in areas of high radon hazard, form 

DIVISION 8: DOORS AND WINDOWS 

08305 Access Doors 
Provide access into crawl space. 

DIVISION 10: SPECIALTIES 

10230 Metal Foundation Vents 
Vented crawl spaces with ground cover require a 
minimum free (net) area of '/I500 of the crawl space floor 
area; the gross area of louvered screen vents may have 
to be two to three times the required free area (check 
manufacturer's specs). 

* Locate at least one vent on each wall, within 3 feet of 
corners, and as high as possible (but not in rim joist). 

DIVISION 15: MECHANICAL 

15250 Mechanical Insulation 
* Pipes, ducts, and equipment in unheated crawl spaces 

and basements require insulation for efficient operation. 
Insulation levels depend on climate, air leakage, and 
thermal insulation of foundation and floor elements. 

15400 Plumbing 
Crawl spaces with floors below exterior grade should be 
provided with floor area drains. 

9 Floor drains in basements in areas of high radon hazard 
should discharge to outdoors, or be fitted with a water 
tray or ball valve if discharging to dry wells. Floor drains 
should not discharge into sumps used for radon gas 
collection. 
Submersible pumps are recommended for use in sumps 
that are vented for radon control (venting increases air 
movement and accelerates corrosion). 
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Index 

A 

Adjacent footings, 178,179 
Air freezing index, 127-31 
Air management 

See Radon 
Anchor bolts, 39,6l, 75, 158, 190,191 
Angle of internal friction, 263, 165 
Angle of repose, 163,165 
Asphaltic waterproofjng, 245-48 

Backfill, 39, 133,142, 160,170-75,220-22 

Basement insulation 
See also Frost heave; Soil 

energy cost savings due to, 17, 18,20,21, 23, 24, 114, 

exterior vs. interior placement, 17, 26-33,37, 134, 

installation costs, 17, 18, 20, 21, 23,24 
loadsienergy use, 99-1 05 
optimal configurations, 17-25 

construction details, 26-36, 132, 134,239 
subdrainage and waterproofing measures for, 39,40, 

summary of recommended design practices, 37-41 
termite control measures, 41,290,291,2Y4,295 

115 

141-33 

Basements 

237,263 

Bearing capaaty, soil, 158-62, 177 
kcquerel, 267 
Bentonite waterproofing, 253-55, 264 
Bituminous membrane waterproofing, 235-47’263 
Bond beam, 39,61,75,157 

C 

Calcium chloride, 260 
Cap beam, 157 
Capillary transfer of  moisture, 30,215,217-19,257, 298 
Ceiling insulation 

in basements, 20,21,26,33,34,37 
in crawl spaces, 45-51 

Cementitious waterproohng, 256-58,264 
Climate data, 309-18 
Coal tar waterproofing, 245 
Coefficient of permeability, 204-06 
Coefficient of roughness, 212,213 
Coefficients of earth pressure, 165 

Concrete 
integral waterproofing, 258-62 
mixing and curing criteria, 186, 194, 258 
shrinkage cracking, 30,33, 38, 71, 75, 185, 186, 241, 

slabs, requirements for, 74, 75, 194 
waterproofing admixtures, 259,260, 261 

insulation, 17-33,45-48, 55-58, 60, 74,75 
rddon control measures, 40, 272 
structural design, 38, 60, 74, 182-91 
termite control measures, 41,62, 7b, 288-91 

258,259,270,288 

Concrete foundation walls 

Concrete pipe, 213 
Concrete sand, 209,215,225 
Concrete tile, 213 
Condensation, 26, 30, 33,50,  52, 59, 338-41,274 

Control joint, 26, 75, 185-87, 194, 243, 258, 259,261 
Convection 

Cooling degree days, 309-318 
Cooling season loads, 99, 101, 103, 105, lfl8, 112 
Corner effect 

Corrugated plastic tubing, 213,214, 224 
Corrugated smooth bore PVC pipe, 21 4 

See also Decay control 

See Heat transfer mechanisms 

See Three-dimensional effect 

Costs, 119-21 
See also Basement insulation; Crawl space insulation; 

Slab-on-grade foundation insulation; Fuel price 
assumptions 

Coupled heat and mass transfer, 87 
Crawl space insulation 

energy cost savings due to, 45-47, I16 
exterior vs. interior placement, 47,54-60, 141-43 
installahon costs, 45-47 
loadsienergy use, 106-0Y 
optimal configurations, 45-49 

construction details, 50-58 
radon control practices, 62,272 
subdrainage and waterproofing measures for, 61,62, 

summary of recommended design practices, 59-62 
termite control, 54, 62, 285-90, 294 
unvented, 45,48,53-59 
vented, 45,49-53, 59,62 

Crawl spaces 

237,263 

Curtain drain, 222, 223 
Curtain wall, 61, 192-94 
Cutbacks, 243,247 
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Dampproofing, 40,141,237,238,244 

Darcy’s Law, 205 
Decay control, 41,62, 75, 298-300 
Design decisions, 7-10 
Discharge velocity, 205 

Drainage blankets, 173, 220, 226-28, 247,275 
Drainage envelopes and filters, 205,206 
Drainage materials and products 

See also Waterproofing 

DOE-2,93, 94,9698 

aggregates, 215-17 

drainage board, 39, 71,75, 218,219 
filter fabrics, 39,210-17, 275 
manufactured systems, 217-19 
See also Subdrainage systems; Surface drainage 

Drainage systems, gravel pad, 39, 61, 229, 230, 275 
Drainage, underfloor, 40,226-28,233, 275,298 
Drain line construction, 220-22, 225 
Drainpipes, 39,40, 227, 232, 233 
Drains, types of 

c o n d ~ i b ,  173,212-14 

curtain, 222, 223 
footing, 224-26, 285 
French, 223 
intercepting, 221-23,285 
pipe, 221-23 
underfloor trench, 228 

Drain tile, 212 
Duct energy loss assumptions, 99 

E 

Economic analysis, 118-22 
Elastomeric waterproofing 

See Liquid-applied elastomeric waterproofing; 
Sheet-applied elastomeric waterproofing 

Sze Basement insulation; Crawl space insulation; 
Energy costslloads 

Slab-on-grade foundation insulation 
EPS drainage board, 37, 60, 146,218 
EPS insulation 

Equivalent fluid pressure, 162,165, 166 
Equivalent opening size (EOS), 210 
Expansion joint, 244 
Expansive soils, 9, 39, 61, 75, 177, 195-97 

See MEPS insulation; XEPS insulation 

Fiberglass drainage board, 37,60,146,218,219 
Fiberglass insulation 

in basements, 17, 23, 26, 30, 33, 34 
in crawl spaces, 45,54 
properties of, 146,154 
termites, damage from, 296 
in wood foundations, 34, 54 

Pilterlaquifer ratio, 209 
Filter fabrics, 39, 210-12 
Filter soils, 206-09, 217, 220 
Fines, soil, 127, 173, 202-206, 215, 217 
Flashings, 26-30, 37, 71, 254, 286 
Floor insulation, 30, 33, 50, 54, 144 
Flowerbed (horizontal) insulation, 54, 133, 134, 142 
Foam inserts, insulating, 31, 38, 60 
Footing details, 27-33, 36, 46, 54-58, 70-73, 17740, 239 
Footing drains, 224-26 
Footings, shallow insulated, 133, 135-37 
Footings, types and design of 

adjacent, 178,179 
gravel, 38, 60, 180 
pier, 177, 178 

stepped wall, 178, 179 
spread, 38,60, 74, 177-80 

Foundations, types and distribution of, 9, 11-13 
Freezeithaw effects, 152, 242, 274 
Free7ing degree days, 309-18 
French drains, 223 
Frcjst heave, 26, 54, 125-27, 132, 133, 160, 163, 192 
Frost penetration depth, 10,38,54,60, 71, 74, 127-33, 

135-37 
Frost susceptibility, 126, 127, 133, 227 
Fuel price assumptions, 20,49, 68,114, 119,121 
Furring, 26, 30,33, 54 

G 

Geothermal heat flow, 85 
Grade beam, 69, 71, 74, 192-94 
Grain size, 202-04, 216 
Gravel footings, 38, 60, 180, 229 
Gravel pad drainage system, 229,230 
Ground cover effects, 88, 92, 93, 127 
Ground cover membrane, 52,53,59 
Groundwater, 88, 175, 177,201, 205, 224, 225 
Gypsum board, 37, 142 
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M 

Hazen’s Approximation, 216 
Heating degree days, 309-18 
Heating season loads, 99,100,102, 104, 106,110 

Ifeat transfer mechanisms, 86-90 
Heat transfer simulations, 86-98 
Horizontal insulation, 54, 133, 134, 142 
HOTCAN, 91,92 
Housing stock, existing, 11-13 
HVAC assumptions, 93,97,99, 119 
Hydrolithic waterproofing 

Ser Cementitious waterproofing 
Hydrostatic pressure, 163,174, 175,224,237,238,244 

See also Pressures, earth 
Hygroscopic water, 201,202 

Heat loss, 34, 69-71, 86-90, 127 

I 

Ice lenses, 125-27, 132, 156 
Infill wall, 157 
Insulation 

aging, 145, 150 
[actors affecting performance, 147-53 
fire resistance, 37,54, 142,144 
performance criteria, 142-44 
selection of produrts, 37,38, 60, 74, 142-.54 
thermal conductivity, 150, 151 

See Ekisement insulation; Crawl space insulation; 
Slab-on-grade foundation insulation;Ceiling 
insulation 

Insulation, optimal configurations 

Integrally-insulated concrete, 34 
Integral waterproofing, 238,258-62,264 
Intercepting drains, 221-23, 285 
Interior building conditions, effects of, 90,97 
Isolation joint, 244,272 

L 

Lateral loadsipressures, 38,60, 162-76, 182 
Leaching, 207 
Life-cycle savings method, 118-21 
Liquid-applied elastomeric waterproofing, 247-50,28 
Loads, energy 

See Basement insulation; Crawl space insulation; 
Slab-on-grade foundation insula tion 

Loads, soil, 163, 164, 166-72 

Manning’s Formula, 225, 226 
Masonry foundation walls 

basements, 17-26,29,30, 32,34,37,38 
crawl spaces, 45,48, 55,59, 60 
insulation, 133, 146 
slabun-grade foundations, 65-68, 73,74 
structural design, 186-8Y, 290 

Mat (raft) foundation, 176 
MEPS insulation, 37, 60,74, 144-46, 153, 154 
Mitalas model, 88, 89 
Mois ture-proofing, 244 
Mortar mixes, 186, 187 

0 

Outfallioutlet, 220 

P 

Parallel, 37th, 11 
Pea gravel, 215 
Perched water table, 201,221 
Percolation rate, 205 
Perimeter footing drainpipes, 226,232,233,275 
Permeability (hydraulic), 202, 204,205, 207,210, 215, 216, 

Phreatic surface, 163, 175, 201 
Pic0 curie, 267 
Pier footings, 177, 178 
Piers, foundation, 50, 61, 157, 181, 191-93,288 
Pile foundations, 133, 176, 180, 181 
Pipe drains, 221-23 
Piping, 207, 208 
Plastic tubing, 213, 214 
Polystyrene, 34,37, 144, 145,218,219,250 

Polyurethane insulation, 146,154 
Porches, 41,50, 62,286,294 
Pressures, earth, 162-72 

Psychrometric chart, 138, 140,148, 149 
1’1, P2 method, 128-21 

258 

See also MEI’S insulation; XEPS insulation 

See also Hydrostatic pressure 

Radiative exchange 

Radon 
See Heat transfer mechanisms 

basement design considerations, 33, 40,41 
control measures, 220, 225,226, 270-78 
crawl space design considerations, 50,.53,59,62 
evaluation of risk, 267-69 
slab considerations, 75 
subdrainage design measures, 220,225,226,230,240 
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Residual pressure, 170-73 
Residual uplift, 175, 176 
Retaining wall, 132, 182, 183 
Rim joist 

basement insulation placement, 26-30,33-36 
condensation, 138-40 
crawl space insulation placement, 50,5439 
principal load transfers, 190, 191 

s 
Seismic design measures, 38,39, 60, 61, 186, 196, 197 
Select material, 206, 213 
Settlement, soil, 159 
Shearing force, 142, 163, 172 
Sheet-applied elastomeric waterproofing, 250-53, 264 
Sherard‘s Approximation, 216 
Sherman-Grimsrud model, 96, 97 
Shigp model, 88, 89,91, 92 
Sieve analysis, 159, 202-04, 206 
Sill plate, 54, 62, 158, 190, 191, 298 
Simulations, computer 

background on heat transfer, 86-91 
cost-effectiveness analysis, 118-22 
description of, 91-98 
prototypical house used in, 94-97 
results of, 99-113 

considerations, 9, 240 
investigation of, 158, 159,268,269 
termite control measures for, 284,285 

energy cost savings due to, 65-67, 117 
exterior vs. interior placement, 65-74, 141 
installation costs, 65-67 
loaddenergy use, 110-13 
optimal configurations, 65-65 
underslab, 71-74, 135 

Slab-on-grade foundations 
construction details, 69-73, 291 
recommended design practices, 74-76 
slab/wall joint, 71, 74, 75, 288 

basement slab insulation, 30,33, 34, 37 
design specifications, 38, 39, 74, 75, 194 
radon control measures, 40, 270-72 
termite control measures, 71, 75, 288, 290, 291, 293, 

waterproofing of, 237,238, 247,256,258,263 

Site, construction 

Slab-on-grade foundation insula tion 

Slabs, concrete 

294,298 

Slump, concrete, 38, 60, 74, 185, 258 
Smooth bore plastic tubing, 214 

Soaps, waterproofing, 260 
Soil 

drainage properties, 160, 202-04 
freezing, 88, 125-27, 129-33, 160, 163 
moisture content, 58, 127, 173, 174, 201, 202 
permeability, 202, 204, 205, 207, 220, 215, 216, 258 
temperatures, 81-85,88 
testing of, 158-60,165 
thermal conductivity, 86-88, 92, 127 
See also Backfill; Expansive soil; Pressures, earth; Frost 

heave 
Specifications, construction, 303-08, 321-30 
Spread footings, 38, 60, 74, 17’7-80 
Stepped wall footings, 178, 179 
Stormwater drainage measures, 231, 272 
Structural design 

acceptability criteria, 1.59, 161 
definition of elements, 157, 158 
recommended practices, summary of, 38,39, 60, 61, 

See also specific elements (e.g., Footings); Pressures, 
74,75 

earth 
Subdrainage system 

drain line construction, 220, 221, 285 
footing drains, 224-26 
gravel pad drainage systems, 229,230 
intercepting drains, 221-23 
recommended practices, summary of, 39, 61, 75, 

underfloor, 226-28 
See also Drainage; Soil 

Subsoil investigation, 158-60 
Sump discharge, 40, 61, 230,233, 272,278 
Superpositioninumerical scaling procedure, 92 
Surcharge loads, 163 
Surface drainage, 39,61, 75,231, 232,237 

See also Drainage 

231-233 

T 

Tangential frost heave, 126, 133 
Temperature gradient, 86, 87, 140, 141 
Teriiiites 

control measures, 41, 62,75, 76, 284-90 
damage to insulation by, 296,297 
geographic- distribution, 281-253 
soil treatment, 62,292-95 

Termite shields, 62, 296 
Termiticides, 292-95 
Thermal conductivity of soil, 86-88, 92 
Three-dimensional effects, 30, 89, 90 
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Underfloodunderslab drainage, 40,75, 226-28, 233, 275, 
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