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Preface

This handbook is a product of the U.S.
Department of Energy Building Envelope
Systems and Materials (BTESM) Research
Program centered at Oak Ridge National
Laboratory. The major objective of the
research effort in building moisture control is
to provide information to designers, builders,
and building owners that will lead to the
construction of energy-efficient walls, roofs,
and foundations. This handbook is another
in a series of design tools produced through
the BTESM Program aimed at providing the
most current design information.

Moisture control is a key component in
designing energy-efficient, healthy buildings.
The presence of uncontrolled moisture in a
building envelope will rapidly degrade
structural materials and insulation.
Moreover, it can lead to mold, mildew, odors,
and pathogens. While the energy use impact
of uncontrolled building moisture is not easy
to quantify, it is obvious that the overall
impact in terms of lost time, productivity,
and expensive reconstruction is quite large.
By analyzing moisture transport mechanisms
in building envelopes and systematically
describing control strategies for each, the
building designer is provided with
information needed to minimize the risk of
moisture problems in energy-efficient
buildings. This handbook also illustrates that
energy-efficient, tight envelope design is
clearly part of the solution to healthy
buildings when interior relative humidity,
temperature, and pressure are controlled
simultaneously.

DOE formed a review panel of moisture
experts to provide guidance for this effort
(listed on the title page). This group
reviewed the outline as well as several drafts
of the handbook, and through this process

strengthened the document. Although most
of the committee supports the major
underlying concepts, it was clear that there
are many unresolved issues in this emerging

field. There are two schools of thought
among building designers. Historically, the
predominant envelope design strategy used
in low-rise residential buildings was to keep
out all moisture at all times. The concept of
acceptable moisture levels discussed in the
handbook, however, recognizes envelopes
can get wet or occasionally start out wet.
Therefore, a design could recognize this and
encourage periodic drying.

The construction details shown for
heating, mixed, and cooling climates are
based on moisture transport principles.
However, much work remains to be
performed in order to determine the wetting
and drying patterns of both conventional and
novel envelope systems. Some building
researchers believe no moisture, internal to
the envelope, is acceptable at any time and
that once wet, envelopes are unlikely to dry
out. On the other hand, some designers
believe it is too costly or too risky to
completely control moisture entry. In fact,
some believe that building envelope
materials will frequently have high initial
moisture levels, and that degradation of
siding, sheathing, sealants, caulking, and
flashings can all contribute significantly to
the moisture load. Thus, their approach is to
keep moisture levels low by providing a path
for moisture to escape. A design strategy
that assumes building envelopes may get wet
and permits them to dry, presents a more
forgiving and perhaps less costly alternative.
Reliably quantifying the impact of these
approaches, particularly wetting and drying
within construction assemblies, remains to be
accomplished in future editions of the
Moisture Control Handbook. This handbook is
a first step in helping designers and builders
to understand and utilize moisture control

strategies.

DOE and the BTESM staff at ORNL hope
this material will serve as a starting point for
an international focus on how to build even

Moisture Control Handbook

Page ix



more energy-efficient, moisture controlling
building envelopes. We welcome your
response to this handbook, particularly
builders, designers, researchers, and building
owners. Please send your suggestions for
improving future editions.

Jeffrey Christian

R&D Manager, Building Envelope
Systems and Materials Program

Oak Ridge National Laboratory

P.O. Box 2008

Building 3147 MS 6070

Oak Ridge, TN 37831-6070

John Goldsmith

Walls and Foundations, Program
Manager

U.S. Department of Energy
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Abstract

Moisture problems are prevalent all over
North America, almost independent of
climate. They are viewed as one of the single
largest factors limiting the useful service life
of a building. Elevated levels of moisture in
buildings also can lead to serious health
effects for occupants. Until recently, very
little consensus on moisture control existed in
the building community. The information
available was typically incomplete,
contradictory, usually limited to specific
regions, and in many cases misleading. A
need to develop a document which presented
the issues relating to moisture from a
building science or “systems” approach
existed. This handbook attempts to fill that
need and illustrates that energy-efficient,
tight envelope design is clearly part of the
solution to healthy buildings when interior
relative humidity, temperature, and pressure

are controlled simultaneously.

The first three chapters of the handbook
present the basic principles of moisture
problems and solutions in buildings.
Chapter 1—Mold, Mildew, and
Condensation, examines surface moisture
problems. Chapter 2—Moisture Movement,
examines how building assemblies get wet
from both the exterior and interior. Chapter
3—Wetting and Drying of Building
Assemblies, introduces the concepts of
acceptable performance, moisture balance,
and the redistribution of moisture within
building assemblies. Chapters 4 through 6
apply the concepts outlined in the previous
chapters and present specific moisture
control practices for three basic U.S. climate
zones. The advantages and disadvantages of
several wall, foundation, and roof assemblies
are discussed for each climate zone.
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Introduction

The Need For A Moisture Control
Handbook

Moisture problems are prevalent all over
North America, almost independent of
climate. They are viewed as one of the single
largest factors limiting the useful service life
of a building. Elevated levels of moisture in
buildings also can lead to serious health
effects for occupants. Until recently, very
little consensus on moisture control existed in
the building community. The information
available was typically incomplete,
contradictory, usually limited to specific
regions, and in many cases misleading. A
need to develop a document which
presented the issues relating to moisture
from a building science or “systems”
approach existed. This document attempts to
fill that need.

How To Use This Handbook

This handbook approaches the moisture
problem from several perspectives. Chapter
1—Mold, Mildew, and Condensation,
examines surface moisture problems.
Chapter 2—Moisture Movement, examines
how building assemblies get wet from both
the exterior and interior. Chapter 3—Wetting
and Drying of Building Assemblies,
introduces the concepts of acceptable
performance, moisture balance, and the
redistribution of moisture within building
assemblies. Chapters 4 through 6 apply the
concepts outlined in the previous chapters
and present specific moisture control
practices for three basic U.S. climate zones.
Each chapter is designed to stand on its own.
As such, reading of this document from front
to back and in sequence will likely not be

necessary for some readers. Of course,
reading of the document in its entirety is
recommended.

Some readers may wish to skip over the
first few chapters and go directly to the
chapters presenting specific moisture control
practices and construction details for their
particular climate. The commentary relating
to each detail will likely provide much of the
information required by many readers. More
detailed explanations of the principles
utilized in the development of the details can
be found in the early chapters.

This handbook attempts to provide the
rationale for successfully designing and
constructing building assembly details
without getting mired in theory and
equations. Those readers desiring further
information and depth are directed to the
bibliography at the end of each chapter.
References are provided where the specific
issues raised may require further
explanation, or where it was felt necessary to
direct readers to particularly relevant
research findings.

Whenever a specific construction practice
in a particular climate presented in this
handbook deviates from a practice with
which the reader is familiar, the reader is
urged to consult authorities having
jurisdiction to determine local code
compliance prior to utilization.

Insulation levels in wall, roof, and
foundation assemblies, except where
specifically noted to control moisture
accumulation on condensing surfaces, are left
to the judgement of the reader. Guidance
regarding optimum insulation levels for
foundation assemblies can be found in the
Builder's Foundation Handbook (Carmody,
Christian, Labs, 1991).

Moisture Control Handbook
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Executive Summary

Moisture problems are viewed as one of
the single largest factors limiting the useful
service life of a building. They are prevalent
all over North America to some degree.
Also, serious health effects for occupants can
result from elevated levels of moisture in
buildings.

The handbook is divided into six
chapters, with each chapter designed to stand
on its own. Chapter 1. Mold, Mildew, and
Condensation examines surface moisture
problems. Chapter 2. Moisture Movement
examines how building assemblies get wet
from both the exterior and interior. Chapter
3. Wetting and Drying of Building
Assemblies introduces the concepts of
acceptable performance, moisture balance,
and the redistribution of moisture within
building assemblies. The remaining chapters
apply the concepts outlined in the previous
chapters and present specific moisture
control practices for various climates.

Chapter 1: Mold, Mildew, and
Condensation

The most common surface moisture-
related problems, regardless of climate, are
mold, mildew, and condensation. The single
most important factor influencing these
problems is relative humidity near surfaces.
Relative humidity is the amount of moisture
contained in a unit of air relative to the
maximum amount of moisture the unit of air
can hold at a specific temperature. Relative
humidity can be increased two ways - by
increasing moisture levels (vapor pressure)
and by decreasing temperature. Where
relative humidities near surfaces are
maintained below 70 percent, mold and
mildew growth can be controlled. Since
relative humidities are dependent on both
temperature and vapor pressure, mold and
mildew control will be dependent on

controlling both the temperature and vapor
pressure near surfaces. When the relative
humidity reaches 100 percent, moisture can
condense. The same strategies that control
mold and mildew growth also control
condensation on surfaces - increasing surface
temperatures and reducing vapor pressures
(moisture levels) near surfaces

Chapter 2: Moisture Movement

The four moisture transport mechanisms
predominant in building science are:

1. Liquid flow due to gravity and/or an air
pressure difference

2. Moisture transport due to capillary
suction

3. Air movement
4. Vapor diffusion

All moisture movement, and therefore
any moisture-related problem is a result of
one or a combination of these mechanisms.
Each of these mechanisms can act
independently and must be dealt with
during design and construction.

The first mechanism, liquid flow, is
primarily responsible for moving moisture
into the building envelope from the exterior.
Capillary suction typically moves moisture
into the building envelope from the exterior
and also redistributes condensed moisture
within building envelopes. The latter two
mechanisms, air movement and vapor
diffusion, can move moisture both from the
exterior as well as from within the
conditioned space into the building envelope
depending on exterior and interior
conditions. For example, when a building in
a cold climate is being heated, air movement
and vapor diffusion typically result in a net
movement from within the conditioned space
into the building envelope. When a building
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is in a warm climate and is being cooled, air
movement and vapor diffusion may result in
a net movement of moisture from the exterior
into the conditioned space.

This duality of movement is dependent
on both climactic and interior conditions and
is often overlooked by designers and
builders. It is not unusual to find cold
climate building envelope designs employed
in warm climate regions. Even more
confusing to the builder and designer are
conditions where both heating and cooling
occur for extended periods of time.

Of the four mechanisms, the most
significant are liquid flow and capillary
suction where ground water and rain are the
moisture sources. Controlling ground water
entry below grade and rain entry above
grade have traditionally been the
preoccupation of generations of builders and
designers and it is no different today. Liquid
flow and capillarity are also recognized as
the primary factors in the wetting of
materials. Air transport and vapor diffusion
are less obvious contributions.

Chapter 3: Wetting and Drying of
Building Assemblies

Ideally, building assemblies would
always be built with dry materials under dry
conditions, and would never get wet from
imperfect design, poor workmanship or
occupants. Unfortunately, these conditions
do not exist.

It has been accepted by the building
industry that many building assemblies
become wet during service, and in many
cases start out wet. Furthermore, the
industry has recognized that in many
circumstances it may be impractical to design-
and build building assemblies which never
get wet. This has given rise to the concept of
acceptable performance. Acceptable
performance implies the design and
construction of building assemblies which
may periodically get wet, or start out wet
initially, but yet are still durable and provide
a long, useful service life. Repeated wetting
followed by repeated drying can provide
acceptable performance if during the wet
period, materials do not stay wet long

enough under adverse conditions to
deteriorate.

Good design and practice involve
controlling the wetting of building
assemblies from the exterior and interior.
They may also involve drying building

assemblies should they become wet during
service or start out wet as a result of building
with wet materials or under wet conditions.

Moisture accumulates when the rate of
moisture entry into an assembly exceeds the
rate of moisture removal. When moisture
accumulation exceeds the ability of the
assembly materials to store the moisture
without significantly degrading performance
or long term service life, moisture problems
result.

Numerous strategies can be implemented
to minimize the risk of moisture damage.
The strategies fall into following three
groups:

1. Control of moisture entry
2. Control of moisture accumulation
3. Removal of moisture

Strategies in the three groupings can be
utilized in combination and have been
proven to be most effective in that manner.
Strategies effective in the control of moisture
entry, however, are often not effective if
building assemblies start out wet, and in fact
can be detrimental. If a technique is effective
at preventing moisture from entering an
assembly, it is also likely to be effective at
preventing moisture from leaving an
assembly. Conversely, a technique effective
at removing moisture may also allow
moisture to enter. Balance between entry and
removal is the key.

Building assemblies can get wet from the
interior or exterior, or they can start out wet
as a result of the construction process due to
wet building materials or construction under
wet conditions. Moisture can enter from the
interior in two ways: air movement and
vapor diffusion. Moisture entering from the
exterior can be from four sources:

1. Liquid flow (rain & groundwater as
moisture sources)

2. Capillary suction (rain & ground water
as moisture sources)

3. Air movement
4. Vapor diffusion
Moisture can be redistributed within an
assembly by four processes:
1. Liquid flow due to gravity
2. Capillary suction
3. Air movement

4. Vapor diffusion

Moisture Control Handbook
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Finally, moisture can be removed (dried)

to the exterior or to the interior in three ways:

1. Liquid flow due to gravity (drainage)
2. Air movement (ventilation)

3. Vapor diffusion (vapor pressure
differences)

The above mechanisms can act singly or
in combination.

Chapter 4: Moisture Control Practices
for Heating Climates

Heating climates are defined as regions
with 4000 heating degree days or greater.
Intermittent cooling (air conditioning)
typically is necessary.

Eight foundation assemblies are shown
that can be used successfully in heating
climates (Table S-1). There are seven
basement assemblies and one slab-on-grade
foundation. Five of the basement walls are
concrete or masonry construction, while the
remaining two utilize pressure-treated wood

walls. A key difference between the
basement walls is the type and placement of
insulation on either the interior or exterior of
the wall, as well as in the rim joist area and
under the floor slab. The basic characteristics
of the foundation assemblies are described.

Six wall assemblies are shown that can be
used successfully in heating climates (Table
S-2). There are four wood frame walls with
siding, and a fifth wood frame wall with
brick veneer. A final case illustrates a
concrete block wall with brick veneer. A key
difference between the wood frame walls is
the type of sheathing used and, in some
cases, the type of siding. The basic
characteristics of the wall assemblies are
described.

Five roof assemblies are shown that can
be used successfully in heating climates

(Table S-3). There is one wood roof truss
with a vented attic, and four examples of
cathedral ceilings. Two of the cathedral
ceiling assemblies are ventilated and the
remaining two are unvented. The basic
characteristics of the roof assemblies are
described.

Table S-1: Characteristics of Foundation Assemblies for Heating Climates

FOUNDATION FOUNDATION WALL FLOOR DRYING
TYPE INSULATION INSULATION
BASEMENT 1 Concrete Cavity insulation in Rigid insulation Limited
(Page 92) wood frame wall beneath slab
(interior)
BASEMENT 2 Concrete Draining rigid None To the
(Page 95) fiberglass insulation exterior
(Exterior)
BASEMENT 3 Concrete Cavity insulation in None Limited
(Page 98) masonry wood frame wall
(Interior)
BASEMENT 4 Concrete Rigid insulation None Limited
(Page 101) masonry (Exterior)
BASEMENT 5 Concrete Cavity insulation in Rigid insulation Limited
(Page 104) supporting wood frame wall beneath slab
brick veneer (Interior)
BASEMENT 6 Pressure- Cavity insulation in Rigid insulation Limited
(Page 107) treated wood frame wall— beneath wood floor
wood frame Exterior draining rigid
fiberglass insulation
BASEMENT 7 Pressure- Cavity insulation in Rigid insulation Limited
(Page 110) treated wood frame wall— beneath wood fioor
wood frame Exterior draining rigid
fiberglass insulation
SLAB 1 Slab with Rigid insulation covers Rigid insulation Limited
(Page 113) Grade Beam grade beam and beneath slab

extends horizontally
into soil
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Table S-2: Characteristics of Wall Assemblies for Heating Climates

WALL TYPE EXTERIOR SHEATHING OTHER DRYING
COMPONENT FEATURES
WALL 1 Wood frame Wood, vinyl, or Plywood or Polyethylene Limited
(Page 79) aluminum siding waferboard vapor diffusion
(Impermeable) retarder (Interior)
WALL 2 Wood frame Aluminum or Rigid insulation Polyethylene Limited
(Page 81) vinyl siding (Impermeable) vapor diffusion
retarder (Interior)
WALL 3 Wood frame Wood, vinyl, or Rigid fiberglass Polyethylene Limited
(Page 83) aluminum siding insulation vapor diffusion
(Permeable) retarder (Interior)
WALL 4 Wood frame Wood siding Rigid insulation Impermeable paint To the
(Page 85) over air space (Impermeable) or wall covering exterior
WALL 5 Wood frame Brick veneer Asphait-impregnated Polyethylene Limited
(Page 87) over cavity fiberboard or vapor diffusion
gypsum (Permeable) retarder (Interior)
WALL 6 Concrete Brick veneer Rigid insulation Polyethylene To the
(Page 89) block over cavity vapor diffusion exterior
retarder (Interior)
Table S-3: Characteristics of Roof Assemblies for Heating Climates
ROOF TYPE VENTILATION CEILING OTHER DRYING
INSULATION FEATURES
ROOF 1 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 116) with flat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 2 Cathedral Vented Cavity insulation Polyethylene To the
(Page 118)  ceiling vapor diffusion exterior
retarder (Interior)
ROOF 3 Cathedral Vented Cavity insulation Polyethylene To the
(Page 120)  ceiling with rigid insulation vapor diffusion exterior
on the interior retarder (Between)
ROOF 4 Cathedral Unvented Cavity insulation Polyethylene To the
(Page 122)  ceiling with rigid insulation vapor diffusion interior
on the interior retarder (Between)
ROOF S Cathedral Unvented Rigid insulation Polyethylene To the
(Page 124)  celling vapor diffusion interior
retarder (Interior)
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Chapter 5: Moisture Control Practices
for Mixed Climates

Mixed climates are defined as regions
with up to 4000 heating degree days
combined with a significant number of
cooling (air conditioning) hours. Heating
and cooling are needed for significant
periods of time.

Eight foundation assemblies are shown
that can be used successfully in mixed
climates (Table S-4). There are four basement
assemblies and four crawl spaces. Three of
the basement walls are concrete or masonry
construction, while the other utilizes
pressure-treated wood walls. All four crawl
spaces are unvented - two utilize concrete or
masonry walls, and two are pressure treated
wood construction. A key difference
between the foundation assemblies is the
type and placement of insulation on either
the interior or exterior of the wall, as well as

in the rim joist area and the floor. The basic
characteristics of the foundation assemblies
are described.

Five wall assemblies are shown that can
be used successfully in mixed climates (Table
S-5). All five examples are wood frame walls
- three with siding, one with brick veneer,
and one with stucco cladding. .Other
differences between the wood frame walls
include the type of sheathing and whether an
interior vapor diffusion retarder is used. The
basic characteristics of the wall assemblies
are described.

Four roof assemblies are shown that can
be used successfully in mixed climates (Table
S-6). There are two assemblies with wood
roof trusses and vented attics, and two
examples of cathedral ceilings. One of the
cathedral ceiling assemblies is ventilated and
the other one is unvented. The basic
characteristics of the roof assemblies are
described.

Table S-4: Characteristics of Foundation Assemblies for Mixed Climates

FOUNDATION FOUNDATION WALL FLOOR DRYING
TYPE INSULATION INSULATION
BASEMENT 1 Concrete Rigid insulation None Limited
(Page 144) (Exterior)
BASEMENT 2 Concrete Cavity insulation in None Limited
(Page 147) wood frame wall
(Interior)
BASEMENT 3 Concrete Cavity insulation in None Limited
(Page 150) masonry wood frame wall
supporting brick (Interior)
BASEMENT 4 Pressure- Cavity insulation in Rigid insulation Limited
(Page 153) treated wood frame wall— beneath wood floor
wood frame Rigid insulation
(Exterior)
CRAWL SPACE 1 Concrete Rigid insulation None To the
(Page 156) (Exterior) interior
CRAWL SPACE 2 Concrete Faced batt insulation Faced batt insulation To the
(Page 159) masonry over wall (Interior) extends onto interior
floor perimeter
CRAWL SPACE 3 Pressure- Cavity insulation in None To the
(Page 162) treated wood frame wall—~ interior
wood frame Rigid insulation
(Exterior)
CRAWL SPACE 4 Pressure- Cavity insulation in Faced batt insulation To the
(Page 165) treated wood frame wall— extends onto interior
wood frame Rigid insulation floor perimeter

(Exterior)
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Table S-5: Characteristics of Wall Assemblies for Mixed Climates

on the exterior

retarder (Between)

WALL TYPE EXTERIOR SHEATHING OTHER DRYING
COMPONENT FEATURES
WALL 1 Wood frame Wood, vinyl, or Plywood or Polyethylene Limited
(Page 132) aluminum siding waferboard vapor diffusion
(Impermeable) retarder (Interior)
WALL 2 Wood frame Aluminum or Asphalt-impregnated Polyethylene Limited
(Page 134) vinyl siding fiberboard or vapor diffusion
gypsum (Permeeble) retarder (Interior)
WALL 3 Wood frame Brick veneer Asphalt-impregnated Polyethylene Limited
(Page 136) over cavity fiberboard or vapor diffusion
gypsum (Permeable) retarder (Interior)
WALL 4 Wood frame Aluminum or Rigid insulation Permeable latex paint To the
(Page 138) vinyl siding (Impermeable) permits drying to the interior
interior
WALL 5 Wood frame Stucco cladding Rigid insulation Permeable latex paint To the
(Page 140) (Impermeable) permits drying to the exterior
interior
Table S-6: Characteristics of Roof Assemblies for Mixed Climates
ROOF TYPE VENTILATION CEILING OTHER DRYING
INSULATION FEATURES
ROOF 1 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 169) with flat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 2 Wood truss Vented attic Cavity insulation Gypsum board To the
(Page 171)  with flat ceiling sealed to framing exterior
acts as air retarder
ROOF 3 Cathedral Vented Cavity insulation Polyethylene To the
(Page 173)  ceiling vapor diffusion exterior
retarder (Interior)
ROOF 4 Cathedral Unvented Cavity insulation Polyethylene To the
(Page 175)  ceiling with rigid insulation vapor diffusion interior
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Chapter 6: Moisture Control Practices
for Cooling Climates

Cooling climates are defined as regions
where one or both of the following conditions
occur:

1. A 67 °F (194 °C) or higher wet bulb
temperature for 3000 or more hours
during the warmest six consecutive
months of the year.

2. A 73 °F(22.8 °C) or higher wet bulb
temperature for 1500 or more hours
during the warmest six consecutive
months of the year.

Seven foundation assemblies are shown
that can be used successfully in cooling
climates (Table S-7). There are four crawl
space assemblies and three slab-on-grade
foundations. All four of the crawl spaces are
concrete or masonry construction - two are
vented, and two are unvented. Two of the
slab assembilies include concrete or masonry
foundation walls, while the third illustrates a
grade beam foundation. A key difference
between the foundation assemblies is the

type and placement of insulation. The basic
characteristics of the foundation assemblies
are described.

Ten wall assemblies are shown that can
be used successfully in cooling climates
(Table $-8). The first five examples are wood
frame walls - three with siding, one with
brick veneer, and one with stucco cladding.
The last five wall assemblies are concrete
masonry - two with brick veneer, and three
with stucco cladding. Other differences
between the wall assemblies include the type
of sheathing as well as the use and location of
a vapor diffusion retarder. The basic
characteristics of the wall assemblies are
described.

Six roof assemblies are shown that can be
used successfully in cooling climates (Table
S-9). All six assemblies utilize wood roof
trusses and vented attics. The first four roofs
are identical except that they illustrate ways
of connecting to different wall assemblies.
The last two roof assemblies illustrate
different approaches to vapor diffusion
retarders and insulation. The basic
characteristics of the roof assemblies are
described.

Table S-7: Characteristics of Foundation Assemblies for Cooling Climates

FOUNDATION FOUNDATION OTHER DRYING
TYPE INSULATION FEATURES
CRAWL SPACE 1 Concrete Faced batt Polyethylene vapor Limited to
(Page 206) (Vented) insulation between diffusion retarder the exterior
ceiling joists on floor
CRAWL SPACE 2 Concrete Cavity insulation Polyethylene vapor To the
(Page 208) masonry between ceiling diffusion retarder interior
{Unvented) joists over rigid on floor
insulation
CRAWL SPACE 3 Concrete Rigid insulation Polyethylene vapor To the
(Page 210) masonry vertically on wall diffusion retarder on interior
(Unvented) (Exterior) floor and interior wall
CRAWL SPACE 4 Concrete Rigid insulation Polyethylene vapor To the
(Page 212) (Unvented) vertically on wall diffusion retarder on interior
(Interior) floor and interior wall
SLAB 1 Concrete Rigid insulation Polyethylene vapor Limited
(Page 214) masonry wall vertically on wall diffusion retarder
supporting (Exterior) beneath slab
wood frame
SLAB 2 Concrete wall Rigid insulation Polyethylene vapor Limited
(Page 216) supporting horizontally beneath diffusion retarder
block with slab perimeter and beneath slab
brick veneer in wallffloor joint
SLAB 3 Grade beam Rigid insulation Polyethylene vapor Limited
(Page 218) supporting covers exterior diffusion retarder
concrete block vertical face of beneath slab and
grade beam grade beam
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Table S-8: Characteristics of Wall Assemblies for Cooling Climates

beneath trusses

WALL TYPE EXTERIOR SHEATHING OTHER FEATURES DRYING
COMPONENT
WALL 1 Wood frame Plywood siding None Permeable latex paint To the
(Page 183) (Impermeable) permits drying to the interior
interior
WALL 2 Wood frame Wood, vinyl, or Rigid insulation Permeable latex paint To the
(Page 185) aluminum siding (Impermeable) permits drying to the interior
interior
WALL 3 Wood frame Wood siding Plywood or Permeable latex paint To the
(Page 187) over air space waferboard permits drying to the interior
(Impermeable) interior
WALL 4 Wood frame Brick veneer Asphalt-impregnated Polyethylene To the
(Page 189) over cavity fiberboard or vapor diffusion interior
gypsum (Permeable) retarder (Interior)
WALL 5 Wood frame Stucco cladding Plywood, waferboard, Permeable latex paint To the
(Page 191) or gypsum covered permits drying to the exterior
with polyethylene interior
WALL 6 Concrete block Brick veneer None Polyethylene vapor To the
(Page 193)  with wood frame over cavity diffusion retarder interior
wall on interior between masonry wall
and cavity insulation
WALL 7 Concrete block Brick veneer None Coating or membrane To the
(Page 196)  with wood frame over cavity on block exterior is exterior
wall on interior vapor diffusion retarder
WALL 8 Concrete block Stucco cladding None Polyethylene vapor To the
(Page 198)  with wood frame diffusion retarder interior
wall on interior between masonry wall
and cavity insulation
WALL 9 Concrete block Stucco cladding Rigid insulation Permeable latex paint To the
(Page 201) (Impermeable) permits drying to the exterior
interior
WALL 10 Concrete block Stucco cladding None Rigid insulation on To the
(Page 203) block wall interior interior
Table S-9: Characteristics of Roof Assemblies for Cooling Climates
ROOF TYPE VENTILATION CEILING OTHER DRYING
INSULATION FEATURES
ROOF 1 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 221)  with fiat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 2 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 223)  with flat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 3 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 225)  with flat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 4 Wood truss Vented attic Cavity insulation Polyethylene To the
(Page 227)  with flat ceiling vapor diffusion exterior
retarder (Interior)
ROOF 5 Wood truss Vented attic Cavity insulation Gypsum board ceiling To the
(Page 230)  with flat ceiling with permeable latex exterior
paint permits drying
to the interior
ROOF 6 Wood truss Vented attic Cavity insulation Impermeable rigid To the
(Page 232)  with flat ceiling with rigid insulation insulation serves as exterior

vapor diffusion retarder
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CHAPTER 1

Mold, Mildew, and
Condensation

The most common surface moisture-
related problems, regardless of climate, are
mold, mildew, and condensation. The single
most important factor influencing these
problems is relative humidity near surfaces.
Although a common term, relative humidity
is typically misunderstood. Furthermore, the
factors governing relative humidity are also
typically misunderstood. Understanding the
factors that govern relative humidity will
enable builders and designers to control
surface-related moisture problems.

Relative Humidity and
Vapor Pressure

Air is capable of holding moisture in the
vapor, or gas, phase. The amount of
moisture contained in air is referred to as
absolute humidity. More precisely, the
absolute humidity is the ratio of the mass of
water vapor to the mass of dry air. This is
also referred to as the humidity ratio.

Air is a mixture of several gases, the most
notable being oxygen, nitrogen, and carbon
dioxide. Since water vapor is a gas, air
containing moisture is therefore a mixture of
several gases including water vapor. The
total air pressure exerted by a volume of air
in a given container on that container is the
sum of the individual or partial pressures of
the constituent gases which make up the air,
including water vapor. The vapor pressure is
the partial pressure of the water vapor gas on
the container.

The terms absolute humidity, humidity
ratio, and vapor pressure refer to the same
concept: air contains varying amounts of

moisture in the gas or vapor form, depending
on several factors. The amount of moisture
air can hold—the air’s vapor pressure, or
absolute humidity—is dependent on the
temperature of the air. The warmer air is, the
greater the amount of moisture the air can
hold; the cooler air is, the less moisture it can
hold. Air is said to be saturated when it
contains the maximum amount of moisture
possible at a specific temperature, or 100
percent. Air holding half the maximum
amount of moisture has a relative humidity
of 50 percent. Relative humidity is defined as
the amount of moisture contained in a unit of
air relative to the maximum amount of
moisture the unit of air can hold at a specific
temperature.

Figure 1-1 illustrates the concepts of
relative humidity, vapor pressure, and the
influence of temperature and vapor pressure
on relative humidity: Two containers, each
containing the same amount of air, are
sealed. The containers are assumed to be
airtight, watertight and vaportight. The
amount of moisture in each container is
identical—1 trillion molecules of water in
vapor form.

Container A is maintained at 70 degrees
Fahrenheit, and container B is maintained at
50 degrees Fahrenheit. Recall that the
warmer air is, the more moisture it can hold.
Assume that the maximum amount of
moisture the air in container A can hold is 2
trillion molecules of water in the vapor
phase. Because the air in this container
actually holds only 1 trillion molecules of
water, the relative humidity is 50 percent. In
contrast, the air in container B maintained at
50 degrees Fahrenheit can hold a maximum
of only 1 trillion molecules of water, so the
relative humidity of the air in container B is

Moisture Control Handbook
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100 percent.

Both containers hold precisely the same
amount of moisture, therefore both have
identical vapor pressures, yet one container
(the warmer container) has a relative
humidity of 50 percent and the other
container has a relative humidity of 100
percent. In fact, the relative humidity of the
warmer container can be increased by
cooling the container, and not necessarily by
adding moisture (increasing vapor pressure).
In other words, relative humidity can be
changed merely by altering temperature, not
necessarily by changing moisture content.

In Figure 1-2, two additional sealed
containers are provided, each containing the
same amount of air as the previous two
containers. These containers are also
assumed to be airtight, watertight, and
vaportight. However, unlike the previous
two containers, the temperature of these
containers is identically maintained at 70
degrees Fahrenheit. Therefore, being
consistent with the previous example, the
maximum amount of moisture each of these
containers can hold in the vapor phase is 2
trillion molecules. However, assume that one
of these containers contains 1 trillion
molecules of water in the vapor phase and
the other contains 1 1/2 trillion molecules.
The air in the container holding 1 trillion

CAPACITY OF CONTAINER A:
2 TRILLION MOLECULES OF
WATER IN VAPOR PHASE

70 DEGREES FAHRENHEIT

RELATIVE HUMIDITY = 50%

CONTAINS: 1 TRILLION MOLECULES
CAPACITY: 2 TRILLION MOLECULES

molecules of water vapor is at 50 percent
relative humidity, and the air in the container
holding 1 1/2 trillion is at 75 percent relative
humidity.

In the first pair of containers, relative
humidity was increased by maintaining a
constant vapor pressure, or amount of
moisture in each container, and reducing
temperature (the capacity of the air to hold
moisture). In the second pair of containers,
relative humidity was increased by
maintaining a constant temperature in each
container and increasing the vapor pressure
(the amount of moisture present).

The confusion surrounding relative
humidity is due to the fact that it is often
forgotten that relative humidity can be
increased two ways—by increasing vapor
pressure (moisture) and by decreasing
temperature. Also, the relationship between
temperature, relative humidity, and vapor
pressure can often be counterintuitive. For
example, cold air is not capable of holding
very much moisture, so cold air is dry and
has a low vapor pressure. Although cold air
cannot contain very much moisture, some
moisture in the air is usually present.
However, this small amount is often very
close to the maximum amount of moisture
the air can hold at that temperature, so the air

CAPACITY OF CONTAINER B:
1 TRILLION MOLECULES OF
WATER IN VAPOR PHASE

50 DEGREES FAHRENHEIT

%
7

e

RELATIVE HUMIDITY = 100%

CONTAINS: 1 TRILLION MOLECULES
CAPACITY: 1 TRILLION MOLECULES

Figure 1-1: Relative Humidity Increases as Temperature Decreases

Note: Volumes of containers need to change slightly as temperature changes to follow the Ideal Gas Law.
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is at a very high relative humidity. It is not
uncommon for exterior air in heating
climates during the heating season to be cold
and dry, with a low vapor pressure but a
high relative humidity. Since the capacity of
the air to hold moisture is reduced as
temperature is decreased, only a very small
addition of moisture is required to bring it to
saturation.

A relative humidity reading taken inside
an enclosure will not give an accurate
indication of the actual amount of moisture
present unless a temperature reading is taken
at the same time. There is a great deal of
difference between 50 percent relative
humidity at 70 degrees Fahrenheit and 50
percent relative humidity at 50 degrees
Fahrenheit. The amount of moisture
contained in air at 50 percent relative
humidity at 70 degrees Fahrenheit is almost
twice the amount of moisture contained in air
at 50 percent relative humidity at 50 degrees
Fahrenheit. The relationship between
temperature, relative humidity, and vapor
pressure is presented graphically on a
psychrometric chart in Figure 1-3.

To further complicate matters, relative
humidity often varies across a room, since
temperature also often varies across a room.
For most intents and purposes the vapor

CAPACITY OF CONTAINER C:
2 TRILLION MOLECULES OF
WATER IN VAPOR PHASE

70 DEGREES FAHRENHEIT

\ Eii”: A%

RELATIVE HUMIDITY = 50%

CONTAINS: 1 TRILLION MOLECULES
CAPACITY: 2 TRILLION MOLECULES

pressure in a room can be assumed to be
uniform. However, one side of a room may
be warm and the other side may be cool. The
warm side of the room will therefore have a
lower relative humidity than the cool side. If
accurate measurements of moisture levels in
enclosures are desired, temperature and
relative humidity readings need to be taken
at both the same place and time.

Mold and Mildew

Molds and mildew are simple plants that
grow on the surfaces of objects. Mold can
discolor surfaces, lead to odor problems,
deteriorate building materials, and lead to
allergic reactions in susceptible individuals as
well as other potential health problems.

The following conditions are necessary
and sufficient for mold growth to occur on
surfaces:

1. Mold spores must be present.

2. A nutrient base must be available (most
surfaces contain nutrients).

3. Temperatures range between 40 and 100
degrees.

CAPACITY OF CONTAINER D:
2 TRILLION MOLECULES OF
WATER IN VAPOR PHASE

70 DEGREES FAHRENHEIT

RELATIVE HUMIDITY = 75%

CONTAINS: 1.5 TRILLION MOLECULES
CAPACITY: 2 TRILLION MOLECULES

Figure 1-2: Relative Humidity Increases as Vapor Pressure or Moisture Content of

Air Increases
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4. Relative humidity near the surface is
above 70 percent.

Of these conditions, relative humidity
near surfaces is the most practical to control.
Spores are almost always present in outdoor
and indoor air. Almost all the commonly
used construction materials can support
mold growth, so control of available
nutrients is limited, and human comfort
constraints limit the use of temperature
control.

Where relative humidities near surfaces
are maintained below 70 percent, mold and
mildew growth can be controlled. Since
relative humidities are dependent on both
temperature and vapor pressure, mold and

ASHRAE PSYCHROMETRIC CHART NO. 1

mildew control will be dependent on
controlling both the temperature and vapor
pressure near surfaces.

MOLD AND MILDEW DUE TO
SURFACE TEMPERATURE

A classic example of mold and mildew
occurring in a heating climate is that of an
exposed closet on an exterior wall (Figure 1-
4). The closet, by virtue of its geometry, has a
higher surface area of heat loss than other
conditioned spaces. In addition, it is also
more exposed to the wind. Its heat loss is
likely to be high, and it is not surprising that
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Figure 1-3: Psychrometric Chart
Source: 1989 ASHRAE Handbook of Fundamentals
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the closet is likely to be significantly colder
than the bedroom it is attached to. If the
vapor pressure in the bedroom is the same as
the vapor pressure in the closet, and the
closet is colder, then the relative humidity in
the closet will be much higher than the
relative humidity in the bedroom. If the
closet experiences mold and mildew growth,
it is apparent that the relative humidity in the
closet is greater than 70 percent. However, is
the relative humidity above 70 percent
because the closet is too cold, or is it because
there is too much moisture present (high
vapor pressure) in the enclosure? Is this a
surface temperature mold problem, or is this
a vapor pressure mold problem?

To answer this question, the vapor
pressure in the conditioned space needs to be
determined. This can be done by measuring
both the temperature and relative humidity
in the bedroom at the same place and time.
Assume that in the first instance a relative
humidity of 25 percent at a temperature of 70
degrees Fahrenheit is measured. This
indicates a low amount of moisture in the
conditioned space. In other words, a
relatively low vapor pressure exists in the
bedroom. Further assume that the amount of
moisture in the closet and in the bedroom is
also the same (a reasonable assumption, since
the closet door is neither airtight nor
vaportight). Therefore we can conclude that
since the amount of moisture in the closet
(vapor pressure) is low, the reason the high
relative humidity exists (at least above 70
percent since mold is present) is due to the
fact that the closet is too cold. This can be

confirmed by taking a temperature reading in

the closet.

The temperature of the closet can be
increased by increasing the heat flow to the
closet or decreasing the heat flow out of the
closet. Increasing the heat flow to the closet
can be as simple as leaving the closet door
open. The open door will promote air
circulation, and the air circulation will carry
heat into the closet, warming the closet and
reducing its relative humidity. Louvered
closet doors can have the same effect.
Heating the closet by leaving a light on inside
(a 150-watt bulb generates 150 watts of heat)
or by installing a heat register will also
reduce closet relative humidity. Installing a
heat register in a closet, however, is an
inefficient use of heating energy and should
be used only as a last resort.

Heat flow out of a closet can be reduced
by insulating the exterior closet walls and by

preventing the wind from short-circuiting the
thermal insulation by blowing into the wall
cavities (wind-washing of the insulation).
Wind-washing can be controlled by installing
a tight building paper or tight sheathing on
the exterior of the wall. An ideal solution
would be not to locate exposed closets on
exterior walls.

MOLD AND MILDEW DUE TO
VAPOR PRESSURE

Considering the same closet described in
Figure 1-4, now assume a relative humidity
of 50 percent at a temperature of 70 degrees
Fahrenheit in the bedroom. This indicates a
high amount of moisture present in the
conditioned space. In other words, a high
vapor pressure exists in the bedroom. Also
assume, as before, that the amount of
moisture in the closet and in the bedroom are
the same. Therefore we can conclude that

since the amount of moisture in the closet
(vapor pressure) is high, the reason the high
relative humidity exists is because there is
too much moisture in the house.

To control the mold in the closet, the
relative humidity must be reduced, and since
the relative humidity is high because the
vapor pressure in the closet is too high, the
vapor pressure in the closet and house must

\ CLOSETS ON
EXTERIOR WALL

BEDROOM

SRRt

Figure 1-4: Partial Plan of House
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be reduced. The vapor pressure or moisture
levels in the closet and house can be reduced
using three methods: source control,
dilution, and dehumidification.

Source control, the most energy efficient
of the three approaches, involves controlling
interior airborne moisture levels through the
control of moisture sources. Common
examples of source control are the direct
venting of bathrooms, clothes dryers, and
kitchen stoves to the exterior. Other
strategies include the construction of dry
basements and crawl spaces, the venting of
space heaters directly to the exterior, the
removal of unvented kerosene space heaters,
and the storage of firewood outdoors rather
than indoors.

Dilution involves the use of air change,
or the exchange of interior moisture-laden air
with exterior dry air. If the exterior air is
dryer than the interior air, the greater the air
change, the greater the dilution of interior
airborne moisture levels. Dilution can occur
through natural air change (uncontrolled
infiltration and exfiltration) or through
mechanical ventilation (controlled air
change) utilizing fans or blowers. Dilution
by air change is only possible where the
exterior air is dryer than the interior air. In
cooling climates or during cooling periods
this is often not the case. As such dilution of
interior airborne moisture levels utilizing air
change is limited to heating climates and
during heating seasons. A common example
of dilution control is installation of an
exhaust fan that operates by timer or
dehumidistat control.

Dehumidification involves the removal
of moisture from a space and usually
involves the cooling of warm, moisture-laden
air to reduce its ability to hold moisture,
thereby forcing the moisture to condense. As
such dehumidification is often coupled with
air conditioning and is common in cooling
climates or during the cooling season. A
common example of dehumidification
control is the installation of a dehumidifier in
a basement or bedroom.

COMMON EXAMPLES OF MOLD
AND MILDEW

Most mold and mildew problems are
either surface temperature related or vapor
pressure related, or some combination of
both. A surface-temperature-related mold
problem may not be eliminated by increasing

ventilation or air change, whereas a vapor-
pressure-related mold problem may not be
eliminated by increasing temperatures.
Understanding which factor dominates—
surface temperature or vapor pressure—will
limit the choice of effective strategies. An
example of this would be an old, leaky,
poorly insulated home in a heating climate
which is suffering from mold and mildew.
Since the house is leaky, it has a very high
natural air change that dilutes interior
airborne moisture levels and therefore
maintains a very low interior vapor pressure.
Providing mechanical ventilation in this
house by installing a fan in an attempt to
control interior mold and mildew will likely
not be effective since the interior moisture
levels are already low. Increasing surface
temperatures by insulating the exterior walls,
thereby reducing surface relative humidities,
would be a better strategy to control mold
and mildew in this instance. Other common
examples of mold and mildew follow.

Exterior Corners

Exterior corners are common locations
for mold and mildew growth in heating
climates due to the higher relative humidities
found near exterior corner surfaces than at
other envelope surfaces. The higher relative
humidities are due to the corners being
colder than other surfaces. The corners are
often colder for the following reasons:

1. Poor circulation (Figure 1-5A)

2. Wind blowing through corner
assemblies—also known as “wind-
washing” (Figure 1-5A)

3. Low insulation levels (Figure 1-5B and 1-
5C)

4. Greater surface area of heat loss (Figure
1-5D)

Lack of airflow at corners due to poor
circulation and /or obstructions such as
furniture results in less heat being carried to
corner surfaces, making them colder.
Sometimes, rearranging furniture to remove
air flow obstructions from a corner is all that
is required to control mold and mildew
growth. Homes with forced air heating
systems and /or room ceiling fans have lower
incidences of mold and mildew growth than
homes with low levels of air movement.

Wind typically increases in velocity at
corners, often increasing heat loss at corner
surfaces. When wind enters corner
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assemblies and blows through, or short-
circuits the thermal insulation (wind-
washing), the interior surfaces (gypsum
board) can be cooled significantly. This air
flow is distinct from infiltration. Infiltration
is entirely due to air movement through the
wall, whereas wind-washing typically
involves air flow entering a wall at one
location at the exterior and exiting at some
other exterior location.

Corner lumber framing practices often
result in more wood than insulation in a
corner. The resultant lack of thermal
insulation leads to colder corner surfaces
(Figure 1-5B). Recent framing innovations
(i.e., two-stud corners) reduce heat loss at
corners as well as reduce quantities of
framing material required (Figure 1-5C). The
advent of insulating sheathings has also
significantly reduced the incidence of corner
mold and mildew.

Corner geometry results in a greater
exterior surface area of heat loss per unit of
interior surface area than at other wall
surfaces (Figure 1-5D). This also results in
cooler corners.

Exterior Wall/Roof Intersections

Cool interior surfaces in heating climates
also can occur where exterior walls intersect
roofs. Ceiling thermal insulation often is
reduced in thickness at building perimeters
due to roof geometries, resulting in greater
heat loss at perimeters, and thus cool spots
(Figure 1-6A). The cool spots lead to higher
surface relative humidities and mold and
mildew. The use of specialized roof framing
details (i.e., high-heel trusses) has allowed
greater thicknesses of ceiling insulation to be
installed at building perimeters to reduce

heat loss at these locations. However, the
thicker roof assemblies can lead to greater
heat loss than standard framing when these
thicker roof assemblies are coupled with
soffit ventilation. The higher roof framing
makes it easier for air entering at soffit vents
to short-circuit the thermal insulation (wind-
washing) (Figure 1-6B). Therefore, wherever
soffit ventilation is utilized, wind baffles are
also necessary to control wind-washing and
hence mold and mildew growth at building
perimeters (Figure 1-6C).

Setback Thermostats

Setback thermostats have proven to be
very effective in heating climates to reduce
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Figure 1-5: Heat Loss Effects at Building Corners
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