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ABSTRACT 
TIle firsl known cases of exlensive decay in Ille wall fmllling 
members of IIl1ndreds, if nol Illolisands, of mallllfacllired 1I0mes 
involve Ille Tri Siale Homes in Wisconsin, Minnesola, and Micll
igan Itlle company lias gone bankrupt). Abolll 6,000 sllcll IIollles 
were bllilt in Ille 1970s. Tile decay lias been aftribliled 10 IIiglllL>o
els of illdoor 1II0isillre, bill I~cenl field lesl and cDmp"ler model
ing reslilts indicate 11101 Ille prilllary calise is Ille presence of an 
eXlerior Vilpor 1~larder (EVR) 11101 lrapped 1II0isillre wililin Ille 
wall cavity. TI,e low-perlllcobilihj relarder (bllilding paper) was 
on Ille olliside of Ihe plywood sileallling behind IIardboard lap sid
ing. TIle presence of Ihe Vilpor Irlarder callsed Ihe plywood 10 gel 
milch wefter 111011 normal dllring Ihe win IeI' and spring, and it 
reduced Ihe rale of dnjing of Ihe plywood. TIllis Ihe wood was slill 
qllile wei in Ihe 10 Ie spring and early Slllllmel; when lemperaillres 
were high ellollgh 10 prolllole Ihe growlh of decay fllllgi. TIle 
reslilt was sevel~ and exlensive rofting of Ihe plywood shealhing 
Ihal occlI,.,~d over Ille lasl 20 years. Bill Ihe decay pro8'rssed 
slmoly, sllch Ihal it was firsl noliced only abolll eighl years ago. 
Moreovel; Ihe wei wall conditions led 10 Ihe growlh of sllbslantial 
mold Ihal seriollsly illlpacled Ihe health of lIIany of Ihe occllpanls. 

All inspection of 15 Tri Siale hOllies in Wisconsin Ihal llad 
siding removed (colllplelely rellloved in 11 of Ihe cases) revealed 
Illal 14 had plywood decay and 12 of Ille cases were sevelr enollgll 
Ihal Ille plywood cOlild be 10YII apal'l by hand. Iim of Ihe 11l1ollles 
with siding complelely Irmoved had decay presenl. [n addition, 
decay was noled in five of six hOllses with siding removed only in 
Iwo localized areas; Ihose IIollles were nol inspecled by Ille 

INTRODUCTION 

Since 1986 field inspections of manufactured homes 
produced byTri State Homes have shown that a large per
centage of those homes have serious and relatively exten
sive wood decay of the plywood sheathing. There are 
literally thousands of such cases (Merrill and Ten Wolde 
1989). There is no other instance of such extensive wood 
decay in North American homes. 

allillors. TIlliS, overall, 19 of 21 hOllies inspecled IIad plywood 
decay. If is conjecilired 11101 mosl, if nol all, of Ille ll'i Siale 1I0mes 
eitller allrody IIave experienced or evenilially will experience 
sevel~ plywood decay. Plywood delaminalion also was observed 
in 8 of 10 of Ihe cases. 

Many of Ille walls were IInllsllally wei dllring win IeI' and 
early spring, and plywood 1II0isillre conlenls above 60% Ithe 
lIIeler lilllit) were llleaslired dllring 10 Ie Jllne and early Jllly, wilen 
Ille plywood in a conventionally conslrucled wall is considerably 
drier. The plywood 1II0isflll~ conlellis lIIeaslired in Ihe ll'i Siale 
hOllies dllrillg Ihal early Sllllllllel; as well as dllrillg Ihe p,wioliS 
willieI' and eOl'ly spring, wel~ IIigher Ihall Ihe highesl Vililies lIIea
slll~d ill any of Ihree Pacific Norlhwesl wallmoisilire field silld
ies. While it has long been noled Ihal Ihe oliiside layers of a wall 
sholiid be less pelllleable Ihan Ihe inside layers, Ihese reslilts dra
lIIalically elllpilasize Ihe calaslrophic res liltS Ihal call occllr wllell 
Ihe ,."Ie is 1101 followed. 

A cOlllparisoll of shealhillg alld sidillg 1II0isllllr levels for 
walls willI alld wilholll all EVR also was IIl1derlakell IIsing llle 
MOIST COlliI'll IeI' model developed 01 a nationallabomlO/y. The 
lIIodelillg Irslilts fllrlher reillfOl'Ce Ihe field illspeclion fillding Ihal 
Ihe EVR is Ihe calise of Ihe sirucillmi dalllage. 

Delails of Ihe field lesls alld Ihe COlliI'll IeI' modelillg are plr

sell led, alollg with COllclllSiollS alld lecolllmelldalions. Praclical 
lessolls leamed fivm Illis case silidy O/~ p,rscllied 10 avoid similar 
problellls ill Ihe fililire with plrsently aVililable bllildillg prodllcls 
Ihal acl as all exterior Vilpor relarder. 

For decay to occur the wood has to be both wet (typ
ically above about 30% moisture content or the so-called 
fiber saturation point) and relatively warm (generally 
above SO"F and optimally between about 7S"F and 90°F) 
(USDA 1987). Wood such as plywood in walls in climates 
such as fOlmd in Wisconsin can get wet enough in the 
winter, but the wood is too cold for decay to occur; in the 
spring and summer, when the outdoor temperatures are 
warm enough for decay to occur, the wood typically has 
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dried out sufficiently so decal' is no longer possible. Thus, 
the occurrence of wood decay in walls in cold northern 
heating climates is relatively rare. 

In fact, it is almost never observed in conventionally 
constructed walls, whether they are site built or manufac
tured. TIlrce US. Department of Energy (DOE) wall mois
ture field studies undertaken in the Pacific Northwest, 
including one involVing 20 hOlnes in Montana where the 
weather is sirnilar if not colder in the winter than in Wis
consin, have conclusively shown that in conventionally 
constructed wans without an exterior vapor retarder 
located in northern heating climates there is no evidence 
of wood decal' (Tsongas 1980, 1986, 1990). The only excep
tion is in very isolated cases, ,,,,here leaks or wood men1-
bers directly in contact with earth cause the wood to be 
wet v'fhcn outdoor temperatures nre warm enough to 
allow ,vood decay fungi to grow. 

It has been alleged and widely believed that the decay 
observed in the Tri State homes was caused by elevated 
indoor relative hlllnidities and lack of sufficient indoor 
moisture control (Merrill and Ten Wolde 1989). It has been 
presumed that the elevated indoor llloisture levels were 
caused by a combination of relatively tight construction, 
lack of bathroOln 01' other ventilation, damp basenlents, 
and relatively small hOllle size. 

If those were the only factors, then one would expect 
to see such decay occuning cOlnmonly in many homes in 
northern climates. Yet that siInply does not happen. Thus, 
something must be different about the Tri State homes. It 
would appear that the unusual difference in those homes 
is that they were made with building paper with a fairly 
low permeability on the outside of the wall cavity (just 
outside of the plywood sheathing). 

It is common to install a permeable building paper as 
a Jl10isture barrier behveen siding and plywood sheath
ing. Howevel~ it is very unusual to install a relatively 
impermeable vapor retarder on the outside of a ,vall cav
ity. For years it has commonly been prescribed that the 
outside of the wnIl cavity be penneable, and much more 
so (at least five times) than the inside of the wall cnvitYI so 
that water vapor could escape out of the wall cavity to the 
outside and not accumulate and cause deterioration of 
the wood members (Anderson and Shenvood 1974). 

TIle Tri State homes field evidence indicates that the 
wood decay observed was lilnited prirnarily to the ply
wood and not the siding or the studs. It appears that the 
decay started in the plywood outer layers, where mois
ture migrating through the wall from the inside to the out
side ,vQuld accumulate behveen the plywood outer 
surface and the inner surface of the impermeable building 
paper. Since the vapor retarder slowed the wall's drying 
rate, llloisture could accU1llulate such that the wood 
stayed wet ,veIl into wann weather and decay occurred. 
Without the impermeable vapor retarder in place, the ply
wood presumably would have dried out and no decay 
would have occurred. 

It should be noted that, based on limited early field 
inspection evidence, Trechsel (1994) hypothesized that 
the decay was caused by the presence of the impermeable 
building paper. Howevel~ many building scientists dis
agreed. The issue was contentious and embroiled in hvo 
lawsuits. TIllts, as part of a class action suit involving 393 
Tri State homeowners, it was decided to ren10ve the sid
ing from a suitable sample of those homes in an effort to 
pinpoint the cause of the plywood decay. 

A Relevant Case of Decay 
in Older Mobile Home Walls 

One other situation involving substantial decay in the 
walls of older single-wide mobile homes has relevance to 
this issue (Tsongas 1995). The metal (or wood) Siding of 12 
mobile honles located in the Pacific Nortlnvest was tem~ 
porarily removed during the late fall and early winter of 
1993 in two small sections to install moisture-sensing 
instrumentation for a research project. In a number of the 
homes there was an iInpenneable vapor retarder (such as 
polyethylene) installed on the outside of the wall cavity 
right behind the siding (typically metal). Presumably it 
was installed there to keep condensation that formed on 
the inside of the siding from wetting the fiberglass insu
lation since none of these 12 homes had plywood or other 
wood sheathing or building paper. However, it) most 
cases, extensive condensed Il10isture was noted during 
the wall openings on the inside surface of the vapor 
retarders (see Figure 1). Often the bottom plate was rela
tively wet. Maximum Ineasured wall cavity ·wood mem
ber moisture contents were 33%, 44%, and 520ft) for three 
of those homes .. 

Most itnportant, there was associated decay in wood 
members such as the bottom plate or the subfloor of four 
homes with an EVR. Smne of it was isolated and relatively 
mU10l~ but SOlne was Inajot'. TIle decay could be even 
luore extensive if all the sidu1g were removed and the rest 

Figure 1 Wood decay and extensive condensed mois
ture on inside surface of polyethylene vapor retarder 

208 Thermal Envelopes VI/Moisture and Air Leakage Controill/-Practices 



of the wall areas were inspected. TI,ere was no decay in 
any of the other homes that did not have an EVR. More
over, for those homes the maxinulm wall cavity wood 
member moisture content was less than 16%, which is 
considerably drier than the maximums for the walls with 
an EVR. 

These preliminary results, along with the Tri State 
Homes results, strongly suggested that the decay was 
caused, at least in part, by the presence of a relatively 
inlpermeable exterior vapor retarder. Thus, it was hoped 
that a detailed field inspection of Tri State home walls 
with all or part of the siding removed would provide an 
irrefutable answer. 

lEST HOME DESCRIPTION 

Houses Studied 
The homes under consideration in this study were 

manufactured homes built in Wisconsin by Tri State 
Homes during the period 1974-1978. TI,e major compo
nents (e.g., individual walls) were all manufactured in a 
factory and site assembled. About 2,000 such homes were 
built during that period. The owners of 393 of those 
homes participated in a class action suit due to alleged 
structural damage caused by the existence of an exterior 
vapor r,etarder. Of those, 25 homes from all parts of the 
state were randomly selected as representative for 
detailed inspection. 

From those 25, only 11 homes had no repairs to siding 
or plywood. Incidently, that indicates the extent of known 
damage to these Iwmes. TIlDse 11lmrepaired homes were 
selected to have nil their siding and exterior vapor retard
ers removed to thoroughly inspect the plywood sheath
ing for elevated moisture contents and moisture-related 
deterioration and to determine the extent of any wall 
damage. Another four homes had small amDlmts of sid
ing removed to inspect the plywood in areas where siding 
or plywood had not been replaced. The other 10 homes, 
including two inspected by the authors (no siding was 
removed), were not considered part of this study for a 
variety of reasons. Of those 10 homes, 6 were inspected by 
the defense without either of the authors present; all of 
those homes previously had Siding or plywood partially 
or completely replaced. Siding was removed to inspect 
the plywood in only a few locations in each of those 
homes. 

Wall Construction and House Details 
All of the 15 test homes were single-family detached 

homes with wood-frame construction. Almost all were 
single-story with an nnintentionally heated nnfinished 
basement. Some had a partially or fully finished and 
heated basement. The areas of the heated living space 
ranged from 816 to 1,800 ft2 (76 to 167 m2); the average size 
was 1,222 ft2 (114 m2). The homes had double glass win
dows that were well flashed and sealed. The natural infil-

tration rate of one of the homes \vas estimated frOlTI a 
blower door test to be 0.29 air changes per hour (ACH) 
using a national laboratory's methodology (ASHRAE 
1993). That is close to the average of 0.28 ACH for 73 other 
Tri State homes tested prior to this study (Merrill and Ten
Wolde 1989). Tests, both by blower door and passive 
tracer gas and described briefly by Trechsel (1994), found 
values of 0.2 to 0.6 ACH. 

From inside to outside the 2-by-4 walls were con
structed of O.5-in. (12.7-mm) gypsum board, R-11 
ft2·h·oF/Btu (1.94 m2·K/W) fiberglass batts, O.5-in. 
(12.7-mm) plywood sheathing (interior type with exte
rior glue), a low-permeability asphalt-impregnated 
building paper (44 field samples tested to be 0.65 penn 
on average), and O.5-in. (12.7-mm) hardboard horizontal 
lap siding (except house 10, which had panel siding). 
The exterior vapor retarder was applied in continuous 
sheets and properly lapped at the joints. 

TI,e fiberglass baits typically had asphalt-impreg
nated kraft paper on their inside face and an asphalt
impregnated kraft paper backing on their outside face. 
TI,e batts were usually face-stapled on the outside of the 
studs. The penneabilities of the ilU1er insulation facings 
and the outer backings were tested to be, on average, 4.09 
perms (53 field samples) and 7.10 perms (34 field sam
ples), respectively. 

All but one of the 17 homes illspected had a working 
exhaust fan in the main bathroom, all but three had a 
working kitchen exhaust fan, and all had their dryer 
exhausted to the outdoors. Most of the homes did have a 
dehumidifier ill the basement, but it was typically used 
only ill the sunU1let: TI,e homes generally were heated 
either with electric baseboards or with a hydronic base
board system (the natural draft boiler was located ill the 
basement); a few relied heavily on a wood stove for heat. 
TI,e number of occupants ranged widely from two to 
nine. 

THE FIELD INSPECTION PROTOCOL 
The first three homes were visited durillg August 1993 

to perform a prelinlillary informational inspection. Only 
minor amolUlts of siding were relnoved. Site visits were 
made to the remainillg 14 homes during late winter, early 
spring, and early summer of 1994. The inspection dates 
are noted ill Table 1. Some of the homes were visited on 
more than one occasion. Generally speaking, only minor 
amounts of siding were removed durillg the late willter 
and early spring visits. All the siding was removed from 
the 10 homes visited during the week of jlme 27-july 1, 
1994, plus one visited on April 1, 1994. 

For earn wall of the 17 homes, the siding and EVR were 
removed and the moisture content of the plywood wassur
veyed USillg a hand-held capacitance-type surface mois
ture meter with a penetration depth of about 0.5 in. 
(12.7 mm). TI,e plywood moisture content was systemat
ically measured in all areas of all the exposed walls (typi-
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TABLE I Tri State Homes Field Inspection Data Summary 

Ply_ Plywood Decay Studt Siding AmI. Winter Fib. 
Home Dates MCmax(%) wood Major Minor Plate Drip Siding Indoor Batt 

10# Inspected 8/23 2-3/94 4/94 6-7/94 Delam. Gable Other Gable Olher Decay Marks Removed RH Char.a 

2 

3 

6/27/94 

6/27/94 

3/1/94 
6/28/94 

4 3/01. 4/01. 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

6/28/94 

3/1/94 
6/29/94 

3/94. 
6/29/94 

3/94. 
6/30/94 

3/94. 
6/30/94 

2/28/94. 
7/01/94 

4/02/94. 
7/01/94 

2/28/94. 
4/01/94 

2/28/94 

2/28/94 

3/01/94 

8/04/93 16 

8/04/93 19 

8/04/93 15 

36 

45 

49 

45 

40 
30 

47 >20 

>20 

30 

55 

47 

53 >60 

>60 >60 

>60 80 

29 

13 

18 

Y 

N 

N 

y 

y 

y 

y 

y 

y 

y 

NA 

NA 
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N 

N 

y 

y 

N 

y 

N 
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NA 

Y 

NA 

Y 

Y 
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NA 
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NA 
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Y 
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N 

y 

N 

y 

y 

NA 

NA 
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y 
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NA 
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N 

N 

N 

N 

N 

N 

N 

y 

N 

NA 

NA 

Y 

y 

y 

NA 

y 

N 

N 
y 

y 

All 

All 

All 

All 

All 

All 

All 

All 

All 

All 

All 

Minor 

Minor 

Minor 

Minor 

Minor 

Minor 

32 

Kp·Kp·OFS 

FL-KP-OFS 

28 FL·KP-OFS 

29 KP-NO-IIS 

41 KP-KP-OFS 

33 

32 

26 

30 

FL-KP-OFS 

py-??-?? 

??-KP-OFS 

FL-KP-OFS 

QKP: ospholHnpregnoted kraft paper facing: FL: foil facing; NO: no facing; OFS: face stapled on outside foce of stud; liS: inset stapled on Inside surface 
of stud near inner face. 

Home 10# Remarks 

1 Six-year-old piece of plywood covered wllh spin-bonded polyolefin on S gable wall 

2 One inch cedar siding with tar paper over building paper; building paper badly deteriorated in one spot 

3 Siding wos vented high and low in each stud cavity 

4 Water condensed on warm side of building paper where lstiburek opened wall 

5 New vinyl siding wllh spin-bonded polyolefin (SBP) over old building poper; water ron out when JL cut SBP open in M 
6 

7 

8 
9 Building paper frozen to plywood 

10 Verticle board and botten siding (4-ft-wide panels) 

11 Water droplets on inside of building paper up against plywood 

12 Building paper removed and some plywood replaced: new polyeaer with foil facing and vinyl siding 

13 Original hardboard siding and building paper removed and replaced with aluminum siding with fiberboard backer 

14 RepaIred in 1987: new vinyl siding with O.5-in. foiHaced rigid insulation over plywood 

15 

16 Only one gable end opened In one small area; plywood decoy likey because of siding drip marks 

17 

cally 50 to 100 readings pel' wall). If that meter indicated a 
moisture content of greater than 20%, then sometimes tile 
moisture content was determined using an elech'ic-resis
tance-type moisture meter WiOl insulated pins, automatic 

temperature compensation, and a range of 6% to 60% at 
70'P (21 'C). All moisture readings were recorded on 
sketches of the wall in the locations where the readings 
were made. 
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Figure 2 Wall field sketch with conditions noted. 

The next step was to visually inspect tor mold on the 
exterior surface of the plywood, for areas of plywood 
delamination, and for decayed plywood. If found, the 
locations were noted on the wall sketches. An example is 
shown in Figure 2. Findings also were recorded photo· 
graphically and with a video camera. The complete sid
ing removal, moisture measurement, and inspection 
process took about three hours per house .. 

Five of the 10 homes visited in the 1994 summer also 
were inspected during midwinter or early spring of 1994, 
along with four others. Generally speaking, siding was 
removed only in isolated locations during those earlier 
inspections. However, the moisture content of all regions 
of the siding was measured with a surface moisture meter. 
Where elevated levels were observed, the moisture con
tents of the plywood underneath were measured by driv
ing the insulated pins of the probe-type moisture meter 
through the siding and into the plywood. 

lndoor and outdoor relative humidities and tempera
tures were measured during the winter and spring using 
a digital hygrometer/temperature meter. Small pressure 

differentials were measured with a highly sensitive digi
tal manometer (to within 0.1 Pal to aid in understanding 
wall moisture migration characteristics. A blower door 
was used to perform depressurization tests to determine 
the airtightness of some of the homes (see the "Analysis of 
Results" section). Finally, infrared thermography was 
used to inspect walls for air leaks or thermal anomalies. 

RESULTS AND FINDINGS 
The salient results of the field inspections are pre

sented in Table 1. Where blanks exist in the table, no obser
vations were made one way or the other. The results are 
discussed in the following sections. 

Elevated Plywood Moisture Contents 
TIle MCmax values shown in Table 1 are the maxi

mum values measured for any wall for each of the homes. 
The majority of those values are equal to or greater than 
the fiber saturation point for plywood (28%), with the 
highest being 80%. The >60 values were out of the range 
of the probe moisture meter and the plywood generally 
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was wet to the touch, while the >20values were above the 
upper range limit of the surface moisture lneter, Many of 
the walls were relatively wet in Ill.any areas, Generally 
speaking, the walls were relatively drier on the bottom 
half and wettest near the top of the wall. TIley were espe
cially wet on the upper portions of gable end walls, (See, 
for example, Figure 2.) They also were very wet on non
gable end walls outside of bedroom closets, 

Three homes inspected in February-March 1994 had 
siding fully or partially replaced when wall damage was 
found prior to our inspections, In those cases the exterior 
vapor retarder usually was relnoved. When opening 
small areas of siding to check moisture levels of the ply
wood, the wood in all cases was m_uch drier than in 
houses inspected the smne week with an EVR in place. In 
none of these cases ,vas the plywood ever 1110re than 30% 
lnoisture content. 

When siding was removed during the winter or early 
spring, liquid or frozen water often was noted between 
the plywood outer surface and the exterior building 
paper/ retarder, Howevel~ it generally was not present 
between the siding and building paper/retarder, 

Plywood Delamination, Decay, and Mold 
Plywood delamination was noted in 8 of the 10 homes 

with siding completely removed and inspected during 
the SUl1uner. In SOlne cases it was sOlnewhat lnin01~ but in 
lnany cases it was rather extensive, It was clearly caused 
by excess moisture levels in the plywood, In all cases the 
degree of delmnination caused local surface bulging, 

In no case was there any obvious indication of decay 
present ,vithin a \vall by obsel'Ving the ,vall (rmn outside 
the siding, There were a few drip mark" on the siding 
fr0111 between laps in a few cases (see Figure 3), but they 
were not always easily observable. However, upon 
removal of the siding and EVR, the plywood was found 
to be decayed in 10 of the 11 homes with all or most of the 
siding removed and 14 out of 15 overall (see Table 1), One 

Figure J Minor drip marks on siding between laps, 

of the 10 houses inspected during the summer did not 
have deca)~ but the summer plywood moisture content 
values were high enough (well above the fiber saturation 
point) that decal' would likely occur in the future, 

The degree of decay ranged from minor (wood soft in 
small areas) to major (wood disintegrated and easily 
punctured/broken apart by hand), All but 2 of the 14 test 
homes with decay exhibited major decay (see, for exmn
pie, Figure 4), !loth major and minor decay were noted 
about equally often on both the gable ends of the homes 
and the other sides, "Vhen InajaI' plywood decay was 
noted, the exterior building paper was often disinte
grated as welL TI1at rna)' have allowed moisture to leave 
the wall cavity more easily and thus dry out the area and 
slow or stop the decay, 

In addition to the decay found during the inspections 
of the 15 houses, there was previous or existing decay 
noted in 5 of 6 houses inspected by the defense (neither 
author was present but site inspection notes were 
reviewed; the inspection findings regarding decay were 
not clear for 1 of the 6 homes), Those 6 homes were part 
of the original 25 Tri State homes randomly selected for 
detailed inspections, TIlliS, of the total sample of Tri State 
homes randomly selected for inspection, ovel'all19 of 21 
homes had plywood decay. 

Site visits and inspections for a governor's task force 
prior to this study found decay in fewer than half the 
homes, based on partially removing siding in locations 
based on inspector preference and experience (lvlerrill 
and Ten Wolde 1989), Howevel; this present study found 
decay in aItnost all homes when all the siding was 
relnoved, 

Surprisin.gly, the siding was never decayed or other
wise affected. For example, the siding was ahnost never 
noted to be buckled. Moreovel~ in only one case was a 
stud or plate decayed, which agrees with the findings of 
Merrill and Ten Wolde (1989) of framing damage in 5% to 
10% of the hOlnes. By way of explanation, the studs were 

Figure 4 Major plywood decay with diSintegrated build
ingpaper. 
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usually separated from the plywood with an asphalt
impregnated paper attached to the insulation batts and 
stapled to the outer face of the studs. 1111IS the plywood 
was fairly isolated, with asphalt-impregnated building 
paper or insulation backing on both sides in most cases. 

Varying degrees of mold were often noted on the exte
rior surface of the moister sections of the plywood (and to 
a lesser extent on the inside surface). In a related lawsuit, 
mold in Tri State homes was shown to cause adverse 
health effects (Olson et al. 1993). 

Indoor Conditions 

The indoor relative humidity was measured in the 
eight homes inspected during late February and early 
March: the average \\'a531%, with a high of41 %and a low 
of 26% (the second highest was 33%). That average is 
almost exactly the same as the value predicted using 
MOIST software modified to calculate indoor relative 
humidity values (Tsongas et al. 1995) and assuming typ
ical Tri State residence conditions. 

111e hOlnes were inspected indoors for mold and mil
de,v. It was smnetimes found in localized small patches, 
typically in ceiling corners, and appeared to be due to 
cold surfaces caused by thermal short-circuiting. Slight 
1l10ld also was noted on SOlne window fralnes. Howevel~ 
the 11101d was not as bad as was seen in tnany other houses 
where decay did not occur. 

While inspecting the bedrooms, a hole was regularly 
noted opening into the wall cavity in the inside gypSUlll 
board of the exterior walls above the flat ceiling (a remov
able partition) in the closet area. Wiring passed through it, 
and it had an area of about 10 to 16 in2 (65 to 103cm2) (see 
Figure 5). In a few cases, tnold was observed on the bot
tom of the closet ceiling near the opening. 

Figure 5 Hole in gypsum board of exterior wolf 
alfowing exfiltrafion of moist Indoor air into 
the wolf cavity. 

Blower Door Tests, Infrared Thermography, 
and Pressure Diagnostics 

Blower door tests were run by the defense on houses 
1 through 14, but the results have not been made available 
pending an appeal of a companion lawsuit. \Ale ran a test 
on house 11 in conjunction with infrared thermography 
tests. The lneasured cf:m50 value was 1,040. Using the 
national laboratory's 111ethodology described in 
ASHRAE (1993), the natural infiltration rate was esti
mated to be 0.28 ACH. 

Infrared thennography was llsed, both with and with
out a blower door operating, to scan the exterior ·walls to 
look for ail' leaks or thennal anomalies. A particular effort 
was made to examine the Inid-wall area below the peak of 
the gable ends where elevated I1loisture levels, delamina
tion, and decal' of the plywood regularly were found. It 
,vas initially presumed that the plywood damage and/ or 
elevated moisture levels high in the gable ends were due 
to substantial air leaks and exfiltration at that location. 
Howevel~ no large air leaks were found. In fact there was 
comparatively little ail' leakage through any part of the 
gable end walls. 111ere were no leaks noted where the 
interior partition walls intersect the exterior walls. More
ovel~ there were far fewer anomalies than found in other 
thermographic inspections of homes in that region. 

Measurements of pressure differentials were Illade to 
detennine if any of the hOlnes were pressurized such that 
l1loisture Blight be driven into the walls. In all cases the 
homes were negatively pressurized (typically about 2 to 3 
Pal, if at all, except one house, which had very slight (+0.2 
Pa) bedroom pressurization. Typically when they were 
depressurized, that was due to the stack effect or opera
tion of the space-heating boiler.TIw lack of forced-air heat
ing Ineant that most bedrooms were not pressurized. 

ANALYSIS OF RESULTS AND FINDINGS 

Elevated Plywood Moisture Contents 

The plywood moisture contents were much higher 
than expected based on COlnputer wall Illoisture simula
tion results for manufactured houses in Madison, ''''is. 
(Burch and Ten Walde 1993). Although wood components 
in walls can get rather wet (even well above the fiber sat
uration level) during winter 1110nthsl walls typically dry 
out appreciably in the spring and by mid~summer are nor
mally quite dry. In one house in Montcula l wall moisture 
contents as high as 47% were l1leasllred in February but by 
April the same locations were below 18% and during mid
summer they were below 7% (Tsongas and Nelson 1991). 
In a study of 86 homes in the Pacific Northwest, winter 
moisture contents as high as 52% were Ineasured in ply
wood sheathing, whereas no values above 23% were 
noted in the same plywood monitored during July and 
early August (Tsongas 1990). 
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Thus the Inoisture levels measured in these Wisconsin 
homes in late jlme and early july (see Table 1) are remark
ably high and very atypical. Such high values would not be 
expected in conventionally constructed walls. In fact, one 
of the authors (Tsongas) has measmed moisture contents in 
thousands of other wall cavities and has never lneasured 
plY'vood Inoisture levels above 52%, even in mid-wintel~ 
let alone july. Generally speaking, plywood moistme lev
els in july are less U1aI110% to 15%. In monitoring moisture 
levels in a I1lm1ber of 2-by-4 wall configurations in Madi
son, WISconsin, where the indoor relative hunlidity \vas 
maintained at more U1an 40%, Sherwood (1987) found all 
moisture contents to be less than 16% by mid-April. 

The plywood moisture contents of some of the walls 
were also measured during mid-winter or early spring of 
1994. A number of readings were near or above 60% and 
the highest reading was 80%. 111at is the highest reading 
known to be measured in a U.s. wall without water leaks. 
Clearly such readings are atypical. 

It is worth pointing out that the bottoms of all walls 
were considerably drier than the tops. In no case did they 
exceed the fibersah.ration point (28%), nor were there any 
cases of decay there. 111ere are three likely explanations 
for that. First, the continuous exterior vapor retarder typ
ically did not cover the bottom foot or so of the plywood 
sheathing. 11ms it could breathe and dry out better than 
the rest of the wall. Second, as will be discussed in more 
detail latel; thermal convection looping within the wall 
cavities likely existed, and moisture in the cavity air pref
erentially condensed on the upper portion of the plywood 
sheathing in each stud cavity. In addition, any infiltration 
of cold, dry outdoor air in the winter would typically flow 
into the bottom of the wall cavity and lead to preferential 
drying of that lower portion of the wall. 

There was another strong indication of the effect of the 
EVR. 111ere were a number of places, such as on the 
exposed wall adjacent to the attached garage, where sid
ing was routinely installed without an EVR since none 
was needed on the wall between the house and the garage. 
In none of those cases was the plY'vood nloisture content 
even close to the fiber sahlration point, nor was decay ever 
noted there. Nor was any decay ever noted in the wall that 
had no siding or EVR between the house aI1d the garage. 
In one house, the vapor retarder was lnissing on one side 
of a comer but not on the othe" On the side with it miSSing, 
the wood was dry (12%) and light in color, whereas right 
arolmd the corner, where the retarder was in place, the 
wood was wetter (18% to 20%) and distinctly darker. 

111ere is statistical evidence from a Pacific Northwest 
wall moishu'e field Sh.dy that the highest wall moisture 
contents occur in bedroom and bedroom closet wall areas 
(Tsongas 1990). 111at may be caused at least in part by bed
room pressurization due to the operation of a forced-air 
furnace significantly increasing exfiltration of moist 
indoor ail' into U1e wall cavities. While Tri State bedroom 
walls often were exceedingly wet aI1d generally wetter 

thaI1 other areas, that cannot be caused by forced-air fur
nace operation since forced-air heating systems were typ
ically not installed. 

Computer Simulation Results The moisture perfor
mance of the walls in the Tri State homes was modeled 
using software developed by Burch and Thomas (1992) 
aI1d modified by Tsongas et al. (1995) to incorporate vari
able rather than constant indoor relative humidities. 111e 
model malyzes one-dimensional heat and moish.re 
transfer in multilayer walls and accmUlts for moish.re 
transfer by vapor diffusion, capillary flow, and one
din1ensional air convection. It predicts moishll'e levels in 
any of the components of a wall cavity on an hourly basis, 
typically over a time spm of one year. 111e results pre
dicted by U1e model depend on the house constmction 
and size, the occupants' life-style characteristics, the ,vall 
construction characteristics, and the local cliInate. 

The purpose of the modeling was to compare the ply
wood sheathing and wood siding moisture contents with 
and without a relatively inlpenneable exterior vapor 
retarder. Predictions were Inade using Madison, "Wiscon
sin, WYEC hourly weather data. 111e construction, build
ing, and occupant characteristics of an average Tri State 
home were used as inputs to the model. Fl'OIn inside to 
outside the prototype wall conshuction consisted of2-by-
4 wood framing, O.5-in. (13-mm) gypsum board with inte
rior latex paint (12.0-perm primer and finish coat), R-11 
(R-l.9) fiberglass batt insulation with a 4.l-perm inside 
facing and a 7.1-perm outside backing, O.5-in. (l3-mm) 
exterior-grade plywood sheathing, building paper (either 
0.65 penns corresponding to the type actually used in the 
construction, 20.2 perms [ASHRAE 1993] corresponding 
to conventional construction, or 402 perms [Burch et al. 
1992] corresponding to very permeable spin-bonded 
polyolefin), and O.5-in. (13-mm) waferboard siding with 
exterior latex paint (5.5-penn prin1er and finish coat). 

A 1,222-ft2 (114-m2) single-stOlY home with an aver
age room height of 9.5 ft (2.9 m) was assumed. The winter 
heating thermostat se!point was 68°F (20°C), the space
heating balance point temperature was 56 OF (l3 0 C), there 
was no summer air conditioning, there was no mechani
cal ventilation (only natural infiltration), the effective 
leakage area was 50 in.2 (323 cm2) (corresponding to an 
average natural infiltration rate of about 0.28 ACH), the 
indoor moisture generation rate was 24 Ib / day (11 kg/ 
day), there was a small amount of exfiltration assumed, 
and the sorption constant pel' unit floor area and corre
sponding thermal tin1e constant were taken as 0.2 x 10-4 

Ib/h·ft2 (0.27 x 10-6 kg/s'm2) md 9 hours for manufac
tured homes (TenWolde 1994). Wmd and stack coeffi
cients were obtained from ASHRAE (1993). The moish.re 
content predictions vs. time are shown in Figure 6. 111e 
results for the Tri State wall, but without an EVR (it was 
assumed the wall had a 20.2-perm building paper case 
typically used in conventional construction and labeled 
"Med Perm" in Figure 6), indicate that plywood sheath-
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Figure 6 MOIST simulation moisture content predicitons for the Tn State wall plywood and siding with 
building paper of different permeabilities. 

ing can get wetter than the fiber saturation condition 
during winter months when decay cmulot occur. Never
theless, the walls dry out rapidly in the spring so that 
decay isnot possible. The same is true for the case with the 
very permeable building papel' (labeled "Hi Perm"), 
except the moisture levels are even lower. These C001-

puter modeling results are in good agreement with field 
inspection results-both indicating that wood decay gen
erally does not occur in plywood sheathing in northern 
heating climates. 

Howevel; in the same wall but with a 0.6S-penn EVR 
in place (the actual Tri State wall construction, labeled "Tri 
State"), the peak winter sheathing moisture content is 
significantly higher. During the late spring and early 
summer months, the plywood moisture content with the 
EVR is about 10% higher than without the EVR, and that 
is a significant difference. More important, moisture con
tents above the fiber saturation point persist in the sheath
ing until late spring and early summer when decay can 
occur. Thus the sheathing probably got wet enough for 
some decay to occur. Then, as warm weather continued 
through the summer, it stopped. This reoccurred for 
many years until the plywood deteriorated. That is prob
ably why it took more than 10 years for the first decay to 
be noticed. Incidently, even without any air leakage, the 
results were generally the same. 

Infrared Thennography Results High plywood 
moisture contents have been shown to occur at the site of 

localized small air leaks in conventional 2-by-6 walls 
without an exterior vapor retarder (Tsongas and Nelson 
1991). Moreovel; one would expect some exfiltration at 
the top of the wall cavity. Howevel; the infrared thennog
raphy results indicated that there was relatively little air 
leakage carrying warn11 humid air into the wall cavities 
and exiting high in the gable ends. So that probably was 
not the only cause of the high moisture contents and 
decay often observed there, although it certainly could 
have been a contributing factor. In fact, there was little air 
leakage obselvable in any parts of the walls, including 
areas around electrical outlets and switches. Walls in stud 
cavity areas with electrical outlets or switches showed no 
greater decay than those without them. 

n,e fact that the insulation batts were face stapled 
plus the exterior vapor retarder being continuous meant 
there was the equivalent of two continuous air barriers in 
place, one on each side of the wall cavity. That restricted 
ail' leakage. In addition, in comparison to site-built con
stmction, there appeared to be few thermal anomalies 
such as thermal short circuits (e.g., poor insulation instal
lation or missing insulation) that might cause cold spots 
where moisture might be more likely to condense. More
ovel; there was no evidence of water leaks and there was 
a two-foot overhang all around the houses that kept bulk 
outdoor moisture away from the high outside sections of 
the gable end and other walls. 

Thermal Envelopes VII Moisture and Air Leakage Control III-Practices 215 



It would appear that while some moisture migrated 
into the wall cavities by air convection, moisture also dif
fused slowly through the gypSlilll board into the wall cav
ities, where it was trapped by the exterior vapor retarder. 
There was no upper plate in the gable end walls so the 
stud cavities were as high as 11 ft (3.4m) at the peak. Thus 
these long wall cavities had the largest area for diffusion 
of water vapor and the greatest moisture entry per stud 
cavity. Natural air convection within the fiberglass insu
lation and any air spaces would cause the moist air to rise 
near the wanll itulel' gypsum board surface tmtil it 
reached the top of the wall cavity. It then turned and 
started to drop along the cold plywood outer surface. The 
moisture in the ail' condensed when it hit the cold ply
,vood outer surfacer and that resulted in the high 1110is
ture levels there. There was relatively less condensation at 
the bottom of the wall cavities, so they were drier. This 
hypothesis gained further credibility when it was noted 
that the long wall cavities near the ends of the gable end 
walls also had relatively elevated moisture levels, ,,,hile 
the short wall cavities above and below the windows in 
between were relatively dry (they were luuch shorter and 
had much less moisture input by diffusion). Incidently, 
the exposed gable ends were adjacent to bedrooms. Of 
course, any air ex filtration out of the top of the wall cav
ities during cold weather \vould lead to condensation 
there and localized wetting. Howevel~ air leakage can 
only occur at cracks such as at the top of the wall cavities 
or behveen plywood panels. Yet the plywood decay was 
not limited just to crack areas but occurred over large 
areas, including many well away from the top of the wall 
cavities. TIllIS while moisture migration into the wall cav
ities by both diffusion and ail' leakage can lead to decay, it 
is believed that the diffusion mechanism is the dominant 
lllechanism. 

While diffusion is a slow wetting process, it nonethe
less repeatedly wet the walls and kept them wet because 
drying also was by diffusion and slow. Apparently some 
decay occurred each year lmtil the plywood deteriorated. 
TIle process was slow enough that it took more than 10 
years for the first decay to be noticed and some was just 
noted after 20 years. 

TI,e other spot where walls regularly were found to be 
wet was high up on the non-gable end walls outside of the 
bedroom closets, where a relatively large hole allowed 
moist, warm indoor ail' to leak into the top of the wall cav
ity. When it hit the outside wall surface it condensed and 
caused elevated moisture levels. Once \vet, the exterior 
vapor retarder kept the walls from drying out as quickly 
as conventionally constructed walls. Clearly, decay in that 
spot was caused by air leakage rather than diffusion. 

In this study the vast majority of moisture problems 
and associated decay occurred in bedroom walls for the 
reasons noted above. Merrill and TenWolde (1989) also 
found that the most damage occurred in bedroom walls. 

Plywood Delamination and Decay 

While delamination of exposed plywood siding such 
as Tl-11 siding is not unconunon, especially if not well 
protected with paint or stain, delamination of plywood 
sheathing inside a wall and protected from the weather is 
quite rare. It can only occur if the plywood has gotten 
soaking wet as a result of a leak or some other lUUlsual 
cause. Clearly the latter is the case in the affected walls. 
Leaks generally were not observed, especiall); dri gable 
ends where delamination was regularly observed. For 
one thing, the decay usually occurred high up on the 
walls in areas protected from the weather by the large roof 
overhang. 

In terms of the decay obselved in the Tri State homes, 
there is no other dOCU111ented case of such severe and 
widespread plywood decay. It has been suggested that 
the decay was caused by elevated indoor relative humid
ities and lack of sufficient indoor moisture control (Merrill 
and TenWolde 1989). It has been presumed that the ele
vated indoor moisture levels were caused by a combina
tion of relatively tight construction, lack of bathroom or 
other ventilation, damp basements, relatively small home 
size, and high occupancy levels. 

It is true that elevated wall moish.re levels are statis
tically correlated to high indoor relative humidities (Tson
gas 1990). However, the average winter indoor relative 
humidity of 31 % measured in this study is not particu
larly high. For example, the average indoor relative 
humidity of 20 Montana homes whose walls were much 
drier and without any decay was 40% (Tsongas 1990). Yet 
those homes were much larger and generally in a more 
severe winter climate than that in Wisconsin. Moreover, 
the Tri State homes were tight, but not overly tight, and 
generally had bathroom ventilation. A number of the 
homes with moisture problenls had relatively low occu
pancy levels. As noted earlier, there sinlply has to be a rea
son other than high indoor relative humidities for the 
extremely elevated wall moisture levels and the associ
ated decay. None of the factors about the Tri State homes 
or their occupant life-style characteristics was that 
unusual. TI,e only plausible explanation for the exceed
ingly high plywood moisture contents and the surpris
ingly high percentage of Tri State homes with plywood 
decay is the existence of the exterior vapor retarder. 

It should be noted that an attempt was made to deter
mine whether plywood decay had occurred using surface 
or probe-type moish.re meters and/ or infrared thermog
raphy. It was hoped that actual removal of the siding 
could be avoided. Unfortunately.. no noninvasive method 
was found that would predict the condition of the interior 
wall struch.res, short of siding removal. 

CONCLUSIONS 

Detailed field inspections plus computer simulations 
have conclusively shown that the installation of a low-
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permeability vapor retarder on the outside of the ply
wood sheathing has led to relatively elevated moisture 
contents in the plywood sheathing, substantial deteriora
tion and decay of the plywood sheathing and the building 
paper itself, and the growth of large amounts of mold 
within the wall cavities of a majority of the Tri State homes 
inspected. In our opinion, these lmsatisfactory conditions 
will occur in almost all the Tri State homes, if they have 
not already, given enough time. Therefore, even if ply
wood decay has not yet occurred in some of the homes, it 
is inevitable that it will at some point in the future. TIms, 
all the exterior building paper needs to be removed. If the 
homes had been constructed without an exterior vapor 
retarder, there would be little or no damage and signifi
cantly less mold growth. While any decay has obvious 
structural effects on the dwelling, the presence of mold 
can have significant health effects on the occupants, as has 
been shown in a previous Tri State Homes case (Olson 
et al. 1993). 

There appears to be no nondestructive or nonlntru
sive way to determine the extent 01' location of the dam
age to the walls of any Tri State home. TIms the only 
remedy to this situation is to remove all the siding, 
remove the building papel~ fix the deteriorated plywood, 
clean as much mold as possible, replace the relatively 
impermeable vapor retarder with a permeable retarder, 
and re-side the walls. TI,en the walls should be relatively 
free of problems for the life of the buildings. 

It should be noted that it was well known within the 
building community prior to the construction of these Tri 
State homes that the permeance or perm rating of mate
rials on the cold side of exterior walls should be much 
greater than those on the warm side. A ratio of at least 5 
to 1 for the permeance of the outside materials relative to 
the inside materials was widely recommended at the tinle 
(see Anderson and Sherwood [1974]). The reconunenda
tion was made to help prevent condensation problems in 
walls. Thus it was fairly common knowledge that a low
penneance vapor barrier should not be put on the cold 
side of the wall. In fact, we know of no other cases where 
that was done at the time. Clearly, incorporating such an 
EVR in the Tri State homes was a huge mistake with disas
trous consequences. It should never have happened. 

Obviously one would like to avoid similar problems 
in the future with presently available or future building 
products, such as sheathing and siding that act as an exte
rior vapor retarder, iliat are used in northern heating cli
mates. Problems with at least one such product have been 
observed by one of ilie authors (Tsongas). Based on the 
results of this study, their use should be avoided until it 
has been shown that they will not create wall moisture 
problems, preferably by a combination of computer sim
ulation of wall moisture performance with those prod
ucts in ilie walls and side-by-side comparative testing 
with similar products that do not incorporate an exterior 

vapor retarder. TI,en and only then can one be reasonably 
sure that the products are safe for widespread use. 

Finally, it has been suggested that the decay that 
occurred was caused by elevated indoor relative luunidi
ties associated with tight construction and other factors. 
Ti,e essence of tl,at argument is that the elevated indoor 
relative humidities caused excessive condensation in the 
walls that led to decay. It is true that increasing indoor rel
ative hwnidity levels leads to higher moisture levels in 
walls (Tsongas 1990). However, while higher moisture 
contents lnay OCCUI' during the willtel~ the wood compo
nents in conventionally constructed walls still dry out suf
ficiently in the spring prior to warm weather such that 
decay does not occur. 111ere are numerous exmnples of 
sin1ilar poorly ventilated, airtight homes Witl1 even higher 
relative humidities (often in multifamily housing), and yet 
decay in such walls is seldom observed in any other north
ern U.s. cold winter climate location. Ti,e Tri State homes 
may have had a high wetting potential, but the key is they 
also had a rather poor drying potential. TI,e exteriorvapor 
retarder trapped moisture within the plywood and also 
prevented it from drying out as quickly as with a breath
able exterior building paper or none. TIms the primary 
cause of the damage was not the conditions inside the 
houses but rather the lUlusual wall construction. 

RECOMMENDATIONS FOR FURTHER STUDY 

It is recommended that the moisture performance of 
existing non insulating siding products or sheathing ma
terials that act as an exterior vapor retarder be explored by 
a combination of computer sinlltlation using the modi
fied model (Tsongas et al. 1995) and field tests. Computer 
simulations could be run to detennine what conditions 
and materials should be tested. Side-by-side field tests in 
actual homes comparing similar nlaterials with and with
out vapor retarder properties should then be lmdertaken 
to determine if the vapor retarder materials actually pro
duce problems. 

It is also suggested that further computer sinllliation 
be Wldertaken to examine the relative humidity condi
tions in conventional walls in northern heating clinlates 
to determine if conditions conducive to the growth of 
mold exist. The presence of mold has been noted both in 
this Shldy and others in the Pacific Northwest (Tsongas 
1980, 1986, 1990). It also would be worthwhile to repeat 
such a study for southern hot and humid climates using 
the modified software. That should lead to a better under
standing of ways to prevent its growth. Recent litigation 
results (Olson et al. 1993) and an increased emphasis on 
indoor air quality as related to health issues suggest that 
questions regarding the performance of walls from a 
mold growtl1 point of view will likely receive increased 
emphasis in the future. 
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