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SUMMARY

Objectives

To complete monitoring of the performance of exterior light frame construction 
through their dry-out stage after exposure to one winter period, and to re
port on the results.

Introduction

This project is the conclusion of a study begun in 1982 to investigate some 
aspects of the development and collection of moisture in exterior walls.
The purpose of this project is to monitor the behavior of the test walls 
through their dry-out of moisture collected during the winter of 1982-83. 
These walls had been installed in the exterior wall of the materials test
ing laboratory at Forintek's Eastern Laboratory.

The test walls which have been included in this study consist of variations 
on conventional walls, some of which have had particular problems in elec
trically heated houses in Newfoundland and other areas. The main research 
goal in this study has been to demonstrate the effect of minimizing air 
exfiltration on moisture collection, i.e., the primary cause of moisture 
transport into walls. The indoor environmental conditions are reasonably 
severe while the exterior conditions have the advantage of being produced 
by natural conditions.

The benefits of this study are that a better understanding of the causes 
and cures to the problems will be attained. It may be possible to suggest 
how the problems may be avoided in future construction, and how they may 
be corrected in already-built housing. It may also be possible to help 
some building products recover and maintain markets for their use. One 
such product is hardboard siding which has suffered much criticism and 
loss of acceptability for reasons that are probably not related to the 
product or to the way it was used.

Work Performed

The monitoring of temperatures and moisture contents in the framing members 
was continued until June 20 1983 when it was decided that the moisture col
lected in the walls during the winter period had essentially dried out.
Both continuous hourly readings on selected thermocouples, and relatively 
infrequent monitoring of a much larger number of thermocouples, and resistance 
probes and condensation gages was done. The present study concentrated on 
analysis of moisture contents and temperatures in the wood framing over the 
the whole monitoring period. A technical report was prepared.



Results and Conclusions

There was a very obvious difference in the performance of the two test 
walls.
Plots of corrected moisture content at four locations within each wall 
showed that one wall picked up more moisture at all locations where 
moisture probes were positioned. The greater increase in moisture gain 
by Wall No. 1 was attributed to its construction relative to Wall No. 2.
The only difference in construction between the two walls concerned the 
installation of the siding and the sheathing membrane used. The sheathing 
paper used in Wall No. 1 had two 100 mm lap joints not counting that at 
the bottom flashing, and the hardboard siding was installed on batten strips 
that provided a ventilation space behind it.

A spunbonded sheathing membrane was used for the second wall and only one 
305 mm lap joint was employed. The hardboard siding was installed directly 
to the wall as is common practise and provided pressure against the lap 
joint to increase the air tightness of the whole assembly.

The relative behavior of the two walls suggests that when siding is in
stalled on batten strips care must be taken to ensure that lap joints in 
the sheathing membrane used are held tightly by supplementary nailer strips 
or sealed by some other means.

Commercial Significance

The impact of this relatively small scale effort has been to demonstrate 
the need for the incorporation of an effective air barrier in the exterior 
envelope of wood frame construction. This barrier is needed for two pur
poses. Firstly, it is needed to minimize excessive air change rates that 
result in higher heating costs than are necessary. Secondly, the air bar
rier is needed to minimize the exfiltration of moist indoor air into the 
enclosed wall spaces. Condensation of moisture on the wall sheathing and 
lumber inside the wall can lead to deterioration of the wooden elements 
of the wall if sufficient moisture accumulates and is not rapidly dissipated 
when warmer weather returns. The commercial significance of this demons
tration is that if builders attend to sealing the breather sheathing paper, 
especially when siding is not installed directly to the sheathing, entry 
of moisture into the wall will be greatly reduced. This should result in 
fewer opportunities for deterioration to occur.

Recommendation for Further Work

The study has shown the influence of construction techniques on the moisture 
gain by framing in walls exposed to exterior conditions. The behavior of 
the walls is quite complex and improvements to experimental techniques and 
instrumentation were suggested. These bear further experimental work to 
assure that the next experiment employing monitoring will be more effective 
from an interpretative point of view. One has to bear in mind that monitoring 
wall performance when exposed to field conditions is a relatively long term 
study and much data must be processed to fully comprehend the micro effects 
observed.



It is recommended that studies should be done that can lead to more rapid 
assessment of probable performance in service. These studies could look 
at the air tightness of walls of different constructions, they can examine 
the influence of various construction details, conditions of the materials 
used, and the influence of certain types of bulking insulations that assist 
in blocking exfiltration of air into stud spaces. After screening of many 
variables, improved construction practises could be recommended. Field 
trials, and indeed, comparative tests using window inserts could again 
be employed to assess their relative performance under real weather con
ditions.

Forintek Publications
Monitoring the moisture and thermal performance of exterior walls: A pro
gress report. March 1983.
Monitoring the moisture and thermal performance of two test walls exposed 
to exterior conditions. March 1984.
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OBJECTIVES

The objectives of this study were to complete monitoring of two test walls 
which had been constructed in 1982 and installed in a laboratory wall as 
window inserts. The scope of the analysis was scaled down to analyze only 
a portion of the data collected. The purpose of the present report is to 
report on the analysis of moisture content data and temperatures within 
the lumber framing of each wall.

INTRODUCTION

The purpose of this study was to complete the monitoring of temperature 
and moisture distribution in two test walls that were built in the winter 
of 1982-83. These walls were set into large window frames of an exterior 
wall of a laboratory in order that they would experience winter conditions 
from about January 25, 1984 onwards. An earlier report (Onysko 1984) des
cribed the construction of the walls and experiments related to calibra
tion and instrumentation. Hourly temperature records during a 3-week 
period of relatively cold weather were analyzed to show how the wall con
struction influenced temperature distributions.
A complete analysis of that data was planned for the present study. For 
financial reasons the work was scaled back to include only a partial exa
mination of some of the moisture readings that were gathered from the time 
the walls were originally exposed to the weather and when recording of the 
data was terminated on June 20, 1983. Moisture which had been gained by 
the wood framing appeared to have dried out by then and there was little 
to be gained by continuing the experiment.

TEST WALL CONSTRUCTION

Typical details of the construction of Wall 1 are given in Figure 1. The 
frame wall and its stub floor were enclosed by a 19-mm Douglas-fir plywood 
surround. Caulking was used to prevent leakage of air through the inter
face between them. As each construction material was added to the wall, 
caulking was used around this perimeter to ensure that leakage of air could 
only take place through the construction materials and intentional punc
tures, joints and laps.

Wall 1 was composed of, from inside to out, 14-mm gypsum board, 38 x 89 mm 
eastern white spruce studs at 400 mm spacing with the cavity filled with 
RSI 2.1 batt glass fibre insulation, 11-mm waferboard, breathable asphalt 
type sheathing paper, vertical 19 x 38 mm wood slats nailed to the framing 
at each wall stud location, and prefinished hardboard siding having a 
320-mm face with interlocking plastic splines.
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Typical construction details for Wall 1.
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Wall 2 was similar to Wall 1 except that the breathable sheathing paper 
was replaced with the product Tyvek, which is a spunbonded olefin. Where
as the sheathing paper was supplied in a 915-mm width and the joints were 
overlapped 100 mm, the Tyvek was obtained in a 2.743-m width and only one 
lap joint 305-mm wide was included. The second difference in the construc
tion of Wall 2 was that the hardboard siding was nailed directly to the 
wall without batten strips.

The gypsum board joints were taped, grouted and finished in a three stage 
operation in accordance with accepted practise. One coat of white semi
gloss latex paint was sufficient to provide adequate coverage.

Each wall unit was fitted with insulated moisture probes in the lumber 
framing, both in the central stud space and the central header space. The 
moisture probes were installed in predrilled holes to assure that they 
were straight and positioned 25.4 mm (1-inch) appart. The depth of the 
predrilled holes was short of the intended penetration and the pins were 
hammer driven to their intended final position. The final penetration of 
the uninsulated tips of the probes was to a depth of about 0.75 of the 
lumber thickness from the face that they were inserted. A thermocouple 
was also installed at each location to the same depth as the uninsulated 
tip in a predrilled hole located 25.4 mm from the moisture probes and on 
the same plane. The intent was that the thermocouple be located on the 
same isotherm as the probe with which it was associated.

Moisture probes and associated thermocouples were installed in groups of 
three at four locations in the 38 x 89 lumber framing. A typical arrange
ment is shown in Figure 2. This arrangement will allow us to examine the 
moisture and thermal gradients of the stud material.

The locations at which each group of three pairs of probes were installed 
are shown in Figure 3. Three locations were chosen in the vertical studs 
and one location was selected in the sill plate. Due to the positioning 
and penetration of the moisture probes, each group of three pairs reflected 
conditions in one of the three stud spaces. Probes 1, 2 and 3 reflected 
conditions in stud space A, probes 4, 5 and 6 reflected conditions in stud 
space C while probes 7, 8 and 9 reflected conditions in the central stud 
space B. Probes 10, 11 and 12 reflected conditions in stud space B as well 
as in the narrow joint between the sill plate and the floor sheathing.
The elevation of the probes above the sill plates was approximately 500 mm. 
Due to the presence of knots in the wood, the actual location chosen varied 
from location to location and from wall to wall.

Also shown in Figure 3 are the approximate locations of 12 mm diameter holes 
in the framing that were drilled for wiring. The holes were drilled to 
simulate those normally required for electrical wiring in a wall. They 
were used for thermocouple wires and wires leading to the moisture probes 
but were not sealed or obstructed in any other way. Given the number of 
holes drilled and the possibility of air leakage through the electrical 
outlet, each stud space represented a different degree of potential air 
tightness.
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FIGURE 2

Location of moisture resistance probes and thermocouples to study moisture 
and temperature gradients through wall framing.
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Inside view of the two walls installed as window inserts

FIGURE 4
G169
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The wall units were installed in adjacent north-facing windows. The windows 
and trim were first removed to provide the space needed. The space between 
the plywood frame and the window frame was filled with at least 50 mm of 
polystyrene insulation which fitted tightly. Glass fibre insulation was 
stuffed into the irregularities between the window frame and the polysty
rene, and flashing and edging were installed outside to protect the edges 
of the wall units and to prevent rain from entering the insulation at the 
sides and top. Finally, the upper fixed portion of the window was insulated 
and fitted with a plywood cover and with a galvanised metal flashing to 
protect the upper edge of the wall unit. The wall unit was made to fit 
flush with the face of the concrete surround which framed the window opening 
in the masonry wall so that it would not be sheltered in any way. An in
side view of the two wall units set into the laboratory wall is shown in 
Figure 4.

RESULTS

While some of the temperature data was collected on an hourly basis over 
the whole period, the moisture contents and temperatures from associated 
thermocouples were obtained on a non regular basis. Up to three complete 
sets of data were obtained each week for a time. Then, as spring and 
summer approached, less frequent monitoring was done.

A Delmhorst moisture meter was used for obtaining the moisture contents. 
Given the moisture reading and the temperature, as given by the associated 
thermocouple, it was possible to correct the reading for temperature. The 
algorithm used for temperature correction was derived from equations for 
white spruce at five different temperatures, Forintek Canada Corp. (1980). 
The derived expression was:

M = Mm - (0.026T - 1.588)
(0.005T + 0.738)

where MT is the "true" or corrected moisture content, Mm is the meter read
ing, and T is the associated temperature.

Plots of corrected moisture content readings for each probe are shown in 
groups of plots for each location, in Figure 5 for Wall No. 1 and Figure 6 
for Wall No. 2. Study of these plots lead to the following observations.

a) The moisture content of wood at comparable locations in Wall No. 1 
were higher than in Wall No. 2. This was the case at all compa
rable locations, including the sill plate.

b) The moisture contents measured representing cell A were generally 
higher than those representing cells B and C in each wall.

7



JAN  FEB  M AR APR M AY  JUN

G169

FIGURE 5

Moisture content variation at four locations in Wall No. 1.
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Moisture content variation at four locations in Wall No. 2.
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DISCUSSION

Moisture Content Variation from Cell to Cell

The increase in moisture content of the wood framing in both walls was 
likely of interior origin. The interior relative humidity of the labo
ratory was maintained at about 50 percent and the temperature was held 
at about 23°C. There was one unseasonal period of rain in February and 
at that time condensation gages in the outermost portion of each wall in
dicated condensation. Thus under the most prevalent conditions experienced 
by the walls, a combination of diffusion of moisture through the materials 
and exfiltration of air into the cavity should lead to increases in moisture 
content in the framing material at least some of the time.

The air tightness of the two walls was not measured and we cannot be certain 
about their relative air tightness. Based on their construction, Wall No. 1 
was likely to be less air tight because the sheathing paper, which tends 
to act with the waferboard sheathing as a wind barrier, had more joints in 
it. As the siding was installed on batten strips, it could not come in con
tact with the sheathing paper at the lap joints. In Wall No. 2 there was 
only one lap joint in the TYVEK sheathing membrane, and the siding was in
stalled directly against this membrane without an intentional gap. Thus, 
at this lap joint, leakage was expected to have been relatively low.

The conditions within the laboratory reported earlier (Onysko 1983) were 
such that during colder conditions, the walls tended to experience infil
tration. Indeed except when a door was closed forcibly, the pressure was 
usually conducive to infiltration.

The reason for higher moisture contents in the lumber framing at the loca
tion representing cell A is inexplicable. One can only speculate at some 
possible reasons for this observation.

a) Cell A would appear to be the tightest of the three cells because 
no holes were drilled through the lumber framing except for one 
hole near the top (Figure 3). If infiltration of low humidity 
air from outside occurred, it is suspected that cells B and C 
would experience more drying.

b) While it has been assumed thus far that each set of three mois
ture probes represent one cell or another, we do not know the 
actual moisture content variation within a cell. It is thus 
possible that the higher moisture content at probes 1, 2 and 3 
representing cell A were a result of condensation caused by 
diffusion of inside air from the defect in the vapour barrier 
represented by the electrical outlet in cell B and passing through 
to cell A through possible gaps between the waferboard and the 
stud to which th# electrical outlet was attached. Or, further 
along this speculation, that the moisture was not diffusing from 
the surface of the wall stud from the air in cell A, but through 
the wall stud from cell B. In other words, due to its proximity
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to the electrical outlet, that region of the wall stud may have 
had a much different moisture content gradient than assumed and 
may have been "wetter" on the opposite face.

Examining the temperature plots corresponding to exterior temperature in 
each of Figures 5 and 6, particularly during the colder portion of the 
monitoring period, one can see a slight correlation between the moisture 
content and the exterior temperature. During cooler dips in the tempera
ture variation, moisture contents dropped slightly. This can have one of 
two explanations. During cooler weather, more infiltration of drier air 
occurred - leading to drying of the cavity. Or, for cooler temperatures, 
an under correction was applied in compensating for temperature at the 
moisture probes, i.e., a portion of the moisture content variation may be 
an artifact. The relative variation in moisture content at all locations 
does not give much support for this second observation as a sole explana
tion.

Moisture Content and Temperature Gradients

Three pairs of moisture probes were located at each location across the 
depth of the framing. It is thus possible to examine the moisture content 
and temperature gradients from one edge of a stud to the other at these 
locations. This was examined by calculating the deviation of the moisture 
content at the central probe from the average at the two outside probes.
If the gradient was linear, the moisture reading at the center probe would 
be equal to the average of the two outside probes. If the moisture reading 
was lower than the average, the deviation would be negative, and vice versa.

A summary of the deviations is shown for each location and for each wall 
in Table 1. It is observed that the average deviation shown is the nume
rical average of the number of sets of readings taken and plotted in earlier 
figures. This average is not the average deviation over the time of moni
toring. Despite this deficiency, one observes that at some locations 
positive and negative deviations balanced out fairly well, whereas at other 
locations there was tendency for a net positive or negative deviation over 
the whole monitoring period. This factor alone does not mean very much 
until seen as a function of time. As an example, Figure 7 shows the de
viations for probes 1, 2 and 3 in Wall No. 1 as a function of time over 
the whole monitoring period. Also shown is the variation in outside tem
perature at the time each measurement set was taken. During the relatively 
cold period of monitoring the deviation was negative suggesting that the 
outside edge of the stud was more moist than would be obtained by extra
polation from the other two probes. As spring and summer approached and 
the stud dried out at this location, the deviation became positive suggest
ing that drying out occurred at the outside edge at a faster rate than in 
the middle of the stud. The deviations followed similar patterns at other- 
locations. In the case of probes 4, 5 and 6 wh4ph largely represent con
ditions in cell C, the relative high deviation of 2 percent moisture content 
suggest that the moisture gradient near the outside edge of the stud was 
very much higher than at other locations. There is not enough evidence to 
show why this was so. One can only point to the fact that there was a 
joint in the waferboard at this stud. If inside air was exfiltrating through 
a gap at this stud more moisture might have been deposited in its vicinity.
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TABLE 1

Deviation of the moisture content at the center 
moisture probe from assumed linear gradient

Location
Average 
Deviation 
(% MC)

Range in 
Deviation 
(% MC)

Wall 1

Cell A 0.0 -1.0 f—1 o

Cell B 0.3 -0.2 0.8

Cell C COdi -2.0 0.2

Sill Plate 0.2 -0.4 0.8

Wall 2

Cell A i—!di -0.6 0.4

Cell B 0.2 -0.7 1.0

Cell C 0.0 -0.4 0.4

Sill Plate 0.3 1 o U) 1.1
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FIGURE 7

Deviation from linearity of moisture content at probe 2 relative to probes 
1 and 3 on either side of it, for Wall No. 1.



The deviations of temperature at the middle of the wall studs was studied 
in a similar manner. The summary of mean temperature deviation and range 
over the monitoring period are given in Table 2 for both walls. The thermo
couple meter used had a relatively crude resolution, reading only to the 
nearest 1 C. None the less it is apparent that the deviations were nega
tive for a comparatively large number of the occasions on which readings 
were taken. In part, this is explained by the crudeness of the measurement.
A second reason is that the readings were usually made between 9:00 and 
10:00 AM, although not necessarily always at that time. In Figure 8 is 
shown an hourly temperature plot of 10 thermocouples located within and 
on either side of Wall No. 1 over a 6 day period (from Onysko, 1983). The 
rate of change of temperature at 9:00-10:00 AM was usually rapid outside 
the wall (channel 0). The air temperature in the laboratory was held at 
approximately 23°C in the vicinity of the test walls (channel 7). A time 
lag in temperatures at different planes within the wall is clearly appa
rent, probably due to its thermal mass. This thermal mass would contri
bute to non linear thermal gradients depending on the transient nature 
of weather conditions and at what time of day discrete readings are taken. 
Finally, a third factor contributing to non linear thermal gradients is 
the varying thermal resistance of the wood from inside to out as a func
tion of moisture content. A lower thermal resistance at the outside edge 
of the stud would tend to depress the temperature of the wood closer to 
the inside of the building. This would lead to a negative deviation of 
temperature at the middle of the stud as calculated here.

CONCLUSIONS

The major conclusion to be made from the study of moisture contents in 
Walls 1 and 2 is that Wall 1 experienced greater increases in moisture 
content. The difference in construction between the two walls is deduced 
to have been the reason for a greater accumulation of moisture in this 
wall. This difference in construction concerns the fact that the sheathing 
membrane for this wall had two lap joints of 100 mm versus 1 lap joint of 
305 mm for the other wall. Also, the siding was installed on batten strips 
on Wall 1 while on Wall 2, the siding was nailed directly to the wall with
out an air gap behind it. In the first case, the lap joints were not pres
sed tightly together and the sheathing paper could not act as an air barrier. 
The number of joints and the tightness of this membrane at lap joints are 
the determining factors concerning the air tightness of the two walls, and 
contribute directly to the amount of moisture carried into the wall by ex- 
filtration, all other factors and details being the same.

The second conclusion that can be drawn from this partial analysis of the 
data is that the use of test walls in windows can lead to useful compara
tive results. The behaviour of walls subject to non steady state moisture, 
thermal and pressure differentials is complex. Certainly, if behaviour of 
test walls in these circumstances cannot adequately be analyzed and under
stood, there is little to be gained in attempting a less detailed field 
investigation where costs of undertaking the investigation are considerably 
higher. A deficiency in the present experiment was that pressure differentials

14



TABLE 2

Deviation of the temperature 
at the center of the stud 

from an assumed linear gradient

Location
Average
Deviation

(°C)

Range in 
Deviation

(°c)

Wall 1

Cell A 0.0 -0.5 0.5
Cell B & C* -0.4 -1.5 3.0

Sill Plate -0.7 -2.5 1.0

Wall 2

Cell A -0.7 -2.0 0.0

Cell B & C* -0.3 -1.0 1.0
Sill Plate -0.2 -1.0 0.5

* Probes 
probes

(4,5 and 6) shared the same thermocouples as 
(7,8 and 9).

15



TEMPERATURE (DEG. CENTIGRADE)
-23 -20 -15 -10 -5 0

FIGURE 8
Hourly plot of temperatures at 10 locations in Wall 1 during a 
cold period in February. 6-day

16



could not be adequately monitored nor controlled to simulate conditions 
likely to be encounted in a house. This could have been attempted by en
closing the roomside face of the wall and controlling the interior air 
pressure. Finally, due to the complex nature of the natural forces on the 
test walls, the behaviour is complex. A mathematical model to describe the 
moisture/thermal performance of walls is the long term goal of several re
search establishments. Very detailed study of controlled test walls such 
as this can provide the necessary data for validating proposed models.

From an experimental point of view, there are numerous additional lessons 
to be learned from this work.

- Quite different moisture conditions can be found in any one stud 
cell as a function of the location of joints in the materials and 
unintentional leakages. There is also likely to be variation in 
moisture content of the wood in the vertical direction. Hence 
numerous moisture probes must be used to obtain a more complete 
understanding of the influence of construction techniques on 
moisture accumulation within a wall.

- This experiment employed insulated moisture pins set to a depth 
of one quarter of the lumber thickness. No attempt was made to 
examine the moisture gradient from the surface to the interior of 
the lumber. To this end, a combination of insulated pins set to 
a location close to the surface and at mid thickness would have 
been useful in estimating total moisture gain, and particularly 
to study the potential for conditions leading to deterioration of 
the wood at the surface.

- Relatively continuous (say hourly) moisture readings over the entire 
monitoring period by a data acquisition system are preferable to 
discontinuous sets of readings. Temperature rate changes during 
mannual data acquisition can result in a change in temperature at 
the associated thermocouple used for temperature correction of the 
moisture probe reading. The short time required to read even a 
large number of channels by a data acquisition system would over
come this difficulty.

- The algorithm used for temperature correction of the moisture read
ings was based on results of an experiment on numerous pieces of 
white spruce. Recognizing that the material at a specific location 
may have a different density from other locations, a procedure for 
in-place calibration of moisture probes would be useful.
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RECOMMENDATIONS

This work has shown that an effective air barrier is important for mini
mizing interstitial condensation. The specific siding installation practise 
used is not an issue here; whether siding assists or does not assist the 
sheathing breather membrane to act more effectively as an air barrier was 
not investigated. The work suggests that a sheathing breather membrane can 
be made to act more effectively as an air barrier if the lap joints in it 
are held tightly. Pieces of relatively thin wood material could be nailed 
or stapled in place to effect such a seal. Some materials may be effectively 
sealed with a construction tape suitable for the purpose.
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