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NOTICE

This report is an internal Forintek Canada Corp. ("Forintek") document, for 
release only by permission of Forintek. This distribution does not constitute 
publication. The report is not to be copied for, or circulated to, persons or 
parties other than those agreed to by Forintek. Also, this report is not to be 
cited, in whole or in part, unless prior permission is secured from Forintek.

Neither Forintek, nor its members, nor any other persons acting on its behalf, 
make any warranty, express or implied, or assume any legal responsibility or 
liability for the completeness of any information, apparatus, product or process 
disclosed, or represent that the use of the disclosed information would not 
infringe upon privately owned rights. Any reference in this report to any 
specific commercial product, process or service by tradename, trademark, 
manufacturer or otherwise does not necessarily constitute or imply its 
endorsement by Forintek or any of its members.



SUMMARY

This report provides a summary of activities and research carried out in 
pursuit of the objectives of this research program. The main study involves 
the air tightness of walls built with lumber that has a moisture content 
higher than will eventually be attained in the finished building. Testing and 
raw data analysis were completed during the period and the final technical 
reports are in preparation. Following through, given the importance of this 
issue, papers and presentations were prepared to transfer knowledge on the 
moisture content in framing lumber to the lumber and building industry. A Task 
Force on moisture in building systems was convened to bring together 
representatives from the lumber industry, the wood products industries, the 
building industry, and the research community to attempt to formulate 
recommendations that would eventually lead to better and drier wood 
construction. Two sub—studies relating to this area of investigation were 
reported by students from Co-op programs at the University of Ottawa and 
Concordia University and are included in the appendices.
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1.0 OBJECTIVES

The main objective of this research is to contribute to the stream of research 
underway in Canada at the present time on the performance of exterior wall 
systems. In the process, we will enable the continuing and appropriate use of 
lumber and wood-based panel materials.

2.0 BACKGROUND

Shrinkage of framing leads to the loosening of sheathing—frame connections. 
Some sheathing which is relatively impermeable to air may become very leaky at 
joints. The degree to which loosening occurs depends largely on the shrinkage 
characteristics of the lumber framing and its moisture content at the time of 
assembly. Differential shrinkage between studs and sill plates as well as 
warping of studs can also cause openings to occur, irrespective of the nail 
popping that takes place.
Current code provisions require that the moisture content lumber used in 
construction not exceed 19% of the dry weight of the material. It has long 
been recognized that much of the lumber used in construction in parts of 
Canada and the U.S. has a higher moisture content than that specified by 
building regulations. Often, the climatic conditions are such that substantial 
drying takes place before this moisture is locked in by vapour retarders and 
sheathing. In other climates however, drying is slow and the excess moisture 
locked in during construction takes longer to dissipate.
The moisture content of lumber framing and the effects created when the lumber 
dries and shrinks or warps are conditions over which builders sometimes have 
very little control. This may lead to systemic failure if leakage paths 
develop. For the true impact of framing shrinkage to be studied, it is 
necessary to obtain representative data on the influence of some factors that 
lead to the loosening of the attachment of sheathing and other materials to 
the framing and the concomitant air leakiness that develops. Given this 
information, it will be possible to assess the impact of leakage paths in the 
exterior sheathing by modelling the moisture/thermal performance of walls 
under the influence of various climatic factors, such as wind and atmospheric 
pumping, for example.
The ultimate goal of this work is to demonstrate how builders can achieve 
better performance of both residential and industrial wood-framed construction 
through a better understanding of the consequences of the inappropriate use of 
materials.

The main effort in the current year was to examine two factors that influence 
the air tightness of wall systems. First, the shrinkage of lumber framing 
that contributes to the leakiness of wall constructions and second, the 
influence of joint type on air leakiness i.e., butt joints at wall studs, 
joints at wall plates and joints at wall-to-floor intersections. The work also 
addressed issues related to the degree of wetness of lumber at the time of 
construction.

3.0 PROGRESS IN PREVIOUS YEARS

During the 1988-89 fiscal year, tests were done on three walls in which nail 
popping on one edge of the lumber studs was compared with the air leakiness 
that developed on the opposite edge of those same studs (Onysko and Jones 
1989a). It was concluded that nail popping is highly variable in lumber cut
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from smaller trees. It was confirmed that longer nails exhibit more popping 
than shorter nails, but it was also found to be difficult to measure nail 
popping reliably for use as a measure of lumber shrinkage. Air leakage tests 
on these full-sized walls confirmed that air leakage increases as a result of 
lumber drying. Air flow through joints became 3 to 28 times greater than that 
measured when the joints were initially constructed. An improved technique was 
suggested for shrinkage measurement of lumber from one side of the stud using 
a fastener that extends almost through the entire stud.
During the following fiscal year (1989-90), the suggested improvements to in- 
place measurement of shrinkage were attempted and still found to be 
unsatisfactory. This was because a combination of radial and tangential 
shrinkage leads to cupping of the cross section. As well, due to the increase 
in surface roughness that occurs as the lumber dries, accurate and reliable 
measurement of fastener protrusion was prevented because the reference surface 
did not remain plane. Instead it was found that overall shrinkage, measured 
using callipers on both faces of a piece of wood, could be done reliably. Only 
initial and final measurement of lumber size were used as a measure of 
shrinkage.
A working plan for two test series was prepared. Twenty-four walls were 
built - 12 using wood having a moisture content over fibre saturation (above 
30%) and 12 using wood that was at approximately 19 percent moisture content. 
Joint types included butt joints over single studs, and joints typical of 
those found at wall plates. In all, 179 joint tests were involved. The 
sheathing materials used included waferboard, plywood, fibreboard, and gypsum 
board. The as-built air tightness was evaluated before the walls were set 
aside to dry. When they had attained moisture contents of approximately 10 
percent, they were re-tested.
Supplementary to this experimental work, two reports from a previous year were 
updated and presented to the CIB W40 meeting on "Heat and Moisture Transport” 
during September (1989) in Surrey, Vancouver Island. These reports concerned 
the air leakiness of joints through siding, and the air leakiness of walls 
built with green framing lumber and insulated with sprayed-in-place urethane 
foam insulation (Onysko and Jones, 1989b, 1989c). In addition, a paper based 
on the previous year's work was prepared and published in the proceedings of 
the ASHRAE/DOE/BTECC/CIBSE Thermal Performance of Exterior Envelopes, IV 
Conference (Onysko and Jones, 1989d).
Air leakage testing of the 24 test walls was completed after the walls had 
dried. At this time, the walls were disassembled and shrinkage measurements 
were made on the individual studs. These tests have provided approximately 15- 
times more data than was generated for the pilot study.

4.0 PROGRESS DURING 1991-92

4.1 Airtightness of Joints
Analysis of the data on leakage characteristics for 24 test walls was 
completed and the final report is in preparation. Air permeability 
measurements were also obtained for sheathing materials employing a one- 
square-meter test chamber built in a previous year.
A further test series involving floor header details was planned; six walls 
were constructed using green wood, and tested in that state. These walls were 
set aside and were re-tested when dry. Building paper, with and without batten 
strips, was applied to the dry walls to assess air leakage resistance with 
multilayer resistance paths. Finally, hardboard siding was installed against 
two walls to provide clamping for the building paper. The air leakage tests
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were repeated for this condition. All of the walls were then disassembled and 
the shrinkage measurements were completed. Analysis of the data and 
preparation of a final report on this aspect of the work are in progress.
4.2 Construction Moisture Issues
The background section defined the basis for requiring the airtightness 
information. During the course of this experimental work, other efforts, 
undertaken in cooperation with CMHC, have been directed towards assessing the 
degree of construction moisture locked into walls at the time of construction, 
builder preferences for use of S-DRY and S-GRN lumber, and obstacles which 
prevent the use of drier wood in construction. If much drier wood were to be 
used, there would be much less need to be concerned about the moisture/thermal 
performance of most wall systems. The final report on the survey of moisture 
in framing lumber was completed during this fiscal year (Garrahan, Meil and 
Onysko, 1991).

Communication of this information to the lumber and building industry through 
articles and papers was also begun. An article was prepared for a forestry 
journal, and a presentation was given to the Canadian Lumbermen's Association 
(Onysko, Garrahan and Meil, 1992). A paper was prepared for the 6'th Building 
Science and Technology Conference (Onysko, Garrahan and Meil, 1992) which was 
directed to the building community, and summarized the survey information 
related to the moisture findings. The article and paper noted above are 
included in this report as Appendix I and II respectively.
4.3 Moisture Task Force
One of the project goals for this fiscal year was to bring together a task 
force on moisture/thermal performance of building systems. This was 
accomplished on October 18 (1991) by bringing together representatives from 
the lumber and wood products industry, the building industry, and research 
organizations including CMHC, IRC, and EMR. The current state of research in 
this general area was reviewed, and issues were raised and discussed. The 
minutes of this meeting are included as Appendix III of this report.
The summary and recommendations arising from this gathering are quoted below. 

The issue of moisture in wood frame construction and its influence on 
the built product can be summed up as being a problem of source 
(distribution) and construction practices.

It appears that the issue of source control can be influenced by 
choice of sources, and choices can be influenced by communication 
of the benefits of these choices.

The control of moisture through use of better construction 
practices has not been formally explored, but it may be possible 
to do so without extensive research, at least in relation to that 
currently being done on moisture in building systems.

Avenues for communication and interest in the subject abound, including 
the CHBA and its TRC, APCHQ, the Provincial and Regional Home Warranty 
programs, building industry trade journals, and industry meetings such 
as builders' forums. Educational opportunities through the CHBA/CMHC 
Builder Workshop Series are also an important avenue because of the 
distillation of knowledge that is needed for that clientele. Cooperative 
marketing efforts between the lumber and building industries at the 
association level should also be explored.
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Communication efforts will require information that has not yet been 
formally obtained. Information that would be of benefit to the wood and 
building industries include the following :

drying rates of lumber that can be expected in different regions 
and under different climatic conditions.

• cost/benefit analyses of using S-DRY (or kiln-dried) lumber.

• is lumber at a maximum of 19% sufficiently dry to provide 
sufficient benefit and to eliminate problems normally associated 
with use of S-GRN lumber.

what construction practices and recommendations can contribute to 
the reduction in moisture sources associated with weather ?

Are there opportunities here for combinations of materials and 
improved products where the hazards for moisture loading are 
higher

• cost/benefit analysis of improved construction practices

Is there a need for better cooperation between the trades so that 
the end product achieves what the builder and the building 
community require?

These discussions, together with the overview on research provided, showed 
participants that if our end goal is the production of better performing 
building systems which involve the use of wood and wood products, research on 
current and improved building practices will be needed as well as detailed 
basic laboratory studies. There are influences related to the economic climate 
for housing that impinge on the quality of construction that should not be 
ignored. Identifying building practices that make the building frame 
relatively immune to construction delays and climatic influences would be 
highly desireable.
4.4 Supplementary Studies
4.4.1 Moisture Gradients in Air-Dried Lumber
A preliminary study of the moisture gradients in lumber as it dries was 
initiated as an ad hoc study in a previous year. The data were analyzed by a 
Coop student from Concordia University during 1991 as a work-term report 
(Lavallee, 1991). The report has been included here as Appendix IV.
This work assisted in providing the basis for the moisture measurement field 
survey, by describing the moisture contours based on discrete moisture pin 
measurements. From these contours, an attempt was made to determine the depths 
at which moisture measurements should be made to obtain best estimates of the 
average moisture content in the piece of lumber.
4-4.2 Air Leakage Tests of Two Insulating Sheathing Materials
There have been some studies in which the performance of insulating sheathing 
materials have been involved. There are, however, very little test data 
available in the public domain on the airtightness of these materials for 
computer modelling of wall performance. Two walls were built which employed 
two different commercial insulating materials that are commonly used in 
competition with non— insulating sheathing materials. The testing and 
reporting of these leakage tests were conducted by a Coop student from Ottawa 
University during 1991 as a work- term report (Abou Rizh, 1991). The report 
has been included here as Appendix V.
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The report provides order-of-magnitude leakage data for joints in these 
materials, as well as their basic air permeability. The tests provide data not 
previously available, which can be used for simulation studies of wall 
performance.

5.0 PLANNED WORK

On completion of the final reports noted, parametric modelling studies should 
be undertaken using CMHC's computer program WALLDRY to assess the influence of 
air permeability of materials and air leakage at joints on the drying 
performance of walls in different regions of the country. CMHC has been 
upgrading the capabilities of this program in several important ways both 
through validation experiments and through analytical improvements that will 
allow study of the air permeability of the outer layers of wall systems. Their 
concurrent work has enabled us to plan Forintek's program in this area to 
secure the basic data that will enable these simulations to be made on a more 
realistic basis.
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MOISTURE IN LUMBER FRAMING DURING CONSTRUCTION

by
D. Onysko, P. Garrahan and J. Meil 

Forintek Canada Corp.

Eastern Laboratory

Forintek recently completed a study for CMHC in which field measurements were made 

of the moisture content of lumber in walls of residential construction across the country. 

Moisture problems in wall assemblies are a major concern, particularly in regions where 

atmospheric drying is poor for a large part of the year and when a high level of moisture 

is locked into walls at time of construction. The results of the survey have direct 

implications for all sectors of the lumber supply network including lumber producers and, 
indirectly, for structural panel producers.

INTRODUCTION

After the start of the energy crisis in 1973-74, the Federal and Provincial governments initiated 

programs to reduce Canada’s dependence on energy for home heating. This took the form of 

programs to increase the energy efficiency of new and old homes as well as the conversion from 

oil heating systems to systems using natural gas or electricity. The building industry also made 

independent decisions along these lines in their choice of heating systems for new housing, and 

homeowners became increasingly conscious of these issues in their decisions concerning the 

houses they purchased or renovated.

Better attention to installation of vapour barriers and the use of thicker walls with more 

insulation led to the construction of houses that were tighter overall. This contributed to indoor 

conditions that included higher relative humidity and potentially higher levels of indoor 

pollutants. The introduction of super-insulated houses, in which proper attention is paid to 

indoor air quality, only followed when this danger became recognized, largely as a result of the 
coordinated efforts of the R-2000 program.
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At the same time, reports appeared of an increasing number of problems in houses in connection 

with moisture damage in walls, mould growth and other moisture-related symptoms. Severe 

problems were found in Newfoundland and elsewhere in large enough numbers that alarm bells 

rang in the minds of the housing organizations, CMHC, and the research community that current 

practices and/or the materials being used were not up to the task of dealing with these more 

severe conditions. It was apparent that the construction techniques of the day were not as tolerant 

as had been assumed to both the indoor and exterior driving forces involving moisture.

CMHC initiated a task force to guide an investigation into the situation and commissioned a 

series of studies to investigate the nature and degree of the problems, and the probable causes 

for them. Survey work and field investigations led to an approximate estimate of the number of 

houses that were likely to be in difficulty and the various causes that had to be dealt with.

CMHC initiated a series of field experiments beginning with field work in three locations in the 

Atlantic provinces. They also initiated the development of a computer model to analyze the 

physical processes involving heat, moisture and air flow through and within wall systems of 

wood-framed construction. The field studies provided databases for comparison with the 

predicted behaviour provided by the computer model, and led to its further development. As 

evidence of the importance that has been placed on this topic, subsequent field studies were 

conducted in Waterloo and Edmonton, and laboratory validation and further model development 

was commissioned.

Today’s walls do not "breathe" as readily as previously. They are more energy efficient but they 

perform differently. Consequently, initial moisture conditions of the wood framing are a more 

important factor than before. Since moisture in construction materials can be a primary cause 

of moisture loading, some estimate of the actual moisture being locked in at time of construction 

is necessary. It was obvious that field studies were needed to provide this information. A 

preliminary survey of the extent of green lumber use in the Atlantic provinces was made by 

CMHC staff from the National Office. The need for a more extensive national survey address 

the utilization pattern in use of "green" and "dry" lumber was then identified.
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The work summarized in this article was commissioned to satisfy this objective [1]. Its purpose 

was to conduct a survey of moisture in framing lumber of houses under construction, and to 

provide an assessment of the interaction between the building industry and the rest of the lumber 

supply chain, specifically to assess the factors that affect the builder’s decision on whether or 
not to use dry lumber.

MOISTURE SURVEY

The field moisture study was performed over a period of one year to ensure that all seasons of 

construction were included at each of 10 different regional population centres across the country. 

Measurements were made at the stage in construction before the insulation, vapour retarder and 

drywall were installed. At least two wall studs and one wall plate were measured in each of four 

exterior walls at each house. The moisture contents were obtained at two depths to account for 

moisture gradients and to get a better estimate of the mean. Included in this study was a 

questionnaire that was completed for each house to gather information on the building practices 

of individual builders. CMHC field staff conducted the moisture measurements and completed 

questionnaires for houses included in this survey.

Climatic and lumber stock diversity was ensured by sampling construction at major population 

centres across the country. In consultation with CMHC staff at the National Office, 

arrangements were made for CMHC staff in the following centres to participate in the study:

• St. John’s, Newfoundland
• Halifax, Nova Scotia
• Fredericton, New Brunswick
• Montreal, Quebec
• Toronto, Ontario
• Sudbury, Ontario
• Winnipeg, Manitoba
• Saskatoon, Saskatchewan
• Edmonton, Alberta
• Vancouver, British Columbia
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In all, the moisture contents of 4093 wall studs and 2046 wall plates were obtained from a total 

of 515 houses. Sample sizes ranged from a total of 19 houses (in Sudbury) to 79 houses (in each 

of St. John’s and Edmonton). The production of about 227 different builders was represented 

in this field survey. Over 465 wood samples were also sent in for species identification.

Over 89 percent of the lumber used in wall construction was found to belong to the Spruce-Pine- 

Fir marketing group. A majority of the studs used throughout the country were 2 x 6  framing. 

On the Prairies there was predominant use of surfaced-dry (S-DRY) lumber. Based on current 

lumber industry practices, most S-DRY lumber is kiln dried. In the Atlantic and Quebec regions 

a majority of the houses were built using green lumber (S-GRN). The relative usage of dry 

versus green lumber across the country is depicted in Figure 1.

Where S-DRY lumber studs were used, moisture contents were significantly drier relative to 

house frames in which S-GRN studs had been used. In general, the driest studs were 

encountered in the summer period and the wettest studs were found during the Autumn and 

Winter seasons. Lower moisture contents were found in houses where the builders reported using 

heating (associated with winter construction) before closing walls in. Wall orientation was not 

found to have any influence on the moisture content of lumber in the standing building frame. 

The year-round mean moisture distribution found for lumber studs is shown in Figure 2.

Potential climatic drying influences were examined. There was no consistent pattern throughout 

the country. This was done by comparing the moisture content of the framing and the elapsed 

time from the start of framing. S-GRN lumber in the Atlantic region showed significant drying 

with time, however the overall moisture content levels measured remained relatively high. The 

analysis showed that, for some regions, extended exposure of the building frame increased the 

probability that the moisture content of the lumber framing would increase by re-wetting.

Wall plates tended to have higher moisture contents than wall studs. Year-round averages are 

shown in Figure 2. Country-wide, at least 82% of S-GRN wall plates were over 19% moisture 

content (MC) and at least 35 percent were over 30% MC. These percentages were larger in the
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Atlantic region where far higher moisture contents were encountered. Plates tended to be subject 

to greater wetting by rain and cannot dry as quickly, due to their contact with floors. S-DRY 

plates, on the other hand, were usually much drier, and only over fibre saturation where it was 
suspected that re-wetting was the cause.

S-DRY lumber studs were quite dry at some locations at some times of the year. The means 

were often under the 19 percent moisture level. The grading rules permit the inclusion of up to 

5 percent of the pieces having an average moisture content over the 19 percent specification. 

Most of the time, this criterion was not met in most parts of the country. Based on the year- 

round data in each region, it was found that excursions over the 19 percent moisture level were 

46% in the Atlantic Region, 69% in Quebec, 30% in Ontario, 9% in the Prairies, and 55% in 

the Pacific region. In Quebec, the sample was quite small and the percentage is not reliable. 

While the excess moisture found may be due to re-wetting for some houses, the extent of excess 

moisture is more likely due to insufficient initial drying. The regional nature of the problem is 

also aggravated by the varying percentage of difficult-to-dry balsam fir and alpine fir in the 
lumber mix.

At least 77 percent of the builders whose houses were visited noted that they had problems with 

drywall cracking or nail popping. This is explained by the high proportion of builders using S- 

GRN lumber (45 %) and the presence of a significant proportion of S-DRY lumber over the 19% 

MC level. Nail popping and drywall cracking occur because of lumber shrinkage, which only 

begins when lumber starts drying under fibre saturation (approximately 30% MC). Final 

moisture contents in a wall may be as low as 6 to 8% in some parts of the country. Therefore, 

a large proportion of the shrinkage may take place following the installation of drywall.

Wall bowing resulting from differential lumber shrinkage during drying is more pronounced with 

2 x 6  lumber. The forces exerted by a 2 x 6 having a tendency to bow may be 4 times as great 

as those exerted by a 2 x 4. Only traditional lumber sheathing or thicker structural panel 

sheathing are likely to have the capacity to hold these members in line as they dry from high 

moisture levels. Use of S-DRY lumber (providing it has been dried down to specification) would
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result in straighter studs, as all warp-prone material would have deformed during the drying 
process and been either downgraded or rejected for sale.

ACCEPTABILITY AND USE SURVEYS

Three surveys were designed. The builder questionnaire was designed to determine the factors 

that influence their decision to use green or dry lumber, to identify recurring problems they may 

have with lumber framing, to learn of their building techniques, and to inquire about the 

information they would most like to obtain. The second survey was directed at building 

materials suppliers. It was designed to obtain their perception of local builders’ purchasing 

habits, and to obtain their opinions about the potential for greater use of dry lumber in the 

future. The third survey (by telephone) was conducted to obtain typical production figures for 

green and dry lumber from lumber producers, to assess their export practices and markets for 

dry lumber, the price differentials between dried lumber and green lumber, the protection 

provided for dried material, and so on. Eighty-eight builders, thirty-one building material 

suppliers, and twenty-one lumber producers provided information for these surveys.

While wide disparity exists in kiln drying capacity across the country, total capacity is more than 

sufficient to meet the demands of domestic markets, even if all builders were to use S-DRY 

lumber. Much of the kiln drying capacity is currently used to meet the demands for S-DRY 

lumber in export markets. About 55 percent of all builders surveyed presently use S-DRY 

lumber. However, builders in the Atlantic and Quebec regions seldom use S-DRY lumber. In 

some areas of the country, individual builders have had difficulty obtaining S-DRY lumber 

because there has been so little demand from the whole community. When they have collectively 

demanded S-DRY lumber, suppliers have responded. In the opinion of suppliers, availability of 

S-DRY lumber is not an issue, and the major hurdle causing insufficient supply in certain 

regions is the builders unwillingness to pay the premium required. The suppliers are unwilling 

to stock dry lumber when their perception leads them to believe that their customers would not 
buy it.
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Only 32 percent of the builders were confident that S-DRY lumber met the 19% moisture 

content limit. This low level of confidence seems to be warranted given the results of the field 

measurement survey. Builders in the Atlantic region were not confident that using S-DRY 

lumber would assist them. Based on the building practices reported in the field measurement 

survey, many builders in the Atlantic region have reverted to the use of lumber sheathing 

instead of structural panel or insulating sheathing. They believe that this traditional construction 

technique together with building paper or house wrap results in more trouble-free houses (from 

the point of view of trapped moisture). A high incidence of complaints about nail popping and 
dry wall cracking still persists in this region.

About 42% of akll the builders surveyed agreed that the extra cost of S-DRY lumber was worth 

it, and a high percentage indicated that they were prepared to pay a premium for its use. Even 

current S-DRY lumber users indicated they would pay the premium. Only 5% of builders 

thought it was not worth the extra cost. Many of these are currently using S-GRN lumber in the 

Atlantic region and said they would not change their current construction techniques, but were 

prepared to reconsider their position if evidence was provided that use of dry wood was worth 
it.

IMPLICATIONS

With regard to the high moisture found in wall plates, it was concluded that if S-DRY material 

is used and better building practices are employed to keep the weather out, preservative 

treatment of bottom plates should not be necessary. Better attention to building practices is even 
more critical if builders use S-GRN material.

Nail popping and other dry wall problems, including wall bowing, are aggravated by the use of 

high moisture content lumber. These problems are still encountered (but at a reduced incidence) 

when S-DRY lumber is used, as a proportion of the material in some regions will have a high 

moisture content at the time of closing walls in. The solution to these problems will not come 

from one entity in the supply-use chain. The building industry, assisted by research
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organizations, including CMHC, can demonstrate the benefits of using dry wood. The 

subsequent decisions to purchase dry wood will lead the lumber industry to supply a greater 
proportion of dry wood to the marketplace.

RECOMMENDATIONS

For the building industry, it was recommended that:

• builders participate in studies to secure information on the best practices to deal 

with construction moisture from a technical and economic point of view;

• builders become more conscious of moisture in lumber framing. To do so, it was 

recommended that they invest in moisture meters to allow them to evaluate their 

own sources of supply and their own building practices.

For the lumber industry, it was recommended that:

• better quality control be implemented in kiln drying, and that greater efforts be 

applied to more effectively deal with difficult-to-dry species;

• the need of the building industry for dry lumber be emphasized to the producers, 

both through industry newsletters and their grading agencies

• finally, smaller lumber producers who can not afford to set up kiln drying 

facilities should consider cooperative drying facilities (or custom drying) to enable 

them to offer enhanced products to their customers.

It is clear from this work that builders are interested in obtaining information concerning 

moisture management, and in obtaining reliable information that would improve both the quality 

of their production and their profitability. This study has identified the problems they face and 

potential solutions to guide all that are involved.
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SURVEYS OF MOISTURE IN WOOD FRAMING DURING CONSTRUCTION

D.M. Onysko, P. Garrahan, and J. Meil1

ABSTRACT

A recently completed study for CMHC analyzed moisture content measurements of lumber 
framing in walls obtained before the drywall was applied. Builders, suppliers and lumber 
producers were also surveyed concerning lumber use and building practices.

Country-wide, about 55 % of all builders presently use dried lumber. However, this proportion 
varies from region to region. Builders in Atlantic Canada and Quebec seldom use dried lumber 
and report they have difficulty obtaining it. Lumber producers and suppliers believe that the 
availability of dry lumber is not the issue, but instead feel that builders’ unwillingness to pay a 
premium for dry lumber is the issue. Based on the results of this survey however, the builders’ 
response is that they are generally willing to pay the premium if dry lumber is available.

Dry lumber (S-DRY) wall studs were usually, on average, under fibre saturation except in 
instances when re-wetting was suspected. In most parts of the country more than 5% of the 
lumber was over the maximum 19% moisture content permitted. The percentages of studs over 
19% MC were 46% in the Atlantic region, 69% in the Quebec region, 30% in Ontario, 9% in 
the prairies and 55 % in the Pacific Region. While a minor proportion of these higher values may 
have been due to re-wetting, the majority were probably higher due to insufficient initial drying. 
The moisture content of green lumber (S-GRN) is not controlled and was found be well in excess 
of the requirements of the National Building Code at time of installation.

One of the implications of these findings is that better attention to building practices is necessary 
to keep dry lumber drier. Climatic drying may occur on site but only if adequate conditions are 
provided. Nail popping, other drywall problems, and wall bowing are aggravated by excessive 
moisture in the lumber. While these problems are very commonly encountered by users of green 
lumber, they are still encountered by some builders purchasing dry lumber. The demand for dry 
and drier lumber is likely to increase in the future as builders recognize the benefits.

‘D.M. Onysko is a Building Systems Scientist in the Building Systems Department, P. Garrahan 
is a Wood Drying Scientist and J. Meil is a Business Economist in the Lumber Manufacturing 
Department, all at the Eastern Laboratory of Forintek Canada Corp. in Ottawa.

n - l



SURVEYS OF CONSTRUCTION MOISTURE IN WOOD FRAMING

D.M. Onysko, P. Garrahan, and J. Meil

INTRODUCTION

Beginning with the CMHC survey of moisture-troubled homes in the Atlantic provinces [1], 
there has been concern about the general durability of modem light-framed construction in those 
climates. This concern led to the identification of research to evaluate the moisture performance 
of walls under varying climatic conditions. A two-pronged approach was then taken. The first 
approach consisted of a series of field experiments beginning with the field work in three 
locations in the Atlantic provinces [2,3]. The second approach resulted in the development of 
a computer model for analyzing the detailed physical processes involved in describing heat, 
moisture and air flow through and within wall systems of wood-framed construction [4,5,6]. The 
field studies provided databases for comparison with the predicted behaviour provided by the 
computer model, and led to its further development [7]. Subsequent field studies in Southern 
Ontario and Edmonton, together with laboratory validation and further model development, 
demonstrate the effort that has been devoted towards producing a predictive tool for wall 
performance.

Detailed parametric study of wall performance depends on the reliability of assumptions about 
the properties of the materials used in wall construction as well as the initial assumed conditions. 
Research by CMHC and other organizations, notably the Institute for Research in Construction 
(IRC) (on material properties, air leakage and computer modelling), and at Forintek Canada 
Corp. (on the air leakage characteristics of joints in materials) will supplement the available 
information to perform realistic computer simulations of walls under varying climatic conditions.

Initial moisture conditions form an integral element to parametric studies. Since moisture in 
construction materials can be the primary cause of moisture loading, some estimate of the actual 
moisture being locked in at time of construction is necessary. The National Building Code of 
Canada, Part 9 - Housing and Small Building, requires that the moisture content of lumber not 
be greater than 19 per cent at the time of installation. However, given the use of lumber that is 
neither air-dried nor kiln-dried, and the numerous anecdotal statements by builders about the 
degree of moisture they encounter in the field, it was obvious that field studies were needed to 
provide this information.

A preliminary examination of the extent of green lumber use in the Atlantic provinces was made 
by CMHC staff at the National Office [8]. The need for a more extensive national survey to 
identify the extent of practices in use of "green" and "dry" lumber was then identified. The work 
summarized in this paper was commissioned to satisfy this objective [9].
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ACCEPTABILITY AND USE SURVEYS

In this portion of the project, three surveys were designed. The builder questionnaire was 
designed to determine the factors that influence their decision to use green or dry lumber, to 
identify recurring problems they may have with lumber framing, to learn of their building 
techniques, and to inquire about the information they would most like to obtain. The second 
survey was directed at building materials suppliers. It was designed to obtain their perception 
of local builders’ purchasing habits, and to obtain their opinions about the potential for greater 
use of dry lumber in the future. The third survey (by telephone) was conducted to obtain typical 
production figures for green and dry lumber from lumber producers, to assess their export 
practices and markets for dry lumber, the price differentials between dried lumber and green 
lumber, the protection provided for dried material, and so on. Eighty-eight builders, thirty-one 
building material suppliers, and twenty-one lumber producers provided information for these 
surveys.

A complete analysis of these survey responses is not provided in this paper. However, the 
findings from these surveys will appear in the discussion section of this paper.

MOISTURE SURVEY APPROACH

An on-site survey of moisture content in lumber framing is influenced by many factors. A 
survey conducted over a short period of time cannot encompass all factors that are believed to 
be important. At least the following variables exist to influence the moisture content of lumber 
when measured on contruction sites.

• Drying conditions vary greatly at any one location on a weekly and monthly basis.
• There are differences between moisture sources in lumber, i.e., moisture from the living 

tree or moisture reintroduced by rain or humidity.
• The duration that framing is left exposed is critical to the moisture content attained.
• High market activity leads to greater volumes of lumber being produced with shorter 

times between its production and sale. Winter versus summer logging will also affect the 
moisture content of the raw material and the rate at which it will change during storage.

• Different wood species have different moisture contents in the living tree. Also, the 
proportion of heartwood to sapwood varies and affects the average moisture content 
found in lumber cut from logs.

• The price of dry versus green lumber is determined by market forces which, in turn, 
affects the choice individual builders make when they purchase green or dry lumber.
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To average out some of these variables requires that sampling be done over a significant period 
of time. Practically however, it was decided that a one year sampling period was the minimum 
required to obtain a comprehensive "snapshot" of construction lumber use in wall framing across 
the country.

Climatic and lumber stock diversity was ensured by sampling construction at major population 
centres across the country. In consultation with CMHC staff at the National Office, 
arrangements were made for CMHC staff in the following centres to participate in the study:

• St. John’s, Newfoundland
• Halifax, Nova Scotia
• Fredericton, New Brunswick
• Montreal, Quebec
• Toronto, Ontario
• Sudbury, Ontario
• Winnipeg, Manitoba
• Saskatoon, Saskatchewan
• Edmonton, Alberta
• Vancouver, British Columbia

SURVEY METHODS

A manual was prepared to instruct CMHC field staff on field measurement procedures, site 
selection, sampling locations within a house, and use of the moisture measurement equipment. 
Selection and preparation of lumber samples, and collection of information on building practices, 
were also described.

Testing equipment obtained for each CMHC office consisted of a DC resistance-type moisture 
meter and a digital thermometer. Insulated moisture pins were used to obtain moisture contents 
at two different depths in the lumber to ensure they would be free of errors caused by wet 
surfaces and to allow correction for moisture gradients. Hand-held battery-operated digital 
thermometers were purchased for use by CMHC staff to measure wood temperature for 
correction of the moisture readings.

Selecting Building Sites
The selection of houses for moisture measurement was largely governed by the construction 
activity in each region. Emphasis was placed on collection of moisture measurements for at least 
four exterior walls at each housing unit. These were to be made as late in the construction of 
the house as possible, i.e., just before the walls were closed in with insulation, vapour retarders 
and dry wall.
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At least four units were to be sampled per site. When there were fewer than four units 
available, other sites were selected and a larger number of builders were represented. The 
requested sample size in each region was 16 houses for each of four seasons. In some regions, 
this quota could not be met. In other areas, this quota was regularly exceeded, with data for up 
to 20 houses being provided for each period.

Field Moisture Measurements
The moisture content measurements were obtained at mid-height for two wall studs in each of 
the four exterior walls, as well as for the bottom wall plate in that vicinity. If the moisture 
content of the two studs was quite different, the moisture content of a third stud in the vicinity 
was also measured. Moisture contents were measured at two depths into the edge of the stud or 
plate (9 and 25 mm). The temperature of the wood was obtained by inserting the thermocouple 
wire into one of the holes created by the moisture pins.

Data Reporting
The data recorded included grade information about the lumber tested, and a sketch of the house 
plan, as well as its orientation relative to North. The composition of the walls, e.g. the lumber 
size, sheathing and siding information, was also recorded. Questions related to construction 
practices by the builder were included.

The grade stamp information includes a designation informing users whether the lumber was 
surfaced to its final dimensions in the green or dry condition (S-GRN or S-DRY). S-DRY 
lumber may either be air-dried or kiln-dried. Based on current industry practice, kiln drying is 
the most probable means of drying used. Some lumber is stamped "KILN DRIED", in addition 
to the grade stamp information, but this is not required by the grading agencies. If the material 
is STUD grade, it is produced to length specially for use in walls as studs. If it is of some other 
grade, it may have been cut from longer lengths of framing lumber. The source of supply and 
the moisture conditions of STUD grade lumber may be different from other light framing grades 
at any single building site. The field staff also selected wood samples representative of material 
used in the wall studs and plates and returned them to Forintek for calibration purposes.

The collection of field moisture data took place from April 1990 to February 1991. The framing 
lumber use surveys were done during the summer, fall and early winter of 1990.

Moisture Content Calibration
The work of Pfaff and Garrahan [10] described a relationship correcting the meter readings of 
a DC type Delmhorst meter (calibrated for Douglas-fir) for the effects of wood temperature and 
species at moisture contents below fibre saturation. The relationship is

II-5



F10.567 o . o 2 6 o r +o . o o o o 5 i r 2 
881 • 1 . 0 0 5 6 r

b 1
a

where Mc — corrected moisture content, M  = uncorrected meter reading, T  — wood 
temperature ‘C, and, a and b are coefficients dependent on the species.

CMHC field staff could not be expected to tell the spruces from the pines or firs, so it was 
desirable to correct field measurements based on information available on the grade stamps. 
Based on the 465 wood samples sent to the laboratory, together with previously obtained 
coefficients for individual species, the mean of the shallow and deep moisture readings into the 
edge of the lumber stud was best correlated with the mean moisture content of the whole cross 
section. The coefficients for the S-P-F group were chosen to be a=  0.76, b=  1.13; the 
coefficients for Hem-Fir were chosen to be a=  0.838, b=  0.693. The coefficients for the 
"North Species" marketing group was assumed to be the same as for S-P-F. "North Species" 
includes all species marketed in Canada for construction.

OVERVIEW OF DATA BASE

A total of 515 houses were visited. The database containing the data on moisture content has a 
total of 4093 studs and 2046 wall plates. The data for wood samples sent to the laboratory were 
coded into a separate data file which contains moisture and species information for 465 wood 
samples.

Construction and Inspection
The distribution of the number of houses inspected each month is given in Table 1. This table 
shows that the inspections were conducted from April 1990 to January 1991 inclusive. The 
largest number of site visits were made in August and January (1991), but no month passed 
without some houses being visited. The framing for most houses was started from March 1990 
onwards. A clearly identifiable "winter" construction sample was not collected during the 1989- 
90 winter season.

The number of days between the start of framing and the time of inspection varied from as little 
as 3 days to as long as 120 days. The median duration was 29 days for the country-wide data 
base. This "open" construction time can be important to allow the framing of partially completed 
houses to dry in some climates.

The period of construction was defined as the variable SEASON. The mid-date between start 
of framing and time of inspection for a house was used to allocate it to a particular construction 
season. If this mid-date fell before the end of March 1990, this was defined as the WINTER ’90 
season. The SPRING season was defined from the beginning of April to the end of May, while 
the SUMMER season included all construction from the end of May up to and including
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Table 1. Frequency table for MONTH of inspection and construction SEASON

MONTH OF 
INSPECTION OR 
CONSTRUCTION 

SEASON
FREQUENCY PERCENT OF 

TOTAL

MONTH

April ’90 47 9.1
May 85 16.5
June 25 4.9
July 22 4.3
August 98 19.0
September 12 2.3
October 63 12.2
November 32 6.2
December 38 7.4
January ’91 93 18.1
SEASON

WINTER ’90 15 2.9
SPRING ’90 134 26.0
SUMMER ’90 181 35.1
AUTUMN ’90 87 16.9
WINTER ’91 98 19.0

September. The AUTUMN season was defined from the beginning of October to the end of 
November. The WINTER ’91 season included all construction where the mean time between 
start of framing and time of inspection fell after the beginning of December 1991. The frequency 
distribution by SEASON is also given in Table 1. The late starting date for the project resulted 
in a small sample for the initial WINTER season. Relatively fewer houses were inspected during 
the AUTUMN and WINTER ’91 seasons because construction activity was down as a result of 
the economic recession taking place at that time. For subsequent analysis and summaries, data 
for the WINTER ’90 and WINTER ’91 houses were combined. Some locations were well 
represented in each of the major seasons, while others were more poorly represented. The 
frequencies are somewhat larger when the locations are grouped by region.

Grade Stamp Information
Grade stamp information was obtained for most of the studs and plates examined. Fourteen 
different grading agencies were identified. Three main lumber marketing groups were found. 
Douglas-fir represented 1.3 percent, North Species represented 9.4 percent, while the Spruce- 
Pine-Fir marketing group represented the remainder at 89.3 percent (where grade stamp 
information was provided). The grade of 714 pieces could not be identified and were assigned 
a grade based on the typical lumber use pattern in the region.
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About 53 percent of the wall plates were identified as S-DRY, while 57 percent of the wall studs 
were identified as S-DRY. A majority of the studs (90%) were STUD grade; the remainder of 
the studs were cut from other light framing grades of lumber. The wall plates included Structural 
Light Framing grades No. 1, 2 and 3, or Light Framing grades, Standard and Construction, and 
some MSR (machine stress rated) and STUD grade lumber.

Use of Green and Drv Lumber
In some parts of the country, mostly green lumber use was recorded (S-GRN), notably St. 
John’s (Newfoundland) and Halifax (Nova Scotia). In other locations, notably Winnipeg 
(Manitoba), Saskatoon (Saskatchewan) and Edmonton (Alberta), only dry studs were used. Some 
individual frequencies involve nominally small values, and are not adequate for assessment of 
relative distribution of moisture content at these locations. This information is summarized by 
region in Figure 1 where the pattern of use in Eastern and Western Canada of S-GRN and S- 
DRY lumber is seen to be quite different. The data supports the commonly accepted thesis that 
dry lumber is not used extensively in the Atlantic provinces or in Quebec.

frequency (%)

Figure 1. Relative usage of dry versus green lumber by region.
Builder Information and Practices
There were approximately 227 builders represented in this survey. Of these, 143 builders had 
only one house in the total sample. The maximum number of houses in the sample attributed to
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a single builder was 21. The median number of sample houses per builder was between three 
and four.

The number of housing starts each builder was responsible for in the previous year (1989) 
ranged from 0 to 1500. Information about housing starts was only provided on 73 percent of the 
data booklets. Some builders were represented several times in this survey, and the answer 
provided to this question on each visit was not always the same. Only the larger number of 
building starts reported by a specific builder has been used for the distribution. Based on the data 
provided, the median number of building starts was 15 houses. Only 9 builders in this survey 
had more than 200 housing starts in 1989.

During winter construction, only 22 percent of the respondents reported heating the buildings 
before the insulation and vapour retarder were installed. About the same proportion did not 
respond to the question. It is possible that many were small home builders who do not get 
involved in construction during the time of year when heating might be required.

Only a very small number of builders (2.5%) protected the lumber when it was on site, usually 
by covering it. Only about 12 percent of the builders (or site superintendents) indicated that they 
had control over the moisture content of the wood supplied.

Over 74 % of the builders (or site superintendents) who responded noted that they had problems 
with nail popping and/or dry wall cracking. Many who were already using S-DRY wood 
responded their choice would be to use drier wood. Only a few builders had control of factors 
influencing the moisture content of the wood used and would not use drier wood than they were 
presently using.

Most of the wall construction represented in this survey involved use of nominal 2 x 6  lumber 
(38 mm by 140 mm). The only locations where nominal 2 x 4  lumber (38 mm x 89 mm) was 
the predominant choice were Toronto and Vancouver (89% and 73% respectively). This was 
probably because home heating requirements are less demanding there than at the other 
population centres. The recent mandating of higher thermal resistance requirements in Ontario 
will likely change this distribution in later years.

The use of staggered stud walls to produce thicker walls without thermal breaks was only found 
in Edmonton, where 14 of the 79 houses visited were built in this way. Ten different builders 
were using this technique. Higher energy requirements in this northern city probably influenced 
their decision to use this technique.

The use of different exterior sheathing materials is summarized in Table 2. Due to the limited 
number of total responses (and missing data), the data have been grouped into 5 regions. The
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main trend which we would point out concerns the use of board sheathing. This is a construction 
approach that has come back into favour in the Atlantic provinces. The use of plywood and 
waferboard seems prevalent in the Western Provinces.

Table 2. Distribution of sheathing materials by region

SHEATHING
MATERIAL

NUMBER OF HOUSES BY REGION
TOTAL

ATLANTIC QUEBEC ONTARIO PRAIRIES PACIFIC

EXPANDED POLY. - _ 3 _ _ 3
EXTRUDED POLY. 1 - 11 4 . 16
SEMI-RIGID FIBRE - 5 - - . 5
GYPSUM BOARD - - - - 8 8
FIBREBOARD 1 38 18 . 28 85
BOARDS 119 - - - 5 124
PLYWOOD 28 - - 79 2 109
WAFERBOARD 4 1 61 78 15 159
OTHER - 1 - - - 1

TOTAL 153 45 93 161 32 510

MOISTURE IN FRAMING LUMBER

As noted earlier, it was found that the grade and species marketing information for some of the 
studs and plates could not be obtained because of missing or illegible grade stamps. During 
preliminary analysis, the moisture distributions for these framing members were examined for 
each location across the country. Based on the existing mix of S-GRN and S-DRY studs used 
in each location, it was possible to allocate the unassigned studs and plates to one or the other 
category.

Influence of Season and Region of Construction
The statistics for studs and plates are presented by SEASON and REGION in Tables 3 and 4. 
From the means presented in these tables, it is apparent that the moisture content of lumber 
during the summer season was driest for both plates and studs. An analysis of variance on the 
database showed that the season of construction was always significant in influencing the 
moisture content of the lumber. This was also location dependent, and the effect was more 
significant in some locations than in others. The lumber was usually driest at time of wall 
closure during the summer season, regardless of whether S-DRY or S-GRN lumber was 
involved. Spring construction was the next driest in all regions, and both autumn and winter 
construction proved to be significantly wetter. For S-GRN plates and studs, the highest moisture 
contents were generally found during the autumn construction season. The highest moisture 
contents for S-DRY lumber plates and studs were generally found during the winter construction 
season.
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Table 3. Summary of average moisture content of wall studs by SEASON (all regions) 
and by REGION (aU seasons)

CONDITION SEASON
OR

REGION

MEAN
MOISTURE
CONTENT

STANDARD
DEVIATION

MAXIMUM
MC
(%)

MINIMUM
MC
(%)

S-DRY WINTER 19.2 4.5 47.6 11.3
SPRING 14.8 3.7 53.7 8.1

SUMMER 13.8 2.9 48.1 6.8
AUTUMN 17.2 3.6 32.0 10.1

ATLANTIC 18.7 4.4 33.2 12.4
QUEBEC 24.0 10.6 53.7 13.0

ONTARIO 17.9 5.6 47.6 10.4
PRARIES 14.8 3.1 48.1 6.8
PACIFIC 19.5 5.1 35.9 10.9

S-GRN WINTER 29.1 6.1 68.2 15.5
SPRING 25.0 10.6 89.4 9.2

SUMMER 22.2 8.4 95.5 11.7
AUTUMN 30.0 12.1 110.0 15.3

ATLANTIC 27.8 9.4 109.9 14.4
QUEBEC 26.8 12.1 79.2 11.7

ONTARIO 21.3 7.8 61.5 9.2
PRAIRIES - - _

PACIFIC 14.5 0.9 16.4 13.0

Table 4. Summary of average moisture content of wall plates by SEASON (all regions) 
and by REGION (all seasons)

CONDITION SEASON
OR

REGION

MEAN
MOISTURE
CONTENT

STANDARD
DEVIATION

(%)

MAXIMUM
MC
(%)

MINIMUM
MC
(%)

S-DRY WINTER 22.8 9.8 88.2 10.6
SPRING 17.6 5.7 61.9 9.1

SUMMER 15.7 4.1 32.0 9.0
AUTUMN 17.1 3.0 28.1 9.3

ATLANTIC 19.9 4.2 37.7 14.7
QUEBEC 20.8 2.5 23.5 17.4

ONTARIO 21.7 8.4 61.9 10.1
PRAIRIES 16.3 3.7 32.0 9.0
PACIFIC 33.8 12.3 88.2 14.7

S-GRN WINTER 32.9 11.6 117.4 11.1
SPRING 29.3 15.2 104.9 11.0

SUMMER 26.3 12.3 105.5 12.8
AUTUMN 34.1 14.2 109.9 17.7

ATLANTIC 33.9 14.7 117.4 13.8
QUEBEC 29.7 13.1 97.5 14.6

ONTARIO 23.7 8.7 77.8 11.0
PRAIRES 20.9 6.9 46.1 11.1
PACIFIC 18.6 6.1 38.4 12.8
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To present the variation of moisture content as a crude distribution, the moisture content range 
has been divided into three moisture classes, lumber at an average of 19% MC or less, lumber 
at a moisture content between 19% and 30%, and lumber over 30%, i.e. over fibre saturation. 
This information is presented in Figure 2.

■ ■  AJonMc W  1 O w f e .c 1 1 1 Ontario

l \  1 P m rto l- X l  M b

100 Percent

O to 19* 19 to 30%
M.C. Closs

30*
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O to 19* 10 to 30*

M.G Class
over 30*

Percent Percent

o to 10* 10 to 3 0 *  over 30* O to 10* 10 to 3 0 *  g w W t

M.C. Class M.C. Class
No sample lor Prairie Raglan

Figure 2. Distribution of moisture class by surfacing conditions (S-DRY and S-GRN) and 
REGION for wall studs and plates .
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The significant conclusion to be drawn from the distributions in Figure 2 is that the Prairie 
region generally had quite dry lumber while the eastern part of the country generally had wetter 
lumber. The distributions in this sample also show that the S-DRY wall plates were drier than 
the S-GRN wall plates but that there were anomalies in the results. The main odd result pertains 
to the wall plates examined in Vancouver which, although they were S-DRY material, became 
heavily wetted by heavy rains during the latter part of 1990.

An overview of the differences between the moisture contents of wall plates and studs by 
surfacing conditions (S-DRY or S-GRN), is shown in Figure 3. The overall country-wide 
differences between S-DRY and S-GRN studs and plates show that there is a distinct difference 
between them. The majority of S-DRY material is under 19% moisture content before the walls 
are closed in. On the other hand, S-GRN lumber studs and plates are more usually over 19% 
moisture content and between 20 and 40 percent of them were over 30% moisture content.

Studs -  All Regions Plates - All Regions

M.C. Class M.C. Class
■ ■ S-DRY E 2  S-GRN ! ■  S-ORY fZ 2  S-GRN

Figure 3. Distribution of moisture content by moisture class for studs and plates and for 
S-GRN and S-DRY lumber framing, all regions combined.

In part, high moisture contents may be found by inclusion of certain species. Although the 
individual species for wall studs were not known, the species distribution of the wood samples 
sent to the laboratory might be considered as a reflection of the overall population. Based on that 
data it was noted that the spruces represent the majority of wood used, followed by balsam fir
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(including alpine fir in this class). There was a high percentage of balsam fir samples sent from 
the Atlantic provinces and Quebec. This species tends to dry more slowly in dry kilns and starts 
out with higher initial moisture contents than other wood species.

Influence of Heating
Some builders attempt to compensate for a green wood supply by using supplementary heat to 
dry the house shell before proceeding to complete wall construction. This could not be done 
unless the main openings, such as windows and doors, were installed to reduce entry of wind 
driven rain or snow, and after the roofing was applied. Two questions related to heating were 
included in the list of questions for builders in the data booklet. The first asked specifically 
whether the unit being sampled had been heated prior to the date of inspection. The second 
concerned whether the builder’s regular practice was to heat houses under construction during 
the winter.

There was no correlation between the moisture content of lumber and the responses to the 
question regarding "heating before the visit". However, there was an apparent correlation with 
the moisture content of lumber framing and responses to the question about the practice of 
"heating during the winter". That is, the wood was generally drier in homes built by builders 
who generally employ the practice.

From all anecdotal experience, the practice of heating is known to result in drying. The present 
study was not designed to demonstrate how much drying takes place during construction or what 
construction practices achieve better drying whatever the season or location. To do so would 
have required repeated visits to each house in the study. The lack of strong positive correlation 
does not mean that drying (even very significant drying) does not take place.
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Figure 4. Histograms of average moisture content for S-DRY and S-GRN wall studs and 
plates showing the influence of time between start of framing and time of inspection.

Influence of Time Between Start of Framing and Closine In
It is conventional wisdom that leaving the wood frame exposed to the air for a longer period of 
time results in greater drying of wall studs and plates and reduces the amount of water locked
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in by the vapour retarder when it is finally installed. The data in this survey was examined to 
see if this trend might be evident. Of course, the moisture content of the wood framing at the 
start of construction was not known, so the change cannot be determined. The data can only 
provide a general view of the influence of exposure time on drying.

The average moisture content of studs and plates were plotted as histograms for both S-DRY and 
S-GRN lumber against the time since framing started. These distributions are shown in Figure 
4 with all regions and seasons combined. Based on these histograms alone, it is apparent that 
the overall influence of drying is not striking over the full range of "open" time encountered. 
Indeed, there is some suggestion that long exposure could lead to wetting of green, and 
especially dry lumber. For example, wall studs and plates in the 90 to 100 day time frame, 
which is well above the country-wide median time of 29 days, show a radical increase in 
moisture content. These values are for data collected in the Vancouver area, which experienced 
heavy rainfall during the later part of 1990.

How lumber in the standing frame is protected or shielded will likely influence whether climatic 
drying can take place or not. Incomplete protection during inclement weather will lead to wetting 
of the structure. It is standard practise in Western Canada to install panel sheathing horizontally 
on the lumber framing. A gap of a few millimetres had usually been left between adjacent 
sheets, because it is thought the gap would assist drying of the lumber frame. If this gap is much 
larger, there is potential for the entry of more wind-driven rain during construction, which could 
lead to greater wetting of the lower part of the frame. This can be avoided if sheathing paper 
(or some other type of house wrap) is installed soon after erection of the frame. However, this 
is not normally done until the siding is installed.

Influence of Wall Orientation
Exposure to direct sunlight may contribute to drying. Some wall orientations might experience 
faster drying due to solar effects. An analysis of variance was done, but no significant 
correlation was found for either studs or plates. The frame of the house is sheltered by wall 
sheathing, and drying is dominated by the relative humidity within the partially-completed 
structure. The relative humidity within an unfinished building shell will be approximately equal 
at all elevations. Consequently, compared with the variability in moisture content within and 
between pieces of lumber (species, moisture gradients, etc), the influence of preferential 
exposure to sunlight was not detectable.
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DISCUSSION

Nothing in this study supports using a smaller sample size or reduced time scale to quantify 
construction moisture in lumber. Indeed, larger sample sizes and more complete questioning in 
some instances would have been desirable for both the field moisture survey as well as for the 
builder and supplier surveys. The data are obtained from different sources via different survey 
instruments. The overlap provided a check on major issues. In this sense, remarkably good 
corroboration has been achieved.

Moisture in Lumber Framing
Moisture that is locked into walls at time of construction eventually escapes. This study has 
provided an indication of the amount of moisture that could potentially be locked in at the most 
critical stage in the construction of walls - just before installation of the vapour retarder and 
drywall. The length of time that it takes for moisture levels to reduce to non critical levels 
depends on the wall construction and the quantity of excess moisture that is locked in.

Of concern is the significantly higher moisture contents of the bottom wall plates, whether they 
are S-GRN or S-DRY lumber. Over the whole country, 82 percent of all S-GRN plates were 
over 19 percent average MC and 35 percent were over 30 percent average MC. By comparison, 
77 percent of all S-GRN studs were over 19 percent average MC and 19 percent were over 30 
percent MC. Bottom wall plates, by their position on the subfloor are less able to dry, and are 
more likely to absorb water from precipitation that penetrates a partially completed house shell. 
The high moisture load at this location will contribute to the difficulty a wall may later 
experience in drying to a trouble-free state. As it is, substantial moisture within a cavity from 
the bottom plate may be redistributed by thermal gradients and convection to other elements in 
the wall. The full consequences of this have yet to be determined through computer modelling. 
From field test experience, when test walls have been examined at the end of experiments, 
bottom plates usually exhibit more fungi-fruiting bodies and staining as a result of condensate 
run-off from the sheathing.

Would use of treated wood for wall plates reduce the potential for moisture problems in walls? 
The answer is not clear. The treatment would control the initial development of mould and 
fungal growth, and the lumber would be protected against decay. The moisture load may actually 
be increased if treated lumber is not dried adequately after treatment. Water-borne preservatives 
can raise the moisture content of most species of wood well above normal levels.

The question remains whether treatment is necessary or even desirable if the lumber is kiln 
dried. Only 6 percent of all S-DRY wall plates were wetter than 30 percent MC, but 29 percent 
were over 19 percent MC. It is suspected, from the analysis of drying potential, that re-wetting 
contributed to these higher levels. If walls were built using S-DRY lumber and good building 
practices were followed, there should be no need for treatment.
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In the Atlantic region, too few S-DRY plates were encountered to judge this issue; but, for S- 
GRN plates, fully 94 percent were over 19 percent MC and 48 percent were over 30 percent 
MC. Given that the drying potential in these climates is poor, and that moisture problems in 
walls have been found to be more prevalent in the Atlantic provinces than elsewhere, it is 
evident that use of drier wood and attention to better building practices related to moisture 
control is required.

Present lumber grading rules permit up to 5 % of the material supplied as S-DRY lumber to be 
over 19% moisture content, with no upper limit on the moisture content of the "wet" pieces. 
This is to account for the presence of hard-to-dry species in some lumber marketing groups. 
However, in instances where there is a greater prevalence of some hard-to-dry species, it 
appears that the lumber industry needs to pay more attention to removing or otherwise dealing 
with "wets" from the general lumber population. Quality control procedures can be implemented 
to effectively deal with the problem of "wets". However, general overall moisture levels must 
be low enough to assure that the above requirement is met. Country-wide, over 17 percent of 
S-DRY wall studs were over 19% MC; however regionally, from East to West, the percentage 
of pieces in excess of 19% MC were, 46% (Atlantic), 69% (Quebec), 30% (Ontario), 9% 
(Prairies), and 55% (Pacific). This may account for why drywall problems are not necessarily 
eliminated when S-DRY lumber is used. No distinction could be made whether "wet" pieces had 
been re-wetted or were never completely dried in the kilns. However, it is unlikely that a large 
proportion of the "wets" had indeed been re-wetted.

The onus for quality control also falls on the distributers whose responsibility it is to specify it 
protective coverings on lumber packages are employed or not. Builders must also be aware of 
the condition of the end product, and store and handle it appropriately. There is little point in 
having the lumber industry dry lumber to low moisture levels if the lumber is inappropriately 
protected by the others in the supply and use chain. If builders become more interested in the 
moisture content of the lumber they use, they could employ relatively inexpensive pocket 
moisture meters to check on the moisture contents of S-DRY lumber they buy. Their concern 
would prompt the lumber industry to more closely meet their needs.

With regard to the use of S-GRN lumber, with the extremes in average moisture content 
encountered in this survey and the high proportion of lumber over fibre saturation, we must be 
concerned about the ability of walls to dry rapidly enough to be trouble free in the future. While 
use of high moisture S-GRN lumber may not lead to degradation of the wall in some systems 
and in some climates, there is little doubt that nail popping caused by lumber shrinkage and 
drywall cracking as a result of differential settlement of the frame cannot be avoided unless 
builders go to extra lengths to achieve drying of the framing, before installation of drywall.
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With the use of S-DRY lumber, and provided that good building practices are followed, lumber 
shrinkage and dry wall problems will be minimized. But to ascertain that they have achieved a 
dry enough frame before installation of dry wall, builders should be advised to invest in reliable 
moisture meters. The most effective experience is built upon direct feedback, and some of the 
most effective lessons are those that are self taught.

The Influence of Building Practices on Wall Drying
Earlier CMHC field studies in the Atlantic region on moisture in walls have probably sensitized 
Atlantic builders to the importance of having better drying of walls. A large proportion of 
builders in the Atlantic region appear to have reverted to the traditional construction technique 
of using lumber boards for wall sheathing. This is believed to provide greater vapour 
permeability in the finished wall, even though the structural frame will be subject to greater 
exposure to weather-induced moisture if a sheathing membrane (paper or other membrane type) 
is not installed. Another benefit noted by some of these builders is that the board sheathing 
possesses a relatively high bending stiffness, and that helps keep wall studs in line on drying. 
This practice is a consequence of using S-GRN (or even ungraded) lumber. S-DRY lumber, on 
the other hand, has already been subject to some shrinkage during drying, and studs that exhibit 
excessive distortion are culled at time of grading, effectively removing them from sale. There 
is less demand on the structure to keep walls built using S-DRY lumber from bowing.

The use of 2 x 6 wall studs, to accommodate greater thicknesses of glass fibre insulation (to 
meet higher energy requirements set by provincial building codes), has become more general 
across the country. This trend will accelerate in southern Ontario, where the building code has 
been recently changed to require higher insulation levels to reduce energy demand for heating 
and cooling. The comments made by builders in these surveys support the numerous concerns 
builders have expressed in the past about after-construction shrinkage effects, which include nail 
popping, cracking of drywall and wall bowing. There are good theoretical reasons to believe that 
these problems are aggravated by the use of deeper wall studs. Keeping a 2 x 6 stud straight 
requires almost four times greater force than a 2 x 4 stud because of its greater stiffness. 
Whereas typical structural sheathing materials may have provided moderate resistance to restrain 
bowing of studs relative to each other in the past, they do not appear to entirely prevent this 
from happening when deeper S-GRN lumber is used. Insulating sheathings provide even less 
resistance than non-insulating structural sheathing materials. The experience of Maritime builders 
seems to be borne out despite their use of what was, until recently, thought to be an outmoded 
building technique.

The data show that, where S-DRY lumber studs have been used, moisture contents of the 
lumber framing of a house shell are significantly lower compared with S-GRN studs, even within 
a geographic location. The average level of moisture in the S-DRY studs is seldom seriously in 
excess of the fibre saturation point and is, for the most part, below 19% moisture content. S-

11-19



DRY plates, on the other hand, may be subject to wetting, but any reduction in initial moisture 
is of benefit to the end moisture state.

The effectiveness of leaving a frame exposed to dry to the inside to reduce the amount of 
moisture in lumber was not fully borne out in this study. Whether or not more drying takes place 
the longer a wood frame is exposed depends to a large extent on how the frame is protected 
against wetting. For example, the incidence of wet lumber found after 3 months of exposure in 
houses in the Vancouver area, suggests that excessively long exposures increase the probability 
of wetting during inclement weather. The use of structural sheathing with large horizontal gaps, 
whether these are boards, plywood or OSB panel sheathing, is an open invitation to excess 
wetting, if the frame is left in this condition for an extended period. It is obvious that closing 
in walls, from the outside, should be a prime requirement in scheduling construction. It is 
indisputable that drying will occur for most of the wood on the market if it is protected from 
rain. That the trends were not conclusive with respect to this issue does not prove that drying 
does not take place, or that covered exposure in a partially-completed building shell cannot be 
relied on to assist drying. We do not know what building practices were employed at individual 
sites nor do we know the original moisture content of the lumber framing to enable us to 
quantify how much drying actually took place.

Some builders, in Quebec particularly, install the building paper or sheathing membrane on a 
wall while it is still flat on the floor platform before being raised into position. With proper 
attention to overlaps from one floor level to another, this can be an effective technique for 
applying the protective membrane securely and without damage, and for providing the wall with 
protection against the weather from the moment of assembly. Window openings can also be 
covered over (and braced to prevent wind damage to the sheathing membrane).

Besides the evidence provided by the study on the ways builders presently use materials for wall 
construction, it is clear that many builders recognize the benefits of using drier wood. The 
efforts they expend for remedial action, as a result of wall distortions, drywall cracking or nail 
popping, make them acutely aware of the impact of deficiencies on profitability. Builders were 
found to generally support the use of drier wood, even with its higher cost. All would benefit 
from transfer of technical information on how to deal with the consequences of drying of 
framing lumber. This would be of benefit to all builders, whether they habitually use S-DRY 
wood or not. A major issue must be concern about construction sequencing and use of better 
techniques for controlling construction moisture.

Market Dynamics and the Supply of Dry Lumber
From the building industry’s point of view, the supply of dry lumber in the market place appears 
to be something they have little control over. Based on the survey responses by lumber 
producers and suppliers, this misconception should be dispelled. There is more than adequate
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capacity in the country to provide for as much dry wood as the building industry requires for 
building construction because this capacity is geared to supply both domestic and foreign 
exports. From the lumber industry’s point of view, if the price premium is accepted, the market 
will respond to fulfill whatever demand exists.

Outside of the Atlantic region (and possibly Quebec), the availability of S-DRY framing lumber 
is not an issue. Of the Atlantic Canada builders, those in Nova Scotia and Newfoundland cite 
limited or complete unavailability of S-DRY framing lumber. Within these two provinces 
production of kiln-dried lumber for local sale is minimal. Lumber suppliers in the Atlantic 
region reiterated this same concern, but at the same time they did not concur with the builders’ 
view that availability is the real problem. Rather, they see the unavailability of S-DRY lumber 
emanating from the builders unwillingness to pay the premium for S-DRY lumber. So within 
the lumber supply/demand distribution network, the pivotal transaction point (and the 
controversy) is between the lumber supplier and the builder.

The problem may not only be a function of price or availability, but of volume. Low volume 
builders outnumber tract builders by a three to one margin in the Atlantic region. Few builders 
in that region build more than ten houses in any given year, which translates into only small 
lumber purchasing needs during any one building season. A single builder’s lumber order is 
hardly adequate to encourage a supplier to secure and stock S-DRY framing lumber year round, 
especially if the remaining builder community continues to use S-GRN framing lumber. Hence, 
a single builder wishing to switch to S-DRY from S-GRN framing lumber will not likely 
convince a supplier to cultivate his unique order business.

Essentially, the builder’s purchasing power over the supplier network has to be increased to 
warrant suppliers ordering and stocking S-DRY framing lumber year round. One way that some 
have succeeded at this is to approach suppliers collectively and make a commitment to purchase 
S-DRY lumber if it is stocked. A successful campaign was mounted not long ago by members 
of the Cape Breton Home Builders Association to have S-DRY lumber supplied to them. 
Naturally, builders would have to buy into the idea and participate fully.

Where individual members of the lumber industry are small and do not have dry kiln capacity, 
or do not have the capital to build up inventory to allow for air drying of wet lumber, hardship 
can result if the entire building industry were to demand dry wood exclusively. However, this 
is not likely to happen; building industry pressures for dry wood will increase gradually, and 
the industry and the supplier network will adapt. There will continue to be a demand for S-GRN 
lumber, because not all uses require dry wood and not all builders will switch over to its use.

This study has shown that builders are willing to pay a premium to have dry wood. Some of 
those already using dry wood also indicated they would be prepared to pay a premium. Whether
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this is to be interpreted as a request for wood that is drier than the moisture content of the S- 
DRY lumber they presently use is not known. The confidence that moisture contents of the 
lumber they use meets the code requirements is high amongst those who already use S-DRY 
lumber. However, there remains a proportion of builders who are not confident of the moisture 
content of the lumber they buy. They most likely had experience with S-DRY lumber that did 
not meet the prescribed moisture conditions. The field measurements support this, as the mean 
moisture content of some S-DRY lumber (plates and less frequently, studs) exceeded fibre 
saturation. Not all cases are due to inclusion of hard-to-dry species.

Builders who use only S-GRN lumber have built up experience and presume that their structures 
are adequate. Some feel that the benefits of using S-DRY lumber have not been demonstrated 
to their satisfaction and they are reluctant to change their purchasing habits without such 
evidence. Thus, some on the demand side must still be convinced. Those on the supply side, or 
those who would want to influence the supply side to promote more general use of S-DRY 
material, can encourage use of S-DRY lumber by providing this evidence. Part of the evidence 
can be secured from the present data base and through further study. Economic analysis 
weighing the pros and cons of dry wood use and costs in dealing with call-backs associated with 
shrinkage of lumber framing, tied to the built-in construction moisture levels, would be 
beneficial to both the lumber and building industry.

There will not be an increase in S-DRY lumber supplied unless those who use lumber request 
it. Interest by builders in the moisture content of the lumber they use, e.g., through purchase 
and use of moisture meters, would increase pressure on the supply chain to provide them with 
dry lumber. On the other side, those in the lumber industry who want to promote use of drier 
wood could take greater efforts to promote its benefits.

OVERALL CONCLUSIONS AND RECOMMENDATIONS

This study has raised several issues concerning moisture in lumber framing. These are:

• builders in some areas of the country use S-DRY lumber predominantly. These 
areas (e.g., Prairie region) have generally good climatic drying. Unfortunately, 
predominant use of S-GRN lumber was found in poorer drying climates (e.g., 
Atlantic region).

• climatic drying of lumber in the standing building frame was not fully borne out 
and it was not possible to claim it as a major beneficial factor; it was suggested 
that the building practices have a large influence on in-place wetting or drying.

• customer complaints related to moisture are experienced by all builders, 
regardless of S-DRY or S-GRN framing lumber use, but S-DRY users believe 
their frequency is minimized, albeit, not eliminated.
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• the market dynamics shaping the availability/price of kiln-dried softwood 
construction lumber affect builders in some regions to a greater extent than in 
others.

For CMHC, there are clearly several actions that could be undertaken alone and by working in 
cooperation with the housing industry that would benefit that industry. The communication 
strategies suggested in the following assumes that everything that needs to be communicated is 
known. It is recommended that additional information should be developed. Since it is clear that 
much lower moisture contents result when S-DRY framing is used and that climatic drying 
appears not to have been effective, it is recommended that:

1. Promotion of better building practices with regard to management of construction 
moisture is needed. This relates to how the building shell is protected during 
construction, and to techniques that enable as much drying as possible to occur 
before installation of the vapour retarder on the inside, or the finished cladding 
on the outside of the walls.

2. Research is needed to determine the best means by which moisture management 
within the building frame can be accomplished.

3. Research the extent and severity of dry wall problems associated with different 
degrees of framing moisture, including S-GRN studs, studs at a mean MC of 
19%, and studs at 12 to 15% mean MC.

For the building industry, specifically CHBA and the provincial counterparts of this national 
association, there are some recommendations that would benefit their builder members (in 
addition to their participation in activities mentioned earlier).

4. Active participation in the planning and execution of field studies and the 
preparation of documents and technical bulletins with regard to the control of 
construction moisture.

5. Encouragement of the purchase of moisture meters by builders and possibly 
arranging for bulk purchasing of equipment for CHBA members.

For the lumber industry, there is a need to be better informed about the end use market, at least 
at the level of grading agencies, and ideally the producers through their industry networks.

6. Through their newsletters, an awareness of the developing need within the 
building community for use of drier wood can be transmitted to individual
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producers, especially in regions where S-GRN lumber use predominates and 
where individual lumber suppliers have marginal operations and no kiln drying 
facilities.

7. Investigate setting up cooperative kiln facilities to enable lumber producers to 
offer the products needed by market that they may not be able to do individually.

8. The separation of "wets" from general mill runs and kiln charges appears to be 
needed to assure better uniformity and lower mean moisture in dried lumber. If 
a premium is to be paid for S-DRY lumber, reduced drywall problems should be 
expected by builders. Certainly, the generally high moisture content of S-GRN 
lumber and the presence of "wets" in S-DRY lumber can cause problems for the 
end user including homeowners.

CLOSURE

S-DRY and S-GRN lumber have been used for construction for many years. While this survey 
has not been directed at relating the moisture content of lumber in walls with durability 
problems, we can say that use of high moisture content lumber is more likely to run the risk of 
longer term durability. Less serious problems related to shrinkage of lumber, such as drywall 
cracking, and nail popping (with corresponding increases of airflow into wall cavities) can 
definitely be expected when S-GRN lumber is used. Lesser problems of this nature can be 
expected when S-DRY lumber is used, and these should be eliminated if care is taken to ensure 
that the lumber is as close to its end equilibrium state as possible at time of construction. A 
much better appreciation is needed of the techniques builders must employ to ensure that the 
walls they build will be durable and trouble free.

The moisture studies and surveys reported here have shown that the construction moisture issue 
is real and that the situation will not change overnight. Concerted technology transfer efforts by 
CMHC and CHBA will be needed. The building industry has already moved to more general 
use of S-DRY material and the trend will accelerate as the benefits become apparent.

ACKNOWLEDGEMENTS

This paper is drawn from a more extensive report that was prepared for Canada Mortgage and 
Housing Corporation who supported the work. Many individuals have provided assistance and 
advice to this work. Included are the CMHC field staff who took the field measurements as well 
as the lumbermen, builders, and lumber wholesalers and retailers across the country who 
participated in the surveys. We particularly wish to acknowledge the input of Mr. Tom Kerwin 
at CMHC and Mr. Ross Monsour at CHBA.

11-24



REFERENCES

[1] Marshall, Macklin, and Monaghan Ltd. 1983. "Moisture-Induced Problems in NHA 
Housing", Canada Mortgage and Housing Corporation, Ottawa, Ontario, Canada.

[2] Scanada Consultants Limited. 1986. "Computer Model of the Drying of the Exterior 
Portion of Wood Frame Walls", (on behalf of Morrison Hershfield Limited) Canada 
Mortgage and Housing Corporation.

[3] Morrison Hershfield Limited. 1987. "Drying Characteristics in Outer Walls of Low Rise 
Residential Housing", Canada Mortgage and Housing Corporation.

[4] Scanada Consultants Limited. 1986. "Computer Model of the Drying of the Exterior 
Portion of Wood Frame Walls", (on behalf of Morrison Hershfield Limited) Canada 
Mortgage and Housing Corporation.

[5] Morrison Hershfield Limited. 1987. "Drying Characteristics in Outer Walls of Low Rise 
Residential Housing", Canada Mortgage and Housing Corporation.

[6] Rowan Williams Davies & Irwin Inc. 1987. "Drying Characteristics in Walls of Low 
Rise Residential Housing", Interim Progress Reports, Canada Mortgage and Housing 
Corporation.

[7] G.K. Yuill and Associates Limited, 1990. "Comparison of Walldry Predictions with 
Atlantic Canada Moisture Test Hut Data", Canada Mortgage and Housing Corporation.

[8] Project Implementation Division. 1991. "Report on Atlantic Canada Wood Framing 
Moisture Survey", Canada Mortgage and Housing Corporation.

[9] Garrahan P., Meil J. and Onysko D.M. 1991. "Moisture in Framing Lumber: Field 
Measurement, Acceptability and Use Surveys", Forintek Canada Corp. report to Canada 
Mortgage and Housing Corporation.

[10] Pfaff F. and Garrahan P. 1986. "New temperature correction factors for the portable 
resistance-type moisture meter". Forest Products Journal. Vol 36. No.3.

11-25



APPENDIX III
MINUTES OF TASK FORCE ON MOISTURE/THERMAL PERFORMANCE 

OF BUILDING SYSTEMS: ISSUES FOR THE WOOD PRODUCTS INDUSTRY



A G E N D A

Task Force Meeting

Moisture/Thermal Performance of Building Systems 
Issues for the Wood Products Industry

Forintek Canada Corp.
800 Montreal Road 
October 18, 1991 

9:00 AM

CHAIRMAN: ROBERT ZWICK

9:00 1. Introductions Robert Zwick

9:05 2. Welcome Ian de la Roche

9:10 3. Purpose of Task Force (terms of reference). Richard Zwick 
Jean-Claude Havard

9:25 4. Overview of CMHC program 
Overview, air quality 
Field studies, walls 
Modelling
Field studies, roofs, foundations

Jim White 
Tom Kerwin 
Tom Hamlin 
Don Fugler

10:00 5. Coffee break

10:20 6. Overview of IRC program Kumar Kumar an

10:40 7. Overview of EMR program Mark Riley

10:55 8. Overview of Forintek Program Don Onysko

11:30 9. Overview of International Research Activities Don Onysko, Tom Hamlin 
Jim White, Kumar Kumar an

12:00 10. Lunch Break (provided)
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11. Industry Views on Research and Technology Transfer Required

1:00

1:20

1:40

3:00

3:45

4:00

Building Industry Robert Sloat, Hans Keppler, et al

Structural Panel Industry John Lowood, A1 Lewis, et al.

Lumber Industry Robert Zwick, Robert Rivard,
Dianna Blankhom, Eric Jones, et al.

11. Discussion of the issues

what do we do about construction moisture a) in lumber ?
b) from precipitation ?

what are to consequences in better adherence to code requirements 

is dry lumber dry enough

what are the consequences if green lumber continues to be 
prevalent

what are the legal responsibilities vis suppliers and code 
requirements

There are complaints about green lumber joists but no problem 
getting dry lumber studs in the West; at the same time, there 
are complaints in the East that they cannot get dry lumber studs, 
but find the joists are dried.

12. Discussion of research directions

potential research and technology transfer program for
amelioration of construction moisture Tom Kerwin

13. Adjournment
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MINUTES OF MEETING
TASK FORCE ON MOISTURE/THERMAL PERFORMANCE OF BUILDING SYSTEMS 

ISSUES FOR THE WOOD PRODUCTS INDUSTRY

Ottawa, Ontario 
October 18, 1991

9:00 AM

Attendees:

Robert Zwick COFI (chairman) Kumar Kumar an IRC
Jean-Charles Bechamp CLA William Love FCCAdaire Chown IRC John Lowood SBA
Jean-Claude Havard FCC Mary Mes-Hartree FCCTom Hamlin CMHC Don Onysko (Scribe) FCC
Roy Henderson Consultant Neil Pelletier QLMA
Eric Jones c w c Ian de la Roche FCC
A.N. Karagiozis IRC Bob Sloat CBHA
Hans Keppler Keppler Construction Ron Waters CCMCTom Kerwin CMHC Jim White CMHC

Invitees unable to attend:

Sherrif Barakat IRC Dave Milton OLMA
Keith Barrett Barrett Lumber Ross Monsour CHBA
Diana Blenkhorn MLB Craig Neeser MB
Richard Desserud NBCC Dan Nielsen Grant
Richard Laçasse QLMA Mark Riley EMR (CAN/MET)
Al Lewis Norbord Robert Rivard CLA
D. Loates Weyerhaueser Terry Robinson CMHC
Vishwa Mathur Foresty Canada

1. Introductions

Chairman Robert Zwick opened the meeting at 9:10 a.m. with a brief overview of the past Research 
Program Committee process used by Forintek to review in-house research. In this case, an opportunity 
is being provided for industry to be informed about research under way at Forintek as well as by some 
Federal agencies. The morning was to be spent on information transfer. The afternoon was to be spent 
getting feedback from industry and discussing various issues.
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2. Welcome

On behalf of Forintek Canada Corp. and Ian de la Roche (Vice President) who was delayed in getting 
to the meeting, J-C Havard welcomed those who had given of their time to attend. This meeting had been 
anticipated for a number of years by members within the wood products industries. Given the status of 
particular programs, and Forintek’s National Research Program Committee reviews, the time was right 
to hold this meeting. This is not intended to be a standing committee; rather, it would meet again if 
necessary.

3. Purpose of Task Force (terms of reference).

The terms of reference were discussed by the chairman and J-C Havard with some background for the 
need to have exchange of information between the research community and the wood products industries 
and the users, to have a clearer view of the research being done involving wood frame construction, and 
to understand the driving forces (or needs) for this research.

The building industry and the wood products industries can work at cross purposes at times and unless 
there is common awareness of the problems to be faced and some agreement that changes are needed, 
we will stumble along with potential negative influences on both the producers and users of wood 
products. The need for the building industry and the lumber industry to understand each other was never 
so great as now. The chairman reported, as an example, that the wood industry is considering radically 
changing the number of choices of grades and species groups to simplify things for the end user. This 
comes directly from feedback from the building industry.

4. Overview of CMHC programs

An overview of research at CMHC on moisture related work was provided by Jim White. This included 
moisture issues as well as air quality issues. The substance of the talk is provided in the summary of 
points of discussion that are attached to these minutes.

Tom Kerwin then described the many field studies that CMHC has funded and the rationale for their 
being initiated. Some are still in progress. These studies investigate wall performance, largely because 
sources of problems in the Atlantic provinces were found in walls and because air tightening of houses 
and use of increased insulation levels affected the design of walls greatest. The essence of this talk is 
provided in the abbreviated notes attached to the minutes of this meeting.

Tom Hamlin then summarized the modelling work that had been undertaken at CMHC through the 
development of WALLDRY, a computer modelling program to allow a reasonable assessment of wall 
performance of systems under different climatic conditions. This model has recently been greatly modified 
to permit better characterization of material properties, and to permit air permeability of materials to be 
accounted for. The main need for modelling is to complement the laboratory and field experiments. One 
cannot do all the experimental work necessary to prove out performance of systems. Having a moderately 
accurate model that assists in evaluating systems would help determine if there are limitations to particular 
systems in certain climates, both domestic and offshore.
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Tom Hamlin also mentioned other moisture-related studies being done under Don Fugler, also in their 
department, related to moisture in attics, moisture in crawl spaces, and performance of preserved wood 
foundations (from the point of view of radon control).

Discussion:

Considerable discussion arose from the presentation by Jim White. This concerned issues of health and 
safety associated with emissions from building materials, even parquet flooring. Sensitivity of people to 
emissions seems to be rising and now that measurements are more accurate, and being made for the first 
time, the fear was that there might be a lack of hard data on allowable limits for mainstream construction 
as opposed to the housing for the chemically sensitive. Mr. White reported that a project dealing with 
this latter group is being prosed with up to 10,000 units of this type to be built in the near future. There 
are some extremely potent toxins produced in nature, and the role of housing is to provide shelter and 
protection from the environment without itself contributing to the ill health of occupants. For this to be 
possible, consideration of whole house performance is necessary. This approach has lead to the advances 
in building technology in home construction represented in the R2000 program and the general upgrading 
of knowledge at all levels.

(Ed. comment: Jim White referred to emissions from parquet flooring as an example of the things that 
should be examined. The Finnish paper he referred to was examined and studied. The emissions from 
industrial parquet may have been of the type that is bonded to a plywood backing. Often, for interior 
applications, this plywood is an interior grade involving a urea formaldehyde adhesive which can lead 
to higher emissions of formaldehyde and other chemicals. The coatings used also contribute greatly to 
emissions measured. Different woods exude emissions of various types and amounts. Compared with other 
flooring materials, it was concluded that wood flooring potentially offered one of the best low emission 
products for finish flooring. An inference that may be drawn from this report is that one cannot take this 
potential for granted; just because a product is made from wood does not assure that it will produce low 
emissions. The decisions manufacturers make in processing affect the emission performance of the end 
product.

5. Overview of IRC program

Dr. Kumar Kumaran reported on the IRC program, particularly the most recent findings and work under 
way. A major portion of the program involves material property characterization and computer modelling 
efforts, as well as international cooperative work. He also reported on a study that is being funded by 
CANMET/EMR at the University of Waterloo in the same test hut as one of CMHC’s studies. This study 
is providing an example for validation of the computer model being used at IRC.

(Ed comment: The computer model being used (TCCCED) developed in Finland is one or two steps up 
in complexity compared to the CMHC model WALLDRY. Greater adherence to the physics of 
moisture/heat/air transport is possible. Both models are tools for research. In response to a question on 
comparison of the two models, it was reported that no formal project is in place to do that, but that it 
is obvious that it should be considered. The summary of IRC research provided in the meeting book have 
been attached to these minutes for completeness, and for those who were not able to attend.)
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6. Overview of Forintek program

A summary of work done by Forintek over the years was provided by Don Onysko. (A summary is 
provided as one of the attachments). Most of the questions concerning the presentation concerned the field 
moisture survey that Forintek did for CMHC. The meeting book contained excerpts from that report and 
the questions related to clarification of individual points. The issue of construction moisture is of 
considerable concern and is one of the main reasons this meeting was taking place.

7. Overview of International Research Activities

Don Onysko summarized Forintek’s participation in BTECC, the Building Thermal Envelope 
Coordinating Council based in Washington. This organization attempts to coordinate between US 
government labs and industry on matters related to the building envelope for both commercial and 
housing construction. All meetings except conferences have been held in Washington with meetings three 
times a year. BTECC is one of the councils of NIBS (National Institute of Building Science). While the 
activities of BTECC include more matters than relate just to moisture performance. The purpose for our 
participation lies in being made aware of activities in the USA that might impact Canadian Industry and 
well as being related to research at Canadian research institutions.

Tom Hamlin summarized the efforts he has been involved in representing CMHC as the lead agency for 
the International Energy Agency. By this it is meant that CMHC coordinates the efforts of all contributors 
to research in a particular topic at the international meeting. IRC is also a coordinating member. The 
particular Annex now being worked on related to moisture in building systems is Annex 24 "Heat-Air- 
Moisture Transfer in New and Retrofitted Insulated Envelope Parts". That was started in 1991 and will 
probably take about 5 years to put a series of documents together which will represent the state-of-the-art 
summaries of knowledge in this topic. These annexes provide a very good basis for further work and 
enable individual countries to target their efforts more economically.

Kumar Kumaran, besides describing NRC’s role in the IEA and showing the typical output from work 
of an annex such as the Annex 13 on Condensation, etc. described another international technical group, 
the CIB W40 group that meets every other year. The CIB will be meeting in Canada in the summer of 
1992. The last meeting was held in Victoria in 1989 and was very well attended. This working group 
provides a forum for updating research workers in current research activities and results, sometimes prior 
to formal research paper have been prepared.

(Ed comment: Although no formal presentation was made in this meeting on this topic, another related 
field in which both IRC and CMHC have participated is indoor air quality, and a specific conference to 
both contributed significantly was Indoor Air '90. Potential consequences of poor performance of building 
systems impact on indoor air quality. For these issues, whole house systems must be considered, all the 
way from basements, to walls and attics, and combustion systems and ventilation systems.

The essence of these brief presentations is that international cooperation amongst the research community 
is the byword. The effort required to achieve worthwhile results is something no one country alone can 
afford, although practices in different countries may influence the emphasis each will place on certain 
elements and building systems.)
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8. Industry Views on the Issues, and Research and Technology Transfer Required 

8.1 Building Industry Views

Mr. Keppler addressed three issues that he and many other builders encounter. These lead to problems 
that are the builder’s responsibility to fix, no matter where the blame with regard to material deficiencies 
lies.

•  Purchase of lumber that is insufficiently dry. He has often been unable to receive dry material 
as the lumber supplier did not stock it. Also, even when it was supposed to be kiln dried, it was 
not dry enough and he continued to experience shrinkage problems.

• He was very disturbed that the treating industry does not supply adequately treated material. 
Spruce, which is refractory, is not very suitable for treatment because it does not absorb the 
treating chemicals. He used to be a treater and could not get lumber of the proper species for 
treatment, even when special orders were placed. He concluded that some in the lumber industry 
didn’t know how to tell species apart.

• He has gone to special lengths to reduce transversely oriented lumber to reduce vertical 
shrinkage. Most of this occurs at the floor joist level. Use of single wall plates and sills, for 
example, reduces some of that shrinkage. Excess shrinkage (besides resulting in nail popping) 
leads to settlement which shows up in buckling of exterior siding. Waiting for the lumber framing 
to dry in place is not feasible for most builders because they are shooting for a three week 
construction period for the majority of framing work and drywalling.

Robert Sloat on behalf of the Canadian Home Builder’s Association made the following points:

• Builders are willing to pay a premium for lumber that is really dry because they experience fewer 
callbacks. Labour costs are high and callbacks, even for minor matters, reduce their expected 
profits.

• He suggested several research directions that might be pursued

• renovation is getting to be a large segment of the builder activities with builders being 
involved in both new construction and existing home reconstruction.

• they favour consideration of building systems that would reduce problems on site

• air quality technology transfer to consumers is needed

• source control (for both moisture and emissions) should be addressed for indoor air 
pollution. CHBA provides a good forum at its Technical Research Committee meetings at which 
these kinds of research results activities can be aired and for relaying new information.
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8.2 Structural Panel Industry Views

John Lowood representing the Structural Panel Board Association spoke to issues affecting the panel
industry.

• There was a need for getting the information coming from research studies out to those who 
would benefit from it. Reader-friendly reports were needed for the consumer regarding 
consequences of bad practices.

• The panel industry is tightening up the standards for OSB/Waferboard to reduce problems 
associated with flaking and thickness swelling.

• Composite wood I-joists are a growing industry which leads to reduced shrinkage at floor levels.

• The Foam core panel industry is a growing force that will lead to more panellized construction 
and reduction in the use of on-site green lumber.

• Componentization in construction is growing, and this can increase the use of dry lumber and 
lead to shorter framing time and risk of exposure.

• Research on performance of walls and attics is needed as this knowledge can lead to the 
production of better products and the use of better construction practices.

Roy Henderson (consultant) speaking of his many years of experience, characterized most problems in
construction (relating to panel products) as being associated with moisture.

• He thought that reduction of moisture absorption was important since control of exposure during 
construction is so poor, building in greater repellency into products was a useful approach. He 
hoped that builders became better informed about the consequences of moisture in construction.

• Arbitrary regulatory decisions, such as those related to energy conservation, lead to consequences 
that were not always predictable. Housewraps, for example, may or may not perform as predicted 
in the future as when they are new. Redundancy in performance is better than dependence on 
only one element of a system that might easily be damaged by others in the construction process.

• Paint problems he has encountered were often the result of missing vapour barriers in one stud 
space.

• He reinforced a previously mentioned concern about blocking of attic vents with debris; wind 
action moved material over to block them. The point of this is that we don’t always know what 
will happen to change the performance from the as-built condition. By knowing what can happen 
we can design our systems better.
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Eric Jones discussed several concerns and suggested topics where more research should be done:

• Research on drying of lumber is being done to optimize drying costs and to optimize sorting of 
lumber that is too wet so that neither overdying nor underdrying takes place during kiln drying. 
These are production problems that are being addressed and are outside the scope of the sort of 
concerns we need to address here.

• Market forces, especially in Europe, will be most influential in forcing the North American 
Lumber to supply dry lumber to them. The need for increased capacity to dry lumber, especially 
in the East, will mean that local supply issues will largely be resolved in due course.

• Computer modelling of building systems is progressing with fair intensity, and appears to be near 
pay-off.

• An area where little activity is being done concerns development of construction details that might 
lead to less impact caused by shrinkage, whatever amount takes place. Also the introduction of 
construction details and material combinations that would lead to reduction in construction 
moisture are needed. We need to develop solutions for the building industry related to the topic 
we have before us.

• Rain screen principles seem to be unquestionably good practice, yet there seems to be resistance 
to use these details. It seems that work is needed to demonstrate the benefits of such details. 
Perhaps computer modelling can be of some help, together with some research and technology 
transfer when the results are in.

Jean-Charles Bechamp spoke on behalf of the lumber grading agencies

• He noted that, as chief inspector for the CLA, he had 6 inspectors working under him. They 
could not possibly inspect all lumber produced. What they do is certify and train graders that 
work for the lumber producers.

• The honesty of the producer has to be a given assumption. Consequently, if there are problems 
out there where the product does not meet the standards or that lumber is insufficiently dried, 
the system provides for avenues of action for the consumer (supplier, builder, consumer). The 
grading agencies will act on these complaints. He reported instances where a large builder in the 
Ottawa area had complained to CLA and the supplier with the result that the load of lumber not 
meeting their requirements was replaced promptly.

• He admitted that it was possible that complaints regarding excessive moisture lead to private 
agreements for a reduction in price of the lumber, but that the grading agency has no control over 
that. Mr. Bechamp’s remarks were largely supported by Mr. Neil Pelletier from the QLMA.

8.3 Lumber Industry Views
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On behalf of the COFI, Robert Zwick reviewed concerns that producers in the West were seeing.

•  Wood I-joists were a threat to lumber joists particularly since the span tables had reduced the 
spans for sawn lumber but not for the component manufacturers’ products.

• Some of the western Canadian industry were aggressively pursuing the Japanese market, 
bypassing the distribution and grading system in Canada. Manufacturers were exporting lumber 
graded to Japanese sizes and grades. COFI was recognized in Japan as a accepted certification 
agency.

• They support research that leads to better wood products, and better end products, especially for 
manufactured housing.

• Machine stress rated lumber (MSR) production is increasing resulting in a more uniform stiffness 
of material having less wane and warping. User-ffiendly grading and quality was being worked 
on to reduce consumer confusion and to simplify distribution.

• Boron treatment was being pursued for increased termite and insect resistance, as well as fungal 
resistance when it is particularly needed during construction. However, have to act with caution 
as it may lead to sensitivity by the chemically sensitive.

9. Discussion of Issues

An extended discussion of the ideas presented followed. Some of the discussion centred on issues of 
enforcement versus quality control. The National Building Code states that lumber should be at 19 percent 
or lower MC but it appears there no way for this requirement to be enforced. The "Advisory 
Requirements for Use With the National Building Code of Canada" states that material vendors should 
only sell products meeting the code when they will be used in buildings. The document has been adopted 
in Alberta, and has been applied for plumbing and electrical installations but has not been applied in any 
way concerning the moisture content of building products. In practice, inspectors can not be relied on 
to do quality control because of the few inspections that are made and because moisture content of 
building materials is a moving target. But the possibility of enforcement could lead to more general use 
of drier lumber.

Considerable discussion turned on the impracticality of turning back lumber that is at too high a moisture 
content (say if ordered S-DRY). Builders are generally too small economically to have the clout to get 
fast action. They must use the material commercially available to them at the time to deliver the final 
product they have contracted for. Despite the process for redress in the lumber supply chain, there was 
little that they could do individually at that stage. There is the issue of what moisture content the lumber 
has at each of the delivery points after the material leaves the mill. Wetting of S-DRY lumber may occur 
but this lumber may still be far less wet than S-GRN lumber. The choice to use S-DRY or S-GRN 
lumber can be made by most builders in the majority of the country except in some parts of Eastern 
Canada where S-DRY lumber may not be available. In many parts of the country S-DRY material is 
being used in preference to S-GRN lumber. The impact on die quantity of moisture locked into walls 
through use of S-GRN or S-DRY lumber is large compared to that of using slightly drier S-DRY lumber. 
However, shrinkage effects may be significantly less when drier S-DRY lumber is used.
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The group discussed ways that communication of the benefits of use of drier lumber could be transmitted 
to the building industry and consumers. Some felt that wood industry advertisements in magazines and 
builder magazines describing the difference between S-dry and S-GRN lumber and the benefits of building 
"dry" might help increase builder awareness. Others felt self regulation was better than enforcement. How 
do we encourage builders to use better building techniques and products. Articles on the benefits of use 
of dry lumber in trade journals may be useful. Demonstration of benefits might be needed.

There is a relationship between indoor air quality and moisture in the building structure; high indoor MC 
leads to greater emission from flooring materials of all sorts including vinyl (concrete is especially a 
problem until it has dried) and other building materials including furniture. This is just one other reason 
to use better weather-resistant building practices and could be part of the message.

Ultimately, in this instance, what individual builders want (as consumers) is not a strong driving force 
on the lumber supply chain. The dominating influences are not domestic influences but export influences. 
Freight costs and lumber availability often dominate. So what is the solution ? Regulations - provided 
someone pays for it ? In the end, it will be the consumer. The fact that there is presently a choice for 
most builders, and many are already making it voluntarily, suggests that it can be done by persuasion.

10. Summary and Recommendations

The issue of moisture in wood frame construction and its influence on the built product can be summed 
up as being a problem of source (distribution) and construction practices.

It appears that the issue of source control can be influenced by choice of sources, and choices can 
be influenced by communication of the benefits of these choices.

The control of moisture through use of better construction practices has not been formally 
explored, but it may be possible to do so without extensive research, at least in relation to that 
currently being done on moisture in building systems.

Avenues for communication and interest in the subject abound, including the CHBA and its TRC, 
APCHQ, the Provincial and Regional Home Warranty programs, building industry trade journals, and 
industry meetings such as builders’ forums. Educational opportunities through the CHBA/CMHC Builder 
Workshop Series are also an important avenue because of the distillation of knowledge that is needed for 
that clientele. Cooperative marketing efforts between the lumber and building industries at the association 
level should also be explored.

Communication efforts will require information that has not yet been formally obtained. Information that 
would be of benefit to the wood and building industries include the following:

• drying rates of lumber that can be expected in different regions and under different climatic 
conditions.

• cost/benefit analyses of using S-DRY (or kiln dried) lumber.

• is lumber at a maximum of 19% sufficiently dry to provide sufficient benefit and to eliminate 
problems normally associated with use of S-GRN lumber.
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what construction practices and recommendations can contribute to the reduction in moisture 
sources associated with weather ?

Are there opportunities here for combinations of materials and improved products where the 
hazards for moisture loading are higher ?

cost/benefit analysis of improved construction practices

Is there a need for better cooperation between the trades so that the end product achieves what 
the builder and the building community require ?

11. Adjournment

The chairman expressed the hope that, if some useful additional work arising from the recommendations 
made here is accomplished in the coming year, a further meeting will be considered. This would be as 
an update and monitoring of the potential for more concrete and cooperative actions in the future. The 
meeting was concluded at about 4:15 pm.
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Presentation
to

Task Force Meeting on
Moisture/Thermal Performance of Building Systems 

MOISTURE PROBLEMS AND INDOOR AIR QUALITY

by
Jim White

Senior Advisor - Building Science 
Research Division, CMHC National Office

MOISTURE PROBLEMS - THEN AND NOW

• The major moisture and mold concerns used to be cosmetic and structural damage to the house. 
Those problems are still of concern. Their cost to Canadians is high.

•  We are also interested in the microbial problems associated with too high or too low humidity.

• Some leaf molds cause allergies. Maybe 20% of Canadians have at least one allergy, enough to 
warrant more attention than it has received.

• Some grass molds cause disease, even death. We must avoid their presence indoors.

MOISTURE PROBLEMS

• Condensation occurs when the "Dew Point Temperature" of the indoor air is warmer than the 
coldest surface in contact with that air.

• We can avoid condensation by decreasing the Dew Point Temperature or warming the coldest 
surfaces.

• The minimum Dew Point Temperature is governed by health guidelines for people. It is about 
6°C colder than the room air temperature. Some people would like it to be 10°C colder.

• Energy efficient construction warms interior surfaces to well above those needed for condensation 
control, except on conventional windows and their frames.
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MOISTURE SOURCES

Occupants and their activities can generate a considerable amount of moisture, but sometimes too 
little to bring the indoor Relative Humidity up to minimum levels.

The outdoor air can hold more moisture than we want under indoor conditions, so ventilation is 
not always a solution, but sometimes is part of the problem.

The air in soil, what we call "soil gas", is usually saturated with moisture, at the temperature of 
the soil next to the entry point. The Dew Point Temperature of such air is often above the 
desired indoor Dew Point Temperature.

Some houses have such large non-occupant sources that they are in trouble even if unoccupied. 
The occupants are then not the cause of problems, but unwilling victims.

INDOOR AIR QUALITY IN A NUTSHELL

• Indoor pollutant levels are usually higher than outdoor levels, because of indoor sources.

• Ventilation can never solve serious indoor problems, although it can cause them.

• Wood products release pollutants that can cause problems to people, sometimes serious ones.

• Fungi are likely the most dangerous of the indoor pollutants, and they are often associated with 
wood products.

• The total costs of poor indoor air are usually higher than the costs of avoiding them.

THE "HOUSE AS A SYSTEM"

• For energy, air or moisture flows, the house acts as a system, with each element interacting with 
all others, often in a complex fashion. Some interactions are trivial. Others are not.

• You cannot change one item in or within the envelope and expect other items to be completely 
unaffected.

• We have significantly changed the way that we build and operate our houses. Prior experience 
may not be applicable to new or upgraded houses.

• Many industries will require extensive research to maintain their market share, in an evolving 
"informed marketplace" of sellers and buyers. The wood industry is likely one of those.
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THE "TOBIN" REPORT

The "Significance of Fungi in Indoor Air: Report of a Working Group"
Canadian Public Health Association, 1987

1. Research efforts on indoor air should consider fungi as an integral and important 
parameter to study.

2. Effort should be made in the design, construction, modification and maintenance of 
buildings to ensure that exposure to microflora is kept as low as possible.

3. Any testing and approval of materials for homes should not only consider chemical off
gassing factors, but also the potential to lead to biological problems.

NATO/CCMS 1990 MEETING

RECOMMENDATIONS

R6 Manufacturers should be obliged to provide sufficient information for the evaluation of their 
products’s safety. Protection of legitimate confidentiality must not impede safety evaluation.

R9 presence and growth of molds and other micro-organisms in the indoor environment should
be avoided. This can be effectively achieved by elimination and control of moisture.

RIO Good housekeeping and sanitation, rather than the use of biocides, are appropriate control 
measures - also for mites.

R14 The ideal solution for IAQ is to combine health, comfort and energy efficiency. Efficient control 
of emission sources of indoor pollutants is critical to this target. Should a conflict arise between 
health and energy conservation, the health target has to prevail.

FUNGAL EXPOSURE

Dave Miller from Agriculture Canada, in a keynote address to Indoor Air ’90 Conference in Torinto 
noted,

"Exposure to fungi is both undesirable and unnecessary!"

It is undesireable because of the health impacts it may cause. It is unnecessary because it will usually cost 
less to avoid exposure to fungi than it will to pay all of the costs of that exposure.
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Presentation
to

Task Force Meeting on
Moisture/Thermal Performance of Building Systems

CMHC WOOD FRAME FIELD STUDIES AND THEIR RELEVANCE FOR THE 
BUILDING AND LUMBER INDUSTRIES

by
Tom Kerwin

OVERVIEW

• Why is CMHC interested

• Cross Canada Moisture Survey

• Atlantic Study (and the Atlantic Framing Moisture Survey)

• Alberta Test Hut

• Ontario Test Hut

• Framing Moisture Survey

• Conclusions

CROSS CANADA MOISTURE SURVEY

Conclusions from the study

• The incidence of problems varies with climate

• The type of moisture problem also had a climatic pattern

• High indoor relative humidity (RH) were found at problem homes

• "flueless heated" contributed to RH and hence problems

• 1% of Canadian housing has moisture-related structural damage

• 10% have excessive condensation, damage to interior or exterior 
finishes, or mold growth
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THE ATLANTIC CANADA MOISTURE STUDY

CMHC, the National Research Council and the Canadian Home Builders’ Association 
(CHBA) formed a Task Force

Field research program

Three test huts:

- Fredericton, New Brunswick

- St. John’s, Newfoundland

- Halifax, Nova Scotia

ATLANTIC TEST HUT CONCLUSIONS

1. The use of exterior sheathing materials with a very low permeability to water vapour, in 
combination with "wet" framing lumber or insulation materials having a high moisture content, 
can pose a risk of moisture problems.

2. If the building materials are wet at the time of construction and do not dry in a relatively short 
time, fungal growth can be initiated.

3. Much of the construction lumber in the region is not dry.

4. Wet framing lumber is a significant contributor to the moisture load in wall systems.

5. A three part conclusion was reached concerning the usefulness of strapping:

furring strips have no significant effect when low permeability sheathings are used; and

furring strips appear to have a significant effect when permeable sheathings are used; and

the use of furring strips in conjunction with wood-based sidings, as tested in part of the 
St. John’s study, is beneficial.

6. Significant moisture-related damage can result from poor siding and flashing installation, 
inadequate exterior air barriers and poor maintenance practices.

7. Householders do not have sufficient and suitable information on the operation and maintenance 
of houses to avoid moisture problems.

8. Builders do not appreciate moisture movement and effects.
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ALBERTA TEST HUT

• Three panels vinyl sided with Glasclad, EXPS or Aspenite sheathing

• Panel 4 used Aspenite and glass fibre

•  Panel 5 small vent holes at the top and bottom

• Panel 6 used dry framing lumber

FINDINGS

1. Drying conditions are very favourable in the Prairies

2. EXPS panels-dried a little slower

- Reduce the chances of moisture condensing or freezing

3. South panels took a little longer to dry

4. Venting increases the drying rates substantially

5. Bottom plate dried the slowest

6. Minor mold problem

ONTARIO TEST HUT

• 24 panels - 6 on each orientation

FINDINGS

1. All walls dried to < 19% in < 90 days
- no significant mold

2. Drying begins at a very fast rate - 20 to 23% range

3. Drying then slows down, well below the 19% limit
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CONSTRUCTION LUMBER SURVEY

• CMHC technical staff in 10 cities - including Fredericton, Halifax and St. John’s - have collected 
moisture readings in houses under construction

• Forintek surveyed:

• builders
• lumber supply outlets
• sawmills

> 4000 wall stud measurements
> 2000 wall plates
515 houses throughout 1990

FINDINGS

1. Almost one-half of all builders use S-Grn lumber

2. S-Grn lumber studs and plates had moisture contents that seriously exceed the NBC requirements

3. More than 5% of the S-Dry lumber was over 19% moisture content

4. Only 32% of builders were confident that S-Dry met the 19% limit

5. Climatic drying was not a consistent benefit

6. Drywall popping was common and wall bowing complained about

7. Wet joists were a common western complaint (very dry studs)

8. Only 5% of builders thought that dry lumber was not worth the extra cost

IMPLICATIONS

1. Builders will continue to encounter problems unless they:

- obtain dry lumber
- protect it
- use building practices that assure that the lumber will not 

be seriously rewetted

2. Lumbermills and suppliers need to ensure that S-Dry lumber is below 19% moisture content

3. The building and lumber industries need to work together to address the concerns & opportunities
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4. Although there is sufficient kiln drying capacity nationally, certain areas do not have the 
necessary availability

5. Builders are often willing to pay the incremental cost

6. The atlantic region has the greatest prevalence of problems - climate - building practice - wet 
lumber

7. As health and other concerns mount, builders and the lumber industry will be called upon to 
provide higher quality products

8. CMHC has, and is willing to continue, to help both industries by undertaking joint projects, 
training, etc.
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Presentation to

Task Force Meeting on
Moisture/Thermal Performance of Building Systems

COMPUTER MODELLING OF MOISTURE PERFORMANCE OF WALLS 
AND OTHER MOISTURE RELATED RESEARCH

by
Tom Hamlin 

PERD Researcher
Research Division, CMHC National Office

TOPICS COVERED

• COMPUTER MODELLING OF WALL PERFORMANCE
• AIRTIGHTNESS TESTING OF CANADIAN HOUSING
• CRAWL SPACE RESEARCH
• ATTIC MOISTURE RESEARCH

COMPUTER MODELLING OF WALL PERFORMANCE

• The need for modelling exists because testing performance of walls in all types of climates and 
made of all combinations of materials is not feasible

• Modelling can help develop understanding of system performance

• Modelling enables the performance and limitations of new products to be assessed

• Computer models represent the best understanding of building physics and provide the framework 
for application of material properties. Without models, the application of material property 
information is very limited.

INITIAL CMHC MODEL DEVELOPMENT

• 2-dimensional finite difference model (WALLDRY)
%

• Partially coupled air, heat and moisture fluxes were modeled

• Vertical air flow in space between sheathing and siding, and air leakage through siding modeled

• User friendly

• fixed value material properties data base used

• WALLDRY was used for comparison with data from field Maritime Moisture Study
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FURTHER DEVELOPMENT OF WALLDRY

• Initial 2-dimensional model was modified by moving the buoyancy vertical air flow to the wall 
cavity instead of the siding cavity space

• Air flow through the sheathing and outer wall was modeled

• Used for comparison with data from laboratory study of wall drying in which a pressure 
differential was applied across the test walls. (An example of the drying curve obtained for one 
of the walls is attached.)

CURRENT DEVELOPMENT OF WALLDRY

• A one dimensional finite element version of WALLDRY was formulated

• Algorithms used for material properties instead of fixed values

• Coupled air, heat, liquid and vapour moisture fluxes are modeled

• Currently going to be spliced on to the initial user-friendly version

• An effort is being developed to form a user group to pursue parametric studies and other 
applications of the model. (See attached document concerning "Expression of interest in contract 
work on envelope performance". Nov 13, 1991)

AIRTIGHTNESS TESTING OF CANADIAN HOUSING

Ventilation requirements are currently mandated in the National Building Code. The question is whether:

• current practices provide for acceptable indoor air quality

• air leakage supplies sufficient air

• air leakage provides sufficient make up air to avoid combustion product spillage

• air leakage and mechanical ventilation impact energy consumption

AIRTIGHTNESS FIELD TESTS

• 1982/83 EMR study of 200 houses across the country

• 1989 EMR/CMHC/IRC study of 194 houses across the country
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RESULTS OF AIRTIGHTNESS TESTS

Trend is towards more airtight construction; on average the homes tested in 1989 were 30 percent 
tighter than those tested in 1982. Houses were approximately 30 percent tighter between 1982 
and 1989 and the trend appears to be related to the severity of the climate.

The overall trend is expected to continue as airtight construction predominates the building stock.

Indoor air monitoring in new housing indicates higher formaldehyde levels than desirable, but 
levels will decay over time.

Minimum air change rate of 0.3 air changes per hour appears to be adequate to control 
formaldehyde concentrations in detached houses.

Natural ventilation is insufficient to control pollutants generated by occupants.

Much ventilation equipment is operating below expectations, but for existing installations, 
sufficient depressurization can occur that this must be considered in design.

The additional energy cost of introducing controlled ventilation is predicted to be 8%. But, in 
tight construction, heat recovery is economically feasible.

CRAWL SPACE PROBLEMS

• Moisture problems in crawl spaces and the houses with them (including standing water in these 
spaces).

• High heating costs because of the requirement to ventilate the crawl space

• Leaky house envelopes due to the provision of venting to the outside

• Vents jammed shut or open, basically inoperable or forgotten, all year round.

• Vent sizing or location inappropriate for good ventilation.

• Poor lot drainage leading to collection of water in crawl spaces.
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TENTATIVE CONCLUSIONS

• Biggest problem is high moisture source strength

• Craw] space venting seems to be specified so that builders can cut corners on provision of proper 
drainage

• Crawl space venting seems unnecessary when there is:

• Proper lot grading and placement of downspouts

• A good moisture barrier under the crawl space slab

• A sump installed in regions of high rainfall (or ground water sources)

ATTIC MOISTURE RESEARCH

• Purpose of work is to investigate how attics perform

• To determine the range of air change rates experienced by attics

• To determine typical moisture levels in these attics

• To measure typical attic temperature levels

• To evaluate planned and unplanned attic airtightness

ATTIC MOISTURE TESTING RESULTS

• Number of houses tested: 20

• Number of houses with attic framing moisture content over 28%: 5

• Number of houses with attic sheathing moisture content over 28%: 7

FURTHER WORK UNDERWAY

• University of Alberta, measurements and modelling

• Two test huts being monitored for two winters, for a total of four configurations

• Attic modelling being done using an LBL-type infiltration model extended for attics and 
incorporating a moisture model for both air and wood.
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Institute for Research in Construction, National Research Council Canada.

Hygrothermal behavior of building materials and components.

Responsible Research Officer: Dr. M K Kumaran, Building Performance Section.

This project was undertaken with the following objectives:

1.

2.
to develop experimental and analytical tools to assist researchers to evaluate the 
hygrothermal behavior, and
to develop design guidelines for building envelopes free of moisture related 
performance problems.

?  the above objectives in mind, researchers at IRC have been working in
rVTTi°fnr thp'nict ?Hgr0UP °f rÇ ïarcher? from the Technical Research Center of Finland (VTT) for the past three years. The emphasis was specifically on two topics:

b u i ld l n g m a i r i ^ T 1 Capabüities 10 determine moisture transport properties of
to investigate the applicability of a two dimensional computer programme 
developed at VTT for hygrothermal analysis of residential buildings.
This report briefly presents some results from the research activities.

Experimental Investigating-

1.

2.

^  d<rveIoPed * unique gamma-ray equipment for the determination of 
moisture distributions m building materials. The materials investigated to date include:
fi^reSsulatfons116, SprUCe’ W00d flbre board’ SyPsura board> phenolic, glass and cellulose

The building materia] under investigation is subjected to a well-defined moisture 
retake process and physical quantities such as transient moisture and temperature
î f f i o r 1011*! 316 measuredLThese physical quantities are then used to derive properties 
that define the transport of heat and moisture through the material.

E*cePl/ or cehulose and glass fibre insulation, the analyses resulted in acceptable 
sets of values for moisture transport properties as a function of moisture concentration 
lo  determine the moisture transport characteristics of glass fibre and cellulose insulations 
a numher of other experiments were carried out These include: drainage, evaporation of 
tuiJy saturated specimens and moisture movement in the presence of thermal gradient 
The analyses of these data for glass fiber resulted in a consistent set of values for 
i ï ^ rÜeSt ^ Ch 35 Vapor diffusivity- hydraulic conductivity and suction pressure curve A
S n P r im Æ  rf en ry a! the W4° meeting in Lund. The development of an
experimental procedure for the determination of "thermal moisture diffusivity" that
oetines moisture transported due to temperature gradient is also in progress.

Computer Model Calculations:

The computer model TCCC2D developed at VTT was used in several 
‘abons '''here typical Canadian residential walls were investigated. In particular the 

effect of exfiltration of indoor air through wall cavities was analyzed. Exposure of the
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wall to Canadian weather at nine different locations for one year was simulated. These 
simulations resulted in several interesting pieces of information. The difference in the 
behavior of the same wall assembly, at nine different locations in Canada indicates the 
need for different design guidelines for these regions.

Currently the model is being used for other cases of practical importance such as 
"dynamic walls".
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Presentation
to

Task Force Meeting on
Moisture/Thermal Performance of Building Systems 

FORINTEK PROGRAM ON MOISTURE PERFORMANCE OF BUILDING SYSTEMS

by
Don Onysko

Forintek has long been involved in research aimed at the structural and durability performance 
of wood as a building material. Measurement of moisture, drying research, decay resistance and 
preservation technologies have been a part of the research program at the Forest Products 
Laboratories in Ottawa and Vancouver since their inception in the 1930’s.

With regard to building systems, the initiation of a program was begun at the Eastern Laboratory 
in 1981, when Canada Mortgage and Housing Corporation (CMHC) studies in the Atlantic 
provinces were revealing extensive problems in some of the housing stock.

Because of our limited resources we had to be careful in selecting our program. Our initial 
motivation was that we had to provide input to solutions to avoid solutions being imposed 
without the benefit of the experience of the research community in the wood products industries.

The following items describe our program over the intervening period in a chronological 
sense.

Study of the influence of siding installed on battens

In this limited study, two walls were built, one with siding on strapping and one applied directly 
against the wall. The main finding at the time was that the wall with siding on strapping was 
warmer in the cavity space probably because there was air leaking out through the wall. This 
was attributed to the fact that the building paper was not clamped at the overlapped joints. •

• Moisture measuring techniques

We were interested in undertaking moisture measurements over an extended period of time. We 
examined pinning techniques, cabling, and instrumentation as well as calibration of monitoring 
locations. Preserved wood foundations were monitored in the Ottawa region over a 5 year 
period, some under very moist conditions. This work showed that for long term installations in 
severe environments, coaxial cable systems were needed. Above grade installations within walls 
could be done with more economical wiring.
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Moisture measurement calibration studies for resistance type meters had been done at both our 
Eastern and Western Laboratories over many years prior to this because of their need to monitor 
drying of wood in dry kilns. Correction tables have been published and up-dated over the years.

Recently, one moisture meter manufacturer has built in the correction factors obtained at the 
Eastern Laboratory into a commercial programmable meter.

Coincidentally, some of this work was begun prior to and in step with CMHC field studies, 
which allowed us to be in a position to advise their field contractors on the instrumentation and 
field measurement techniques.

• Study tour of Scandinavia (1983)

Due to work on wall performance being done at the Forest Product Laboratory (FPL) in 
Madison, there were strong reasons for us to coordinate our work with them. In 1983, Don 
Onysko went to Scandinavia with Anton TenWolde and Russ Moody from the FPL, touring both 
the lab facilities there and meeting researchers. On our return, we each prepared problem 
analyses and defined where each lab could contribute to the overall scheme of research being 
done by others and accomplish something of benefit.

• Cooperative program with FPL in Madison

We assembled a cooperative agreement in which we defined useful research and identified areas 
that we would each concentrate on. Even though the memorandum of understanding (MOU) was 
never signed, we have largely moved within the framework that was defined at that time (1984).

The main areas of research we defined at that time were truss uplift, air leakage of joints and 
wall systems etc., and PWF systems.

Modelling of walls systems was identified as a need but that was already being done by CMHC 
and the Institute for Research in Construction (IRC) separately and in different ways. A different 
order in magnitude of effort was required. We reasoned that by the time the models would be 
ready, our work on air leakage would be completed. And, that pretty well is what has happened.

The work on truss uplift led to one additional lab study and the preparation of a video for 
CMHC and the Canadian Home Builders’ Association (CHBA) on the subject for use in their 
Builder Workshop Series on drywall.
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• Air leakage through siding joints (1988)

With the concern about siding performance in the Atlantic region and the resistance that the 
cladding layer offered restricting the drying out of the wall behind it, we included a study on 
air leakage through siding joints. In this study we examined the variation in air leakage through 
various joints, and looked at some of the installation variables that affected their air tightness. 
The data is available for input to computer modelling studies. Data for only one hardboard 
siding product was obtained.

• Air leakage through urethane insulated walls (1988)

A study was done on two walls insulated with polyurethane foam insulation in cooperation with 
IRC. They used dry wood for their walls while ours were built using high moisture content 
wood.

The main finding was that urethane insulation greatly restricted the drying of the lumber, and 
care was needed to use low moisture content wood at time of installation of the insulation. 
Despite shrinkage of the lumber, the airtightness of the wall systems was maintained very well.

• Vapour permeability of waferboard and OSB (1989)

We did a pilot study for CMHC involving the vapour permeability of waferboard using the wet 
cup test approach. Due to the possibility of condensation of moisture on the material, the wet 
cup test on a moisture sensitive material does not give exact vapour transmission results as some 
capillary transmission is unavoidable. But, it does approximate what happens in walls when 
slight condensation occurs, and may be a more useful estimate of permeability when the model 
in which the data will be used is itself approximate. The tests also provided a measure of the 
variability that can be expected and the influence of thickness of material. The data can be of 
use in parametric studies of wall performance.

• Air leakage through sheathing joints as related to lumber shrinkage (1989-present)

This has been our main study. Thirty walls have been built and tested. We have tested three 
main types of joints in exterior sheathing systems, butt joints in sheathing at studs, lap joint in 
sheathing at wall plates, and various joint details at headers, both with and without building 
membranes. The walls were full-sized at 8 x 10 feet.

The test work has been completed and two reports are in preparation, as well as a paper for a 
conference in 1992.
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• Computer modelling of wall performance (proposed)

When originally conceived, it was assumed that a computer model would be available to run 
yearly simulations to study the influence of leakage through joints in wall systems and other 
parameters. That model is only now available. Even so, approximations will have to be made 
to study real effects. Most models, including the most complicated, do not handle discrete joints 
well.

The next phase of the work should go on to analyze the consequences of air leakage through 
joints as well as combined air leakage through wall systems. That could be done by computer 
simulation, using the typical leakage information provided by the investigations of the last 3 
years.

However, the project as presently constituted will conclude at the end of the current fiscal year 
with only the test data having been obtained. If there is sufficient support for a new study to 
complete that work, it will be considered by Forintek management.

• Other activities

While this work was being done, we acted in an advisory role to agencies who have programs 
to advance moisture management in the building envelope, mainly CMHC and EMR, sometimes 
directly, and many times indirectly with their research contractors.

The overall research effort in Canada related to moisture in building construction has been very 
extensive. Through our understanding of wood as a structural material, and because we had our 
own research program in place, we have been able to advise on work performed elsewhere to 
the benefit of both the funding organization directly, as well as the wood products industries, 
indirectly. •

• Field Study of Moisture in Wood Framing

The overall efforts in moisture research with respect to walls in Canada have been to study 

how walls dry,
how they handle moisture from outside (windscreen),
how they handle moisture from inside,
the influence of defects on air leakage and moisture deposition,
material properties,
how cladding on walls act as windscreens, 
and computer modelling of performance.
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What remained to be determined, was to see how much construction moisture was being locked 
into walls at the time of construction.

In response to a proposal call from CMHC, Forintek planned a study that was begun in 1990 
and which concluded at the end of March of this year, to measure the moisture content of studs 
and wall plates in houses as they were being completed, but before the dry wall was installed. 
This was an extended snapshot of complex interactions between decisions made by individual 
builders, climatic influences and market forces.

The study basically boils down to an examination of the construction practices of builders across 
the country and their use (or not) of dried lumber. Surveys also examined builder and supplier 
attitudes to the use of dry or green wood, and their assessment of problems encountered that 
were attributed to this use.

The report and the analysis presented is extensive. We have included the executive summary, 
discussion and recommendations and two appendices in the meeting book. The full report is 
being translated and will be issued in both official languages by CMHC later this year. The 
information confirms what builders have reported in the past, and builder comments are 
revealing. At the same time, reported builder attitudes to the use of drier lumber offer hope that 
improvements in building practices may yet come about, both through the choice of drier 
materials, and potentially, through the use of better building techniques. The fact remains that 
builders recognize the benefits of dry wood. When builders decide to order dry wood in 
markets where it has been difficult to obtain, they have demonstrated that their voice will be 
heard. In the long run, more dry wood will be used in the future as all recognize the benefits 
of doing that, particularly, with respect to reduced shrinkage related problems.

This has consequences for the building industry, but there will also be consequences for the 
lumber industry. The effects of these changes are by no means uniform across the country. It 
appears that dry lumber is not always as dry as it should be. But if weather shielding practices 
are not used by builders, why waste money on obtaining dry wood if nail popping and shrinkage 
problems are not eliminated ?

What are the consequences of ignoring high locked-in moisture ? Well, the bad news is that the 
wood-based panel industry will be negatively affected as builders use more insulating sheathings.

Carrying on with the bad news: without structural sheathing, the studs will have less restraint 
against warping and bowing and, the wind and earthquake resistance of structures will be less.

The good news is that, wet or dry, wood studs will continue to be used. But wet wood use 
imposes costs on the builder and potentially hidden costs to the home buyer in the long run. The 
recent CMHC field studies show that there are many ways to skin a cat where it comes to 
building wall systems that allow moisture to get out if it is locked in initially.

But, wouldn’t it be far better to start out with drier lumber ?
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ABSTRACT

Before closing in of wall framing with vapour-retarder, the mean moisture content 
remaining in the framing must be below 19%. Use of resistance type moisture 
meters to evaluate the mean moisture content is complicated by moisture 
gradients. Rules of thumb have been developed for the pinning depth at which 
this mean moisture content will be found when using a moisture meter on the wide 
face of the lumber. In the laboratory, moisture contents were taken at different 
depths under constant environmental conditions. With these values of moisture 
content, the moisture gradients in the lumber were described with the help of a 
mathematical model. The mathematical model gives a representation of moisture 
gradient in the lumber. The mathematical model was used to evaluate the mean 
moisture content as well as point values of moisture content at different depth. 
Using these point values, the pinning depth at which the mean moisture content 
will be found was determined. This pinning depth is different for the wide face 
than for the narrow face of the lumber. It is also found that the pinning depth 
at which the mean value could be obtained might not be the same for above and 
below fibre saturation levels.

I V - 2



i v
1
1
2

2
3
6
7
8
9
10
11
14
15
15
17
18
19
19

ZABLE OF CONTENTS

ACKNOWLEDGEMENTS ................................................
OBJECTIVE .......................................................
INTRODUCTION ....................................................
SCOPE ...........................................................
METHOD ..........................................................
RESULTS .........................................................
MATHEMATICAL MODELLING OF MOISTURE DISTRIBUTION ................

6.1 PARABOLIC DISTRIBUTION ALONG THE AXIS ................
6.2 DISTRIBUTION IN THE FORM A2+X2 .......................
6.3 COMBINATION OF PARABOLIC AND A2+X2 DISTRIBUTION ......
6.4 PARABOLIC AND A2+X2 DISTRIBUTION WITH CONSTANT ZONE __
6.5 COMPARISON FOR OTHER SLICES ..........................
6 . 6  ESTIMATE OF MEAN MOISTURE CONTENT ....................

6.6.1 Experimental mean moisture content ...........
6.6.2 Numerical approximation of mean moisture content

6.7 EVALUATION OF PINNING DEPTH ..........................
CONCLUSIONS .....................................................
RECOMMANDATION ..................................................
REFERENCES ......................................................
APPENDIX A -MOISTURE CONTENT AND WEIGHTS OF BLOCKS
APPENDIX B -SIGMAPLOT INFORMATION
APPENDIX C -MOISTURE CONTENT DISTRIBUTION FOR SLICES 3 AND 5 
APPENDIX D -FORTRAN PROGRAM
APPENDIX E -MOISTURE CONTENT AT 1/8-INCH PINNING DEPTH INTERVALS 
APPENDIX F -MOISTURE CONTENT DISTRIBUTION FIGURES FOR ALL BOARDS AND 

SLICES
APPENDIX G -PICTURES

I V - 3



Page
1. Block Moisture Content .......................................... 5

2. Slice Schedule .................................................. 5

3. Moisture Content Values at Specified Coordinates for Slice 2 .... 11
4. Coefficient ..................................................... H
5. Mean Moisture Content. Oven-Drying Method .....................  1 5

6 . Mean Moisture Content. Model Resolution .......................  16
7. Pinning Depth Guide ............................................. 1 7

8 . Mean Moisture Content using Guide ..............................  18
Al. Wet Weights of Blocks ........................................... A1
A2. Dry Weights of Blocks ........................................... A2

A3. Moisture Content of Blocks .....................................  A 3

El. Moisture Content at 1/8-inch Interval Pinning Depth ............  El

LIST OF FIGURES

1. Block Cut Pattern ............................................... 3

2. Moisture Content Across Slices .................................. 4

3. Form A2+X2 ...................................................... 8

4. Cumulative Moisture Content Difference .........................  12
5. Moisture Content Contour for Slice 2   13
6 . Moisture Content Contour for Slice 4   14
7. Oven Drying Method vs Numerical Approximation ..................  16
Cl. Moisture Content Contour for Slice 3   Cl
C2. Moisture Content Contour for Slice 5   Cl
FI. Moisture Content Profile for Slice 1   FI
F2. Moisture Content Profile for Slice 2   F2
F3. Moisture Content Profile for Slice 3   F3
F4. Moisture Content Profile for Slice 4   F4
F5. Moisture Content Profile for Slice 5   F5
F6 . Moisture Content Profile for Slice 6   F6

Gl. Picture of Boards and Location of Pins ..........................  G1
G2. Picture of Blocks and Slice ...................................... G2

LIST OF TABLES

I V - 4



ACKNOWLEDGEMENTS

The writer wishes to acknowledge and thank Forintek Canada Corp. for 
permission to use the data on which this work term paper is based. The 
experimental work was carried out by J.C. Garrant under the direction of D.M. 
Onysko as part of a project investigating changes in air leakage through light
framed wall structures as lumber dried.

IV-5



1.0 OBJECTIVE

The overall objective of the project under which this work was done is to 
conduct research on factors that are responsible for drying of walls after 
construction. The main experimental programs have focused on the development of 
air leakage paths.

The specific objective of the study presented in this report is to examine 
the moisture gradients in lumber framing dried in the laboratory at the same 
conditions experienced by full scale test walls built for air leakage testing. 
Estimating the mean moisture content in lumber using a resistance-type moisture 
meter when there are moisture gradients is one task for this study.

2.0 INTRODUCTION

Much construction lumber used in this country has moisture contents that 
are well above the moisture content mandated by the building code. It is not 
possible to assure that this lumber will be sufficiently dry at time of 
construction due to the weather conditions then existing. Wall framing can dry 
in place providing sufficient natural drying is possible, or that heating of the 
structure is used to accelerate the process at some point in the construction 
sequence.

As lumber dries, moisture gradients arise which make it more difficult to 
estimate the mean moisture content of a piece of lumber. This is true both in 
the laboratory and the field when a resistance-type moisture meter is used to 
provide a point estimate of moisture content at the depth to which the moisture 
pins have been driven. The estimate of the mean can be improved upon if moisture 
readings are taken at several depths.

Based on field experience by kiln operators approximate rules of thumb have 
been developed for estimating the mean moisture content of lumber where very high 
moisture gradients have been established during the drying process, usually when 
the lumber is below fibre saturation. These readings are usually taken into the 
wide face of lumber. There are occasions when measurements must be taken into 
the edge of a piece of lumber and no guidance is available for extrapolating the 
mean moisture content from these measurements.

For the purpose of the main study and other studies in this area, this 
minor study was undertaken to provide guidance on assessment of mean moisture 
content of lumber having moisture gradients when moisture meters are used.
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3.0 SCOPE

The data collected to provide guidance on measurement of moisture in wood 
with moisture gradients come from two related studies. The first examined the 
weight change of full length lumber studs and monitored the length of each piece. 
The second examined the moisture gradients in cross sectional slices cut from 
pieces of lumber. This was done gravimetrically and supplemented by use of 
moisture pins mounted in each length of lumber. This report is limited to 
reporting the analysis of this second gravimetrical study.

4.0 METHOD

Six 38 x 89 mm (nominal 2 x 4  inch lumber) length of spruce material were 
used for this study. They were cut from green lumber (grade marked S-GRN) and 
were held in water for an extended time to assure that they would not dry and 
would have a high moisture content at the start of the experiment.

The ends of the lumber lengths were sealed with a silicone caulking 
compound to prevent (or greatly slow down) the loss of moisture through the end 
grain, i.e., so that drying would only take place from the faces of the lumber. 
Moisture pins were installed near one end of each piece as shown in the Figure 
G1 from Appendix G into both faces and edges of the lumber.

After the pieces had been prepared they were dried at constant 
environmental conditions of 65% relative humidity (RH) and 70 deg Celsius. 
Shortly after preparation, the end of each piece was cut out off (approximately 
25 mm) and an additional 6 mm slice was cut off this same end. The freshly cut 
end of the main piece was again coated with silicone caulking to maintain 
existing moisture gradients near that end. Reading were also taken of the 
moisture pins using a Delmorst moisture meter ( model RC-1B ).

When slices were cut, their moisture content was maintained by keeping them 
bagged in individual polyethylene bags until each was weighted. Each slice was 
further chopped into approximately 6 mm thick sections around the perimeter of 
the cross section as shown in Figure 1. Each block (numbered 1 to 12) was 
weighed and oven dried at 105 deg Celsius. They were then reweighed.

This procedure was repeated 6 times as the boards dried to obtain 6 slices 
from each board, at a different average moisture content and having different 
moisture gradients.
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The moisture content of each block 
were assessed using the formula:

MCi= lW"~Wo) xlOO (1)"D

where Ww is the weight of the block 
initially and WD is the weight after oven 
drying. The weights and moisture content of 
each blocks are given in Appendix A.

5.0 RESULTS

The data set contains 6 slices from 
each of 6 boards providing 864 values of 
moisture content arising from weight 
measurements of the blocks in those slices, 
and twice as much weight values.

Given that each board should have 
approximately the same moisture distribution 
under the specified condition, the data was 
averaged. By doing so, the data set is 
reduced to 6 slices having one moisture Figure 1. Block cut pattern
content value for each of the twelve blocks.
These slices will be referred to as slice 1,2,3,4,5 and slice 6.

The moisture content of each block will be assumed to be positioned at the 
centre of the block. Therefore it is then possible to fit two moisture 
distribution curves along the centre line of each cross section. The values for 
the distribution across the width of the section come from the means for blocks 
3/7,11,12,8 and 4 while the distribution across the depth arise from the mean for 
blocks 2,6,10,9 and 1. At the centre, the average of 11 and 12 will be used.

Figure 2. represents the fitted distribution in moisture content 
distribution for slice 1 to 6.

The shape of the curve for slice 1 is different from the others because it 
was taken at the beginning of the experiment before significant drying had taken 
place. Because a general representation of moisture gradient is required, the 
data for this slice will not be used in this study.

7

1 0
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The mean data used to create those distribution are shown in Table 1. The 
drying time for each slice is provided in Table 2.

Table 1. Block Moisture Content

BLOCK SLICE 1 
MC %

SLICE 2 
MC %

SLICE 3 
MC %

SLICE 4 
MC %

SLICE 5 
MC %

SLICE 6 
MC %

#1 156.60 19.16 14.75 13.64 12.23 12.17
#2 160.07 18.56 14.61 13.34 12.07 12.10
#3 157.73 21.42 16.43 14.21 12.25 12.39
#4 158.79 21.09 15.92 13.98 12.37 12.44
#5 146.90 30.38 17.19 14.47 12.48 12.53
#6 147.78 38.23 17.17 14.32 12.42 12.53
#7 151.17 40.30 19.97 14.48 12.71 12.89
#8 151.72 40.57 19.56 15.20 12.55 12.93
#9 144.26 56.89 19.10 15.05 12.79 12.59
#10 152.65 55.59 20.06 15.08 12.73 12.90
#11 150.78 70.52 25.93 16.09 12.90 13.11
#12 150.46 68.99 26.82 16.17 12.81 12.84

Table 2. Slice Schedule

SLICE # DATE (DD/MM/YE) TIME OF DAY TOTAL DRYING TIME HOURS
SLICE 1 20/02/90 14:00 0:00
SLICE 2 26/02/90 9:00 139:00
SLICE 3 05/03/90 9:00 307:00
SLICE 4 12/03/90 11:00 477:00
SLICE 5 02/04/90 11:00 981:00
SLICE 6 25/04/90 13:00 1535:00

Figures for the moisture content distribution for all boards and slices 
similar to Figure 2 are provided in Appendix F. The moisture distributions were 

with a cubic spline equation to distinguish the results from each board. 
The actual distribution may vary from that shown as only 6 to 7 discrete values 
were available for each plot.
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Several observation can be made concerning the data in Tables 1 and 2 .
1. After a period of one week, the shell was already drier than the core from 

slice 1 to slice 2.
2. The moisture content of the core does not decrease as rapidly as that of the 

shell.
3. After the first two weeks, the moisture content of the shell was reduced to 

under 25% while for the core it was under 35% compared with 160% and 150% 
respectively at the beginning of testing.

4. The third slice presents a levelling of moisture content throughout the 
board.The difference between the moisture content of the shell and the core 
is less than 5% at this stage.

5. After three weeks, the mean moisture content reached equilibrium level under 
laboratory conditions. The lowest moisture content achieved was = 12% and 
this represent the equilibrium level for these conditions.1

To be able to assess the adequacy of the resistance moisture meter and the 
location of the reading, the data obtained here would be insufficient unless a 
certain mathematical representation of the moisture content distribution could 
be found. Assuming that moisture distribution is symmetrical about the centre 
line of the slices, one may take the average of corresponding blocks on each side 
of the centre line and achieve values of moisture content at certain points in 
space. A mathematical equation can then be developed and tested to see if it 
adequately represents the moisture distribution.

6.0 MATHEMATICAL MODELLING OF MOISTURE DISTRIBUTION

Almost any curve can be closely represented by a mathematical equation. The 
curves shown in Figure 2 can be approximated using many different equations. In 
this case some of these equations can be parabolic, in the form of a2+X2, higher 
even-powered order of the same function or some other combination.

The precision necessary to be able to accept the model as adequate is very 
subjective because of variability in moisture content from piece to piece. It 
was felt that a precision lower than the moisture meter precision (under fibre 
saturation) was too low, so an error of ±2% was attempted.2 Several equations 
were tested against the experimental values until a satisfactory correspondence 
was achieved for all the slices.

The modelling of moisture gradients will be done without reference to the 
physical processes by which moisture moves through wood either by liquid 
capillary flow or by vapour diffusion. The intent of this work is not to those 
processes but to empirically represent the distribution found.

To evaluate and test our equations, SigmaPlot* , a mathematical utility

* For more information on SigmaPlot, see Appendix B.

I V - 11



software, was used. This software perform as a spreadsheet manipulator and can 
adjust parameters of an equation to fit as good as possible a certain set of 
points. For each mathematical model developed, the program will be used to fit 
the experimental values as closely as possible and will record the resulting 
coefficients.

The equations for moisture content distribution that are going to be tested 
will be framed in a Cartesian coordinates with the axis passing through the 
centre of the slice. A normal 2x4 has a width of 1.5 inches and a length of 3.5 
inches. The X axis will represent the width and will range from -0.75 inches to 
0.75 inches. The Y axis will be along the length and will range from -1.75 
inches to 1.75 inches. The Z axis will represent the moisture content at each 
X ,Y coordinate.

Since the moisture distribution is only supplied by mean data along the 
axis, the distribution at points other than on the axis will be calculated using 
an elliptic distribution over the surface.

Furthermore, to relate X and Y in a system, the moisture content contour 
will be assumed to be of elliptical shape and represented by:

Z !+ if
a2 b2

= 1 (2 )

where a is the minor radius and b the major radius. The equations of moisture 
distribution along the X and Y axis can then be substituted into this equation 
along the axis. A three dimensional representation of moisture content 
distribution results.

The largest moisture content gradients to be evaluated are for slice 2. 
Therefore, the equations will be tested for this slice first and then for the 
other slices.

6.1 PARABOLIC DISTRIBUTION ALONG THE AXIS
Using the curves in figure 1 as a guideline, the simplest equation that 

could represent these would be of the parabolic form.
The equation of a parabola is define by:

Z=c(d-X2) (3)

Z=e (f-Y2) (4)

where c, d, e and f are constants.
Using this equation for both axis, and testing the resulting equation with
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the coefficient found by SigmaPlot, yielded values of moisture content that were 
up to 10 % different from the experimental results . This is higher than the 2% 
moisture content difference initially set as a criterion.

Combining both equations for X and Y into the elliptic equation, gives the 
following :

(5)

This last equation gives values of moisture content at every position when 
transformed to:

?= (cd+ef-X2c-Y2e) -/Tx'c+Y'e-cd-ef) *-4 (cdef-cefx'-cdeY2)

This equation does not provide good comparison with experimental results 
and predicts negative values at the edges.

The parabolic equation (5) is not sufficiently adequate in representing the 
distribution of moisture content. As seen in Figure 2, the slopes of the
distribution close to the edge level out. Another form is needed to depict this 
shape.

6.2 DISTRIBUTION IN THE FORM A:+Y3
The shape of an equation using AJ+X3 shown in Figure 3\ gives a curve

similar to those in figure 2. This representation is more appropriate to fit the 
experimental data.

The equation used has the general form
of :

Z= c
(d2+X2) (7 )

This equation gives better results than 
the parabolic equation. The comparison result 
in the X direction were within the 2 % 
cr-i-terion but not in the Y direction where up 
to 16% difference was found at some points.
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Bringing the equations of form (7) with the elliptic equation (2) gives:

( 8 )

which can be transformed to:

v- (X2e2 + Y2c+cf2+d2e) ~Ax*e2 + Y2c+cf2+d2e) 2-4 ce (d2fT+X2 f2 + Y2d2)
2 (d2f2+X2f2 + Y2d2) “

This equation provided better results compared to those obtained using the 
parabolic equation. It does not, however, meet the criterion along the major 
axis.

A higher order equation of the same form could possibly solve the problem 
of fitting the curve in both axis. The next higher order equation of this form 
is:

Z~ (d**X<) (10)

The results found by testing this last equation were no more consistent 
with the experimental data then when the lower order equation was used.

8 *3 COMBINATION OF PARABOLIC AND A2+X2 DISTRIBUTIONS
Knowing that equation (7) best fit the values of Z along the X axis and 

equation (3) for the Y axis, the combination of the two equation was next 
attempted.

Introducing those two equations in equation (2) gives:

( 1 1 )

Transforming this equation to calculate Z at any X,Y position produces:

?= ( t f e Y ^ - c - c P e f - e f X 2) V  ( e f X 2- d ' e Y 2+c +d2e f  ) *-4x ( - X 2- d 2) x ( e c Y 2- T I f )
2 x(-X2-d2) " ( ’

The results from this combination, although better than the other type of
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equations tested, still presents some inappropriate values in the corners of the 
cross section. This is unavoidable when an ellipse is used to represent a 
rectangle.

Taking a closer look at figure 1 where moisture content is plotted along 
the long axis seems to reveal a constant value of moiBture content in the centre 
portion. This behaviour could be introduce in the mathematical equation as a 
condition where inside a certain boundary, a constant level of moisture content 
would be found. This constant level could possibly be applied on any of the two 
axis.

6-4 PARABOLIC AND A2+X3 DISTRIBUTION WITH A CONSTANT ZONE
The constant zone of moisture content will now be taken into account in the 

X and Y direction. Equation (6) will be used to evaluate the moisture content 
along the X axis and equation (3) for the Y axis.

After finding corresponding coefficients for both equations, the moisture 
content was evaluated at the origin for each equation. The equation that 
generated the lowest value was taken as predicting the maximum moisture content. 
Using this value in the other equation gives an upper boundary value for the X 
or Y variation. Inside this boundary, the moisture content along the particular 
axis will be assumed to be constant. Equation (11) will therefore only apply 
outside the boundary. If the boundary is applied on the Y axis, equation (7) 
will be used. If the boundary condition is on the X axis, equation (3) will be 
used to get the variation of moisture content.

Considering now, that the moisture content cannot be less than 12% due to 
the particular laboratory conditions used, this represents a ■floor’[ value for 
the model. The equation presently predicts much lower values at the corners 
because the contours of constant moisture are assumed to be ellipses. When the 
prediction equation meets this 'floor' value, this value will control.

For this model, Table 3 gives the moisture content values at the specified 
coordinates.
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T a b l e  3. Moisture Content Values at Specified Coordinates for Slice 2.

POSITION FOR 
X AXIS 

( X , y )
POSITION FOR Y 

AXIS
( X , Y )

MOISTURE
CONTENT

EXPERIMENTAL
MOISTURE
CONTENT

CALCULATED
(±0.625,0) — 21.26 22.32
(±0.375,0) — 40.44 40.29
(±0.125,0) — 69.76 67.43o%o

— 69.76 73.63
— (0,±1.125) 18.86 54.81
— (0,±1.375) 35.31 37.93
— (0,±1.625) 56.24 17.68

The best fit coefficients for equation (12) found for the data in Table 3 
are : c=12.510 , d=0.4122 , e=27.01 , f=3.295 .

The predicted results obtained from this model are all within the 2% limit 
for values under fibre saturation. The values above fibre saturation fall within 
a ±3% range.

6.5 COMPARISON FOR OTHER SLICES
The approach used for slice 2 was then used for the other slices (3,4 and

5).
Table 4 gives the coefficients found by SigmaPlot for slices 2 to 5.

Table 4. Coefficient

SLICE c d e f
Slice 2 12.51 0.4122 27.0100 3.295
Slice 3 14.36 0.7362 3.5560 6.754
Slice 4 41.59 1.6100 1.1460 14.430
Slice 5 110.90 2.9370 0.4429 30.050

Using these coefficients in the equation gives predicted values of moisture 
content that can be checked against the experimental results. At each of the 
three points along both axis, the total difference in moisture content between 
experimental results and calculated results were added together to give
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cumulative moisture content differences. Because three experimental points where 
used with a ±2% moisture content difference allowed on each axis. The maximum 
cumulative difference allowed is ±6%.

This cumulative moisture content difference is shown for slices 2 to 5 in
Figure 4.

This figure shows that, 
as expected, slice 2 was the 
most difficult to fit because 
of the large moisture content 
gradient in the slice. The 
maximum difference in 
moisture content for any 
slice at any tested points 
was 2.63%. This is a 
negligible deviation 
considering the precision of 
the moisture meter at these 
levels and the manipulation 
that were done on the data 
set.

The imprecision of the 
data used is due to the fact 
that the moisture content 
obtained from the experiment 
is representative of a block, 
not just one point on the 
surface. The necessity to 
look at it from a plane view 
to prove that this model is 
adequate is met with figures 
5 and 6.

Figures 5 and 6 show

S//À Along X axis j Along Y axis
Figure 4. Cumulative Moisture Content 

Difference.

moisture content contours at different levels for slices 2 and 4. Additionally, 
the block cut pattern is superimposed on each plot with values of moisture 
content shown in the top left corner of each block.

These figures demonstrates how well the model chosen represents the 
moisture distribution over the surface of the slice. If looked at closely, taking 
into account that the experimental results are mean moisture content in the given 
block, the contour curves give an moderately good representation of the moisture 
content in the slice.
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For example, taking the 
block from slice 2 where a 
moisture content of 55.59% is 
indicated, the two contour 
lines that crosses this block 
are 40% and 60%. The area 
where a moisture content 
below 40% or higher than 60% 
defined by the curves in that 
block are small and 
negligible. This indicates 
that the actual moisture 
content in that block should 
be between those two 
boundaries. From the shape 
of the equation chosen, the 
slope gradually decreases as 
it approaches the origin. 
The closer to the origin the 
contour line is, the greater 
its influence. In this 
example, the 60% contour has 
more influence than the 40% 
contour. The actual moisture 
content value should then be 
closer to 60% .

Figure 5. Moisture Content Contour for 
Slice 2.
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The same representation 
can be made for slice 4. 
Noticing the block with a 
15.05% moisture content. The 
15% moisture contour crosses 
this block and cuts it almost 
in two. This gives an 
expected average of almost 
15%.

In Appendix C , figures 
similar to the two previous 
ones are given for slices 3 
and 5 . These figures only 
improve the confidence that 
the mathematical model 
developed in 6.3 is 
acceptable.

The mean moisture 
content in the slices could 
be found by integration using 
the given equations or 
t h r o u g h  n u m e r i c a l  
approximation. In this case, 
the latter was used. The 
equation used that defined 
the surface of the moisture 
distribution is equation (12) 
and the previously mentioned 
condition concerning constant 
moisture content zone was 
applied.

Figure 6. Moisture Content Contour for 
Slice 4.

6.6 ESTIMATES OF MEAN MOISTURE CONTENT
The mean moisture content is the average for the entire piece of lumber 

ignoring moisture gradients..
Two methods were used to find this mean moisture content, a moisture meter 

and the oven drying method.
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Resistance-type moisture meters with two or four probes are usually used 
to find the moisture content in lumber at some depth. The mean moisture content 
in a 2x4 is usually found to be reached at 3/8-inch pinning depth into the wide 
face for dressed studs and 1/2-in depth for rough studs from previous studies.4

The oven-drying method is more reliable but it cannot be used on the field 
or f°r a test wall. The original wet weight and the oven dry weight were used to 
determine the mean moisture content of the pieces of lumber.

The purpose of this examination is to determine at what pinning depth 
should a resistance-type moisture meter be used to find the mean moisture 
content.

6*6-1 Experimental Mean Moisture Content
Having the wet and dry weight for all the blocks allows us to calculate the 

mean moisture content for a given slice. The sum of all the weights of blocks 
in a slice will give the weight of the slice.

Because the moisture content in each block was averaged for all the boards, 
the same will be done with the weights. By doing so, values of mean moisture 
content will be found. The final data set containing wet and dry weights as well 
as mean moisture content for each slice can be found in table 5.

Table 5. Mean Moisture Content. Oven-Drying Method.

SLICE
WET WEIGHT 

OF
SLICE

DRY WEIGHT 
OF

SLICE
MEAN

MOISTURE
CONTENT

Slice 2 24.862 17.687 40.57
Slice 3 21.188 17.709 19.65
Slice 4 20.212 17.604 14.82
Slice 5 21.515 19.103 12.63

6.6.2 Numerical Approximation of Mean Moisture Content
With Fortran77b, a program was written to calculate the mean moisture 

content. The program calculates the values of Z at four points forming a small 
square. The average of those four Z values multiplied by the area of the square 
gives a total moisture content value for that area. Having a close mesh spacing 
gives a more accurate approximation. Doing the same operation over the entire

b The program is given in Appendix D.
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surface of the slice gives the total moisture content in that slice.
The average moisture content is then the total moisture content divided by 

the area of the slice. Table 6 contains the results for total moisture content 
in the slice and the mean moisture content.

Table 6. Mean Moisture Content. Model Resolution.

SLICE COMPUTED MEAN MOISTURE 
CONTENT (%)

Slice 2 48.16
Slice 3 19.80
Slice 4 14.99
Slice 5 12.65

Having found that the 
mathematical model provided a good fit 
for the evaluation of moisture content 
at different coordinates, the mean 
moisture content found using this 
model should be close to the actual 
mean moisture content of the slices. 
Figure 7 compares both methods.

Comparing the values reached by 
oven drying against the values found 
using the numerical approximation of 
the model in Table 6, shows there are 
only small differences except for 
slice 2. The maximum deviation for 
any of the slices 3,4 or 5 is 0.17%. 
For slice 2, the difference is 7.59% 
which is acceptable considering the 
level of moisture content for that

C
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l l l l  Oven-Drying Method 
Numerical Analysis

Figure 7. Oven-Drying Method vs
Numerical Approximation

slice. The precision in measuring moisture content above 30% is less important 
than below 30%. Having also to deal with the fact that resistant type moisture 
meter are much less reliable at moisture content above fibre saturation ( 28% ), 
the precision of mean moisture content found for slice 2 is less reliable as 
well.

It is concluded that the mathematical model developed in section 6.3 is 
adequate for both the mean moisture content and the level of moisture content at
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anY point in a 2x4* With this model, it should now be possible to evaluate at 
what pinning depth would provide the mean moisture content.

6.7 EVALUATION OF PINNING DEPTH
The moisture contents were calculated at depth increments of 1/8-inch 

(1/8, 1/4, 3/8, 1/2, 5/8, 3/4. 7/8 and 1 inch) along the X and Y axis.
Under fibre saturation, some condition should be applied on the assessment 

of the pinning depth. The mean moisture content should never be under evaluated 
by more than 0.5%. This an arbitrary condition and could be increased to ±2% as 
before.

From the observation of the resulting value of moisture content that are 
summarized in Appendix E, and comparing them with the mean moisture content found 
with the oven drying method ,the following conclusion were drawn:
1. The mean moisture content along the X axis should be taken as the average 

of the 3/8-inch and 1/4-inch pinning depth value.
2. Using only the 3/8-inch pinning depth value along the X axis gives a good 

evaluation of above-saturation level moisture content.
The mean moisture content along the Y axis can be taken as the average of the 
3/8-inch and 1-inch pinning depth value or using only the 5/8-inch pinning 
depth value.This is only reliable under the fibre saturation level.

4. Along the Y axis,for above fibre saturation, the average of the 3/8-inch and 
1/2—inch pinning depth should be used to obtain the moisture content.

The following table gives an example of a certain guide that could be 
implemented:

Table 7. Pinning Depth Guide.

on the face (X) on the edge (Y)
Below 28 % MC Above 28 % MC Below 28 % MC Above 28 % MC

avg ( 3/8+1/4 ) 3/8 avg ( 3/8+1 ) avg ( 3/8+1/2 )

If these guideline where to be used, here are the results that would be 
obtained checked against the mean moisture content found by oven-drying.
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T a b l e  8 .  Mean MC Using Guide.

Slice # Mean
Moisture 
Content by 

Oven- 
Drying

On the Face (X) On the Edge (Y)
Values at depth From

Guide
Values at depth From

Guide
3/8+1/4 3/8 3/8+1 3/8+1/2

Slice 2 40.57 35.03 40.28 40.28 55.77 42.36 42.36
Slice 3 19.65 19.58 21.04 19.58 19.65 17.88 19.65
Slice 4 14.82 14.92 15.22 14.92 15.13 14.56 15.13
Slice 5 12.63 12.57 12.65 12.57 12.66 12.55 12.66

7.0 CONCLUSIONS

Standards have been implemented by the building code that restrict the 
moisture content of lumber in walls and framing. Because the oven drying method 
can not be used in the field, resistance type moisture meters are the next best 
option for determining the amount of moisture in wood non destructively.

Those instruments, although quite reliable when the moisture content is 
under fibre saturation, do not give accurate readings for above saturation level. 
The code requires that a maximum of 19% moisture content remains in wall framing 
a^er closing in. Precision is then required only for values close to this value 
or under fibre saturation. The resistance type moisture meter has good accuracy 
for this level of moisture content. The drawback is that these instruments 
measure moisture content at the depths they are inserted. Finding the depth at 
which this moisture reading represents the mean is therefore a priority.

This study was meant to find the optimal pinning depth. Experimental and 
mean values for moisture content were found and mathematical equations were 
tested to see if the moisture gradient and the mean could be equated. An 
equation was proven to be very accurate and was therefore used in the estimate 
of the pinning depth.

It was found that the practise of taking reading at 1-inch and 3/8-inch 
depth was good in the case where it was taken on the thin side of a 2x4.5

Recommendations were provided as to how the moisture meter should be used 
to find the mean moisture content. The results obtained for above saturation 
moisture content have to be taken with care as only one set of data was 
available.
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8 . 0  RECOMMENDATION

To get further proof of the validity of the model and the pinning depth 
found, pinning should be conducted at numerous depths and compared with oven dry 
moisture content. If good correlation is found, the results could then eventually 
be applied on the field.

This report is based on data obtained on standard 2x4, SPF lumber. It may 
not apply to 2x6's that are also used in wall framing or other species. Further 
testing of 2x6's should be made in order to get rules on the usage of moisture 
meter for this stud size. Further testing of above fibre saturation might also 
prove to be interesting.
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MOISTURE CONTENT AND WEIGHTS OF BLOCKS
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This tables contains values of block weights in gram for all boards and all 
slices and the last table contains values of moisture content in percent. GW 
stands for wet weight, DW is for dry weight, MC is for moisture content and the 
accompanying number corresponds to the block number.

Table Al. Wet Weights of Blocks.

SAS

BOARD SLICE GUI GU2 GV3 GU4 GU5

1 1 2.6301 2.4434 4.5647 5.0619 1.6856
2 1 2.1557 2.0835 3.7916 3.95P7 1.4468
3 I 2.9280 3.0651 5.7019 6.2382 2.0865
4 1 3.2752 3.1289 6.2959 5.8779 2.4209
5 1 3.4790 3.0534 6.6983 6.9924 2.2939
6 1 3.5139 2.9776 6.7792 6.8346 2.4554
1 2 1.3255 1.4583 2.5898 2.9658 0.9830
2 2 1.3926 1.2841 2.4981 2.9087 0.9610
3 2 1.3537 1.3956 2.7564 2.7575 1.0836
4 2 1.3002 1.5313 2.8669 2.6733 1.2165
5 2 1.4191 1.3857 2.9513 2.9526 1.0565
6 n

it 1.3382 1.4846 2.9725 2.9399 1.1006
1 3 1.2698 1.4149 2.7428 2.3306 0.9760
2 3 1.33B0 1.3197 2.1469 2.7521 0.9103
3 3 1.3111 1.4055 2.6888 2.7270 0.9863
4 3 1.2894 1.5056 2.8676 2.4736 0.3323
5 3 1.3272 1.3239 3.0323 2.9049 0.9907
6 3 1.3417 1.4685 2.7603 2.8675 0.9709
1 4 1.3467 1.3662 2.3307 2.6435 0.9354
-i
it 4 1.3663 1.3109 2.2100 2.6306 0.9618
3 4 1.1820 1.3644 2.5263 2.7261 0.9141
4 4 1.3632 1.6004 2.8826 2.5117 0.9792
5 4 1.3755 1.2232 2.7548 2.7108 0.9545
6 4 1.3512 1.5365 2.6724 2.8029 0.9325
1 5 1.3534 1.3781 1.4582 2.3144 0.9245
2 5 1.3644 1.2946 2.1587 2.6555 0.9189
3 5 1.4397 1.7672 3.0142 2.7878 1.0804
4 5 1.1564 1.3674 2.5497 2.6129 0.66105 5 1.5450 1.3944 2.8403 2.8416 0.5689
6 S 1.3532 1.6587 2.6332 3.3268 0.9623
1 6 1.4155 1.2803 2.6751 2.3244 0.9689
2 6 1.3951 1.3011 2.2647 2.7951 0.9451
3 6 1.3077 1.3144 2.5531 2.7349 0.9870
4 6 1.1762 1.4194 2.6891 2.5096 0.82355 6 1.3256 1.3754 2.9311 2.7246 0.6521
6 6 1.2928 1.3013 3.0019 2.8745 0.6247

GU6 GU7 GU8 GU9 GUI 0 GV11 GUI 2

1.5748 3.7784 3.4131 0.9478 0.9590 2.9372 5.6690
1.3532 3.5331 3.3051 0.795B 0.7128 2.6403 3.8668
2.1179 4.8159 5.0313 1.2750 1.2213 3.9915 7.3681
2.1482 4.7590 5.4016 1.2848 1.3498 4.2693 8.1374
2.3041 4.8660 5.5780 1.4767 1.4525 4.5562 9.0953
2.3059 5.6410 5.2019 1.4930 1.3754 4.6020 9.0842
1.0436 2.5508 2.0547 0.6566 0.6866 3.9204 3.1902
0.3572 1.9699 2.4357 0.5806 0.6680 4.1072 2.7078
1.2159 2.5101 2.6248 0.8475 0.8852 2.8633 3.9697
1.2307 2.9777 2.7146 0.8071 0.8326 4.5351 3.4320
0.544B 2.4359 2.7279 0.7502 0.6998 5.5846 3.7363
1.0804 2.8476 2.6486 0.737/ 0.8403 4.7086 3.7578
0.9506 1.8999 *> 0.5991 0.5537 1.9290 3.2075
0.9729 1.7304 2.2507 0.6556 0.5127 3.0518 2.2615
1.0101 2.1599 2.2017 0.5370 0.5392 2.6729 1.9442
0.3903 2.3332 1.3703 0.6050 0.5280 2.9704 2.5031
0.9658 2.2455 2.0878 0.6082 0.6868 3.9296 2.9992
1.0483 2.4232 2.4764 0.5961 0.5576 3.6149 2.9721
0.9436 1.9477 2.1588 0.555B 0.5661 2.9280 2.1633
0.9492 1.7439 2.2397 0.5520 0.6191 2.1705 2.0337
0.9332 2.1101 2.2519 0.5057 0.5513 2.7092 2.0423
0.8639 2.2515 1.8322 0.5950 0.4373 2.4528 2.2125
0.9228 1.4146 2.4537 0.4716 0.7071 2.6467 3.7438
0.8963 2.2766 2.3083 0.5614 0.5682 2.3748 onoT

it » i VU-
0.9764 2.1796 2.0053 0.5698 0.5888 3.0178 2.1415
0.9607 1.8003 2.1666 0.5375 0.6047 2.1854 2.9544
1.1830 2.0592 2.1944 0.6746 0.6426 2.7032 1.9185
0.8672 2.5472 2.5939 0.6577 0.5441 3.7946 3.3391
0.8997 2.3370 2.2934 0.6259 0.9845 4.1461 2.9556
0.6667 2.2916 2.9114 0.6277 0.6109 3.2616 2.6754
0.9666 2.1849 2.0131 0.5/56 0.5367 2.9436 2.1825
1.0109 1.9194 2.2725 0.5352 0.6186 2.3142 3.0845
1.0457 2.9935 1.8806 0.4127 0.5585 2.7057 2.6954
0.8627 2.1104 1.5332 0.5562 0.5922 3.5041 2.4691
1.0011 2.1897 2.1244 0.5901 0.6208 2.9559 3.4181
0.8774 2.3139 3.6491 1.1393 0.5431 2.635/ 3.2987
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Table A 2. Dry Weights of Blocks.

SLICE DM1 DM2 DM3 DM4 DM5

1 1.2056 1.1084 2.0609 2.4023 0.8451
1 0.9645 0.9962 1.7506 1.8716 0.7178
1 1.0247 1.0675 1.9948 2.1718 0.8000

1.2187 1.0865 2.2754 2.0198 0.8662
1.2580 1.1362 2.4581 2.5961 0.B&B8
1.2700 1.0376 2.4807 2.4336 0.8395

2 1.1254 1.2419 2.1576 2.4812 0.7916
2 1.1902 1.1014 2.0904 2.4473 0.7888

1.1479 1.1751 2.2905 2.2814 0.8471
2 1.0718 1.2837 2.3653 2.1793 0.8064
2 1.1861 1.1555 2.3938 2.4151 0.8139
2 1.1033 1.2434 2.3942 2.4021 0.B620

1.1186 1.2462 2.4022 2.0413 0.8492
3 1.1799 1.1644 1.8793 2.4139 0.7939
3 1.1504 1.2332 2.3311 2.3699 0.8533
3 1.1206 1.3112 2.4586 2.1229 0.7500
3 1.1471 1.1418 2.5604 2.4555 0.8338
3 1.1430 1.2657 2.3054 2.4412 0.7391
4 1.1938 1.2126 2.0576 2.3446 0.8245
4 1.2112 1.1637 1.9524 2.3744 0.8493
4 1.0447 1.2108 2.2286 2.4079 0.8064
4 1.1973 1.4135 2.5292 2.2094 0.7661
4 1.2019 1.0714 2.3946 2.3539 0.8263
4 1.1766 1.3400 2.2958 2.4171 0.8434
5 1.2408 1.2697 1.3497 2.1139 0.8418
5 1.2169 1.1531 1.9181 2.3674 0.8174
5 1.2794 1.5752 2.6771 2.4765 0.9703
5 1.0249 1.2136 2.2567 2.3176 0.5841
5 1.3623 1.2311 2.5032 2.5026 0.5014
5 1.1331 1.4617 2.3604 2.9259 0.8467
6 1.2734 1.1521 2.4035 2.0875 0.8703
6 1.2451 1.1611 2.0226 2.4886 0.8409
6 1.1663 1.1741 2.2714 2.4317 0.8793
6 1.0449 1.2651 2.3865 2.2261 0.7280
6 1.1743 1.2195 2.5896 2.4033 0.7531
6 1.1445 1.1501 2.6439 2.5362 0.5506

SAS

DM6 DM7 DM8 DM9 DU 10 DU11 DM12

0.7905 1.9188 1.6969 0.4709 0.49/5 1.4600 2.8254
0.6508 1.7060 1.6498 0.4981 0.3413 1.3449 1.91950.8191 1.7222 1.7236 0.4840 0.4425 1.3343 2.5771
0.8018 1.7301 1.9054 0.5028 0.4577 1.5299 2.96490.8600 1.8297 2.1292 0.5390 0.5544 1.7480 3.44950.8087 2.0058 1.9162 0.5402 0.4888 1.7163 3.2819
0.8396 1.9853 1.6002 0.4417 0.4851 2.3915 2.0225
0.7854 1.5557 1.9401 0.4513 0.5159 2.6899 1.7813
0.8563 1.7793 1.7595 0.4635 0.4695 1.6527 2.3052
0.7481 1.9141 1.6171 0.4568 0.4869 2.4978 1.8873
0.4002 1.8371 1.9878 0.4928 0.5190 3.2037 2.2331
0.7685 1.8052 1.9601 0.4811 0.4781 2.6545 2.0112
0.8288 1.6437 1.9547 0.5176 0.4784 1.6563 2.7547
0.8469 1.4961 1.9480 0.5659 0.4441 2.6137 1.9431
0.8692 1.8237 1.8697 0.4562 0.4560 2.2276 1.6221
0.7496 1.9367 1.5547 0.5070 0.4339 2.3094 1.95820.8151 1.8247 1.6953 0.5014 0.5645 3.0131 2.3321
0.3739 1.9105 1.9798 0.4782 0.4331 2.5222 1.5581
0.8322 1.7808 1.8994 0.4900 0.4976 2.5663 1.89/5
0.8280 1.5545 1.9712 0.4863 0.5442 1.9025 1.7745
0.8319 1.8468 1.9812 0.4430 0.4817 2.3591 1.7ÇJ9
0.7565 1.9566 1.5976 9.5185 0.3813 2.1199 1.9106
0.3013 1.2162 2.1006 0.4054 0.6091 2.2543 3.1741
O.S561 1.9193 1.95)5 0.4761 0.4819 1.9726 2.4947
0.8943 1.9764 1.8218 0.5182 0.5349 2.7302 1.9431
0.8545 1.5979 1.9458 0.4779 0.537/ 1.9334 2.6256
1.0486 1.8347 1.9449 0.5534 0.5679 2.3925 1.7002
0.7679 2.2536 2.3049 0.5771 0.4813 3.3678 2.9539
0.7931 2.0553 2.0126 0.5507 0.8646 3.6271 2.5918
0.5864 2.0075 2.5551 0.5471 0.5369 2.8556 2.3427
0.8677 1.9614 1.8052 0.5166 0.4823 2.6393 1.9569
0.8978 1.7005 2.0171 0.4745 0.5483 2.0465 2.7311
0.9295 2.6530 1.7159 0.3646 0.4946 2.3854 2.3854
0.7832 1.8694 1.3581 0.5013 0.5244 3.1077 2.1819
0.8844 1.9297 1.8655 0.5199 0.5462 2.5947 3.0445
0.7736 2.5598 3.2053 1.0021 0.47/3 2.3093 2.8907



T a b l e  A 3 . Moisture Content of Blocks

SAS

HARD SUCE NCI NC2 NC3 NC 4 HC5

1 1 118.157 120.444 121.491 110.711 99.456
2 1 123.504 109.145 116.589 111.514 101.560
3 1 175.983 187.129 185.838 187.236 160.813
4 1 168.745 187.980 176.694 191.014 179.485
5 1 176.550 168.738 172.499 169.342 164.031
6 1 176.685 186.970 173.278 183.898 176.043
1 2 17.780 17.425 20.032 19.531 24.179
2 2 17.006 16.588 19.503 18.833 21.831
3 2 17.928 18.764 20.341 20.869 27.919
4 0

it 21.310 19.288 21.207 2 2 .6 6 8 50.856
5 2 19.644 19.922 23.289 22.256 29.807
6 0 21.291 19.393 24.154 22.389 27.680
1 3 13.517 13.537 14.179 14.172 14.932
2 3 13.399 13.337 14.239 14.011 14.662
3 3 13.969 13.972 15.345 15.068 15.587
4 3 15.063 14.826 16.635 16.520 17.640
J 3 15.700 15.949 18.431 18.302 18.817
6 3 16.873 16.023 19.732 17.463 21.499
1 4 12.808 12.667 13.273 12.962 13.451
2 4 12.305 12.649 13.194 12.896 13.246
3 4 13.143 12 .686 13.358 13.215 13.356
4 4 13.909 13.222 13.973 13.682 14.763
5 4 14.444 14.168 15.042 15.162 15.515
6 4 14.839 14.664 16.404 15.961 16.493
1 S 9.075 8.537 8.039 9.485 9.824
i S 1 2 .1 2 1 12.271 12.544 12.169 12.417
3 5 12.529 12.189 12.592 12.570 12.378
4 5 12.831 12.673 12.984 12.742 13.166
S 5 23.411 13.265 13.467 13.546 13.462
6 5 13.419 13.47/ 13.887 13.70? 13.653
1 b 11.159 11.176 11.300 11.349 11.329•>
it b 12.047 12.038 11.970 12.316 12.51?
3 b 12.224 11.950 12.402 12.469 12.248
4 b 12.566 12.197 12.680 17.736 13.11S
5 b 12.BB4 12.784 13.187 13.369 13.146
b b 12.958 13.147 13.541 13.339 13.458

HC6 NC7 NC8 NC9 NC10 HCl 1 HC12

99.216 96.915 101.137 101.274 92.764 101.178 100.644
107.929 107.098 100.333 95.001 108.849 96.319 101.443
158.564 179.637 191.906 183.430 176.000 199.146 185.907
167.922 175.071 183.489 155.529 194.909 179.222 174.458
167.919 167.038 161.976 173.970 161.995 160.652 163.670
185.137 181.234 171.470 176.379 181.383 168.135 176.797
24.297 28.484 28.403 48.653 41.538 63.931 57.735
21.874 26.625 25.545 28.651 29.482 52.690 52.013
41.995 41.072 49.179 82.848 80.838 73.250 72.206
64.510 55.305 67.868 75.591 71.000 81.564 81.847
36.132 32.595 37.232 52.232 34.836 74.317 63.293
40.586 57.744 35.177 53.336 75.863 77.382 86.844
14.696 15.587 15.527 15.746 15.740 16.464 16.437
14.891 15.661 15.539 15.851 15.447 16.762 16.3S6
16.210 17.942 17.757 17.712 18.246 19.990 19.857
18.770 20.731 20.300 19.329 21.687 28.622 27.827
18.489 23.061 23.152 21.300 21.665 30.417 28.605
19.957 26.838 25.083 24.655 27.592 43.323 51.735
13.386 9.372 13.657 13.633 13.766 14.094 14.008
13.270 13.792 13.621 13.510 13.580 14.087 14.607
13.542 14.257 14.168 14.153 14.449 14.840 14.485
14.197 15.072 14.635 14.754 14.687 15.704 15.301
15.163 16.313 16.809 16.330 16.039 17.407 17.948
16.37/ 18.616 18.283 17.916 17.908 20.389 20.133
9.180 9.826 10.072 9.958 10.077 10.534 10.210
12.42R 12.667 12.375 12.471 12.460 17.684 12.523
12.817 12.851 12.318 12.866 13.154 12.986 12.840
12.931 13.028 11.105 13.966 13.048 12.673 13.040
13.441 13.706 13.952 13.655 13.868 14.309 14.037
13.694 14.15? 13.945 13.818 13.783 14.218 14.2C2
11.398 11.395 11.517 11.421 11.279 11.530 11.528
12.597 17.873 12.66? 12.79? 12.82) 13.081 12.940
12.501 12.8-5 12.797 13.193 12.920 13.233 12.996
12.704 12.892 12.893 10.952 12.929 17.755 13.163
13.155 13.532 13.878 13.503 13.658 13.921 12.271
13.415 13.833 13.346 13.691 13.786 14.134 14.114
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SigmaPlot is a software package produced by Jandel Scientific Corporation. 
The version used in this study is 4.0 and was released in December 1989.

SigmaPlot is a scientific software used to create charts and graphs. Data 
is entered into a spreadsheet. Graphics are created by choosing columns 
corresponding to X and Y points.

All graphs included in this report have been created with this software. 
Some manipulation has also been done with it. These manipulations are explained 
here.

In figure 1 of the report, smooth curves are presented even if only six or 
seven points where available to create them. SigmaPlot has a built in function 
that creates a curve that will pass through or as close as possible to the given 
set of points. This function is called Spline Curve Interpolation which is 
defined as a "...running interpolation of cubic polynomials."1

SigmaPlot was also used to find the coefficients used in the equations. 
It has the option of curve fitting a given set of points.

"Also called nonlinear regression, the curve fitter 
(Masquardt-Levenberg algorithm) fits an equation to data 
by finding the values of the parameters that cause the 
equation to best fit the data (...).This is an iterative 
process-the program makes a guess for the parameters, 
checks how well it did, makes another guess, and so 
on. "2

Knowing the equation and having a set of points, the program will find the 
coefficient and will give information about the precision of the fitting. This 
information is used to accept or reject a given equation with the corresponding 
coefficients.

SigmaPlot also has the capability to modify or create sets of data. This 
option is called the Math Transform. Given an equation, some constant and some 
or no points, the program will calculate a set of data that can be used to 
generate graphics or tables. This option was used for Figure 5 and 6 for example.

Jandel Scientific, p. B-5. 

Jandel Scientific, p.4-85.

1 SigmaPlot 4.0 user’s manual,

2 SigmaPlot 4.0 user's manual,
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MOISTURE CONTENT 
DISTRIBUTION FOR SLICES 3 AND 5
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Figure Cl. Moisture Content 
Contour for Slice 3. Figure C2. Moisture Content 

Contour for Slice 5.
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The following is a program written in the Fortran77 language used to 
calculate: the total moisture content and the mean moisture content in the 
slices. The significant variables used are defined below:

LBX,LBY,UBX,UBY :

ZAVG :

VOL :
RATE :

TEST1, TEST2

BOUNDX, BOUNDY :

ZMOY :
c, d, e, f :
VALUEX, VALUEY :

VALUEZ :

These are used to defined the cartesian system used: the range 
of the X axis and Y axis. LB stands for lower boundary and UB 
stands for upper boundary.
This is the average moisture content of four points close 
together used to calculate the total moisture content.
This will be the total moisture content in the slice.
This is the spacing between each point to be used in 
calculating the moisture content.
These are values of moisture content at the origin using the 
X axis (TEST1) and the Y axis (TEST2) equation separately to 
see which one yields the lowest value.
Absolute value of the point on one of the axis where the 
constant rule will apply. The moisture content inside this 
boundary value is assumed to be constant on the axis.
Value of mean moisture content.
Coefficients used in the equations.
Function that calculates the moisture content using only the 
equation along one of the axis, X or Y.
Function that calculates the moisture content using the final 
equation.
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REAL X,Y,Z1,Z2,Z3,Z4 
REAL LBX,LBY,UBX,UBY,I,J
REAL ZAVG,VOL,RATE,TEST1,TEST2,BOUNDX,BOUNDY,ZMOY 
REAL c,d,e.,f
PRINT *, 'WHAT IS THE DESIRED INTERVAL : •
READ *,RATE
LBX=-0.75 
LBY=-1.75 
UBX=0.75 
UBY=1.75 
VOL-0.0 
X=LBX 
Y=LBY
c= "constant to be determined" 
d= "constant to be determined" 
e= "constant to be determined" 
f= "constant to be determined"
BOUNDX=0
BOUNDY=0
TEST1 = VALUEX(0.0,c,d)
TEST2 = VALUEY(0.0,e,f)
IF (TEST1.GE.TEST2) THEN

BOUNDX = ( C/TEST2 - d**2 )**( 0.5 )ELSE
BOUNDY = ( f - TESTl/e )**( 0.5 )

END IF
DO 20, I = LBY, UBY, RATE 

X = LBX
DO 10, J = LBX, UBX, RATE

Z1 = VALUEZ(X,Y,BOUNDX,BOUNDY,C,d,e,f) Y1 = Y + RATE
Z2 = VALUEZ(X,Y1,BOUNDX,BOUNDY,c,d,e,f) 
X = X + RATE
Z3 = VALUEZ(X,Y,BOUNDX,BOUNDY,C,d,e,f) 
Z4 = VALUEZ(X,Yl,BOUNDX,BOUNDY,c,d,e,f) 
IF (Z1.LT.12) THEN Z1 = 12 
IF (Z2.LT.12) THEN Z2 = 12 
IF (Z3.LT.12) THEN Z3 = 12 
IF (Z4.LT.12) THEN Z4 = 12 
ZAVG = ( Z1+Z2+Z3+Z4 )/4 
VOL = VOL + ZAVG*( RATE*RATE )

10 CONTINUE
Y = Y + RATE 

20 CONTINUE

ZMOY = VOL/(1.5*3.5)
PRINT *, 'THE VOLUME UNDER THE SURFACE = ’,VOL 
PRINT *, 'THE MEAN MOISTURE CONTENT = ',ZMOY
STOP
END

FUNCTION VALUEZ(X,Y,BOUNDX,BOUNDY,c, d, e, f) 
REAL X,Y,al,bl,cl,z,c,d,e,f,BOUNDX,BOUNDY
al = ( -X**2 - d**2 )
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bl = ( -d**2*e*Y**2 + c + d**2*e*f + e*f*X**2 ) 
cl = ( e*c*Y**2 - c*e*f )
IF (ABS(Y).GE.BOUNDY) THEN

IF (ABS(X).GE.BOUNDX) THEN
VALUE2 = ( -bl + ( bl**2 - 4*al*cl )**( 1/2 ))/( 2*al )

ELSE
VALUEZ = e*( f - Y**2 )

END IF
ELSE

VALUEZ = c/( d**2 + X**2 )
ENDIF
RETURN
END
FUNCTION VALUEX(X,c,d)
REA1 X,c,d
VALUEX = c/( d**2 + X**2 )
RETURN
END
FUNCTION VALUEY(Y,e,f)
REAL Y,e,f
VALUEY = e*( f - y **2 )
RETURN
END
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MOISTURE CONTENT AT 1/8-INCH 
PINNING DEPTH INTERVALS

APPENDIX E

IV-3 7



Table El gives the moisture content calculated using the equations at 
different pinning depths along each axis. When two depths are noted, it is the 
average of the two that is listed in the table for the moisture content.

Table El. Moisture content at 1/8-inch
interval pinning depth.

PINNING 
DEPTH (INCH)

SLICE 2 
MC %

SLICE 3 
MC %

SLICE 4 
MC %

SLICE 5 
MC %

1 / 8 22.32 15.40 13.94 12.29
1/4 29.79 18.13 14.63 12.49

ALONG 3/8 40.28 21.04 15.22 12.65
X AXIS

1 /2 53.83 23.76 15.67 12.76
5/8 67.42 24.02 15.95 12.83

3/8, 1/4 35.03 19.58 14.92 12.57
1 / 8 17.67 14.62 13.54 12.14
1/4 28.23 16.02 13.95 12.31
3/8 37.93 17.29 14.37 12.47
1 /2 46.79 18.46 14.74 12.62

ALONG 5/8 54.81 19.51 15.08 12.74
X AAI b

3/4 61.98 20.46 15.39 12.85
7/8 68.32 21.29 15.66 12.85

1 73.62 2 2 .0 1 15.89 12.85
3/8, 1 55.77 19.65 15.13 12.66
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MOISTURE CONTENT DISTRIBUTION FIGURES 
FOR ALL BOARDS AND SLICES

APPENDIX F
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Figure F2. Moisture Content Profile for Slice 2.
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Figure F3. Moisture Content Profile for Slice 3.
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Figure F4. Moisture Content Profile for Slice 4.
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Figure F5. Moisture Content Profile for Slice 5.

IV -44

P
os

it
io

n
 (

 i
n

ch
es

 )



M
oi

st
ur

e 
C

on
te

nt
 (

s lice  6

Moisture C ontent ( % )
10 12 14

P osition  ( in ch es )

Figure F6. Moisture Content Profile for Slice 6.

IV -45

P
os

it
io

n
 (

 i
n

ch
es



APPENDIX G 

PICTURES

IV -46



Figure G1. Picture of Boards and Location of Pins.
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SUMMARY

The air permeability of exterior sheathings influences the rate that walls dry 
out after construction. Light-framed wood walls are often built with wood that 
posses high moisture contents, either because the wood has not been dried before 
sale, or that it has become wetted by rain during construction.
Two full-sized walls were built using insulating sheathings and their air 
tightness was tested under both positive and negative pressure differentials. 
Leakage characteristics of the individual joints were obtained mainly to assess 
order-of-magnitude leakage rates of as-built installations. This information will 
be useful for computer simulations of moisture/thermal/air performance of walls, 
and potentially, for planning a more extensive test program for assessing 
different construction details using these types of materials.
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1.0 OBJECTIVES

The objective of the project is to study factors responsible for drying of walls 
after construction. This is being done through evaluation of air leakage 
characteristics of outer wall systems.

2.0 BACKGROUND

Energy conservation measures have led to increased thermal insulation 
requirements for building construction. They challenge designers, contractors, 
suppliers, builders, building officials and owners to find the most cost 
effective, labour-saving and material-saving method of building insulation.

Some insulating sheathing materials which are relatively impermeable to air may 
be leaky at joints. The leakiness provided in the wall may influence how rapidly 
construction lumber dries after construction, or after accidental wetting takes 
place. Other sheathing materials have some resistance to air flow but may be 
built in a manner that allows very large air leakage that may lead to potentially 
higher energy costs than assumed. In either case, systemic failure might occur 
if leakage paths develop that lead to wetting as opposed to drying of lumber 
framing.

To assess the potential impact of these leakage paths on the moisture performance 
of wall systems, information is required on the air leakage characteristics of 
various materials commonly used for outer-wall designs. Modelling the 
moisture/thermal performance of walls under the influence of various climatic 
factors, such as wind and atmospheric pumping, will then be possible.

3.0 SCOPE

The subject of this report is to provide information on air leakage through two 
types of insulating sheathing materials to obtain order-of-magnitude leakage 
characteristics that are not currently in the public domain. The intent of this 
testing and report is to provide some information that might be useful for 
subsequent computer modelling. It is not the intent of this work to comment on
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the suitability of either product for its intended purpose.

4.0 MATERIALS

The two insulating sheathing materials that are the subject of this report are 
described in the following.

The first is a 38 mm (1.5-inch) extruded polystyrene material with shiplap joints 
supplied in 2400 mm lengths and 600 mm widths. A test wall was built with the 
sheathing applied horizontally on a lumber frame of 38 mm by 89 mm studs spaced 
at 600 mm. There were 4 horizontal shiplap joints and five vertical butt joints. 
The two top horizontal joints were built loosely while the two bottom ones were 
made tighter. The wall dimensions, nail spacings, framing and joints details are 
all shown in Figure 1.

The second sheathing material is a 25 mm (1-inch) semi-rigid glass fibre board 
faced with a spun-bonded polyolefin facing on one side and applied to lumber 
framing. The joints are usually taped with a construction adhesive tape. This 
wall was built with one vertical and one horizontal joint. Normally, the panels 
are installed with the long dimension vertical. For convenience in this test 
series, the wall studs were installed horizontally. This product is supplied as 
panels of approximately 2700 mm lengths and 600 mm widths. The vertical joint 
has a width of 0.5-inch between the edge of the sheathing and the edge frame of 
this wall. Two different nail spacings were employed for this vertical joint. 
Figures 2 and 3 show the two different nail spacings and the joints and framing 
details.

The first sheathing product has a low vapour permeance and is relatively 
impermeable to air through the material, while the second sheathing product has 
high vapour permeance and some air permeance through the material.

The manner that these materials are applied influences their air leakage 
characteristics. For example, the glass fibre product relies on the application 
of construction tape to seal joints and to prevent entry of rain from the 
outside, both during and subsequent to construction. No additional building 
paper is required if joints are properly sealed. At the bottom of the insulating 
sheathing, where it meets the foundation, polyethylene sheathing material is 
often used as a flashing and the construction tape may be omitted to permit 
drainage of condensate that may form on the inside of the air retarder facing. 
At the top of the wall where the insulation ends, some builders may provide a 
sealed joint with the wood framing. Other builders apparently have not been
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providing a taped sealed joint, a condition that may greatly decrease the air 
tightness of the system.

The extruded polystyrene insulation is impermeable to air through the material 
but it is applied in lifts that are 600 high with shiplap joints. Factors that 
may affect the air leakage characteristics of these joints depend on the manner 
of application and the temperature at which they are applied. The joints may be 
made tighter by pressing down on succeeding lifts during nailing. Or, they may 
be nailed to the framing without any downward pressure being applied. If the 
application is made during cold weather when the material has shrunk, the joints 
will become tighter when the material expands to relatively high levels behind 
siding in the summer time. Alternatively, if the material is applied during warm 
weather, the joints will become much leakier when the exterior temperature 
declines to winter conditions. The walls in this study were built and tested at 
room temperature.

5.0 TEST PROCEDURES

Each wall was tested by clamping it to the air tightness testing chamber. The 
wall was clamped against the chamber using pressurized reaction frame designed 
for this purpose.

Having the wall properly positioned, an air leakage calibration test was then 
performed with all joints taped. Flow was measured at pressures ranging from 10 
to 250 Pa. The calibration leakage test included the leakage through nail holes 
at locations other than the joints in the sheathing and leakage from around the 
seal of the wall with the chamber, and through other incidental air paths.

The tape was removed from one joint at a time, and the air pressure test was 
repeated. The calibration flow must be subtracted from the measured flow to 
obtain the flow through the joint in question. When the testing of a joint was 
completed, it was then retaped and another joint tested. After testing of all 
the joints was completed, another air leakage calibration test was performed to 
correct possible changes in the conditions from the beginning to the end of 
testing, particularly if some other unknown leakage paths developed.

Each test was performed in an exfiltration mode (ie. positive pressure) and in 
an infiltration mode (ie. negative pressure).

Flow was measured at pressures ranging from 1 and 260 Pascals. The extruded
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polystyrene horizontal joints were tested one at a time throughout their full 
length. The vertical joints were all tested together.

In the case of the glass fibre insulating sheathing, only one meter of joint was 
uncovered during measurement of vertical joint flow because of its high air 
leakage. The vertical joint was tested at two different nail spacings which are 
shown in Figures 2 and 3.

The tests were monitored by a data acquisition system. For each set of readings, 
the median of 5 frames was calculated. Each frame included 301 samples for both 
pressure and flow.

6.0 DATA ANALYSIS

The mode of air flow may be either laminar, turbulent or a combination of both. 
The criterion for the breakdown of laminar motion and the transition to turbulent 
motion is a dimensionless quantity known as the Reynolds number. The mode of air 
flow through building materials may change from laminar to turbulent flow at 
several locations within it.

Taking into consideration laminar and turbulent flow effects, the air flow data 
was fitted to the two models. One of the models is the general power model whose 
mathematical representation is the following :

0  = C Pn

where, Q is the flow in Litre per second per meter of joint, C and n are 
constants depending on the air path through the joint, P is the pressure 
difference in Pascals.

The value of the exponent "n" varies between 0.5 and 1. it depends on the 
proportion of laminar to turbulent flow. When "n" is equal to 0.5, it implies 
that the flow is fully turbulent; and when n equals 1, the flow is fully laminar.

The second model is the turbulent/laminar model which is represented by the 
following expression:
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0  =  A l  P°-5 +  A 2 P

where, Q is the flow in Litre per second per meter of joint, A1 and A2 are 
constants depending on the air path through the joint, P is the pressure 
difference in Pascals.

The value of "n" obtained from the air leakage calibration data is the one used 
in the calculation of the equivalent leakage area.

The equivalent leakage area, is defined as the area of a single sharp-edged 
orifice which would yield the same rate of air flow as the combined leakage 
openings in the permeable material under investigation, when both are subjected 
to a static pressure differential of 10 Pa. This value is provided in the tables 
summarizing the results of air leakage testing.

The equivalent leakage area, which is noted as ELA, is calculated 
using the following equation:

E L A  = 0.001157 J p z CT lO”-0-5

where, ELA is the equivalent leakage area (cm2), p is the air density at 
reference conditions of T = 20 C° and P = 101.325 kPa, [the density of air (p) 
is equal to 1.204097 kg/m3], C and n are as defined earlier.

7.0 RESULTS

7.1 EXTRUDED POLYSTYRENE SHEATHING

The air leakage calibration for the wall having polystyrene sheathing varied 
between 0.59 to 0.87 L/s/m at a pressure differential of 250 Pa. The exposed area 
for this test was approximately equal to 5.85 m2. The plot of the results for the 
negative and positive, pressure calibration test results is shown in Figure 4. 
The air leakage was greater at the beginning of the experiment than at its end. 
This is probably due to better sealing of joints at the end of the experiment.

A definite difference is observed between the infiltration flow and the 
exfiltration flow curves.
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Examining Figures 5 and 6, it is observed that the vertical butt joints were the 
least permeable. Joint 4 was the least leaky of the horizontal joints, this is 
explained by the fact that it was built tighter than the others. At a pressure 
difference of 250 Pa, the air leakage through the horizontal joints ranges from 
1.26 to 2.82 L/s/m (or from 3.65 to 8.18 L/s) and from 0.71 to 2.38 L/s/m (or 
from 2.06 to 6.90 L/s) in exfiltration and infiltration mode respectively.

For the vertical joints, the air leakage was equal to 0.29 L/s/m (or 0.59 L/s) 
and 0.22 L/s/m (or 0.45 L/s) at a positive and negative pressure of 250 Pa 
respectively. The total air leakage through all the joints if they were all 
uncovered at once would be roughly equal to 25 L/s and to 22 L/s at positive and 
negative pressure respectively. The air leakage through the polystyrene 
sheathing itself was negligible in comparison to air leakage through the joints.

By examining Table 2, one observes that horizontal joint 4 had the smallest ELA 
value of all horizontal joints at a positive and negative pressure of 10 Pa. At 
a positive pressure of 10 Pa, horizontal joint 2 had the highest ELA value, and 
horizontal joint 1 had the highest ELA value at a negative pressure of 10 Pa.

7.2 GLASS FIBRE BOARD SHEATHING

In contrast to the polystyrene sheathing, the semi-rigid glass fibre sheathing 
was highly permeable to air. The total calibration air flow varied between 4.91 
and 5.94 L/s at 250 Pa, for an exposed area of approximately 6.11 m2. All 
calibration tests are shown plotted in Figure 7.

The flow through the vertical joint for the nail spacing shown in Figure 2 was 
equal to 44.48 L/s/m (or 101.41 L/s) and 7.35 L/s/m (or 16.76 L/s) at a positive 
and negative pressure of 250 Pa respectively. For the nail spacing shown in 
Figure 3 along the vertical joint, the flow through the vertical joint is 
calculated to be 10.00 L/s/m (or 22.80 L/s) and 6.84 L/s/m (or 15.60 L/s) at a 
pressure of 250 Pa for exfiltration and infiltration flow respectively. A 
definite reduction in air flow through the vertical joint occurred with a 
reduction in the nail spacing along this joint, especially in the exfiltration 
mode. Flow through the horizontal joint was 5.69 L/s/m (or 15.36 L/s) and 7.75 
L/s/m (or 20.92 L/s) at a positive and negative pressure of 250 Pa respectively.
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8.0 CONCLUSIONS

The above air leakage experiments have shown that the polystyrene sheathing is 
relatively impermeable to air in contrast to the fibre glass material which was 
proven highly permeable.

The air movement through joints has two effects: heat loss and, potentially, 
moisture buildup due to condensation where the air is cooled below the dew point. 
For energy conservation purposes, joints should be built tight or even sealed. 
On the other hand, joints should be left open to allow construction moisture to 
flow out if the sheathing has a low vapour permeance. Hence, the joints of the 
polystyrene sheathing are left uncovered for construction purposes, because of 
the low permeance of the polystyrene material.
In the case of the glass fibre sheathing material, flow through the material is 
considerable in comparison to flow through the joints. For construction purposes, 
the joints must be sealed to decrease the air leakage. Moisture can still flow 
out because of the high vapour permeance of the facing on the glass fibre 
sheathing.

The air tightness of the joints and of the sheathing material was revealed to be 
different in exfiltration than in infiltration mode, this is due to variance in 
the sheathing properties and in the tightness of the joints between the outside 
and the inside of the wall system.

9.0 RECOMMENDATIONS

More samples of these two type of sheathing would have to be tested before 
drawing any conclusions on typical performance of walls built in the field. 
Different sheathing thicknesses, nail spacings, joint tightness and should also 
be considered.

In the subsequent studies, a parallel examination of heat loss importance and 
moisture buildup (by computer modeling) should be made. The intent of this study 
is to find some order-of-magnitude results only.
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TABLE I : AIR LEAKAGE CALIBRATION RESULTS OF THE EXTRUDED POLYSTYRENE MATERIAL
(BEFORE AND AFTER JOINT TESTING)

TEST
TYPE FLOW

DIRECTION
ELA 

CIO PA
(cm*7/m)

GENERAL POWER MODEL TURBULENT/LAMINAR MODEL 
INTER-
-CEPT A1 A2 r m s e  r -
(IO*-2) (10--2) (L/S/M) SQUARE

c n RMvSE R-«quare

CALIBRATION
(BEFORE)

IN 0.2932 O.OI27 0.7584 0.0396 0.9871 -12.5438 5.7301 -0.0019 0.0142 0.9972

CALIBRATION
(AFTER)

IN 0.2301 0.0096 0.7751 0.0176 0.9966 -7.1348 3.4234 0.0805 0.0058 0.9992

CALIBRATION
(BEFORE)

OUT 0.2714 0.0114 0.7743 0.0216 0.9966 2.4580 0.7420 0.2877 0.0173 0.9963

CALIBRATION
(AFTER)

ou r 0.2648 0.0136 0.6867 0.0190 0.9953 -2.7415 2.7012 0.0789 0.0074 0.9983

TABLE 2: RESULTS OF THE JOINT TESTS OF THE EXTRUDED POLYSTYRENE MATERIAL

JOINT
NO

JOINT
LENGTH

(m)

FLOW
DIRECTION

GENER/ 

C  N

*L POWER MODEL

RMSE R- 
SQUARE

ELA 
019  PA

(cm ^m )

TURBULENT LAMINAR MODEL 
Al A2 RMSE

<H*-D (l»*-2) (L/S/M)

R-
SQUARE

(TLM)

Horiz.l 2.884 IN 0.0472 0.7158 0.0243 0.9928 0.9855 9.3003 0.3617 0.0457 0.9993

Horiz.l 2.884 OUT 0.0850 0.5643 0.0124 0.9968 1.2519 10.9243 0.0606 0.0226 0.9998

Horiz.2 2.893 IN 0.0370 0.7476 0.0497 0.9784 0.8310 9.3677 0.2549 0.0711 0.9978

Horiz.2 2.893 OUT 0.0935 0.5758 0.0088 0.9986 1.4138 12.1075 0.1209 0.0223 0.9998

Horn.3 2.904 IN 0.0403 0.7238 0.0433 0.9807 0.8568 9.2342 0.2358 0.0749 0.9974

Horiz.3 2.904 OUT 0.0399 0.7699 0.0048 0.9997 0.9437 6.6848 0.7036 0.0207 0.9999

Horiz.4 2.912 IN 0.0072 0.8464 0.0343 0.9914 0.2021 2.1169 0.1540 0.0209 0.9983

Horiz.4 2.912 OUT 0.0110 0.8498 0.0228 0.9957 0.3138 0.8225 0.4530 0.0126 0.9998

Vertical 2.040 IN 0.0013 0.9400 0.0206 0.9973 0.0456 0.3165 0.0698 0.0053 0.9988

Vertical 2.040 OUT 0.0034 0.7941 0.0327 0.9891 0.0845 0.2033 0.1043 0.0103 0.9971
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TABLE 3: AIR LEAKAGE CALIBRATION RESULTS OF THE GLASS FIBER BOARD
(BEFORE AND AFTER JOINT TESTING)

TEST
TYPE

FLOW
DIRECTION

ELA
O10PA

(cm*2/m)

GENER

C

AL POWER MODEL

N RMSE R- 
SQUARE

TURBULENT/LAMINAR MODEL

INTERCEPT AI A2 RMSE R- 
(I»*-2) (l«‘-2) (l#*-2) (L/S/M) SQUARE

calibration
(before)

IN 0.5106 0.0078 1.2133 0.1716 0.9416 -34.7654 15.0898 1.1486 0.0191 0.9999

calibration
(after)

IN 0.6606 0.0126 1.1153 0.1061 0.9676 -33.4712 14.9406 1.1778 0.0288 0.9997

calibration
(before)

ou r 1.8419 0.0865 0.7245 0.0259 0.9956 -14.6354 15.0122 1.0735 0.0395 0.9993

calibration
(after)

OUT 1.9407 0.0924 0.7186 0.0244 0.9957 -9.92950 13.6452 1.2235 0.0365 0.9995

NB: The reauha correspond* to the nail spacing shown in Figure 2.

<

TABLE 4: FLOW THROUGH THE VERTICAL JOINT OF THE GLASS FIBER BOARD SHEATHING

JOINT
TYPE

FLOW
DIRECTION

ELA 
O lf  PA
(cm*2/m)

GEN1

C

ERAL POWER MODEL

N RMSE R-SQUARE

TURBULENT/LAMINAR MODEL 
AI A2 RMSE R- 

(l» ‘-2) (l»*-2) (L/S/M) SQUARE

vertical in 2.5722 0.1117 0.7588 0.0058 0.9992 20.0855 1.6709 0.0846 0.9998

vertical out 3.2391 0.0391 1.3151 0.0123 0.9980 -53.3372 21.1635 0.1907 0.9991

NB: These results corresponds to the mil spacing in Figure 2.
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TABLES: AIR LEAKAGE CALIBRATION RESULTS OF THE GLASS FIBRE BOARD SHEATHING

TEST TYPE FLOW
DIRECTION

ELA 
©10 PA

(cm'2/m^

GENERAL POWER MODEL 

C N RMSE R-8QUARE

TURBULENT/LAMINAR MODEL
INTERCEPT Al A2 RMSE R- 

<l»‘-2) (l»*-2) (L/S/M) SQUARE

calibration in 1.5817 0.0583 0.8296 0.0172 0.9984 -28.4241 16.6117 1.2999 0.0259 0.9999

calibration out 2.3208 0.1133 0.7078 0.0167 0.9968 3.9728 13.6906 1.4931 0.0353 0.9996

NB: These results corresponds to the mil spacing shown in Figure 3.

TABLE 6: RESULTS OF THE JOINT TESTS OF THE GLASS FIBRE BOARD

JOINT
TYPE

JOINT
Length

(m)

FLOW
DIRECTION

ELA
©10PA

(cm*2/m)

GENERAL POWER MODEL 
C N RMSE R-SQUARE

TURBULENT LAMINAR MODEL

Al A2 RMSE 
(l» ‘-2) (10**2) (L/S/M)

R-
SQUARE

Horizontal 2.672 in 1.3570 0.0355 0.9791 0.0117 0.9988 2.5569 2.9368 0.0258 0.9999

Horizontal 2.672 out 1.9332 0.0867 0.7445 0.0066 0.9994 11.2160 1.5651 0.0195 0.9999

Hot. + Vert. Vert. 3.672 in 1.3312 0.0356 0.9693 0.0150 0.9986 2.8124 2.7580 0.0360 0.9998

Hor. + Vert. Vert. 3.672 out 1.9140 0.0787 0.7822 0.0047 0.9997 9.1473 2.0359 0.0128 1.0000

Vertical 1.000 in 1.5304 0.0461 0.9178 0.0469 0.9901 11.8638 1.9850 0.1765 0.9983

Vertical 1.000 out 2.2918 0.0764 0.8734 0.0179 0.9981 6.9708 3.5619 0.0281 1.0000

NB: These results corresponds to the mil spacing of Figure 3.



All dimensions are in mm

Figure 1 Extruded polystyrene wall dimensions 
and joint details nail spacing
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All dimensions are in mm

Figure 2 Glass fibre board wall dimensions, nail spacing and 
]oint details y
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NB: The nail spacing along the vertical joint is different from the one in Figure 2.

Figure 3 Glass fibre board wall dimensions, nail spacing and 
joint details
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CPI

CN1

CN2

CP2

Pressure (Pa)

N o t e s  : CN1 = i n i t i a l  n e g a t i v e  p r e s s u r e  t e s t  
CN2 = final n e g a t i v e  p r e s s u r e  t e s t  
CPI = i n i t i a l  n e g a t i v e  p r e s s u r e  t e s t  
CP2 = final n e g a t i v e  p r e s s u r e  t e s t

F i g u r e  4: C a l i b r a t i o n  ai r  l e a k a g e  t e s t  for t h e  w a l l  w i t h
e x t r u d e d  p o l y s t r y r e n e  sheathing. ( T u r b u l e n t / L a m i n a r  
m o d e l  fit)
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PRESSURE (PA)

N o t e s  : PI = J o i n t  1 
P2 = J o i n t  2 
P3 = J o i n t  3 
P4 = J o i n t  4
P V  = A l l  v e r t i c a l  j o i n t s  t o g e t h e r

F i g u r e  5: P o s i t v e  p r e s s u r e  t e s t  on e a c h  j o i n t  for t h e  wal l
w i t h  e x t r u d e n d  p o l y s t y r e n e  s h e a t h i n g .  
( T u r b u l e n t / L a m i n a r  m o d e l  fit)
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PRESSURE (PA)

Notes: N1 = J o i n t  1
N2 = J o i n t  2 
N3 = J o i n t  3 
N4 = J o i n t  4
N V  = all v e r t i c a l  j o i n t s  t e s t e d  t o g e t h e r

F i g u r e  6: N e g a t i v e  p r e s s u r e  t e s t s  for j o i n t s  in w a l l  w ith
e x t r u d e n t  p o l y s t y r e n e  sheat h i n g .  ( T u r b u l e n t / L a m i n a r  
m o d e l  f i t ) .
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Notes: NI = i n i t i a l  n e g a t i v e  p r e s s u r e  c a l i b r a t i o n
N2 = s e c o n d  n e g a t i v e  p r e s s u r e  c a l i b r a t i o n  
N3 = final n e g a t i v e  p r e s s u r e  c a l i b r a t i o n  
PI =  i n i t i a l  p o s i t i v e  p r e s s u r e  c a l i b r a t i o n  
P2 = s e c o n d  p o s i t i v e  p r e s s u r e  c a l i b r a t i o n  
P3 = final p o s i t i t v e  p r e s s u r e  c a l i b r a t i o n

I n i t i a l  a n d  s e c o n d  c a l i b r a t i o n s  w e r e  d o n e  w i t h  nail 
s p a c i n g  s h o w n  in F i g u r e  2: Th e  f inal c a l i b r a t i o n
w a s  d o n e  w i t h  nai l  s p a c i n g s  s h o w n  in F i g u r e  3.

Fi g u r e  7: C a l i b r a t i o n  t e s t s  for t h e  w a l l  w i t h  s e m i - r i g i d
g l a s s  f i b r e  sheathing. ( T u r b u l e n t / L a m i n a r  model 
fit)
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F i g u r e  8: P o s i t i v e  p r e s s u r e  t e s t s  of w a l l  w i t h  s e m i - r i g i d
g l a s s  f i b r e  s h e a t h i n g  w i t h  n a i l  s p a c i n g  as s h o w n  in 
F i g u r e  3. ( T u r b u l e n t / L a m i n a r  m o d e l  fit)
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F i g u r e  9: N e g a t i v e  p r e s s u r e  t e s t s  of w a l l  w i t h  s e m i - r i g i d
g l a s s  f i b r e  s h e a t h i n g  w i t h  n a i l  s p a c i n g  as s h o w n  in 
F i g u r e  3. ( T u r b u l e n t / L a m i n a r  m o d e l  fit)
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VI
V2

VI = v e r t i c a l  j o i n t  t e s t  (nail s p a c i n g  in F i f u r e  2) 
V2 = v e r t i c a l  j o i n t  t e s t  (nail s p a c i n g  in F i g u r e  3)

F i g u r e  10: J o i n t  f l o w  t h r o u g h  v e r t i c a l  j o i n t  u n d e r  n e g a t i v e
p r e s s u r e  in w a l l  w i t h  s e m i - r i g i d  g l a s s  fibre 
s h e a t h i n g  an d  w i t h  tw o  d i f f e r e n t  n a i l  s p a c i n g  along 
t h e  t e s t  section. ( T u r b u l e n t / L a m i n a r  m o d e l  fit)
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V2

Notes: VI = v e r t i c a l  j o i n t  t e s t  (nail s p a c i n g  in F i g u r e  2)
V2 = v e r t i c a l  j o i n t  t e s t  (nail s p a c i n g  in F i g u r e  3)

F i g u r e  11: J o i n t  f l o w  t h r o u g h  v e r t i c a l  j oint u n d e r  p o s i t i v e
p r e s s u r e  in w a l l  w i t h  s e m i - r i g i d  g l a s s  f ibre 
s h e a t h i n g  and w i t h  t w o  d i f f e r e n t  n a i l  s p a c i n g  a l o n g  
t h e  t e s t  section. ( T u r b u l e n t / L a m i n a r  m o d e l  fit)
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