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INTRODUCTION, SCOPE AND SEQUENCE

Two important differences between strawbale construction and standard frame construction are: 1) lack of a vapor barrier on the interior 2) lack of exterior sheathing, with parging generally being applied directly to the strawbale wall. Because of these significant differences, concerns have been expressed regarding the possibility of moisture build-up within strawbale walls. High and sustained levels of moisture could have negative affects in at least three areas.  Firstly, prolonged wetness could cause structural damage.  Secondly, mold growth associated with cellulose based materials can cause serious health problems.  Thirdly, high levels of moisture reduce the insulative value of straw.  

In response to these concerns, Canadian Mortgage and Housing Corporation sponsored a homeowners' moisture monitoring initiative in Alberta.  Initially, four houses had sets of five mid-bale relative humidity monitors installed in locations that were most likely to be problematic.  These installations occurred between July and October of 1997.

As the study progressed, it became evident to the author that acceptable mid-bale readings could occur, while readings at the exterior stucco/bale interface could be significantly higher.  In response to this finding, owners of one house agreed to have sets of three meters installed at exterior, mid and interior bale depths.  Three other homeowners agreed to have more monitors installed at the exterior bale depth only. Installation of, and data collection from exterior monitors began in February  '98 in one house, and late April '98 in the other two houses.  

In December 1999, CMHC provided further funding which allowed for a total of eight Alberta strawbale structures to have exterior moisture monitors installed.  One house on the West Coast was also included in this study.   By the end of the study, a total of 70 moisture monitoring devices had been installed in nine strawbale structures. The general locations of these structures were: 1) two houses in west central Alberta 2) two houses in central Alberta 3) two houses in east central Alberta 4) two houses in southwest Alberta 5) one house on the west coast of Washington state. 

Specific statistical analysis was not applied to the data.  With the exception of house #3, all data collected by homeowners was included in the report.  In reference to house #3, lengthy periods of similar RH readings were observed.  To reduce data entry time, representative readings were chosen.  When multiple diurnal readings were recorded, the highest diurnal mid-bale reading was used for graphing purposes.

HARDWARE

In general, the CMHC plans for the modified digital hygrometer and the wood chip moisture content monitor were used.  These plans are available from: 

     Canadian Housing Information Centre

     Canada Mortgage and Housing Corporation

     700 Montreal Road

     Ottawa, Ontario

     K1A 0P7

     Tel: 613-748-2367

     Fax: 613-748-4069

These plans are also available on the net at: http://mhanet.org/msb/html/papersn/strwmoist/strwmoist.htm. 

Since a majority of the houses where meters were installed were already stuccoed, the CMHC plans were slightly modified to allow for a less intrusive installation.  For the remote sensor tubing, a product called Kitec was used.  It is primarily used for radiant floor lines.  Tubing with ½” inside diameter was used, along with a male coupling.  This made it possible to drill a smaller ¾” hole in the stucco, and a ½” bore hole in the straw.  Another advantage to Kitec is that it contains a layer of pliable aluminum.  This means that if the bore hole is not perfectly plumb and square to the wall, the meter can be inserted into the wall and then the tubing may be bent to allow for a more cosmetically acceptable installation.

If homeowners wish to put in monitors, the most cost-effective system is the wood chip monitor system. The wood-chip monitors tended to provide much more stable readings as compared to the digital hygrometers.  Timbercheck Wood moisture content meters can be obtained from Lee Valley Tools.  It is still necessary for the homeowner to fabricate the remote sensors.

The one drawback to the Timbercheck wood moisture meter is that it is “hardwired” to specific graduations.  These graduations are <6%,  7%, 8%, 9%, 10%, 11%, 12%-14%, 14%-17% and 18%-22%.  

Observations during this study showed that borderline or unacceptable conditions occurred in the 14%-17% zone (unadjusted).  Determining exactly where conditions became unacceptable within this zone was not possible due to the 3% graduation.  

RH / MOISTURE CONTENT COMPARISONS

Mold growth can occur at temperatures as low as –5C, and at humidities as low as 62%
.  Generally, though, the optimum temperature for mold growth ranges from +20C to +28C, and at relative humidity (RH) levels of 95% and above.  
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For the purpose of monitoring moisture levels, both relative humidity (RH) and moisture content monitors were used during this study.  The relation between relative humidity (RH) and the moisture content of straw is given by a sorption isotherm (graph).



In the field, moisture contents were consistently lower than what would be predicted by the recorded RH levels.  Depending on the monitor location, diurnal variances in RH could be extreme. Even after moisture content values had been adjusted for temperature, and for the type of wood used in the sensor, moisture content consistently fell slightly below what would be predicted by the sorption graph.  The difference between the predicted values and the measured values was generally 1%-2% less in measured moisture content.   When diurnal variances in RH were observed, moisture contents always coincided most closely with minimum daily RH values.

STRAW SAMPLES

During installation of moisture monitors, the condition of the straw was always checked.  Holes in the straw were drilled using a wood spade bit.  The bit would be removed and any straw wound around the bit would be examined.  Since an actual core sample was not taken, this type of sampling may not have been entirely accurate.  Regardless, the condition of the straw removed from the bore holes was always examined.

CASE STUDY

HOUSE #1

MONITOR INTALLATIONS

A total of 10 monitors were installed in this house.  Six monitors were installed at the mid-bale depth, and four at the exterior bale depth.  Eight monitors measured RH, while two measured moisture content.

CONSTRUCTION DETAILS

Date Built– 1992 

Structure – 2 story hybrid.  Exterior walls load bearing.  Second floor and midpoints of 1st floor rafters supported by posts, and rammed earth wall.

Foundation – 1.25-meter deep concrete footing under bales, with a slab.  First course of bales range between 3 and 10 cm above grade.

Weatherproofing – First story protected by 2-meter verandah on south and west sides.  No appreciable overhang on first floor east or north sides.  No overhang on second floor.  Cement-based stucco on interior and exterior.  No further vapor / moisture barriers on exterior or interior.  First course of bales damp-proofed by poly and Styrofoam.

Heating / Ventilation – Radiant floor and woodstove.  Exhaust fans absent in kitchen and bathrooms. No HRV system.

CLIMATE
Average yearly temperature - +2.3C

Average yearly precipitation – 373.6mm

SITE DESCRIPTION

Prairie location, fully exposed to weather. Houses in case studies #1 and #2 are less than 3 km apart.

MONITOR #1/MID/RH  PLACEMENT – Mid-bale, north wall, no overhang, first floor, 20 cm off slab, 30 cm off grade, bedroom.  Exterior exposure unprotected from precipitation.  Snow accumulation on exterior often higher than monitor placement.

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature


July '97  +18C
79%
February  +2C
40%
March  +8C  
47%

August  +16C
75%
March  +8C
45%
April  +11C
22%

September  +12C
61%
April  +11C
53%
June +17C
86%

October  +12C
53%
June  +18C
65%
August +17 C
73%

November +5C
40%
July +24C 
55%
September +16C
67%

December  +1C
41%
December  +5C
39%
November +10C
47%

January '98 +2C
35%
January '99 +1C
37%
January  '00 +1C
39%
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INTERPRETATION

This spot was picked for monitor placement because of the extreme exposure and minimal solar loading.

RH readings for July and August '97 were high.  Straw taken from the bore hole showed no signs of obvious decomposition or mold.  Note: when this monitor was removed in June '98, there continued to be a no obvious signs of decomposition.

When RH readings from July '97 and June '98 are compared, a significant mid-bale drying trend is evident.  From June  '97 to October '98, weather conditions had been extremely dry.   This probably contributed to the mid-bale drying trend. 

Although spring '99 readings were the lowest recorded to date, further wetting of the exterior stucco caused a peak in mid-bale readings in June '99.  This was the highest reading to date and occurred after the occupant had taken steps to prevent capillary action due to below grade stucco.

EXTERIOR MONITOR #1EXT/RH

Due to the high mid-bale RH readings, an exterior monitor was installed in April '98.  Prior to installing the exterior monitor, the north wall was inspected.  There were a number of hairline cracks in the stucco.  Along some of these cracks, dark discoloration was occurring.  It was also noted that although precipitation had been minimal, there were wet spots on the stucco where the grade met the stucco.

Straw that was taken from the end of the bore hole (near the exterior stucco / straw junction) was dark and wet to the touch, showing obvious signs of decomposition.   It seemed likely that the staining along cracks in the exterior stucco was due to the decomposition of the wet straw.  

In the summer of '98, shortly after determining that this wall was experiencing generalized problems, the occupant began drilling holes in the exterior stucco in an attempt to encourage drying.  The occupant also excavated a trench next to the foundation below the level of the stucco.  This trench was then filled with gravel.  In the summer of '99, the occupant built an overhang over the north wall, again in an attempt to rectify the problem.  Just prior to the construction of this overhang, the wall again experienced significant exterior wetting.

 COMPARATIVE READINGS OF MID-BALE MONITOR#1MID/RH AND EXTERIOR MONITOR #1EXT/RH 
DATE
       MID-BALE

       TEMP. / RH
  EXTERIOR BALE

      TEMP. / RH

April  '98
+11C
53%
+10C
98%

June 
+18C
65%
+17C
98%

July
+14C
75%
+20
98%

March '99
+8C
46%
+5C
58%

April
+11C
22%
+12C
73%

June
+17C
86%
+17C
98%

August
+17C
83%
+17C
98%

September
+16C
67%
+15C
98%

November
+6C
47%
+3C
48%

January '00
+1C
39%
+1C
40%
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INTERPRETATION

A significant number of readings at this location are unacceptable. High readings were expected, given the observable and generalized signs of degradation.

It is clear that although mid-bale readings are in the acceptable to borderline range during the summer months, corresponding exterior bale RH readings are unacceptable.  This also means that moisture readings are highest when bale temperature is most conducive for mold growth.  

The most likely conditions causing straw decomposition in this wall are: 1) lack of overhang to protect wall from precipitation 2) stucco extending below grade without a capillary break between above and below grade stucco.  During periods of rain, precipitation hits the stucco.  Some moisture is transferred through the stucco by vapor diffusion.  Through capillary action, some of the liquid is absorbed by the stucco. Depending upon the volume of precipitation hitting the exterior stucco, moisture may eventually saturate the stucco and move directly into the straw.  Much of the precipitation runs down the exterior stucco and soaks the ground next to the building.  Because the stucco actually goes below grade, it continues to wick moisture up from the ground after the rain has stopped.  

It should be noted that high mid-bale readings were evident again during summer'99.  This was approximately one year after the occupant had attempted to reduce the capillary action of the stucco by excavating a trench next to the foundation and filling it with gravel.

MONITOR #2MID/RH PLACEMENT – Mid-bale, north facing wall, no overhang, second floor, 2.2 meters above 2nd floor.  Evidence of leak from winter snowmelt (interior plaster staining) during past 2 springs.

MONITOR #2 MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature


July '97  +17C
63%
February +12C
27%
March  +10C
41%

August +19C
45%
March +14C
44%
April  +20C
32%

September  +15C
37%
April +17C
33%
June  +20C
57%

October +17C
33%
June +23C
38%
August  +21C
79%

November +13C
30%
July +24C
65%
September  +21C
53%

December +14C
29%
December  +10C
34%
November  +14C
34%
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INTERPRETATION

Seasonal RH trends are again obvious, with the exception of April '98.  

MONITOR #4/MID/RH PLACEMENT – Mid-bale, first floor, north wall, 15cm from floor, 30cm above grade, no overhang, unvented bathroom.  Snow accumulation on exterior often higher than monitor placement. Minimal to moderate seasonal wetting of wall due to rain.

 MONITOR #4MID/RH READINGS
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July '97+17c
86%
February +14C
37%
March +10C
41%

August  +14c
82%
March +18C
29%
April +20C
32%

September +12C
68%
April +14C
46%
June +14C
85%

October +5C
57%
June +14C
65%
August +14C
97%

November +2C
40%
July +14C
75%
September +14C
88%

December 0C
39%
December +17C
36%
November +14C
61%
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INTERPRETATION

It seems likely that the temperature memory function was activated during the period from June '99 to January '00.  Activation of this function would not affect the RH readings though.  The critical summer readings would generally correspond to a temperature range from +17 to +22C.  

Given that this monitor is similar in terms of placement to monitor #1 (no overhang, north side), and given the similarity in RH readings, it was considered likely that this location would have unacceptable exterior bale readings.  Further support for this conclusion can be drawn from the generalized staining (as mentioned previously) on the north wall.  Straw at the mid-bale zone showed no obvious signs of degradation during monitor installation.   Due to the suspect conditions, an exterior moisture content monitor was installed in winter '99.  

MONITOR #4/
EXT/MC PLACEMENT – Exterior bale, first floor, north wall, 15cm from floor, 30cm above grade, 20 cm east of #4 mid bale RH monitor. Exterior wall has no overhang and bathroom is not vented.  Snow accumulation on exterior often higher than monitor placement. Minimal to moderate seasonal wetting of wall due to rain.

COMPARATIVE READINGS OF MID-BALE MONITOR#4 MID/RH AND EXTERIOR MONITOR #4 EXT/MC

Month/

Temperature
Ext. 

M.C.
Mid 

RH

March '99
8%
41%

April 
8%
32%

June 
14%
85%

August 
14%
97%

September 
14%
88%

November 
10%
61%
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INTERPRETATION

Unfortunately, an exterior bale RH meter was not put in this location. Therefore a direct RH/moisture content comparison is not possible.  If past trends can be extrapolated on, the exterior RH should be at least as great as the mid-bale readings, if not significantly greater.  This then brings up the question as to why there is not a greater correspondence between RH, moisture content and established sorption isotherms for straw? One source of error is due to the type of moisture content meter in use.  The Timbercheck Wood moisture meter is “hardwired” to specific moisture zones.  The meter uses 1% graduations from 6-12%, a 2% graduation from 12-14% and a 3% graduation from 14%-17%.  It is possible that during the high RH readings, moisture content may have been at the higher limit of the 14%-17% zone.  Even so, 17% moisture content corresponds to a sustained straw RH between 70%-75%.  The occupant did not report significant diurnal fluctuations; therefore RH values from July through August remained between 85% to 97%.  The important point is that when the Timbercheck meter is used for moisture content monitoring, 14%-17% moisture content is reflective of a borderline or possibly unacceptable situation.  

MONITOR #5 MID/RH PLACEMENT – Mid-bale, first floor, south facing wall, living room, 2.2 meters above floor.  Area protected by 1.5 meter porch.  Past evidence of leak from 2nd floor deck.
MONITOR #5 MID-BALE READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July  '97+19C
60%
February +3C
36%
March +6C
58%

August +18C
43%
March +16C
46%
April +17C
36%

September +15C
38%
April +14C
36%
June +19C
47%

October +14C
37%
June +20C
33%
August +20C
48%

November +7C
37%
July +22C
45%
September +21C
48%

December +9C
36%
December +5C
34%
November +11C
36%

January  '98+1C
33%
January  '99+1C
36%
January  '00 +3C
36%
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INTERPRETATION

Established seasonal trends are obvious.  No further evidence of a leak.

MONITOR #6 MID/RH PLACEMENT – Mid-bale, first floor, west facing wall, partially protected by an east facing wall, 20cm overhang.  The room is a pantry where the temperature is maintained at +5C - +10C during the winter months.

MONITOR #6 MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July  '97+19C
44%
February +5C
39%
March +6C
58%

August +18C
52%
March +6C
46%
April +12C
49%

September +11C
43%
April +9C
46%
June +17C
57%

October +12C
46%
June +18C
48%
August +18C
68%

November +6C
41%
July +20
61%
September +15C
57%

December +6C
38%
December +5C
37%
November +7C
46%

January  '98+2C
39%
January '99 +1C
33%
January '00 +3C
36%
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MONITOR #7EXT/RH PLACEMENT – Exterior bale, north wall, first floor, unheated garage.  This location was chosen because the exterior stucco was again showing signs of staining along cracks.  The lack of interior winter heat also slows the drying process.

RESULTS AND INTERPRETATION
Only two months' readings were initially available: April '98, +11C at 98%, June '98,at +18C at 98%.  This monitor then stopped working.  In February '99, the monitor was replaced and within several days had gone back up to 98%.  

When the remote sensor was examined on the old monitor, significant amounts of corrosion were found on and around temperature and RH sensors.  This was likely the reason the monitor stopped functioning, and may bring into question the use of the Radio Shack hygrometer in sustained high humidity situations.  

Regardless, these readings confirm problems on the north wall.   Although, when straw was removed from this bore hole in summer '97, no obvious signs of decomposition were evident.

MONITOR #8 EXT/MC PLACEMENT – Moisture content monitor, first floor, west wall, 10 cm above slab, 15cm above grade. Wall entirely protected by 1.5m verandah.

MONITOR #8 EXT/RH READINGS                              COMPARARISON BETWEEN NORTH WALL          
                                                                                                   M.C AND WEST WALL M.C.                              
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INTERPRETATION

The above graph compares the west wall exterior moisture content monitor #8 to the north wall exterior moisture content monitor #4.  This illustrates the differences between a protected and unprotected exposure on the same house.  Solar gain has minimal effect on the west exposure, due to the large verandah.

CASE STUDY

HOUSE #2

MONITOR INSTALLATIONS

A total of 9 monitors were installed.  Five mid-bale RH monitors were installed in summer '97.  Two exterior bale RH monitors were installed in spring '98.  Two exterior bale moisture content monitors were installed in the spring of '99.  Unfortunately, after the summer '98, results were recorded with sporadic frequency.   Results after summer '98 are not included in this section, but will be referred to anecdotally in the Summary section.

CONSTRUCTION DETAILS

Date Built – 1995

Structure – 2 story modified post and beam

Foundation – Preserved wood extending 1 meter above grade on all sides.  All bales are therefore a minimum of 1 meter above grade.

Weatherproofing – First story walls protected by a 1 meter overhang except on north side.  There is a second story overhang of 1 meter protecting the entire building.  House is parged with cement-based stucco inside and out, scratch and finish coats.  There is a Tyvek moisture barrier on the exterior.  The interior is painted with a latex paint.  

Heating / Ventilation – Forced air heating with exhaust fans in one of three bathrooms.  Exhaust fan also in kitchen.

CLIMATE

Average yearly temperature - +2.3 C

Average yearly precipitation – 373.6mm

SITE DESCRIPTION

Prairie location.  Site totally exposed to weather.

MONITOR #1 PLACEMENT – Mid-bale, north facing wall, first floor, 20cm from window opening, 1.2 meters from floor, 2.2 meters from grade.  Leak in spring  '96 due to unfinished roof.

MONITOR #1 MID-BALE READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July '97  +19C
53%
October  +13C
35%
January '98  +9C
27%
April  +16C
34%

August  +19C  
51%
November  +13C
33%
February  +12C
29%
May  NA
NA

September  +17C
48%
December  NA
NA
March  NA
NA
June  +22C
49%
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INTERPRETATION

There are no significant surprises here.  General trends in terms of summer RH increases and winter decreases have been documented previously.   There seems to be a significant amount of winter drying occurring in the mid-bale regions.  The general explanation given for this is that as the outside temperature drops, atmospheric air becomes drier in terms of absolute moisture levels.  Moisture will move from areas of high concentration to low.  Therefore, moisture will move from the interior and mid-bale areas to the exterior. 

EXTERIOR MONITOR #2 INSTALLED

At the end of April, an exterior bale monitor was installed in close proximity to Monitor #1.  Comparative results follow.

 COMPARATIVE READINGS OF MONITOR #1 MID-BALE AND MONITOR #2 EXTERIOR BALE

DATE
       MID-BALE

       TEMP. / RH
  EXTERIOR BALE

       TEMP / RH

April 26
+16 C
34 %
+16 C
76 %

June 26
   NA
  NA
+17 C
58%

June 29
+22 C
49 %
+21 C
95%
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July 29
+20C
57%
+20C
96%

INTERPRETATION 

There was a significant drop in exterior readings from April 26 to June 26.  This was a close-to-same temperature comparison.   Unfortunately, a mid-bale reading was not available for June 26.  But when April 26 and June 29 mid-bale RH readings are compared, it seems that some amount of moisture redistribution (from exterior) is probably occurring.

What is also significant here is the 3-day exterior monitor increase.  This was one of the driest years on record in this area of Alberta.  The occupant of this test house stated that from June '97 to June 26, '98, the area had received only 11.4 cm of precipitation.  On June 26, '98, the area received 2 cm of precipitation.  The precipitation was accompanied by a north wind that caused extensive wetting of the stucco at the location of monitors #1 and #2.  Within a week, the occupant felt that there were some diurnal variances in RH occurring, but only the highest daily levels were recorded.

Since a Tyvek moisture barrier is in place, it can be assumed that the RH increase in the exterior monitor was due to vapor pressure differentials between the  “dry” straw and the wet atmospheric conditions.  Moisture moved through the stucco and then through the Tyvek in vapor form.  It may be hypothesized that if a stucco/straw bond was present, without any further type of moisture barrier (either an exterior hydrophobic coating or a sheet moisture barrier), even more significant wetting of the straw would have occurred.

In June and July, the mid-bale RH increased, probably due to redistribution from the exterior. 

Note the differences between the mid-bale and exterior bale readings.  This demonstrates how mid-bale readings may be acceptable; while at the same time exterior readings may not.

MONITOR #3 PLACEMENT - mid-bale depth, east-facing wall, first floor, 1.9 meters from the floor, 2. 9 meters above grade. Leak in area in spring '96 due to unfinished roof. 

MONITOR#3 MID-BALE READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July  '97 +20C  
62%
October  +13C
36%
January  '98 +9C
27%
April  +17C
34%

August +20C
64%
November  +12C
34%
February  +11C
29%
May  NA
NA

September  +17C  
54%
December  NA
NA
March  NA
NA
June  +21C
45%
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INTERPRETATION

Seasonal RH cycles again appear.  Comparing close-to same-temperature / same season readings, there is a significant drop in RH from July 1997 to June 1998.

MONITOR #4 PLACEMENT – Mid –bale, first floor, south facing wall, between window and front door, 123 cm from floor, 223 cm above grade.  Location entirely protected from external wetting by 1 meter wrap-around porch. Possible area of leak from 2nd floor bathtub in spring '97.

MONITOR #4 MID-BALE READINGS
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July  '97+20C
76%
October  +13C
44%
January  '98+9C
36%
April  +16C
36%

August  +20C
67%
November  +11C
40%
February  +9C
37%
May  NA
NA

[image: image13.wmf]0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

60%

65%

70%

75%

80%

85%

90%

95%

100%

July '97

October

January '98

April

July

October

January '99

April

July 

October

January '00

September  +18C
58%
December  NA
NA
March  NA
NA
June  +21C
58%



INTERPRETATION

The intended placement of this monitor was to be as close to the leak from the second floor as possible.  The occupant stated that there was a puddle on the floor below the eventual location of the monitor.   Seasonal drying / moisture redistribution would again seem significant when July '97 and June '98 RH readings are compared. The July and August '97 readings are in what is presently considered the “grey” area for RH, while the June '98 readings are considered acceptable.

EXTERIOR MONITOR #5 INSTALLED
Given the amount of moisture that was in the area of the wall, and the evidence of significant drying / redistribution, it was agreed that this would be an appropriate site for an external monitor.

COMPARATIVE READINGS OF MONITOR #4 MID-BALE AND MONITOR #5 EXTERIOR BALE

DATE
       MID-BALE

       TEMP. / RH
  EXTERIOR BALE

       TEMP / RH

April 26 '98
+16C
51%
+19C
96%

June 29
+21C
58%
+22C
74%

July 29
+20C
58%
+23C
63%

INTREPRETATION

In April '97, the exterior monitor was reading +19C and 96%.  Presently, this type of reading would be considered serious and conducive to mold growth.  When drilling the bore hole for the exterior monitor, the straw that was removed showed no signs of decomposition.  It was dry to the touch, without unusual smell or discoloration.  There was no obvious evidence of mold growth.  Since the leak occurred one year ago, it may possibly be assumed that this exterior straw had high levels of RH for a significant time.  An alternate explanation could be that winter vapor gradients may have concentrated higher levels of moisture at the exterior for a relatively shorter period of time (but still several months).  It is also possible that the RH at this location was affected by diurnal variances.
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Exterior RH declined dramatically from April to June.  There may be some redistribution to the mid-bale region as indicated by a June mid-bale increase in RH, but same-temperature comparisons were not possible.  Vapor pressure differentials are likely still allowing moisture to diffuse through exterior stucco.  Significant exterior declines are also evident from June to July, with no evidence of mid-bale redistribution.

   Of extreme significance here, as illustrated in the above graph, is a comparison between the June 29 reading of exterior monitor #5 and exterior monitor #2 (page 7).  The stucco surface behind which monitor #5 was located was entirely protected from liquid moisture by a wrap-around porch.  The stucco surface protecting monitor #2 was subjected to a driving rain.  Although a moisture barrier (Tyvek) protects both locations, rain in direct contact with stucco is obviously a much more efficient transmitter of vapor.  The implications here seem obvious: whether or not a moisture barrier has been utilized, it would seem prudent to keep as much liquid moisture off the stucco as possible.

MONITOR #6 PLACEMENT – mid-bale, second floor, south facing wall, vented bathroom, protected from most precipitation, 1 meter from floor.

MONITOR #6 MID-BALE READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

July  +19C
61%
October  +9C
35%
January  +2C
26%
April  +7C
42%

August  +18C
57%
November  +6C
33%
February  +9C
35%
May  NA
NA

September  +12C
35%
December  NA
NA
March  NA
NA
June  +7C 
48%
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INTERPRETATION

Seasonal patterns again occur.  Same-temperature comparisons are possible for April and June '98, showing moisture redistribution may be occurring to the mid-bale region.  A “save” function may have been inadvertently pressed on this monitor and the April and June temperatures may not be accurate.

INSTALLATION OF EXTERIOR MOISTURE CONTENT MONITORS

Two exterior moisture content monitors were installed in spring '99.  Results are discusses in the “Summary of Houses” section.
CASE STUDY

HOUSE #3

MONITOR INSTALLATIONS

A total of 19 interior, mid and exterior RH and moisture content monitors were installed in this house.  In July '97 five mid-bale RH monitors were installed.  From seven months to one year later, a series of 10 interior and exterior monitors were installed.  Between July and September '99, four exterior bale moisture content monitors were installed for comparative purposes next to exterior bale RH monitors.   Because data from one set of four monitors was redundant, it was not included in the report.

CONSTRUCTION DETAILS

Date Built – 1996/1997

Structure – 2 story post and beam

Foundation – frost protected shallow foundation.  Bales are minimum 20 cm above grade.

Weatherproofing - north and south sides protected by 1.75 meter overhangs.  East and west sides have 1.25 meter gable ends. Tyvek used under scratch coat on 1st  floor.  Sheet moisture barrier was not used on 2nd floor.  Interior side of bales covered with building paper and then cement based stucco.  All holes and laps in building paper sealed with silicone and tuck tape.

Heating / Ventilation – radiant floor with perimeter loop under bales. Wood heat used to supplement radiant floor. Bathroom and kitchen fans, and HRV.

CLIMATE AND SITE

Average yearly temperature - +1.9C

Average yearly precipitation – 570 mm

SITE DESCRIPTION

Site surrounded by forest, well protected from moderate wind driven precipitation.  West wall still receives some wind driven precipitation during stormy conditions.

MONITORS #1 MID/RH AND #1 EXT/RH PLACEMENT – Mid-bale RH monitor #1 was placed on the south side, mid-bale, first floor, 1.5 meters above grade in an area of full year-round sun.  Exposure rarely receives precipitation due to second floor overhang. RH exterior bale monitor #1was installed 7 months later (February '98) on the same southern exposure, exterior bale depth, 2 meters away from monitor #1, 10 cm above the floor and 35 cm above grade.  

MONITORS #1MID/RH AND #1EXT. RH READINGS

DATE
TIME
MID-

BALE

TEMP.
MID-BALE

RH
EXT.

BALE

TEMP.
EXT.

BALE

RH
DATE
TIME
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP.
EXT. 

BALE

RH

15-Jul-97

+18C
49%


17-May
13:00
+15C
26%
+18C
66%

15-Aug-97

+16C
53%


17-May
14:00
+16C
27%
+21C
54%

20-Sep-97

+18C
52%


4-June
9:00
+13C
34%
+10C
49%

20-Oct-97

+12C
35%


4-June
14:30
+13C
34%
+16C
56%

24-Nov-97

+10C
29%


4-June
20:30
+16C
34%
+17C
43%

20-Dec-97

+8c
28%


29-June
9:30
+17C
42%
+16C
68%

15-Jan-98

+6C
26%


29-June
14:30
+17C
43%
+18C
68%

7-Feb
15:30
+11C
27%
+7C
36%
29-June
22:00
+19C
45%
+18C
60%

10-Feb
10:30
+8C
25%
0C
32%
18-July
9:00
+18C
49%
+14C
38%

10-Feb
12:30
+9C
26%
+10C
46%
18-July
10:00
+17C
48%
+15C
38%

10-Feb
14:30
+11C
25%
+18C
34%
18-July
11:00
+17C
47%
+17C
39%

25-Feb
11:00
+7C
26%
0C
32%
18-July
13:00
+17C
48%
+21C
36%

25-Feb
13:00
+8C
26%
+16C
47%
18-July
14:00
+18C
48%
+23C
37%

15-Feb
18:00
+11C
28%
+16C
22%
18-July
16:00
+19C
51%
+26C
35%

12-Mar
7:00
+16C
23%
+9C
33%
18-July
18:00
+21C
54%
+25C
33%

12-Mar
10:30
+15C
23%
+12C
35%
18-July
20:00
+22C
57%
+22C
33%

12-Mar
13:00
+16C
23%
+20C
28%
19-July
9:00
+19C
48%
+16C
40%

12-Mar
20:00
+19C
24%
+16C
30%
26-Oct
7:00
+14C
36%
+10C
36%

18-Mar
11:20
+13C
23%
+10C
35%
18-Nov
16:30
+9C
28%
+9C
37%

18-Mar
13:00
+14C
23%
+21C
47%
17-Dec
7:00
+12C
28%
+9C
37%

2-Apr
9:00
+12C
23%
+9C
38%
13-Jan-99
14:00
+12C
27%
+10C
37%

2-Apr
14:00
+14C
24%
+26C
49%
16-Feb
14:00
+7C
23%
+7C
33%

2-Apr
20:00
+20C
24%
+17C
25%
19-Mar
15:00
+13C
21%
+24C
36%

14-Apr
9:00
+11C
24%
+6C
37%
1-Jul
8:00
+17C
36%
+14C
46%

14-Apr
13:00
+12C
24%
+16C
44%
29-Jul
15:00
+20C
51%
+23C
69%

14-Apr
19:00
+15C
24%
+16C
30%
8-Aug
16:00
+19C
54%
+22C
60%

12-May-
9:00
+15C
25%
+11C
27%
15-Oct
17:00
+17C
30%
+20C
32%

12-May
15:00
+16C
26%
+20C
25%
9-Nov
21:00
+13C
26%
+8C
37%

17-May
9:00
+15C
26%
+12C
53%
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MONITOR #1 MID/RH READINGS

INTERPRETATION
Diurnal variances were discussed previously, and are evident in the data.  For example: 1) July 18 mid-bale reading increases 9% in terms of RH, with a 4C increase in temperature 2) February 10 exterior bale RH readings increase 14% with a 10C increase in temperature, then RH drops 12% with a further 8C increase.  

Seasonal drying and loading trends are predicable. During the summer season, moisture readings generally increase.   
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COMPARISONS BETWEEN MONITORS #1 MID/RH AND #1EXT/RH
The seasonal increase in the summer  '99 readings was compounded by the application of stucco during the summer.  Spikes in exterior bale RH in May and June '98 coincide with rain or high humidity conditions.   This location is protected from direct contact with precipitation and backsplash.  Increases in RH result only from exposure to high atmospheric RH.  This may become a significant concern in warm climates where prolonged high atmospheric RH values occur.  Lower summer readings in '98 coincide with periods of high solar loading and lower atmospheric RH.

The predictable yearly RH cycles are not quite as apparent at this exterior bale location (summer '98).   Extreme temperature gradients due to solar loading can cause greater redistribution to the mid and interior bale zones.   Conversely, during the spring, winter and fall, solar loading can enhance seasonal vapor diffusion to the exterior.  Therefore, the straw on the south wall is generally very dry, but still significantly affected by atmospheric RH conditions.
MONITOR #2MID/RH AND #2EXT/RH PLACEMENT – Monitor #2 MID/RH was placed mid-bale on the north facing wall, first floor, 1 meter from the floor, 1.3 meters from grade.  Location is not subject to precipitation or backsplash.   Monitor #2EXT/RH was installed at the exterior bale depth, in the same horizontal plane as monitor #3, but approximately 20cm east of monitor #3.

MONITORS #2 MID/RH AND #2 EXT/RH BALE READINGS

DATE
TIME
MID-

BALE

TEMP.
MID-BALE

RH
EXT.

BALE

TEMP.
EXT.

BALE

RH
DATE
TIME
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP.
EXT. 

BALE

RH

15-Jul-97

+16C
60%


4-June
20:30
+13C
49%
+13C
64%

15-Aug-97

+15C
63%


29-June
9:30
+16C
54%
+15C
63%

20-Sep-97

+16C
56%


29-June
14:30
+16C
55%
+16C
67%

25-Oct-97

+11C
46%


29-June
22:00
+17C
56%
+17C
67%

24-Nov-97

+9C
39%


18-July
9:00
+17C
64%
+15C
59%

20-Dec-97

+9C
38%


18-July
10:00
+16C
63%
+15C
60%

15-Jan-98

+6C
33%


18-July
11:00
+16C
61%
+16C
64%

12-Mar
7:00
+14C
34%
+5C
53%
18-July
13:00
+16C
61%
+17C
69%

12-Mar
10:30
+14C
34%
+6C
53%
18-July
14:00
+17C
60%
+18C
71%

12-Mar
13:00
+15C
33%
+7C
56%
18-July
16:00
+17C
59%
+19C
76%

12-Mar
20:00
+15C
33%
+7C
56%
18-July
18:00
+18C
60%
+20C
77%

2-Apr
9:00
+11C
35%
+5C
51%
18-July
20:00
+19C
61%
+20C
75%

2-Apr
14:00
+12C
35%
+7C
57%
19-July
9:00
+17C
61%
+16C
63%

2-Apr
20:00
+13C
34%
+10C
62%
18-Nov
16:00
+8
35%
-1C
51%

14-Apr
9:00
+12C
35%
+5C
48%
17-Dec
7:00
+12
35%
+5C
69%

14-Apr
13:00
+11C
35%
+7C
53%
13-Jan-99
14:00
+10
27%
+1C
59%

14-Apr
19:00
+12C
36%
+9C
58%
16-Feb
14:00
+9C
27%
0C
57%

12-May
9:00
+13C
42%
+9C
47%
19-Mar
15:00
+14C
28%
+8C
58%

12-May
15:00
+14C
41%
+14C
57%
1-Jul
8:00
+10C
44%
+13C
48%

26-May
10:00
+17C
53%
+15C
54%
29-Jul
15:00
+17C
51%
+16C
59%

26-May
15:00
+17C
53%
+17C
64%
8-Aug
16:00
+18C
57%
+19C
76%

4-June
9:00
+12C
48%
+8C
50%
15-Oct
15:00
+15C
39%
+15C
72%

4-June
14:30
+12C
48%
+11C
60%
9-Nov
21:00
+13C
34%
+5C
47%
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COMPARISON OF #2 MID/RH AND #2 EXT/RH READINGS

July '98 readings show a slight increase over July '97.  Since July '97 was drier than July '98 possible reasons for this increase may include: 1) highest diurnal RH not recorded for July '97 2) bales covered with Tyvek only in July '97, Tyvek and scratch coat, July '98.

EXTERIOR BALE RH COMPARISONS FOR JULY AT TEMPERATURES +17C-+21C
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In terms of short term drying and wetting trends,  the volatility of the exterior straw is very apparent.  It is greatly affected by atmospheric RH.  Troughs  and crests correspond to periods of  low and high atmospheric RH.  

SOUTH / NORTH EXTERIOR MONITOR COMPARISON

Another interesting comparison occurs between the south monitor #1 ext/RH and north monitor #2 ext/RH.  Both monitors show increases in RH, but the short-term declines in the south side monitor illustrate a significant  drying effect associated with solar gain.  Again, due to the solar loading,  south side RH values are generally lower than north side values.
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MONITORS #3INT/RH, MID/RH AND EXT/RH PLACEMENT- Monitor #3 mid/RH was installed mid-bale, north side on the first floor, 25cm above the pad, 50cm above grade.  In January '98, it was moved to 10 cm above the pad.  Exterior monitor #3 (ext/RH) was installed in the same horizontal plane as monitor #5, 20cm east.   Interior monitor #3 (int/RH) was installed in the same horizontal plane, 20cm west of monitor #5.  Monitors were installed here to determine if any effects from perimeter radiant floor loops (located under the bales) could be detected.

MONITORS # 3 INT/RH, MID/RH AND EXT/RH READINGS                       
DATE
TIME
INT.

BALE

TEMP.
INT.

BALE

RH
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP
EXT.

BALE

RH

15-Jul-97



+15C
56%



15-Aug-97



+14C
58%



20-Sep-97



+16C
44%



25-Oct-97



+14C
36%



24-Nov-97



+10C
34%



20-Dec-97



+6C
29%



4-Feb-98
14:00


+15C
23%
+7C
36%

14-Feb
9:00


+16C
20%
+6C
33%

14-Feb
16:30
+19C
25%
+16C
20%
+13C
40%

14-Feb
20:00
+19C
25%
+17C
21%
+12C
37%

22-Feb
10:00
+18C
23%
+16C
20%
+9C
36%

22-Feb
13:30
+18C
23%
+17C
20%
+12C
42%

22-Feb
16:00
+19C
23%
+17C
19%
+14C
45%

12-Mar
7:00
+22C
21%
+20C
20%
+13C
39%

12-Mar
10:30
+22C
21%
+21C
20%
+14C
43%

12-Mar
13:00
+23C
21%
+21C
21%
+16C
46%

12-Mar
19:00
+25C
21%
+23C
21%
+17C
40%

24-Mar
9:00
+23C
23%
+21C
23%
+15C
37%

24-Mar
12:30
+24C
23%
+21C
23%
+16C
42%

24-Mar
17:00
+25C
23%
+22C
23%
+19C
41%

2-Apr
9:00
+16C
25%
+15C
24%
+10C
40%

2-Apr
14:00
+17C
25%
+15C
24%
+13C
48%

2-Apr
20:00
+18C
24%
+17C
24%
+14C
42%

27-Apr
10:00
+15C
33%
+14C
30%
+10C
39%

27-Apr
14:15
+15C
32%
+14C
30%
+14C
49%

27-Apr
20:30
+16C
33%
+15C
30%
+16C
45%

12-May
9:00
+14C
+35%
+13C
35%
+10C
38%

12-May
15:00
+14C
+35%
+14C
35%
+14C
39%

26-May
10:00
+16C
57%
+15C
48%
+14C
58%

26-May
15:00
+16C
58%
+15C
48%
+16C
64%

4-Jun
9:00
+13C
47%
+12C
45%
+10C
50%

4-Jun
14:30
+14C
47%
+13C
46%
+13C
64%

4-Jun
20:30
+14C
47%
+14C
46%
+13C
64%

29-June
9:30
+15C
55%
+15C
55%
+15C
73%

29-June
14:30
+15C
55%
+15C
56%
+15C
73%

29-June
22:00
+16C
56%
+15C
57%
+16C
74%

7-July
15:00
+17C
64%
+16C
61%
+16C
77%

7-July
19:30
+17C
64%
+16C
61%
+17C
76%

18-July
9:00
+15C
61%
+15C
61%
+14C
57%

18-July
14:00
+16C
62%
+15C
61%
+16C
65%

18-July
18:00
+17C
63%
+15C
61%
+17C
65%

26-Oct
7:00
+18C
38%
+17C
40%
+12C
43%

DATE
TIME
INT.

BALE

TEMP.
INT.

BALE

RH
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP
EXT.

BALE

RH

5-Nov
16:30
+21C
31%
+20C
30%
+15C
40%

17-Dec
7:00
+21C
23%
+20C
23%
+14C
34%

13-Jan-99
14:00
+20C
20%
+19C
19%
+12C
32%

16-Feb
14:00
+19C
21%
+17C
19%
+10C
29%

19-Mar
15:00
+21C
23%
+20C
21%
+16C
35%

1-Jul
8:00
+16C
45%
+16C
42%
+14C
56%

29-Jul
15:00
+17C
52%
+17C
50%
+16C
73%

2-Aug
6:00
+16C
51%
+16C
50%
+14C
68%

15-Oct
17:00
+17C
32%
+16C
30%
+16C
49%

9-Nov
21:00
+20C
25%
+19C
24%
+13C
35%

Note: 1) Mid-bale monitor was moved closer to the floor (lowered 15 cm) in January '98, resulting in increase in mid-bale temperature 2) Interior scratch coat was applied on May 24, resulting in a jump in interior monitor RH values 3) radiant floor heating was shut off June 1.
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INTERPRETATION

Diurnal variations at the exterior bale level are significant.  For example, exterior bale on July 18, exterior bale temperature increased 3C, and RH increased 9%.  

Crests and troughs in external readings coincide with general seasonal changes and short-term variances in atmospheric RH.  The July '99 increase was also compounded by the application of exterior stucco.  Again, this area is not exposed to liquid moisture. As mentioned, the spike in the May interior monitor readings was due to the application of the interior scratch coat.

In the absence of a significant temperature gradient from the interior to mid-bale monitors, RH readings also become close to identical.

[image: image22.wmf]0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

11-Mar-97

27-Sep-97

15-Apr-98

01-Nov-98

20-Ma...

06-Dec-99

Mid-bale RH monitor #2,

north wall

Mid-bale RH monitor #3,

north wall

EFFECTS OF RADIANT FLOOR HEATING ON MID-BALE RH

Effects are evident in terms of proximity to radiant floor heat. In the fall, winter and spring months, monitor #3 (in proximity to radiant floor lines) showed lower RH values than monitor #2 (1 meter above slab).  When the radiant floor heating was shut off for the summer, differences become minimal.
MONITORS #4 INT/RH, #4 MID/RH AND #4 EXT/RH PLACEMENTS – Second floor, north side, 10 cm from floor.  When the mid-bale RH monitor was installed in December of '97, the interior side of the bales was exposed, without any type of covering. The exterior side of bales was protected by Tyvek only. This location was therefore subjected to a state of  “complete exfiltration”.  Early in January '98, the interior side of the bale walls were covered with building paper.  Eventually, the Tyvek was removed from the 2nd floor.   This allowed for an interesting comparison, since the first floor still had Tyvek between the stucco and the bale. 

MONITORS #4 INT/RH, MID/RH AND EXT/RH READINGS                        

DATE
TIME
INT.

BALE

TEMP.
INT.

BALE

RH
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP
EXT.

BALE

RH
EXT.

BALE

M.C.

15-Dec-97



+3C
51%




20-Jan-97



-3C
70%




4-Feb-98
14:00


-5C
63%
-6C
78%


11-Feb
11:00


-4C
62%
-5C
76%


11-Feb
13:00


-3C
63%
-1C
88%


11-Feb
16:00


-1C
65%
0C
90%


11-Feb
19:00


+2C
72%
0C
80%


22-Feb
11:00
0C
46%
-3C
63%
-4C
73%


22-Feb
13:30
+1C
46%
-2C
57%
0C
85%


22-Feb
16:00
+2C
46%
0C
60%
+2C
86%


6-Mar
10:00
-2C
45%
-5C
53%
-8C
65%


6-Mar
13:00
-2C
45%
-5C
53%
-8C
69%


6-Mar
17:30
-1C
45%
-4C
54%
-6C
66%


18-Mar
11:30
+4C
52%
+2C
61%
-1C
81%


18-Mar
13:00
+6C
54%
+4C
64%
0C
85%


2-Apr
9:00
+2C
48%
0C
50%
0C
65%


2-Apr
14:00
+5C
47%
+3C
51%
+5C
75%


2-Apr
20:00
+8C
49%
+7C
56%
+6C
62%


16-Apr
9:00
+3C
43%
+1C
46%
0C
54%


16-Apr
13:00
+4C
43%
+2C
46%
+4C
67%


DATE
TIME
INT.

BALE

TEMP.
INT.

BALE

RH
MID-

BALE

TEMP.
MID-

BALE

RH
EXT.

BALE

TEMP
EXT.

BALE

RH
EXT.

BALE

M.C.

16-Apr
19:00
+7C
43%
+6C
49%
+6C
62%


28-Apr
9:30
+8C
40%
+7C
41%
+6C
50%


28-Apr
13:30
+13C
43%
+9C
41%
+10C
52%


28-Apr
19:00
+15C
43%
+13C
43%
+14C
50%


11-May
9:00
+9C
37%
+7C
37%
+6C
52%


11-May
15:00
+15C
36%
+12C
37%
+12C
45%


26-May
10:00
+16C
49%
+15C
48%
+14C
68%


26-May
15:00
+18C
51%
+16C
49%
+17C
68%


4-Jun
9:00
+9C
46%
+7C
46%
+6C
75%


4-Jun
14:30
+11C
45%
+9C
47%
+10C
79%


4-Jun
20:30
+13C
44%
+12C
49%
+11C
72%


20-Jun
11:30
+16C
58%
+14C
53%
+14C
76%


20-Jun
17:00
+18C
59%
+15C
56%
+16C
78%


20-Jun
19:30
+18C
58%
+17C
56%
+`17C
76%


7-July
15:00
+20C
67%
+18C
66%
+19C
84%


7-July
19:30
+21C
65%
+20C
67%
+20C
77%


28-July
9:00
+17C
50%
+18C
48%
+20C
48%


28-July
14:00
+20C
51%
+20C
48%
+21C
48%


28-July
18:00
+22C
50%
+21C
50%
+22C
50%


26-Oct
7:00
+14C
42%
+11C
50%
+5C
56%


5-Nov
16:30
+14C
36%
+11C
45%
+6C
62%


17-Dec
7:00
+12C
31%
+8C
38%
+3C
63%


13-Jan-99
14:00
+8C
28%
+4C
35%
0C
60%


16-Feb
14:00
+6C
29%
+2C
35%




19-Mar
15:00
+13C
33%
+9C
38%
+3C
50%


1-Jul
8:00
+17C
47%
+15C
48%
+12C
48%
8%

29-Jul
15:00
+19C
64%


+18C
75%
9%

8-Aug
18:00
+19C
77%
+18C
70%
+21C
81%
10%

15-Oct
17:00
+15C
39%
+13C
49%
+14C
78%
10%

9-Nov
21:00
+12C
29%
+9C
38%
+3C
51%
8%
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INTERPRETATION

This location was monitored throughout the building process.  Initially, monitors were installed when only a moisture barrier was in place and the interior bale surface was totally unprotected.  A vapor retarder (building paper) was then installed on the interior.  This occurred in winter '98.  In summer '99, the finish coat was applied to the exterior and interior.  Spikes in spring/summer '98 RH are due to rises in ambient humidity.  Spikes in summer '99 RH were due to similar factors, but were also accentuated by application of stucco. 

During scratch and finish coat applications, RH values (particularly the exterior) seemed borderline.  High values were maintained during the summer months.  Moisture content monitoring began in summer '99.  Although RH values were borderline, moisture content still seemed to be in a relatively safe zone.  For example, on August 8, '99, exterior RH was 81% at +21C.  The moisture content reading was 10%.  Temperature error is minimal, but when an adjustment is made for the type of wood in the moisture content sensor, a reading of 11.5% is obtained. Equilibrium lags could also result in lower moisture content readings. But, given that the high exterior RH lasted for at least a month and the moisture content never increased above 11.5% (adjusted), some other error must be involved.  These extreme RH values were daily spikes though. The highest RH values were always obtained in the late afternoon or early evening, after a full day of ambient temperature gain.  In some cases, spikes at the exterior could be more than 25% above morning minimums.  

After the west wall of this structure became wet during  a rainstorm, four monitors were installed in the same vertical plane. RH and moisture content monitors were installed in pairs for the sake of comparison.

DIURNAL RH VARAINCE AT THE EXTERIOR BALE ZONE

DATE
TIME
EXT

LOW

WALLBALE

TEMP.
EXT

LOW

WALLBALE

RH
EXT LOW WALLBALE M.C.
EXT HIGH WALL TEMP
EXT HIGH WALL RH
EXT HIGH WALL M.C.

1-Jul-99
8:00
+13C
61%
8%
+14C
52%
8%

28-Jul-99
8:00
+11C
81%
9%
+18C
80%
9%

29-Jul-99
15:00
+19C
88%
9%
+20C
93%
9%

30-Jul-99
10:00
+13C
63%
8%
+13C
71%
9%

1-Aug-99
10:00
+14C
66%
8%
+13C
73%
9%

1-Aug-99
18:00
+18C
73%
9%
+26C
97%
9%

2-Aug-99
6:00
+13C
60%
8%
+15C
71%
9%

2-Aug-99
19:00
+18C
67%
8%
+26C
97%
8%

3-Aug-99
16:00
+18C
64%
8%
+23C
98%
8%

8-Aug-99
16:00
+19C
72%
9%
+23C
90%
9%

15-Oct-99
17:00
+18C
43%
8%
+20C
79%
7%

9-Nov-99
21:00
+8C
42%
7%
+10C
47%
7%

The highlighted zone between August 1 and August 2 illustrates the seemingly contradictory comparisons between moisture content and RH.  If the minimal August 1 RH reading at the upper bale is used  (+13C, 73% RH) a general straw sorption isotherm would indicate a moisture content of approximately 12%-15%.  When the moisture content reading is adjusted for the type of wood used and the temperature, the moisture content is then approximately 11.5 %.  Since this is not an isolated case, it may be reasonable to assume that when comparing moisture contents to RH levels in field situations, the lowest diurnal RH reading will be reflective of the appropriate moisture content.

COMPARISON RH VALUES BETWEEN NORTH WALL WITH TYVEK AND NORTH WALL WITHOUT TYVEK
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Due to the application of parging during different months, direct comparisons are not possible.  It does seem relatively clear that a highly permeable sheet moisture barrier (in this case, Tyvek) does not inhibit drying under normal conditions.

CASE STUDY

HOUSE #4

MONITOR INSTALLATIONS

A total of nine monitors were installed in this house: five RH mid-bale monitors, one exterior bale RH monitor and three exterior bale moisture content monitors. The five mid-bale RH monitors were installed in summer '97.  All exterior bale monitors were installed in winter '99.

CONSTRUCTION DETAILS

Date Built – 1996

Structure – 2 story post and beam.  North wall on first floor is concrete and bermed.  Bales placed on edge (14” thick walls)

Foundation – 1.25 meter footing with interior slab.  Some locations where bales are 20cm above grade.

Weatherproofing – entire building protected by 0.6 meter overhang.  Cement based stucco used, without moisture barrier or hydrophobic coating.  First course of bales on concrete damp-proofed with poly.

Heating / Ventilation – Radiant floor heat with exhaust fans in all bathrooms and kitchen. HRV installed, but used infrequently.

CLIMATE

Average yearly temperature - +3.6C

Average yearly precipitation – 450mm

SITE DESCRIPTION 

 Foothills of western Alberta.  Subject to chinook/drying trends through winter.  House is located in a slight depression and surrounded by trees.  This exposure allows for significant protection from the weather.

MONITOR #1 MID/RH PLACEMENT – Mid-bale, south wall, (southeast corner) 10cm above floor, 30cm above grade, between picture window and French doors.  Radiant floor providing some heat to location.

MONITOR #1 MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Oct. 17, '97 +17C
28%
Feb. 22, +14C
19%
Jul. 18, +19C
62%
May +17C
30%

Oct. 26,  +18C
28%
Mar. 8, +18C
18%
Aug. +19C
49%
Jun. +19C
48%

Nov. 9, +12C
25%
Mar. 15, +16C
16%
Sep,  +20C
40%
Jul. +21C
49%

Nov. 16,   +10C
24%
Apr. 4, +21C
19%
Oct, +17C 
33%
Aug. +22C
42%

Nov. 23, +15C
23%
Apr. 11, +16C
22%
Nov. +16C
25%
Sep. +17C
38%

Nov. 30, +12C
23%
May 2, +14C
18%
Dec. +13C
23%
Oct. +11C
30%

Dec. 14, +13C
22%
May 16, +16C
24%
Jan. '99 +12C
23%
Jan. '00 +4C
30%

Jan. 18, +17C
19%
Jun. 1, +19C
26%
Feb. +13C
24%



Jan. 25, +16C
22%
Jun. 20, +19C
47%
Mar. +16C
28%



Feb. 8, +11C
18%
Jul. 2, +19C
49%
Apr. +15C
28%



MONITOR #2 MID/RH PLACEMENT –Mid-bale RH monitor, west wall, near northwest corner, bathroom, under toilet tank, within 1 meter of baseboard heater  

MONITOR #2MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Oct. 19,  +15C
34%
Feb. 22, +11C
29%
Jul. 18,+19C
64%
May +14C
27%

Oct. 26,  +15C
33%
Mar. 8,  +7C
27%
Aug. +19
49%
Jun. +15C 
55%

Nov. 9,  +10C
32%
Mar. 15,  +12C
29%
Sep. +20
40%
Jul. +20C
56%

Nov. 16,  +9C
30%
Apr. 4,  +14C
33%
Oct. +13
36%
Aug. +20C
49%

Nov. 23, +12C
31%
Apr. 11,  +13C
34%
Nov. +10C
32%
Sep. +16C
40%

Nov. 30, +9C
29%
May 2, +15C
26%
Dec. +10C
33%
Oct. +14C
27%

Dec. 14,  +10C
30%
May 16,  +17C
30%
Jan. '99 +11C
31%
Jan. +7C
26%

Jan. 18, +11C
33%
Jun. 1,  +17C
33%
Feb. +11C
30%



Jan. 25, +13C
34%
Jun. 20,  +18C
46%
Mar. +15C
26%



Feb. 8,  +10C
30%
Jul. 2, +19C
49%
Apr. +15C
30%



MONITOR #3 MID/RH PLACEMENT – Mid-bale RH monitor, west wall, under large window in main bathroom with open shower stall. Under large counter.

MONITOR #3 MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Oct. 19,  +14C
29%
Feb. 22, +11C
27%
Jul. 18, +22C
60%
May +18C
27%

Oct. 26, +18C
30%
Mar. 8,  +10C
24%
Aug. +19C
41%
Jun. +18C
49%

Nov. 9, +11C
27%
Mar. 15, +14C
26%
Sep. +18C
41%
Jul. +23C
49%

Nov. 16, +9c
27%
Apr. 4, +21C
31%
Oct. +15C
30%
Aug. +24C
41%

Nov. 23, +13C
26%
Apr. 11, +15C
29%
Nov. +14%
28%
Sep. +20C
35%

Nov. 30, +11C
26%
May 2, +15C
24%
Dec. +12C
27%
Oct. +14C
26%

Dec. 14,  +14C
27%
May 16, +16C
30%
Jan. '99 +13C
26%
Jan. '00 +11C
25%

Jan. 18, +16C
31%
Jun. 1, +17C
30%
Feb. +13C
27%



Jan. 25, +15C
29%
Jun. 20, +18C 
43%
Mar.  +20C
30%



Feb. 8, +11C
26%
Jul. 2, +18C
43%
Apr. +17C
32%



MONITOR #4 MID/RH PLACEMENT – Mid-bale RH monitor, north wall, under kitchen sink (in cupboard), near grade.  Exterior wall has outdoor faucet and exterior stucco is exposed to water because of faucet location.

MONITOR #4MID/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Oct. 19 '97 +16C
26%
Feb. 22, +18C
21%
Jul. 18, +19C
64%
May +19C
34%

Oct. 26, +18C
25%
Mar. 8,  +14C
19%
Aug. +21C
42%
Jun. +21C
49%

Nov. 9, +18C
24%
Mar. 15, +20C
21%
Sep. +19C
38%
Jul.  +22C
40%

Nov. 16, +15C
23%
Apr. 4, +21C
23%
Oct. +18C
28%
Aug. +24C
40%

Nov. 23, +18C
23%
Apr. 11, +18C
23%
Nov. +18C
25%
Sep. +21C
32%

Nov. 30, +14C
24%
May 2, +17C
20%
Dec.  +16C
25%
Oct. +16C
28%

Dec. 14, +16C
25%
May 16, +32C
32%
Jan. '99 +15C
23%
Jan '00 +6C
22%

Jan. 18 '98, +17C
23%
Jun. 1, +19C
30%
Feb. +17C
24%



Jan. 25, +18C
23%
Jun. 20, +18C
43%
Mar. +17C
28%



Feb. 8, +14C
21%
Jul. 2, +21C
42%
Apr. +18C
31%



MONITOR #5 MID/RH PLACEMENT – Mid-bale RH monitor, north wall, near northeast corner, close to floor and grade.  Radiant floor providing some heat at location.

MONITOR #5 MID/RH READINGS 

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Oct. 19 '97, +15C
30%
Feb. 22, +16C
24%
Jul. 18, +21C
64%
May +18C
33%

Oct. 26, +19C
31%
Mar. 8, +16C
22%
Aug. +19C
44%
Jun +18C
49%

Nov. 9, +11C
29%
Mar. 15, +16C
24%
Sep. +19C
32%
Jul. +23C
47%

Nov. 16, +11C
26%
Apr. 4, +18C
24%
Oct. +16C
31%
Aug. +25C
41%

Nov. 23, +14C
27%
Apr. 11, +17C
25%
Nov.  +17C
24%
Sep. +19C
37%

Nov. 30, +14C
27%
May 2, +18C
21%
Dec. +15C
23%
Oct. +18C
30%

Dec. 14,  +14C
25%
May 16, +17C
28%
Jan. '99  +15C
24%
Jan. '00 +4C
22%

Jan. 18, +17C
24%
Jun. 1, +20C
27%
Feb. +13C
26%



Jan. 25,  +17C
25%
Jun. 20, +21C
42%
Mar. +17C
27%



Feb. 8,  +15C
22%
Jul. 2, +21C
43%
Apr. +15C
30%



INTERPRETATION

All mid-bale monitors in this house are generally in the acceptable zone.  Highest readings are again recorded on a northern exposure.
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MONITOR #6 EXT/RH PLACEMENT– Exterior RH monitor, north wall, near grade, in proximity to mid-bale RH monitor #4, north exposure, subject to wetting from outside faucet. 

MONITOR #6 EXT/RH READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature


Mar. '99  +10C
20%
Jun. +15C 
42%
Sep. +15C
31%

Apr. +11C
24%
Jul. +19C
38%
Oct. +11C
25%

May +15C
28%
Aug. +18C
36%

COMPARISON BETWEEN MONITOR #6 EXT/RH AND

MONITOR #4 MID/RH
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INTREPRETATION

If adjustments for temperature had been made, readings at the mid and exterior bale zone would be even closer.  This is interesting due to the lack of vapor gradient during the spring, summer and fall seasons.

EXTERIOR BALE MOISTURE CONTENT MONITORS #7,8 AND 9 PLACEMENTS – Moisture content monitor #7 in north facing office wall, 15 cm above pad, approximately 30 cm above grade.  Moisture content monitor #8 in 2nd floor vented bathroom, northwest wall, just below toilet tank, 20 cm above floor, 40 cm above grade.  Moisture content meter #9  in south wall, 2nd floor bathroom, vented 30 cm above floor, 3m above grade.

MOISTURE MONITOR READINGS

Month
EXT.

M.C.

#7
EXT.

M.C.

# 8
EXT.

M.C.

# 9

Mar. '99 
6%
6%
6%

Apr. 
6%
6%
6%

May 
6%
8%
6%

Jun.
6%
8%
6%

Jul.
6%
8%
8%

Aug.
6%
6%
8%

Sep.
6%
6%
6%

Oct.
6%
6%
6%

INTERPRETATION

All locations are very dry, with only minor seasonal loading.

CASE STUDY

HOUSE #5

MONITOR INSTALLATIONS

Monitors were installed during summer '99. One exterior RH monitor and four exterior moisture content monitors were installed.

CONSTRUCTION DETAILS

Date Built – 1997

Foundation – Slab-on-grade 

Weatherproofing – 50 cm 2.5 m above grade on east and west walls, north and south gable ends have peak of 6 m with overhang of 50cm north exposure sheltered by trees within 4 m of building. Cement based stucco on exterior.  Interior bale surface is presently unparged, without air barrier or vapor barrier in place, structure has been occupied for at least one year.

Heating/ Ventilation – Wood heat, no other details available.

CLIMATE 

Average yearly temperature - +9.9C

Average yearly precipitation – 950mm

SITE DESCRIPTION 

West Coast location, with high humidity and precipitation.  East and north walls well protected by vegetation.

MONITOR #1 PLACEMENT –  Moisture content meter, east wall, 70cm from slab, 120 cm from grade.
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MONITOR #1 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

13-Jul-99
11%
3-Oct
10%

14-Jul
12%
11-Oct
12%

28-Jul
8%
25-Oct
11%

22-Aug
12%
1-Jan
12%

12-Sep
12%



MONITOR #2 PLACEMENT – Moisture content meter, south wall, 70 cm from slab, 135 cm from grade. Exposure receives significant wind driven precipitation. 
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MONITOR #2 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

13-Jul-99
11%
3-Oct
8%

14-Jul
10%
11-Oct
8%

28-Jul
10%
25-Oct
10%

22-Aug
10%
1-Jan
14%

12-Sep
9%



MONITOR #3 PLACEMENT –  Moisture content meter, west wall, 70 cm from slab, 120 cm from grade. Exposure sheltered by trees.
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MONITOR #3 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

13-Jul
14%
3-Oct
13%

14-Jul
14%
11-Oct
13%

28-Jul
14%
25-Oct
14%

22-Aug
8%
1-Jan
14%

12-Sep
13%



MONITOR #4 PLACEMENT –  Moisture content meter, north wall, , 70 cm from slab, 120 cm from grade.  Forested area within 4 m of wall, minimal wind and exposure to precipitation.  
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MONITOR #4 READINGS 
Month/

Temperature
M.C.
Month/

Temperature
M.C.

13-Jul
12%
3-Oct
11%

14-Jul
12%
11-Oct
8%

28-Jul
14%
25-Oct
11%

22-Aug
14%
1-Jan
14%

12-Sep
12%



MONITOR #5 PLACEMENT –  RH meter,  north wall, placed 1.2 meters from monitor #4 for comparison, 70 cm from slab, 120 cm from grade. Forested area within 4 m of wall, minimal wind and exposure to precipitation.
MONITOR #5 READINGS
Month/

Temperature
RH
Month/

Temperature
RH

13-Jul, +16C
85%
3-Oct, +14C
98%

14-Jul,+13C
89%
11-Oct, +13C
98%

28-Jul, +13C
98%
25-Oct, +13C
98%

22-Aug, +13C
98%
1-Jan, +13C
98%

12-Sep




Note: It is likely that at some point after July, the RH and temperature memory functions were activated on this monitor.

INTERPRETATION 

See summary section.

CASE STUDY

HOUSE #6

MONITOR INSTALLATIONS

All monitors were installed in spring '99.  Four exterior moisture content and two exterior RH monitors were installed.

CONSTRUCTION DETAILS

Date Built  - 1991

Structure – single story post and beam clerestory.  Cement based stucco and plaster used with “Weldbond Glue” added as an additive to the interior plaster.  Exterior walls sheathed with plywood prior to stuccoing.   Method of attachment of plywood to bales was unknown by the owner, but a vented airspace was not evident.

Foundation – Slab-on-grade.  Bales in some locations less than 20 cm above grade.

Weatherproofing – 30cm overhang on south, southwest, northeast and east sides.  2m verandah on west and northwest sides.

Heating/Ventilation -  Radiant floor heat,  bathroom exhaust fan, but no kitchen exhaust fan.  Clerestory windows opened up periodically for ventilation.  No HRV system or other ventilation.

CLIMATE 

Average yearly temperature – +3.5C

Average precipitation –  484mm

Location is extremely windy with wind direction highly variable.

SITE DESCRIPTION 

House is in a valley, but still relatively exposed.  No significant vegetation to help prevent precipitation from hitting exterior stucco

MONITOR #1 PLACEMENT – Exterior RH monitor in northeast wall, 15cm above slab, 30 cm above grade.  Exterior exposure receives significant wind driven precipitation, and snow depth occasionally will be as high as first course of bales.  

MONITOR #1 READINGS 

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature

Month/

Temperature
RH

Apr.1 '99
42%
May 10
44%
Jul. 14
49%
Oct. 4,+10C
44%

Apr. 12
44%
Jun. 6
54%
Aug. 1
45%
Nov. 11,+8C
43%

May 1
44%
Jun. 16
46%
Sep. 6
45%
Dec. 15, +11C
42%


Jan. 3, +7C
42%
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MONITOR #2 PLACEMENT – Moisture content monitor in similar location to monitor #1, except 10 cm higher and 30 cm south.  This location was chosen so that RH and moisture content could be compared.

MONITOR #2 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.

Apr.1 '99
6%
May 10
8%
Jul. 14
8%
Oct. 4
6%

Apr. 12
7%
Jun. 6
8%
Aug. 1
8%
Nov. 11
8%

May 1
8%
Jun. 16
7%
Sep. 6
8%
Dec. 15
7%
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Jan. 3
6%

MONITOR #3 PLACEMENT – Moisture content monitor, 15cm above slab, 30 cm above grade.  Exterior exposure receives significant wind driven precipitation, and snow depth occasionally will be as high as first course of bales.[image: image33.wmf]


MONITOR #3 READINGS
Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.

Apr.1 '99
7%
May 10
8%
Jul. 14
8%
Oct. 4
7%

Apr. 12
7%
Jun. 6
8%
Aug. 1
8%
Nov. 11
8%

May 1
8%
Jun. 16
8%
Sep. 6
8%
Dec. 15
6%


Jan. 3
7%
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MONITOR #4 PLACEMENT – Moisture content monitor, east facing bedroom, 15 cm above slab, 15 cm above grade, 6 cm below window.

MONITOR #4 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.

Apr.1 '99
7%
May 10
7%
Jul. 14
7%
Oct. 4
6%

Apr. 12
7%
Jun. 6
8%
Aug. 1
7%
Nov. 11
7%

May 1
7%
Jun. 16
7%
Sep. 6
7%
Dec. 15
6%
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Jan. 3
6%

MONITOR #5 PLACEMENT – Moisture content monitor, south facing sitting room, 15 cm above slab, 30 cm above grade.  Exterior subject to significant backsplash from roof drainage.

MONITOR #5 READINGS 

Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.
Month/

Temperature
M.C.

Apr.1 '99
6%
May 10
6%
Jul. 14
6%
Oct. 4
6%

Apr. 12
7%
Jun. 6
8%
Aug. 1
6%
Nov. 11
7%
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May 1
6%
Jun. 16
6%
Sep. 6
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Jan. 3
6%

MONITOR #6 PLACEMENT – RH monitor, west facing dining room, 15 cm above slab, 15 cm above grade.  Flowerbed on exterior with significant wetting from watering.

MONITOR #6 READINGS

Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH
Month/

Temperature
RH

Apr.1 '99
35%
May 10
33%
Jul. 14
92%
Oct. 4, +10C
-

Apr. 12
32%
Jun. 6
75%
Aug. 1
-
Nov. 11, +8C
-

May 1
35%
Jun. 16
82%
Sep. 6
-
Dec. 15, +11C
-


Jan. 3, +2C,
42% 
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INTERPRETATION

See summary section.

CASE STUDY

HOUSE #7

MONITOR INSTALLATIONS

Monitors installed in late winter '99.  One RH monitor and four moisture content monitors were installed.

CONSTRUCTION DETAILS

Date Built – 1997

Structure – Single story,  post and beam.  Cement based stucco and plaster applied to exterior and interior.

Foundation – Frost protected shallow foundation.  Some bales less than 30 cm above grade.

Weatherproofing – East/west overhangs approximately 60 cm.  North /south verandah/overhangs approximate 1.75 meters. No other weatherproofing applied.

Heating/Ventilation – Radiant floor heating.  HRV installed, used occasionally.  Exhaust vents in kitchen and bathroom.

CLIMATE

Average yearly temperature – +2.6C

Average precipitation – 412 mm

SITE DESCRIPTION

House is in a small depression, but receives minimal protection from topography or vegetation.

MONITOR #1 PLACEMENT – Moisture content meter, west wall in den, 10 cm above slab, 30 cm above grade.  
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MONITOR #1 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. '99
6%
June
8%

Mar.
6%
Sep.
6%

Apr.
7%
Oct.
6%

May
7%
Nov.
6%

MONITOR #2 PLACEMENT -  RH monitor, placed approximately 30 cm away from monitor #1.  This location was chosen so that RH and moisture content could be compared.
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MONITOR #2 READINGS

Month/

Temperature
RH
Month/

Temperature
RH

Feb.,   '99 -3C
42%
June,  +24C
75%

Mar., +4C
40%
Sep., +17C
38%

Apr., +13C
42%
Oct., +8C
38%

May, +14C
48%
Nov.
42%

MONITOR #3 PLACEMENT – Moisture content meter, northwest wall in den, 10 cm above slab, 30 cm above grade.
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MONITOR #3 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. '99
6%
June
10%

Mar.
8%
Sep.
8%

Apr.
7%
Oct.
6%

May
9%
Nov.
6%

MONITOR #4 PLACEMENT – Moisture content meter, south wall, master bedroom, 30 cm above slab, 30 cm above grade.
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MONITOR #4 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. '99
6%
June
7%

Mar.
6%
Sep.
6%

Apr.
6%
Oct.
6%

May
6%
Nov.
6%

MONITOR #5 PLACEMENT -  Moisture content monitor, bedroom, southeast wall, 30 cm above slab, 40cm above grade.  
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MONITOR #5 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. '99
7%
June
9%

Mar.
8%
Sep.
8%

Apr.
8%
Oct.
7%

May
9%
Nov.
7%
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MONITOR #6 PLACEMENT - Moisture content monitor, bedroom, northeast wall, 30 cm above slab, 40cm above grade.

MONITOR #6 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. '99
6%
June
7%

Mar.
6%
Sep.
8%

Apr.
7%
Oct.
6%

May
7%
Nov.
6%

INTERPRETATION

See summary section.

CASE STUDY

STRUCTURE #8

MONITOR INSTALLATIONS

All monitors installed in late winter '99.  One RH and four moisture content monitors were installed.

CONSTRUCTION DETAILS

Date built– 1998

Structure – 2 story post and beam utility building. Shotcrete used on exterior and interior.  Three courses of bales below grade on east side with roofing felt used as exterior moisture barrier. 

Foundation – shallow slab on interior of building, footings under posts.  Posts bearing on concrete footings. South wall bales placed on cordwood stemwall without dampproofing. Bales on other walls placed on gravel drainage trench, dampproofed with roofing felt.

Weatherproofing – 60 cm overhang off of 2nd floor on north and south walls, 30 cm 2nd floor overhang on east and west exposures.

Heating/Ventilation – Radiant floor heat. No further ventilation since the structure is a utility building

Note: vehicles are parked in the structure. Floor drainage has not been provided. During winter months, vehicles are parked inside and accumulated snow will melt. It was evident that some moisture had drained to the base of the parged straw wall.

CLIMATE

Average yearly temperature –+2.6C

Average precipitation –412mm

SITE DESCRIPTION 

 Structure in slight depression and receives mild protection from topography, vegetation and an adjoining structure.

MONITOR #1 PLACEMENT – East wall, 60 cm above slab, below exterior grade.
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MONITOR #1 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

May 10 '99
12%
Aug. 19
14%

Jun. 4
14%
Nov. 10
14%

Jul. 4
14%
Jan. 17
12%

MONITOR #2 PLACEMENT – Moisture content meter placed in truth window, east wall, no stucco or exfiltration barrier, 150 cm above slab, 10 cm above exterior grade.
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MONITOR #2 READINGS
Month/

Temperature
M.C.
Month/

Temperature
M.C.

May 10 '99
11%
Aug. 19
14%

Jun. 4
12%
Nov. 10
11%

Jul. 4
12%
Jan. 17
8%

MONITOR #3 PLACEMENT –  Moisture content meter, south wall, 130 cm above slab, 20cm above cordwood stemwall.
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MONITOR #3 READINGS
Month/

Temperature
M.C.
Month/

Temperature
M.C.

May 10 '99
9%
Aug. 19
9%

Jun. 4
10%
Nov. 10
8%

Jul. 4
9%
Jan. 17
6%

MONITOR #4 PLACEMENT – Relative humidity monitor, north wall 2nd floor,  145 cm above floor.

MONITOR #4 READINGS – In May, the monitor was reading +9C and 81% RH.  In June, the monitor reading was +23C and 98%. At some point after this, the memory function was activated and the RH level remained at 98%.

MONITOR #5 PLACEMENT – East wall, 10 cm above slab, approximately 100 cm below grade. NOTE: when straw was removed from the bore hole, straw next to the interior wall was damp to the touch.  It was assumed that this had been caused by snowmelt from vehicles.
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MONITOR #5 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

May 10 '99
14%
Aug. 19
14%

Jun. 4
14%
Nov. 10
14%

Jul. 4
14%
Jan. 17
14%

INTERPRETATION

See summary section.

CASE STUDY

HOUSE #9 

MONITOR INSTALLATIONS

All monitors were installed in late winter '99.  One exterior RH monitor and four exterior moisture content monitors were installed.

CONSTRUCTION DETAILS

Date Built – 1998

Structure – Single story, post and beam. Cement based stucco exterior, earthen plaster on interior.

Foundation – Preserved wood foundation, which elevates bales from 60cm to 1m above grade.

Weatherproofing – North and west walls have 1m overhang, east wall has 65cm overhang, south wall has 1.5m verandah.  Exterior of first course of bales covered with building paper.

Heating/Ventilation – Radiant floor heating.  Exhaust fans in kitchen and bathroom.

CLIMATE

Average yearly temperature –Not available, between +2.0C and +2.5C

Average precipitation – Not available, between 400mm and 450mm

Periods of winter drying can occur, with temperatures above 0C, windy conditions and low ambient RH values.

SITE DESCRPTION

Site receives minimal protection from vegetation and topography.

MONITOR #1 PLACEMENT – RH meter, north side bedroom, 20cm above floor, 1m above grade.
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MONITOR #1 READINGS

Month/

Temperature
RH
Month/

Temperature
RH

Feb. 15,  '99,+2C
47%
Aug. 1, +14C
45%

Mar. 15, +6C
49%
Sep. 28, +4C
48%

Apr. 27, +7C
55%
Oct. 28, +6C
52%

May 31, +11C
51%
Nov. 15, +1C
44%

Jul. 3, +14C
49%
Dec. 18, +1C
52%

MONITOR #2 PLACEMENT – Moisture content meter, placed 30 cm south of meter #1 for comparison.
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MONITOR #2 READINGS
Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. 15, '99
6%
Aug. 1
8%

Mar. 15
6%
Sep. 28
7%

Apr. 27
8%
Oct. 28
6%

May 31
8%
Nov. 15
8%

Jul. 3
8%
Dec. 18
8%

MONITOR #3 PLACEMENT – Moisture content meter, east side, above 1st course building paper, 60 cm above floor, 1.5 m above grade.
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MONITOR #3 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. 15 '99
6%
Aug. 1
6%

Mar. 15
6%
Sep. 28
8%

Apr. 27
8%
Oct. 28
6%

May 31
10%
Nov. 15
8%

Jul. 3
8%
Dec. 18
8%

MONITOR #4 PLACEMENT – Moisture content monitor placed 40 cm directly below monitor #3. 
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MONITOR #4 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. 15 '99
6%
Aug. 1
7%

Mar. 15
6%
Sep. 28
8%

Apr. 27
11%
Oct. 28
6%

May 31
10%
Nov. 15
6%

Jul. 3
7%
Dec. 18
6%

MONITOR #5 PLACEMENT – Moisture content meter, west wall, laundry room, 60cm above floor, 1.5m above grade.
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MONITOR #5 READINGS

Month/

Temperature
M.C.
Month/

Temperature
M.C.

Feb. 15 '99
6%
Aug. 1
7%

Mar. 15
6%
Sep. 28
6%

Apr. 27
8%
Oct. 28
6%

May 31
6%
Nov. 15
8%

Jul. 3
7%
Dec. 18
8%

INTERPRETATION

See summary section.

SUMMARY OF HOUSES

HOUSE #1

SIGNIFICANT FACTORS
· Location experiences low level of precipitation

· Site is unprotected by vegetation or topography

· Exterior stucco extends below grade on all exterior walls

· West and south exposures protected by verandah

· North exposure unprotected, no verandah or overhang

· North exposure receives mild to moderate wetting from precipitation 

· Cement based stucco and  plaster used for exterior

SUMMARY

Monitors that were installed in locations other than the north wall maintained satisfactory readings throughout the study.

In spring '98, the north wall began to show generalized signs of degradation.  Small cracks in the exterior stucco surface became discolored due to wet and decomposing straw at the exterior stucco / bale interface.  During the installation of one of the northern monitors, straw removed from one of the bore holes was wet and discolored.  Straw removed from other bore holes on the north wall did not exhibit any obvious signs of decomposition.  North wall RH monitors showed prolonged RH values of 98% (the limit of the monitor).  A single moisture content meter was installed on this wall and maintained prolonged readings of 14%-17% (unadjusted). This was the highest moisture content reading recorded during the study.   During the summer '98, the occupant excavated a trench next to the north wall to uncover below grade stucco.  The occupant then filled the trench with gravel.  In late spring '99, another moderate wetting of the north wall occurred.  After what seemed like a drying trend during early spring '99, this wetting elevated moisture readings into the unacceptable zone for the duration of the summer.  During the summer '99, the occupant constructed a 2 meter overhang over the north wall.  As mentioned, moisture readings remained high in this wall without further wetting.  

The factors contributing to high moisture levels on the north wall include:

1) inadequate protection from precipitation 2) inadequate backsplash protection 3) stucco extending below grade without capillary break 4) northern exposure with minimal solar loading.

It is interesting to note that there is below grade stucco on every wall of this structure.  In locations that were well protected from precipitation, moisture readings were acceptable and no signs of degradation were observed.

HOUSE #2

SIGNIFICANT FACTORS

· House is less than 3 km from house #1, and experiences low levels of precipitation and has no protection from vegetation or topography

· Sheet moisture barrier (Tyvek) used behind exterior stucco

· South and west exposures protected by 1 m overhang on second floor and 2 m verandah on first floor

· North and east exposures protected only by 1 m  overhang on the second floor

· All bales at least 1 m above grade, unaffected by backsplash

· Cement based stucco and plaster used for interior and exterior

SUMMARY

This was the first house where immediate increases in RH were noted at the exterior bale region after the exterior stucco became wet from precipitation.  Because of design and local weather, the most significant wetting of exterior stucco occurs on the north wall, 1st floor.  The occupant stated that after rain, the RH monitor on the north wall tended to increase and drop on a daily basis.  This seems to indicate a situation far less serious than when RH levels remain high without fluctuation, since moisture content levels seem to match most closely with minimum daily RH.  Although daily maximum readings were as high as 96% RH, significant drying trends were always observed after these infrequent wettings.   A moisture content meter installed on the north wall, 1st floor had a maximum reading of 9% (unadjusted) during spring/summer  '98.  

Mid and exterior bale monitors on the south side showed sustained high readings.  This was due to a recurring leak from  2nd floor plumbing.  All other monitors showed acceptable readings for the duration of the study.

The north wall of this structure seemed to be in significantly better condition than the north wall on house #1 even though proximity means that climatic conditions at the two locations would be exactly the same.  

Factors in house #2 contributing to more acceptable conditions on the north wall include: 1) some protection from the 2nd floor overhang 2) bales well above grade and unaffected by backsplash 3) sheet moisture barrier, preventing transfer of liquid moisture from the stucco to the straw 4) capillary break between foundation and exterior stucco 5) comparative age of structures.

HOUSE #3

SIGNIFICANT FACTORS
· Wettest and coldest Alberta location in study (570 mm of precipitation per year, +1.9C average yearly temperature)

· Significant protection from precipitation due to design, vegetation and topography

· North and south exposures have never received precipitation

· East and west exposures receive mild and infrequent wettings

· Tyvek used as sheet moisture barrier on first floor

· No sheet moisture barrier used on second floor

· Building  paper used as vapor retarder on interior of 1st  and 2nd  floors

· Cement based stucco and plaster used for interior and exterior

SUMMARY

Nineteen monitors have been placed in this structure.  All moisture content monitors have maintained satisfactory readings.  After exterior wetting, exterior RH monitors on the west wall showed clear diurnal cycles.  RH could increase and drop by as much a 27% on a daily basis (from 71% to 98%). Moisture content monitors installed in tandem with RH monitors registered a maximum reading of 10%(unadjusted).  An adjusted reading would be approximately 11.5%.  Straw removed from the bore holes in these locations showed no signs of degradation.  The moisture content reading indicates that moisture levels are still below the threshold for mold growth.

After parging, monitors showed a short-term gain, with drying trends occurring within one week.  Immediately after parging moisture content readings never increased above 10%(unadjusted).  

No observable differences were seen in drying trends between the 1st floor, which incorporated a sheet moisture barrier, and the second floor, which did not.

HOUSE #4

SIGNIFICANT FACTORS

· Frequent periods of drying may occur in the winter when the temperature is above freezing and the atmospheric conditions are windy with low RH

· Two story structure with standard gables and overhangs (approximately 70 cm) on the 2nd floor

· Significant protection from precipitation due to topography and vegetation

· Exterior stucco receives infrequent and mild to moderate wettings

· Cement based stucco / plaster used on exterior and interior

SUMMARY

All monitors in this house registered acceptable RH and moisture content readings.  In the summer '98, north walls received a moderate wetting.  Exterior RH / moisture content meters were not installed at that point, but mid-bale monitors showed significant spikes one week after precipitation, with a drying trend within two weeks.  One year later, exterior monitors were installed.  Exterior straw showed no signs of mold or decomposition.  The maximum moisture content reading was 8% (unadjusted).  This structure has no significant design modifications to prevent exterior wetting.  But, the site is protected by vegetation and topography.  Significant winter drying can also occur due to chinooks.

HOUSE #5

SIGNIFICANT FACTORS
· West coast location, with almost double the precipitation (950mm) of the wettest Alberta location

· Warmest location, in terms of average yearly mean temperature (+9.9C)

· Interior surface of bales have not been plastered

· No vapor retarder or air barrier is in place on the interior

· North wall receives little if any precipitation, protected by  70 cm gable  and vegetation

· South exposure receives significant precipitation

SUMMARY

This structure has been occupied for at least one year without any interior parging.  This may allow significant exfiltration and possible moisture build-up at the exterior during the winter months.  Given the high average yearly temperature, exfiltration would be somewhat moderated as compared to Alberta locations.  A lack of interior parging would likely also help in terms of summer drying.   Both the west and north walls registered sustained moisture content readings of 14%-17%(unadjusted) during the summer months.  Readings at this level were indicative of borderline to unacceptable conditions in two Alberta structures.  

Although the north wall is well protected from precipitation, high moisture content readings persisted during the summer months. This is likely a situation where high moisture content within the wall coincides with high atmospheric RH levels.  The builder of this house felt that the exposure may be overprotected by vegetation (forest within 4 m of the wall) and a reduction in air circulation may be affecting drying.

It is also important to note that although the south wall experiences significant precipitation, the maximum readings reach the 14-17%(unadjusted) only during the winter.  During the summer, moisture content never increased above 10% (unadjusted).

HOUSE #6

SIGNIFICANT FACTORS

· Oldest house in study (9 years)

· Site unprotected by vegetation or topography

· Minimal interior venting (radiant floor heat, no kitchen fan, no HRV)

· West and northwest exposures fully protected by verandah

· North, east and south walls protected by a standard 70 cm overhang

· South exposure subjected to significant backsplash

· Moderate precipitation, but extremely variable wind directions.

· Significant backsplash on south side.

· 'Weldbond' glue added to interior plaster batches to prevent cracking and possibly reducing permeability

· Exterior sheathed with plywood / building paper prior to parging

· Frequent periods of drying may occur in the winter when the temperature is above freezing and the atmospheric conditions are windy with low RH

SUMMARY

This is the oldest house in the study.  Straw that was examined during monitor installation showed no signs of decomposition at any of the installation locations. 

Although the exterior stucco received moderate wetting during the study period, the occupant did not report the immediate spikes in RH that had been associated with the “stucco only” exteriors.  The maximum moisture content recorded was 8%(unadjusted).   The plywood sheathing that was attached to the exterior of the bales prior to parging did not create a vented airspace.  But it seems that the plywood and building paper functioned as a moisture barrier / vapor retarder / backsplash protector.  It is interesting to note that this relatively low perm exterior seemed to be functioning as well as the higher perm alternatives.

One location did experience relatively high and sustained RH levels.  At this location, there was an exterior flowerbed, which covered the bottom of the exterior stucco.  The flowerbed was watered frequently.

HOUSE #7

SIGNIFICANT FACTORS

· North and south walls protected by 2 m overhang

· East and west walls protected by standard 70 cm overhang

· East and west walls subject to moderate wetting  and some backsplash

· Cement based stucco / plaster used on interior and exterior.

SUMMARY

During installation of monitors, there was no sign straw degradation.  All readings were well within the acceptable range. This includes the east and west exposures, which were subject to moderate wetting and some backsplash.

STRUCTURE #8

SIGNIFICANT FACTORS
· Two story garage / utility building

· No interior drainage for snowmelt from vehicles

· 3 courses of bales on east wall below grade,  dampproofed with roofing felt at exterior 

· Building is generally heated to +10C during winter

SUMMARY

An exterior monitor was installed 10 cm above the pad on the east wall.  Straw immediately next to the interior stucco was damp to the touch.  There were no visible signs of decomposition, but at the time of installation, the structure was less than 1 year old.  It was clear that the wetness at the interior bale zone was due to a lack of floor drainage.  

Data from all exterior monitors (except in the south wall), was in the borderline to unacceptable zone (14%-17%, unadjusted).  Moisture from snowmelt from vehicles drained to the junction between the interior stucco and the pad.  It was then absorbed by the stucco, with significant amounts being transferred to the straw.  Temperature / vapor gradients may have caused the moisture to move to the exterior bale zone, with the resultant high readings.  Another possibility on the east wall (below grade bales) is that the exterior waterproof membrane was compromised.  

A second floor RH meter maintained a level of 98% during the study period.  It is likely that the memory function was inadvertently activated at some point.

The only monitor with continuously acceptable readings was located 20 cm above a cordwood stemwall on the south side of the building.  It is interesting to note here that dampproofing or a capillary break between the cordwood stemwall and the bales had not been used.

HOUSE #9

SIGNIFICANT FACTORS

· Minimal protection from topography or vegetation

· 1.5 m verandah south wall

· Standard 70 cm overhangs on all other walls

· All bales located well above grade

· Frequent periods of drying may occur in the winter when the temperature is above freezing and the ambient  conditions are windy with low RH

· Cement based stucco used on the exterior, earthen plaster on the interior

SUMMARY

During monitor installation, straw removed from the bore holes was in good condition.  All moisture readings in this building were within the acceptable range.  

It is interesting to note that the earthen plaster had numerous cracks and was probably allowing significant exfiltration.  Zones of exterior moisture build-up due to exfiltration were not detected.  

CONCLUSION

Strawbale walls do not exhibit any unique propensity for moisture retention.  It is clear that strawbale walls can function, without incorporating an interior vapor barrier, in northern climates that receive mild to moderate amounts of precipitation.  In comparison to standard frame construction, strawbale walls generally incorporate higher perm (more breathable) interior and exterior protective layers.  Combined with the hygroscopic nature of straw, these factors allow for a highly dynamic wall system.   Within limits, a strawbale wall has the capacity to ad/absorb moisture, and diffuse this moisture to either the exterior or interior of a structure.  However, this capacity should not be used as an excuse for inappropriate designs and applications. 

In these same northern climates, it is also evident that the best way to guarantee success is to prevent precipitation from hitting the exterior stucco.  However, given the variety of successful wall systems and designs that were monitored in this survey, it is also apparent that numerous design strategies are both feasible and functional.  

It is still unclear how appropriate strawbale construction is for high humidity / precipitation climates.  At the very least, extreme caution should be exercised when strawbale construction is used for walls with northern exposures in these types of climates. 

In specific terms, six of the nine structures in this study had moisture readings that could be considered acceptable.   Two Alberta structures had sustained readings and observed indicators that would be considered borderline to unacceptable.  High moisture readings were accompanied by straw samples that were decomposing and/or wet.  In both cases, these unacceptable readings and deleterious conditions resulted from two or more design flaws.   The third questionable case was on the West Coast.  High and sustained levels of moisture in the north wall resulted only from high atmospheric humidity levels, and not from external wetting.  

The following is a summary of observations:

1) A primary design consideration must continue to be the protection of the straw from exterior wetting.  

2) When designs are inappropriate, strawbale walls can fail, even in low precipitation climates 

3) Successful designs (in terms of moisture control) monitored and observed  during  this study incorporated combinations of the following diverse strategies:

I. The use of verandahs, and oversize gables and overhangs for direct precipitation protection

II. Standard size gables and overhangs in conjunction with a combination of other factors including:

· Appropriate protection afforded by topography and vegetation

· Minimal wind driven precipitation

· Infrequent exterior wetting accompanied by prolonged drying cycles

III. The use of vapor permeable sheet moisture barriers in conditions where enough exterior moisture protection has not been provided by other means

IV. Cement based parging used on exterior and interior

V. Sheathing the exterior bale surface with plywood, then using building paper and cement based stucco

VI. Building paper, used as a vapor retarder on the interior prior to parging

VII. Cement based exterior stucco, earthen plaster interior

VIII. Bales elevated well above grade to eliminate backsplash

4) Designs which produced borderline or unacceptable moisture readings included two or more of the following:

I. Minimal or absent overhangs

II. No capillary break between foundation parging and above grade stucco

III. Structures subject to extreme interior wetting without drainage

IV. Below-grade bales

V. Inadequate backsplash protection

VI. Northern exposures

5) Walls with southern exposures were generally much drier than other exposures and were able to handle significantly more exterior wetting.

6) Interior humidity control seemed to have little affect on exterior bale moisture content. NOTE: This is not to say that a lack of interior venting is a recommended building practice.

7) Extreme diurnal variances in RH (with spikes as high as 98%) do not seem to be indicative of straw degradation.  Moisture content values correlated most closely with the minimum daily RH value.  Prolonged high RH values (over 85%) generally indicate a problem.

8) It is unclear how well Radio Shack digital hygrometers function under prolonged high humidity conditions.

9) When using Timbercheck wood moisture meters to monitor moisture content, the maximum recorded in wall reading was 14%-17%(unadjusted).  At this level, borderline to unacceptable conditions were observed.

It was recommended in the previously submitted (interim) report that hydrophobic coatings at the exterior stucco surface may be an appropriate means to prevent wetting.  None of the houses in this study incorporated this strategy.  If such products are incorporated as the primary strategy against wetting, detailing around exterior wall openings must be meticulous.  Although many of these products are highly vapor permeable, they also act as a capillary break at the exterior stucco surface.   Significant leaks, due to poor detailing, will dry only through vapor diffusion and not through a combination of diffusion and capillary action.  Although sheet moisture barriers have been used successfully in two houses in this study, a similar caution should apply.  
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[image: image104.wmf]Comparative Readings of mid and external bale 

RH, north side
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