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1. Overview

Crawl spaces are widely used in building construction throughout North America. They are cheap
to build, functional in terms of providing a level foundation for flooring on sloping sites, and
popular as spaces in which to locate plumbing, ductwork, and heating systems. Crawl spaces are
also the source of a host of moisture, mold, indoor air quality, and thermal problems.

The crawl space project is a multi-year effort focused on improving the energy, moisture and
indoor air quality performance of crawl space systems. The project is co-funded by the National
Energy Technology Laboratory/U.S. Department of Energy (NETL/DOE) and Advanced Energy, a
nonprofit whose primary mission is to create environmental and economic benefits through
innovative approaches to energy use.

This summary report presents preliminary results and highlights from the first set of project
reports issued in January 2002.

Characterization study pilot: The pilot study characterized wall vented crawl spaces
with respect to moisture, thermal and indoor air quality performance factors in ten houses located
in the central Piedmont region of North Carolina. The study goal is to validate the need for
improved crawl space construction systems. Pilot findings revealed that all ten crawl spaces had
multiple moisture problems, unexpectedly high levels of respirable, viable mold spores, and
compromised thermal performance due to poor insulation performance and excessive shell and
duct leakage.

Field study pilot: Twelve new homes in Princeville, NC were divided into groups to
compare the traditional wall vented design (control group) with dry construction technology crawl
spaces (experiment groups) The performance evaluation is based on thermal and moisture air
monitoring, wood moisture content readings, and air leakage characteristics determined from
pressure testing. During the pilot period, the experiment groups maintained lower space humidity
and wood moisture content conditions during the summer moisture season than the control
group. The moisture conditions in the non-vented crawl spaces mirrored the dry conditions inside
the houses while the wall vented crawl spaces mirrored the wet conditions of the outside humid
climate.

Hygrothermal Performance Study pilot: The study intention is to provide realistic
continuous crawl space system and sub-system information that does not exist at present. Two
identical homes were instrumented in a matched paired experiment. The code-built, wall vented
crawlspace is the control home and the non-vented, dry construction technology crawl space is
the experiment home. The analyzed preliminary data demonstrated clear performance
differences. With exception of a few operational changes, the non-vented crawl space had lower
hygrothermal loads than were found in the wall vented one. Data show, that for this transitional
period, moving from the hot and humid summer to the fall period, drier conditions were present in
the non-vented crawl space.

Technology Assessment Report: This report surveys residential crawl space
construction in the United States with respect to moisture control, thermal integrity, and indoor air
quality. The assessment presents an exhaustive literature search and background paper on the
evolution of moisture control in crawl space construction; summarizes the efforts of a detailed
residential building code inquiry of those code provisions that are most central to moisture,
thermal and indoor air quality performance; and reviews current crawl space building practices,
identifies issues in the field related to moisture control, thermal performance, and indoor air
quality, and offers potential solutions to these problems.

Full copies of all 4 reports can be downloaded from www.crawlspaces.org. Please direct questions or
comments to Bill Warren, Project Manager, 919/933-8151, Warrenb@nc.rr.com.




2. Project team

Advanced Energy assembled a distinguished team of experts and professionals who
collaborate to develop, execute and review the crawl space project research and deployment
efforts.

Bruce Davis, Crawl Space Project Director, is a nationally known building science expert. His
research on the impacts of duct leakage and repair and his introduction of pressure pans
diagnostics are recognized as milestones in applied building science. Bruce has published and
presented conference papers and traininon a wide range of topics including combustion safety,
building failure, air pressure diagnostics, ventilation, and thermal retrofit techniques.

Bill Warren, Crawl Space Project Manager, has managed energy, moisture and IAQ projects
for Advanced Energy, U.S. Departments of Energy and Education, Manufactured Housing
Research Alliance, The Duke Endowment, NC State Energy Office, Center for Neighborhood
Technology, NC Electric Cooperatives and Sud Associates Consulting Engineers.

Achilles Karagiozis, Ph.D., Senior Research Engineer, Oak Ridge National Laboratory, is the
principal investigator of the Hygrothermal Performance Study. Achilles is an internationally
recognized moisture-engineering scientist, who has co-authored over sixty publications, and is an
Adjunct Professor in the Civil Engineering Department at the University of Waterloo.

Terry Brennan, M. Env. Sci., President of Camroden Associates, Inc. consults on the mold
assessment work in the Field Study. Terry, an expert on IAQ issues, has performed numerous
projects for the U.S. Environmental Protection Agency and the New York State Energy Research
and Development Authority, as well as for private sector clients.

Shawn Fitzpatrick, M.S. Mechanical Engineering, North Carolina Solar Center, supervises all
field work for the Characterization, Field and Hygrothermal Studies.

Joseph Lstiburek, Ph. D., Principal, Building Science Corporation, consults on the experiment
design and review. Joe, a forensic engineer who investigates building failures, is internationally
recognized as an authority on moisture and I1AQ related building problems. Joe authored the U.S.
DOE Handbook on Moisture Control and is a special contributor to the EPA guidance document
on Building Air Quality: A Guide for Building Owners and Facility Managers.

Bill Rose, M. Arch., Research Architect, University of Illinois at Urbana-Champaign authored
the Crawl Space Regulation, Construction and Performance report. Bill is a member of ASHRAE
Technical Committee 4.4 and the handbook chair for the ASHRAE Handbook of Fundamentals'
chapters on building envelopes. He is on the board of directors of the Building Environment and
Thermal Envelope Council of the National Institute of Building Science.

John Straube, Ph. D., University of Waterloo in Canada, designed and fabricated the
Hygrothermal Study instrumentation data collection system. John is deeply involved in the areas
of building envelope design, moisture physics, and whole building performance as a consultant,
researcher and educator.

Jenny Tennant is the project manager for the National Energy Technology Laboratory/ U.S.
Department of Energy.

Anton TenWolde, M.S. Env. Mgt, Physicist, Forest Products Laboratory, U.S. Department of
Agriculture, consults on the experiment design and review. Anton’s research focuses on moisture
damage in buildings. Anton is one of the prime movers in the new ASHRAE task group, which is
developing a standard for humidity control levels in commercial and residential buildings.

Wayne Thomann, Dr. PH, Director, Occupational and Environmental Safety, Duke University
supervises and conducts indoor air quality protocols for the Characterization Study. In addition to
directing environmental and occupational safety for Duke University and the Medial Center,
Wayne is a nationally known expert, teacher and researcher on building IAQ issues.



3. Characterization Study Pilot

For more than a century, home builders in North America have built crawl spaces with
wall vents on the premise that these vents keep crawl spaces dry by dissipating excess
moisture accumulation to the outside air. However, anecdotal information suggests that
moisture problems are prevalent in wall vented crawl spaces, particularly in the humid
climate of the Southeast.

While passive ventilation of crawl spaces through the use of wall vents may work in
theory, researchers have noted that many wall vented crawl spaces have serious
moisture problems. The 1994 ASHRAE Symposium (Recommended Practices for
Moisture Control in Crawl Spaces) reported that wall vented crawl spaces in existing
homes are often dangerously wet. Speakers at the symposium expressed a need to
document and validate the poor performance factors that are reported in existing homes.
The pilot study established a framework for providing such a validation. Using a variety
of instrumentation and first hand observation, the pilot study characterizes wall vented
crawl spaces with respect to moisture, thermal and indoor air quality performance factors
in ten houses located in the central Piedmont region of North Carolina.

Findings revealed that all ten crawl spaces had multiple moisture problems,
unexpectedly high levels of respirable, viable mold spores, and compromised thermal
performance due to poor insulation performance and excessive shell and duct leakage.
All ten buildings readily communicated air between the crawl space and the house. All
ten homes had significant air leakage pathways measured across the floor system that
separates the crawl space air from the house air. Further, in the nine crawl spaces that
had duct systems in the crawl space, all had measurable duct leakage that mechanically
mixes the crawl space air with the house air.

These preliminary findings appear to confirm the supposition that wall vented crawl
spaces as they are currently designed and built are not sufficient to remove moisture in
many instances. Findings suggest the need to consider additional controls to prevent
exposure and to reduce the source strength of crawl space molds. The strong moisture
and mold findings support the adoption of dry crawl space construction technigues, most
notably sealed crawl spaces. Any adoption of dry construction techniques necessitates
that improvements be made to the thermal performance characteristics of crawl space
systems.

3.1 Energy

All ten buildings readily communicated air between the crawl space and the house. The
component pressure testing results revealed that the ten homes had, on average, 18.9%
of the total house air leakage coming from the crawl space, through floor holes and crawl
space duct leakage. Crawl space duct leakage is prominent, representing 44% percent
of this total contribution. In addition, all homes had floor insulation problems that
significantly degraded the effectiveness of the installed insulation batts.

Table 1 summarizes the component air leakage pathways that were measured with an
innovative pressure testing protocol. The table breaks down house (total) leakage by
percents into four leakage components: wall/ceiling, floor (between the crawl space and
house), crawl ducts and outside ducts. The table also summarizes the total crawl space
leakage component by adding the floor and crawl space duct columns.



Note that the duct leakage percents in this table are at 50 Pascals and not at 25
Pascals. It should also be noted that the duct leakage % refers only to duct systems
located in the crawl space. Leakage from any other duct system (typically attic based
duct systems) is represented as part of the wall and ceiling leakage percentage.

Total Vg:aelill i?]r;d Floor Crawl Outside ( Craz\?ltglucts
CFM50 Leakage Leakage Ducts Ducts plus Floor)
C02 1000 70.4% 14.7% 14.5% 0.4% 29.2%
Cco1 3745 73.6% 10.2% 16.1% 0.1% 26.3%
C10 3835 75.6% 17.4% 5.7% 1.3% 23.1%
C05 1372 68.1% 15.7% 7.0% 9.2% 22.7%
C08 2479 78.3% 17.7% 2.5% 1.4% 20.2%
Co7 1506 76.8% 5.1% 12.1% 6.0% 17.2%
co4 2077 79.4% 9.5% 6.2% 4.9% 15.7%
C06 2197 87.6% 8.3% 3.7% 0.4% 12.0%
C03 3594 86.9% 4.9% 6.9% 1.3% 11.8%
Cc09 2714 89.7% 10.3% n/a n/a 10.3%
Average 2452 78.6% 11.4% 8.3% 2.8% 18.9%

Table 1: Components of house CFM50 leakage flow rate.

The significant data in this table are highlighted. In a standard blower door test, the ten
homes had 18.9% of the total house air leakage coming from the crawl space, through
floor holes and crawl space duct leakage. Crawl space duct leakage is prominent,
representing 44% percent of this total contribution.

3.2 Moisture

The preliminary findings appear to confirm the supposition that wall vented crawl spaces
as they are currently designed and built are not sufficient to remove moisture in many
instances, and to corroborate the 1994 ASHRAE Symposium (Recommended Practices
for Moisture Control in Crawl Spaces) finding that wall vented crawl spaces in existing
homes are often dangerously wet.

Despite the fact that ground moisture barriers have long been identified as the most
important crawl space moisture control strategy, only two homes had full barriers. Three
homes had no ground moisture barriers whatsoever. Further, in the two homes that had
full ground moisture barriers, the barriers were ineffective in protecting the crawl spaces
from above ground sources of moisture problems such as rainwater and duct
condensation. Both of these crawl spaces had visible mold covering most of the wood
framing.

A sample of moisture report data is presented in table 2, which shows



corrected field wood moisture readings in the crawl space. Moisture readings over 19%
are highlighted.

C01 | CO2 | CO3 | CO4 | CO5 | CO6 | CO7 | CO8 | CO9 | C10

Sill Plate (Access) 15.0|14.0|18.0(12.8|15.8|14.8|14.2|149|17.1|16.0
Band Joist (Access) 14.0|14.0|16.0 [ 13.7 | 15.6 | 15.2 | 15.0 | 13.5| 16.4 | 11.0

Sill Plate ( Worst) 19.0|17.0|20.0(13.8(17.1|21.9|156|17.9|145(17.2
Band Joist (Worst) 21.0|15.0]15.0|13.2(15.8(235(14.9|155|19.2 | 14.7

Center Beam 21.0|16.0| NA |14.7(20.3(17.9(19.2|14.2|18.8|16.2

Joist (Access Below

: 16.0 | 15.0(18.0 | 14.7 | 16.5| 16.0 | 15.3 | 14.2| 20.5 | 15.0
Insulation)

Joist (Access Above

Insulation) 140|135|145(125(11.3|13.6|10.8|12.1|16.2 |11.6

Joist (Worst Below | 5 5 | 50 0| 20.0 | 15.8 | 19.5 | 18.9 | 19.2 | 15.7 | 2.0 | 19.0

Insulation)

‘]Oisltn(;'\(ﬁ;;toﬁ)bove 17.0 [ 15.0 | 12.0 [ 12.0 | 12.8 | 14.3 | 17.2 | 12.3 | 18.4 | 15.2
Subflooring 12.0|18.0| NA |10.5|16.6|14.1 |16.7|16.6|15.6 | 15.8
Average 1-9,11 17.7|15.5|16.7 | 13.7 | 16.1| 17.3 | 15.7 | 14.5| 18.0 | 15.1
Maximum 22.0 | 20.0|20.0 | 15.8 | 20.3| 23.5 [ 19.2 | 17.9] 21.0 | 19.0
Minimum 14.0 | 13.5(12.0 [ 12.0 | 11.3| 13.6 | 10.8 | 12.1| 14.5 | 11.0

Table 2: Temperature and species corrected wood moisture readings.

Seven houses had one or more corrected wood moisture readings above 19%, which is
the moisture level threshold generally accepted as supporting mold growth. However,
none of the homes had an average reading above 19%. Not shown in the table are the
50%+ wood moisture content readings that were taken under the floor rotting fireplace
area of C06. Wood fibers are saturated above 25% wood moisture content.

3.3 Indoor Air Quality

All 10 crawl spaces had significantly elevated levels of viable, respirable mold spores. If
similar bioaerosol levels were found inside the homes, the homeowners may be advised
to evacuate the building. All ten crawl spaces had unexpectedly high levels of respirable,
viable mold spores. The strength of the bioaerosol results clearly warrants further
evaluation of the potential bioburden that crawl space environments may pose to the
home occupants, and of the need to consider additional controls to prevent exposure
and to reduce the source strength of crawl space molds. The pilot data is suggestive that
residential crawl spaces may have a greater impact on indoor air quality than previously
appreciated. It may be important to begin including the crawl space environment as part
of residential building indoor air quality investigations.

The results of the initial air sampling protocol are as follows. Five types of mold were
found to predominate in the tested homes. These included Cladosporium sp., Penicillium
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sp., Acremonium sp., Aspergillus sp., and Aspergillus niger. These are all molds
commonly found in both the indoor and outdoor environment. The results of the
bioaerosol sampling are presented in Table 30.

Colony-forming units per cubic meter of air (CFU/m3)

House Outdoors Crawl space Indoors

Cco1 831 C* >11,756 P, C, An 1,142 C, P
CO2 1,251 C, P* >11,756 C, P, Ac* 536 C, P
CO3 1,642 C, P >11,756 C, P 548 C, P
CO4 361C, P >11,756 P, C 1935 P, C

CO5 >11,756 C, P, An* 5,740 P, Asp*, C 536 P, Asp, C
CO6 510C, P >41,146 P, C 188 C, P
Co7 1620 C, P 5,138 P, C 1,962 C, P
Cos8 988 C, P 5,285 P, C 585 P, C
CO9 >11,756 C, P, An 4,571 C, Asp, P 222 C, Asp, P
co10 1,288 C, P >41,146 P, C 924 C, P

*Asp = Aspergillus, An = Aspergillus niger, Ac = Acremonium sp., C = Cladosporium sp., P = Penicillium sp

Table 30: Summary of bioaerosol sampling results.

All ten crawl spaces had significant viable spore counts in the basic test. Respirable,
viable spore concentrations ranged from a low of 4,571 CFU/m? (colony-forming units
per cubic meter of air) to >41,146 CFU/m®. Six of the 10 crawl spaces had levels that

exceeded the counting capability of the sampling period; which for 3.5 minute samples is
>11,756 CFU/m?® and for 1.0 minute samples is 41,146 CFU/m* The other 4 homes had

viable spore counts ranging from 4,571 to 5,138 CFU/m®.




3.4 Summary findings

The preliminary findings revealed that all ten crawl spaces had multiple moisture
problems, unexpectedly high levels of respirable, viable mold spores, and compromised
thermal performance due to poor insulation performance and excessive shell and duct
leakage. Table 4 identifies the problem areas.

COo1 | CO2 | CO3 | CO4 | CO5 | CO6 | CO7 | CO8 | CO9 | C10

Duct leakage CFM25 / ft2

18.1% | 7.6% | 11.0%| 8.2% |10.2% | 5.5% [11.0%| 5.4% NA 9.7%
floor area served

Air leakage (crawl ducts and 26.3% | 29.2% | 11.8%

15.7%122.7% | 12.0%| 17.2%| 20.2% | 10.3%| 23.1%
floor) / total house at CFM50 ° ’ ° ° ’ ° °

Insulation problems Yes Yes Yes Yes Yes Yes Yes Yes | Major| Yes

Crawl relative humidity

over 70% Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
0

Full ground
moisture barrier

None [ Yes | None | None | Yes No No No No No

Condensation on

. Yes Yes Yes Yes Yes No No No No Yes
ducts or pipes

Puddles on vapor barrier NA Yes NA NA Yes No Yes No No No

Drip lines Yes No Yes | Yes No No No Yes | Yes No

Wood moisture content

over 19% 26.1 | 23.1 | 23.0 [ None | 20.0 | 50.0 | 19.3 No 21.0 No
0

Low crawl space vents Yes No Yes No No No Yes No Yes No

Moisture discoloration

No Yes Yes Yes Yes Yes No Yes Yes Yes
on crawl wall

Visible mold Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

High viable mold spores || Yes | Yes | Yes | Yes | Yes | Yes | Yes | Yes | Yes | Yes

Table 4: Summary of thermal, moisture and indoor air quality problems.



4. Field Study Pilot

This study investigates the characteristics and performance of sealed crawl spaces,
which have no foundation wall vents to the outside and also have a total, sealed vapor
barrier treatment to traditional, wall vented crawl spaces for residential homes in the
Southeastern United States. The pilot study involves twelve new homes that have been
divided into groups to compare the traditional wall vented design (control group) with dry
construction technology crawl spaces (experiment groups) The performance evaluation
is based on thermal and moisture air monitoring, wood moisture content readings, and
air leakage characteristics determined from pressure testing. Researchers have noted
the need for evaluation of air leakage between the house and the crawl space and the
effects of pressures acting on the crawl space. A series of pressure diagnostics on the
house, ducts, and crawl space for houses in this study contributes to characterizing the
air leakage paths in houses with wall vents versus non-vented, sealed crawl! spaces.

The experiment setup revealed that the overall house air leakage of the control group
was 14.3% higher than the experiment groups. Just focusing on the components of the
floor and crawl space duct air leakage paths gives the result that the wall vented crawl
spaces were found to have 66% more air leakage than the sealed crawl spaces.

Field data monitoring began in June 2001. Full comparative performance data became
available starting in August of 2001. After the crawl spaces were setup and initial drying
of the sealed crawl spaces was conducted, the experiment groups maintained a lower
relative and absolute humidity during the summer moisture season than the control
group. The wood moisture content in the sealed crawl spaces also remained low after
the first month. The moisture conditions in the sealed crawl spaces mirrored the dry
conditions inside the houses while the wall vented crawl spaces mirrored the wet
conditions of the outside humid climate.

This study is producing data on fungal counts that is unavailable from other sources.
Wall vented crawl spaces appear to be more vulnerable to fungal colonization than the
experiment crawl spaces.

These Pilot Field Study efforts have initiated their purpose of beginning to explore the
complications of establishing this type of practical, applied investigation and
demonstration project. The field test is now established and set up to proceed with both
data collection and expansion of the sample size. Initial data supports both the
importance of following current code guidelines for wall vented crawl space construction
and the noticeable improvements over current practices from following sealed, thermally
improved, dry crawl space construction guidelines.

4.1 Energy

A clear difference has already been demonstrated in thermal performance. Air testing
results show a marked decrease in house air leakage rates due to the sealing of the
crawl space walls and the creation of the secondary air/pressure boundary at the sub-
floor level.



Table 5 summarizes the pressure testing results between the control and experiment
groups. There are notable differences between the control and experiment houses.

Total House Crawl Space

Leakage Wall and Ceiling | Floor Leakage Duct Leakage Outside Duct

CFM50 Leakage CFM50 CFM50 CFM50 Leakage CFM50
F107 n/a 550 n/a n/a 90
F104 959 464 306 120 69
F101 1098 452 421 156 69
F110 953 396 325 159 73
Control
Average 1036 465 351 145 75
F109 1166 713 290 72 91
F103 1102 669 292 83 58
F105 862 522 173 69 98
F108 872 483 195 64 130
F111 870 454 257 68 91
F102 n/a 427 n/a n/a 81
F100 763 407 200 81 75
F106 680 369 194 46 71
Experiment
Average 891 506 229 69 87

Table 5: Summary of component air leakage in CFM50.

The control group had 66% more air leakage through the floor and crawl space ducts
than the experiment groups. Sealing the crawl space greatly reduced the amount of
leakage into the house through the floor and duct system. The experiment homes have a
higher percentage of wall and ceiling and actual air leakage during the blower door test.
The control houses have 16% more component air leakage when all air paths are
considered.

For the first time, the protocols developed for this project have provided component air-
leakage estimates of duct leakage within the crawl space, duct leakage to outside, and
leakage across the floor plane. Up to now, when duct systems are located in the crawl
space, this leakage component breakdown had not been determined.




4.2 Moisture

As can be seen in Figure 1, the control and experiment group crawl spaces were found
to have significantly different moisture conditions during the summer moisture season of
2001.
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Figure 1: Average daily relative humidity in control
and experiment crawl spaces

Table 6 summarizes moisture condition differences. Once the experiments were fully
set up in August, the control group crawl spaces operated above 70% relative humidity
for 79% of the time whereas the experiment group crawl spaces never operated above
70% relative humidity.

Control Experiment 1 Experiment 2
Above 90% Relative Humidity 16% 0% 0%
Above 80% Relative Humidity 60% 0% 0%
Above 70% Relative Humidity 79% 0% 0%
Above 60% Relative Humidity 100% 3% 16%
Above 50% Relative Humidity 100% 100% 100%

Table 6: Percentage of time that field study crawl spaces were
above certain relative humidity levels
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Relative humidity outside and in the control and experiment crawl spaces are shown in
Figure 2 for the same two-day period in August. The relative humidity outside, which
reaches a minimum in mid-afternoon and maximum during the early morning, has larger
variations due to temperature swings. Once again, the relative humidity in the control
crawl spaces was around 90% and reached 95% while it was below 60% in the
experiment crawl spaces.

100.0
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Figure 2: Relative humidity in control and experiment crawl spaces
and outside for two-day period in August 2001

Observations about the ground moisture barrier are particularly notable. The installation
of a 100% ground moisture barrier in the control group did not prevent high relative
humidity and mold growth in the crawl spaces. New, full coverage ground moisture
barriers were installed in the four control group crawl spaces. The 6-mil polyethylene
sheets were carefully installed, seams were overlapped, and all sheets were staked in
place without gaps or tear damage. The ground moisture barrier installations clearly
meet the full intent of the North Carolina and International Code Council code provisions
for covering the ground surface of a crawl space with an approved vapor barrier
material. Despite these careful installations, the control group crawl spaces had high
moisture levels. This observation appears to support the contention that wall moisture
and air moisture gain measures are mandatory to building dry crawl space assemblies.

11



4.3 Indoor Air Quality

First and foremost is the fact that large numbers of mold spores existed in the crawl
spaces at the time of the measurements (see Figure 3). These levels are among the
highest reported in the literature. Generally, viable and total spore counts in the tens of
thousands are found only in the presence of very large sources — e.g. harvesting fields,
contaminated rooms, composting facilities.
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Figure 3: Viable fungal counts in the crawl spaces

In the case of these crawl spaces, there are two contributing factors. First, the
surrounding area was deluged by heavy rains shortly before the samples were made.
This is reflected in both the crawl space and outdoor air data. Second, the sampling
procedure may have contributed to crawl space levels being as strikingly high as they
were.

In spite of interferences from the unusually heavy rains, the sampling procedure in the
crawl spaces, and the fact that only a small number of samples were made over a two
day period, all on one or two days, the control group, wall vented crawl spaces appear to
be more vulnerable to fungal colonization than the experimental crawl spaces. The
experiment group crawl spaces had significantly less visible mold on wood framing.
Visible mold can be seen covering large areas of the wood joists and beams in the
control group crawl spaces. Only one experiment house, F108 has a similar level of
visible mold. This is the house that had the major plumbing flood problem in May and the
mold bloomed in mid-June while the house was still being sealed up. Experiment
houses F106, F109 and F111 have clear wood framing : Virtually no visible mold.

This study is producing crawl space mold performance data, which is unavailable from
other sources.
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5. Hygrothermal Performance Study Pilot

This task, which is being conducted by Oak Ridge National Laboratory, successfully
implemented a multiple year, moisture and thermal modeling study of crawl space
performance. The research concentrates on the development of scientific hygrothermal
performance data of crawl spaces by means of experimental monitoring and advanced
hygrothermal modeling of a defined set of crawl space designs. The approach is
innovative: accomplished by blending experimentally determined crawl space
performance data with accurate hygrothermal loading data, coupled to an advanced
moisture engineering model.

The intention of the study is to provide realistic continuous crawl space system and sub-
system information that does not exist at present. Two identical homes in Princeville,
NC were instrumented in a matched paired experiment. In the study pair, the traditional
wall vented crawlspace is the control home and the sealed, dry construction technology
crawl space is the experiment home. The completed pilot work covers protocol
development, experiment design, initial characterization and instrumentation of the field
test site.

Field data is being used to calibrate the MOISTURE-EXPERT model. A thorough
analysis is being conducted to provide inputs to the model. The model data will extend
the limits of applicability of this study by allowing us to examine an array of energy
efficient strategies that have good durability performances.

A total of 111 sensors were installed in the two homes and on-site weather station.
Table 7 summarizes the sensor deployment.

Sensor type Sealed Vented Total
SoilMC /T 3/2 3/2 6/4
ArRH/T 2/2 2/2 4/4
Block Inside Face MC/T 1/1 1/1 1/1
Block RH/ T 1/1 1/1 2/2
Wood Joist MC / T 15/15 1717117 32/32
House ArRH /T 1/1 1/1 2/2
Air Velocity 4 4
Pressures 4 4 8
Wind speed / Direction 1/1
Solar Radiation- horiz. 1
Exterior Ar RH/ T 1/1
Total Sensors 49 57 111

MC=moisture content, T=temperature, RH=relative humidity

Table 7: Summary of instrumentation sensors
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Selection of the sensor monitoring locations for the relative humidity, temperature, and
moisture conditions were based on a series of preliminary hygrothermal simulations.
Sample results from these simulations are visually displayed in figures 4 and 5. These
simulations were performed for a period of three years and only data from the third year
were used for defining the monitoring location. This approach of using advanced
hygrothermal modeling for defining the placement of sensors is unique. The integration
of modeling and field monitoring not only provides valuable data after experimental data
is gathered, but also allows measuring in locations where significant hygric thermal and
moisture gradients are present. This is of particular importance when monitoring
moisture accumulations, as just a few millimeters depth or distances of one monitoring
location may show very significant differences.

Crawlspace Thermal Performance

Figure 4: Temperature Distribution Snap-shot

In Figure 4, the two-dimensional distribution is shown for the Princeville, NC, 110 house
crawl space (vented) that included the dynamic effects of ventilation. The temperature
distribution is plotted out at the end of January (January 28, 2001). The corresponding
two-dimensional relative humidity is shown in Figure 5. The effects of the water table
level are shown, but these did not reach steady state values. However, as a vapor
retarder was used on the crawl space floor, the influence is reduced. Distinct relative
humidity gradients are present in the wooden floor joists.
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Figure 5: Relative Humidity Distribution Snap-shot

5.1 Conclusions

In the pilot study period, major progress was made towards achieving the project goals.
A field instrumentation study was implemented to obtain comparative information on the
performance differences between sealed versus wall vented crawl spaces. After fine
tuning, both instrumentation systems along with the on-site weather station monitor,
record and transmit moisture, temperature, pressure and air velocity data for the
analysis.

Preliminary performance data was analyzed while hourly data continues to be collected
on site. The analyzed data demonstrated clear performance differences between the
sealed and wall vented systems for the first summer moisture season. Results have
been analyzed and show for the period from August, 2001 till December 2001, with
exception of few operational changes, the non-vented, sealed crawlspace system had
lower hygrothermal loads than were found in the wall vented one.
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The relative humidity is always below levels that promote mold growth in the sealed
crawlspace, while in the wall vented case; values exceed the critical levels for mold
spore germination.

It is important to understand that the intention of the pilot study is to provide realistic
continuous crawl space system and sub-system information that does not exist at
present. The data have critical value to the research community, research partners, and
DOE, as they are expected to provide classical benchmark data not only for modeling
crawl spaces, but also for developing experimental monitoring protocol.

6. Technology Assessment Report

What makes the crawl space project unique is the fact that it goes beyond research. A
key project goal is to move the home construction industry to significantly improve the
as-built thermal, moisture and indoor air quality performance of crawl space systems.
To that end, a technology assessment was conducted in the first budget period to
identify the key roadmap ingredients of problem identification, barriers and strategies for
the deployment of dry, thermally improved crawl space systems.

6.1 Literature search and background paper

The assessment begins with an exhaustive literature search and background paper.
Authored by Bill Rose, this paper, which is an update of his 1994 ASHRAE symposium
on moisture control in crawl space construction, finds that there has been very little
research performed and as such there is no convincing technical basis for the current
code regulations mandating the use of wall vents. The review begins in the pre-WWII era
with unregulated construction and carries through the regulatory developments that
began in the 1940’s to the present time.

6.2 Building code inquiry

Central to any campaign designed to improve crawl space construction is a strong focus
on the building code provisions that regulate crawl space foundation systems.
Consequently, the second part of the assessment is a code inquiry. This inquiry consists
of a letter to and response from the Building Officials and Code Administrator
International (BOCA) clarifying various provisions of the International Regulatory
Commission (IRC) with respect to crawl space construction.

The technology assessment of existing building code regulation revealed many flaws
that need improvement. Beyond identifying these needed improvements, the inquiry lays
the groundwork for the preparation of code change proposals that would address the
results and findings of ongoing project research. As is pointed out strongly in the
literature search, current crawl space regulation for moisture control is not based on
definitive research. This assertion is supported by the BOCA response, which traces the
source of current crawl space wall venting requirements to a 1979 opening hearing of
the Board of Cooperation of the Model Codes (BCMC). The sole technical basis given in
the attached BCMC report from this meeting is that the 1979 wall venting provisions are
simply “state-of-the art”.
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Much of the key element in the debate regarding crawl space moisture control is
reflected in the concluding statement made on the third page of the BOCA response
letter:

“We recognize that there is a considerable amount of dispute among the building
science, academic, and design communities regarding the role of exterior venting
in keeping crawl spaces dry. In some climates, such vents may add moisture to
crawl spaces by allowing entry of warm and moist exterior air into the crawl
space and increasing moisture through condensation. Most building codes do
call for natural ventilation by way of screened crawl space vents meeting
minimum opening requirements or alternatively mechanical ventilation of these
under floor (crawl) spaces.”

While BOCA acknowledges the crawl space air moisture load physics, the impact is
made conditional by the use of the qualitative phrase, “In some climates, such vents may
add moisture to crawl spaces...”. Ongoing project research is directed at providing a
clear understanding of the range of climates affected and the extent of moisture and
related causes introduced by wall vents.

The BOCA response also confirms the existence of a large thermal performance
problem. Builders that seek to build thermally improved wall insulated crawl spaces, are
significantly impacted by the fire and termite protection provisions that limit the use of
foam plastic insulation. Further work must be done in this area that will allow builders to
construct code approved, thermally efficient, wall insulated crawl spaces.

6.3 Assessment of current technology

Crawl spaces are widely used in building construction throughout North America. They
are cheap to build, functional in terms of providing a level foundation for flooring on
sloping sites, and popular as spaces in which to locate plumbing, ductwork, and heating
systems. Crawl spaces are also the source of a host of moisture, mold, indoor air quality,
and thermal problems.

For the better part of a century, conventional knowledge has held that crawl spaces
need to be ventilated to allow moisture that percolates up from the ground and
evaporates into the crawl space air a means of escape. Subsequently, virtually all crawl
spaces are built with wall vents. These vents are typically 8x16” openings covered with a
wire mesh or grate to keep animals and insects out. Very few site-built homes have
sealed crawl spaces, that is, crawl spaces with insulated walls and no wall vents.

However, research has shown that despite their intended design, wall vented crawl
spaces frequently incur moisture problems and degrade the thermal integrity of the
building. As currently constructed and used over time, wall vented crawl spaces can
compromise the occupants’ health and cost them money in terms of unnecessarily high
energy bills and building repairs. In short, crawl space design needs to be improved.

The assessment concludes with a review current crawl space building practices,
identifies issues in the field related to moisture control, thermal performance, and indoor
air quality, and offers potential solutions to these problems. The review covers typical
components, designs, shortcomings and solutions, advanced technologies and most
importantly good practice guidelines.
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