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ABSTRACT

ASHRAE Standard 160, Criteria for Moisture-Control Design Analysis in
Buildings, was published in 2009. The standard sets criteria for moisture design
loads, hygrothermal analysis methods, and satisfactory moisture performance
of the building envelope. One of the evaluation criteria specifies conditions
necessary to avoid mold growth. The current standard requires that the 30-day
running average relative humidity at the material surface be less than 80 %
when the 30-day running average surface temperature is between 5°C (41°F)
and 40°C (104°F). This criterion was intended to strike a balance between the
need for simplicity to make the standard useful and the complex reality of mold
growth, which varies with mold species and depends on the type of material,
water activity, temperature, and other factors. Since the standard was
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published, many practitioners have maintained that the mold criterion is too
stringent. Assemblies known to have satisfactory performance in the field
do not meet the criterion under hygrothermal simulation. A recent addendum
to ASHRAE Standard 160 replaced the simplified mold criterion with a state-of-
the-art empirical model that describes mold growth and decline over time
using a mold index. This model takes into account the sensitivity of the
material, the surface temperature, and the surface relative humidity. This paper
provides an overview of the mold index model and a series of comparisons
between field observations of visible mold growth or lack thereof on wood-
based sheathing and model predictions that use measured surface temperature
and relative humidity values as inputs. The field data are from published
studies on above-grade wood-frame wall assemblies and roof assemblies
covering a range of climate zones. Our analysis indicates that the current
30-day criterion in ASHRAE Standard 160 fails many assemblies in which visible
mold growth did not occur. In contrast, the mold index model predictions give
better agreement with observations.
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Introduction

ASHRAE Standard 160-2009, Criteria for Moisture-Control Design Analysis in
Buildings [1], provides a standardized set of criteria on how to conduct, evaluate,
and report the results of hygrothermal analysis on new and existing building enve-
lope systems. The purpose of the standard is “to specify performance-based design
criteria for predicting, mitigating, or reducing moisture damage to the building
envelope, materials, components, systems, and furnishings, depending on climate,
construction type, and HVAC system operation.” The criteria apply to input
parameters including moisture design loads, analytical procedures, and evaluation
and use of outputs. Section 4 of the standard, “Criteria for Design Parameters,”
addresses how to select design values for initial moisture conditions of building
materials, indoor temperatures, indoor relative humidity (RH), building air pressure
differentials, air speed and flow, weather data, and rain loads. Section 5, “Criteria
for Selecting Analytical Procedures,” sets minimum acceptable requirements for
analytical tools capable of performing transient heat and moisture transfer calcula-
tions on building envelope assemblies. Section 6, “Moisture Performance Evaluation
Criteria,” sets boundaries on conditions necessary to avoid mold growth and corro-
sion. Comprehensive summary reviews of ASHRAE Standard 160 were provided by
TenWolde [2] and Gatland [3] shortly after publication in 2009.

The original mold growth criteria in Section 6.1, “Conditions Necessary to
Minimize Mold Growth,” were adopted from three criteria recommended in the



GLASS ET AL., DOI 10.1520/STP159920160106

International Energy Agency Report Annex XIV [4]. The section requires meeting
the following three conditions to minimize problems associated with mold growth:

a. Thirty-day running average surface RH is less than 80 % when the 30-day run-

ning average surface temperature is between 5°C (41°F) and 40°C (104°F)

b. Seven-day running average surface RH is less than 98 % when the seven-day

running average surface temperature is between 5°C (41°F) and 40°C (104°F)
c¢. Twenty-four-hour running average surface RH is less than 100 % when the
24-hour running average surface temperature is between 5°C (41°F) and 40°C
(104°F)
These criteria were simplified through “Addendum a” [5] to include only the
30-day running average surface conditions as described earlier.

Since the standard was published, many users have considered the mold growth
evaluation criteria to be too stringent. A number of researchers and practitioners
have reported that assemblies known to fail the criteria in hygrothermal simulation
have satisfactory performance in the field [6-10]. Scientific literature also indicates
that mold growth requires a much more complex description than the simple
30-day criterion [11-19].

Recently, “Addendum e” was proposed to improve the mold evaluation criteria
in ASHRAE Standard 160 [20]. The proposed changes are based on the updated
mold growth model developed by Ojanen and colleagues [21].

The objective of this paper is to compare the predictive ability of the simple
30-day criterion to the mold growth model. The two methods used measured sur-
face RH and temperature as inputs, and results were compared with field observa-
tions of mold growth (or lack thereof) in various building envelope assemblies. The
development and key features of the mold growth model are described in the next
section, which is followed by a description of analysis methods, results and discus-
sion, and conclusions.

Overview of Viitanen’s Mold Growth Model

The mathematical mold growth model developed by Viitanen and colleagues is
based on empirical data and has been updated through multiple improvements
over time [11-13, 21-26]. Original measurements were based on pine and spruce
sapwood, but the number of materials tested has grown over time as will be dis-
cussed here.

The most recent version of the model correlates a mold index scale between
zero and six with increasing descriptions of mold growth rates based on experimen-
tal measurements. Table 1 describes the amount of growth based on visual observa-
tions using both a microscope and the naked human eye. It is important to note
that the mold index value of three corresponds with visual finding of mold growth
and production of new spores.

The latest version of the model incorporates four material sensitivity classes
that were created to coincide with common building materials used in construction.
The materials tested are described in Table 2 along with generalized material groups.
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Description of mold index scale [21,25,26].

Index Description of Growth Rate Microscopic Observation Visual Observation
0 No growth; spores not activated None None
1 Initial stages of growth Small amounts of mold on surface None
2 - Several local colonies None
3 New spores produced <50 % coverage <10 % coverage
4 Moderate growth >50 % coverage 10 %-50 % coverage
5 Plenty of growth = >50 % coverage
6 Heavy and tight growth — about 100 % coverage

Mold sensitivity classes for various materials [21].

Sensitivity Class

Materials Used in Experiments

Generalized Material Groups

Very sensitive

Sensitive

Medium resistant

Resistant

Pine sapwood

Spruce sapwood, glued wooden boards,
polyurethane insulation with paper
surface
Concrete, aerated and cellular concrete,
glass wool, polyester wool
Polyurethane insulation with polished

Untreated wood; includes lots of
nutrients for biological growth
Planed wood, paper-coated products,
wood-based boards

Cement or plastic based materials,
mineral fibers

Glass and metal products, materials

surface with efficient protective compound

treatments

Favorable conditions for mold growth occur when the surface temperature (T)
is above 0°C and the surface RH is above a critical value. The critical surface RH
value depends on both the material sensitivity class and the surface temperature, as
shown in Fig. 1. The mold index increases each hour when favorable conditions exist
based on the surface temperature, surface RH, and sensitivity class. The series of
equations used in calculating the mold index can be found in Ojanen et al. [21].

Unfavorable conditions exist when the surface temperature is below 0°C or
when the surface RH is below the critical value. When conditions are unfavorable,
the mold index decreases at a rate that depends on the length of time conditions
have been unfavorable and on a decline coefficient that depends on the material.
Different materials exhibit different rates of mold index decline; the model accounts
for this using a decline coefficient relative to original measurements using pine sap-
wood, which is given a coefficient of one.

The evolution of the mold index over time is illustrated for a few simple cases
under constant temperature and humidity conditions in Fig. 2. The mold index val-
ues for different sensitivity classes at 20°C and 95 % RH are depicted in Fig. 2a.
Focusing on the sensitive class, the mold index at 20°C and various constant RH
levels are shown in Fig. 2b.
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FIG.1 Critical surface RH as a function of surface temperature for different material
sensitivity classes, based on the updated Viitanen model [21].
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The mold index model has been used as a tool to evaluate the results of a
hygrothermal analysis. Recent investigations have compared field measurement
results with the results of hygrothermal analysis using the ASHRAE Standard
160-2009 criteria and the most recent Viitanen mold index model [9,10]. Field
observations of surface conditions more closely correlate with the Viitanen model.
ASHRAE Standard 160-2009 criteria overpredict the risk for mold growth and are
not consistent with field observations.

Analysis Methods

The measured data used for the analysis in this paper come from previously pub-
lished research on moisture performance of above-grade wood-frame wall and
roof assemblies. The wall or roof sheathing in these assemblies was oriented
strand board (OSB) or plywood. The surface of interest for mold growth was the
sheathing surface that faced the insulated cavity. In each study, the assemblies were
inspected after a period of monitoring, and researchers recorded visual observations
of mold growth or lack thereof on the wood-based sheathing. The analysis in this
paper uses the measured surface temperature and RH values as inputs for evaluat-
ing mold risk. The following sections describe (1) how surface temperature and
RH were either measured or derived from measured parameters; and (2) how anal-
ysis was conducted with two different moisture performance evaluation criteria: the
first using 30-day running average conditions and the second using the mold
index model.

5



6

STP 1599 On Advances in Hygrothermal Performance of Building Envelopes

]
FIG. 2 Predicted mold index versus time under constant conditions based on the
updated Viitanen model [21]: (a) 20°C and 95 % RH for each sensitivity class;
(b) sensitive class at 20°C for various humidity levels.
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SURFACE TEMPERATURE AND RELATIVE HUMIDITY

Each of the monitored assemblies had an instrumentation package connected to a
data acquisition system that recorded values hourly. The assemblies and relevant
sensors are depicted in Fig. 3 and Fig. 4. These include wall assemblies with different
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FIG.3 Wall assemblies monitored near Seattle, WA [27]. Interior vapor retarder was
0.1-mm polyethylene (PE), 0.05-mm polyamide (smart vapor retarder, SVR),
or none (paint only). The RH/T sensor was placed at the cavity side of the OSB
sheathing at the center of the stud cavity, 150 mm below the top plate.

22 mm stucco and lath

2 layers 60 min building paper
11 mm oriented strand board

38 x 140 mm wood framing,
406 mm on center

Glass fiber batt insulation,
3.7 m2K/W

I ' RH/T sensor

0.05 mm polyamide,
or no vapor retarder

0.1 mm polyethylene, }

12.7 mm gypsum board
Primer and latex paint

interior vapor retarders in Seattle, WA (Fig. 3) [27], and roof assemblies with differ-
ent insulation and venting methods in Chicago, IL (Fig. 4 and Table 3) [28]. In the
wall and roof assemblies, temperature was measured at the surface of the sheathing.
Relative humidity at the sheathing surface was determined three different ways. In
the first method, the RH/T sensor was placed directly at the sheathing surface. The
RH/T values were then taken directly; no corrections were necessary.

A second method made use of a wood “wafer” sensor equipped with pin elec-
trodes for measurement of wood moisture content (MC) by electrical conductance.
This type of sensor, described previously by Carll and TenWolde [29] and Ueno
and Straube [30], is a surrogate for humidity and uses the relationship between RH
and MC (the sorption isotherm). As noted by Ueno and Lstiburek [28], wafer

FIG. 4 Roof assemblies monitored near Chicago, IL [28]. The RH/T sensor and wafer
sensor (not shown) were placed just below the OSB sheathing at the ridge of
each assembly.

<«———— Dropped Sheathing ———— M —»

T

1-Vented 2-Top Vent 3-Top Vent 4-Top Vent 5-Top Vent 6-Diffusion 7-Unvented
Compact Roof Cathedral- Cathedralized- Cathedralized- Cathedral- Vent Cellulose Cellulose
Assembly Cellulose Cellulose Fiberglass Fiberglass

\

<«——No interior gypsum ——>»
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TABLE 3 Description of roof assemblies monitored in Bolingbrook, IL [28].

Designation

Interior

Insulation

Exterior

Ventilation

1- Vented com-
pact roof

2 - Top vent
cathedral,
cellulose

3 - Top vent
cathedralized,
cellulose

4 - Top vent
cathedralized,
fiberglass

5 - Top vent
cathedral,
fiberglass

6 - Diffusion vent,

cellulose

7 - Unvented,
cellulose

12.7-mm gypsum
board, latex paint

12.7-mm gypsum
board, latex paint

None (open)

None (open)

12.7-mm gypsum
board, latex paint

12.7-mm gypsum
board, latex paint

12.7-mm gypsum
board, latex paint

Fiberglass batt,
53m?. K/W

Cellulose, dense
packed, 6.7 m? - K/W

Cellulose, dense
packed, 6.7 m? - K/W

Fiberglass batt,
6.7 m? - K/W

Fiberglass batt,
6.7 m? - K/W

Cellulose, dense
packed, 6.7 m? - K/W

Cellulose, dense
packed, 6.7 m? - K/W

1-mm OSB, #30
felt, asphalt shingle

11-mm OSB, mesh,
asphalt shingle

11-mm OSB, mesh,
asphalt shingle

1-mm OSB, mesh,
asphalt shingle

1-mm OSB, mesh,
asphalt shingle

1-mm OSB, #30
felt, asphalt shingle

1-mm OSB, #30
felt, asphalt shingle

100-mm air space
below sheathing,
openings at eave
and ridge
Breather mesh
ventilation under
shingles, eave to
ridge
Breather mesh
ventilation under
shingles, eave to
ridge
Breather mesh
ventilation under
shingles, eave to
ridge
Breather mesh
ventilation under
shingles, eave to
ridge
Ridge “diffusion
vent” (glass fiber
faced gypsum
board)
Ridge sealed with
self-adhered
membrane;
unvented

sensors can be more reliable than polymeric capacitive RH sensors under high RH
conditions over long periods, and they can be useful for understanding seasonal mois-
ture accumulation and drying patterns. The time response of these wood-based sensors
is somewhat delayed, which should be understood when interpreting the results. Wood
MC was calculated from measured electrical resistance and temperature using equa-
tions given by Straube, Onysko, and Schumacher [31]. The RH was then calculated
from the wood MC (expressed as a percentage of the dry mass) using Eq 1, which was
fit to the generic wood sorption data from the Wood Handbook [32] at a temperature
of 10°C, which is approximately the annual mean for field conditions. Temperature
dependence in the RH/MC relationship is minor and is neglected here.

RH 1.550
T =1 —exp|—26.665(— (1)
100 100



GLASS ET AL., DOI 10.1520/STP159920160106

In a previous calibration [30], the wafer sensors came to equilibrium with 100 %
RH conditions (suspended in air over water in a closed container) at 28 % to 30 %
MC, while immersing the wafer sensors in liquid water increased their MC to the
40 % to 45 % range.

A third method involved electrical resistance measurement of sheathing MC. Pin
electrodes, electrically insulated except for the tip, were inserted to a depth of 6 mm
into the sheathing (nominally the middle). MC and RH were calculated in the same
way as described earlier for the wood wafers. Because of the pin location at mid-
depth rather than at the surface, this method also had a delayed time response, and
RH fluctuations were damped by the moisture storage capacity of the sheathing.

MOISTURE PERFORMANCE EVALUATION CRITERIA

Thirty-Day Criterion

ASHRAE Standard 160-2009 [1] and “Addendum A” [5] specify conditions necessary
to minimize mold growth in terms of 30-day running average values of surface RH and
temperature. This criterion requires that the 30-day running average RH at the material
surface be less than 80 % when the 30-day running average surface temperature is
between 5°C and 40°C. This method is illustrated graphically in the “Results and Dis-
cussion” section, taking 30-day running average surface temperature and RH values
based on hourly values measured at sheathing surfaces in wall and roof assemblies.

Mold Index Model
The updated Viitanen mold index model [21] was evaluated as an alternative to the
ASHRAE Standard 160 criteria. Mold index values were calculated at 1-h intervals
using this model with measured hourly values of surface temperature and RH at
sheathing surfaces in wall and roof assemblies. The following assumptions were
made in running the model:
* OSB was modeled using the sensitive class, based on the recommendation of
Ojanen et al. [21] for “wood-based boards” (Table 2).
* The initial mold index value at the beginning of the field monitoring studies
was assumed to be zero.
* The coefficient for mold index decline on OSB during unfavorable conditions was
taken as 0.3 based on the value for spruce, which belongs to the sensitive class.
* The surface quality parameter was interpreted as being zero in all cases in the
revised model of Ojanen et al. [21].
Field observations of mold growth or lack thereof did not include microscopy;
observations were limited to visual assessment without magnification. The relevant
mold index (M) threshold corresponding to visible mold growth is M = 3 (Table 1).

Results and Discussion

This section begins with a review of similar prior analyses conducted by the
authors. Results of the present analysis are then presented and discussed for each
set of building envelope assemblies.
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PRIOR ANALYSIS OF WALL AND ROOF ASSEMBLIES

Analysis of experimentally monitored wall and roof assemblies that had no visible
mold growth were presented by Glass, Schumacher, and Ueno [9] and summarized
by Lstiburek, Ueno, and Musunuru [10]. The assemblies included double-stud walls
in Devens, MA (Climate Zone 5A) [33,34]; an unvented cathedral ceiling in Van-
couver, BC (Climate Zone 4C) [35]; and a vented attic and unvented cathedralized
attic in Coquitlam, BC (Climate Zone 4C) [36]. The results are summarized in
Table 4. In all but one case, the 30-day criterion indicated risk of mold growth; that
is, the hourly measured surface RH/T conditions led to calculated 30-day running
averages that did not stay within the specified “conditions necessary to minimize
mold growth.” Visible mold growth, however, was not observed in any of the
assemblies during disassembly. In all cases, the mold index model, using measured
hourly surface RH/T values as inputs, resulted in mold index values less than 3.0, in
agreement with observations. The results of this series of comparisons indicate that
the mold index model matches reality (i.e., it is not overly conservative), and it
avoids “false positives,” unlike the 30-day criterion. The comparisons, however, do
not provide any information on the predictions of the mold index model for cases
in which visible mold growth was observed. This knowledge gap and uncertainty
regarding potential “false negatives” was the motivation for the present analysis.

WALL ASSEMBLIES IN SEATTLE
Gatland et al. [27] monitored hygrothermal performance of wood-frame wall
assemblies using the Natural Exposure Test Facility located on the campus of
Washington State University in Puyallup, WA (Seattle area; Climate Zone 4C).
Walls were oriented facing south. The assemblies are depicted in Fig. 3; they differ
only in the interior vapor retarder and are denoted as follows:
* Polyethylene (PE)—0.1-mm PE film; literature vapor permeance is 3-5 ng/
Pa-s - m?[37,38].
* Smart vapor retarder (SVR)—0.05-mm polyamide film; vapor permeance
varies from 44 ng/Pa - s - m? at a mean RH of 25 % to 280 ng/Pa - s - m’® at a
mean RH of 75 % and exceeds 2000 ng/Pa - s - m? at a mean RH of 95 % [38].
* Paint—no vapor retarder other than primer and latex paint on the interior
gypsum board; vapor permeance of the coated gypsum board was reported to
be as high as 1100 ng/Pa - s - m* [39].

|
TABLE 4 Summary of previous analysis contrasting 30-day criterion with mold index model [9,10].

Performance Model Prediction
Visible Mold
Assembly Type Location Growth? 30-Day Criterion | Mold Index Model
Double-stud walls [33,34] Devens, MA No Mold risk M<3
Unvented cathedral ceiling [35] Vancouver, BC No No mold risk M<3
Vented attic [36] Coquitlam, BC No Mold risk M<3
Unvented cathedralized attic [36] Coquitlam, BC No Mold risk M<3
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Monitoring began in the summer of 2003. The interior environment was main-
tained at 21°C and 50 % to 55 % RH. During the spring of 2004, visual examination
of the paint wall indicated mold growth on the cavity-side surface of the OSB
sheathing.

Hourly surface RH values are plotted in Fig. 5 for each assembly. An expected
seasonal trend is observed for all assemblies: RH values peaked during winter and
reached a minimum during summer. Wintertime values remained at or near 100 %
RH for the paint wall.

Thirty-day running average OSB surface RH values are shown in Fig. 6 for each
wall, with the 30-day running average OSB surface temperature in the PE wall. The
30-day running average surface temperature values for the other two walls are not
shown because they did not differ appreciably from the values for the PE wall. The
30-day running average surface temperatures remained between 5°C and 40°C dur-
ing the monitoring period. The 30-day running average surface RH values exceeded
80 % RH in all three cases. Thus, the ASHRAE Standard 160 “Addendum a” criteri-
on for conditions necessary to minimize mold growth was not met for any of the
three walls. Visual observations, however, found mold growth on OSB only in the
paint wall. For comparison, measured OSB MCs were well in excess of 30 % MC in
the paint wall during winter. In contrast, the OSB MCs in the PE and SVR walls
peaked at about 16 % and 12 %, respectively, well below values typically associated
with risk of mold growth. This analysis confirms that the 30-day criterion is too
stringent.

Mold index values calculated from the measured hourly surface RH/T values
over the course of the monitoring period are shown in Fig. 7. The mold index for
the paint wall increases steadily during winter and reaches a peak value of 3.4 dur-
ing March, before slowly declining as drying of the OSB surface occurred during
warmer conditions. This mold index value above three for the paint wall agrees
with the visual observation of mold growth in this wall during the spring of 2004.
In contrast, the mold index values for the PE and SVR walls remain below one, in
agreement with visual observation of lack of mold growth. In summary, this case
illustrates that the mold index model correctly identifies conditions that led to visi-
ble mold growth and conditions that did not.

ROOF ASSEMBLIES IN CHICAGO

Ueno and Lstiburek [28] monitored moisture and temperature conditions in a
series of residential sloped roof assemblies in a test house located in Bolingbrook, IL
(Chicago area; Climate Zone 5A). Roof orientations were east and west. Seven par-
allel rafter bays were monitored as described in Table 3 and depicted in Fig. 4. All
assemblies had OSB roof sheathing and asphalt shingles. Conditions were moni-
tored just below the roof ridge near the OSB sheathing using both an RH/T sensor
and a wood wafer sensor. In addition, the MC of the OSB sheathing near the ridge
was monitored with moisture pins, with the exception of Roof 6, where the ridge
had a diffusion vent rather than OSB. The interior environment was maintained at
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]
Measured hourly RH values at cavity-side surface of OSB sheathing in Puyallup,
WA, for walls with (a) PE, (b) SVR, and (c) no vapor retarder other than paint.
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FIG. 6 Thirty-day running average RH values at cavity-side surface of OSB sheathing in
Puyallup, WA, for walls with PE, SVR, and paint only. Thirty-day running average
OSB surface temperature is shown only for the PE wall; temperatures in other
walls were essentially the same. The 80 % RH threshold and the 5°C to 40°C
temperature band are indicated with dashed lines.
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22°C and 50 % RH. Monitoring began in October 2013 and concluded when roof
assemblies were inspected in June 2014. Visible mold growth was found on the
cavity-side OSB surface in Roofs 4 and 5.

Hourly surface RH values are plotted in Figs. 8-10. The ventilated cathedral ceil-
ing or compact roof assembly (Roof 1) showed large fluctuations that reflect out-
door conditions. The wafer sensor had a damped response that tracked fairly
closely with the 24-h running average of the RH sensor (not shown). The OSB
moisture pins also had a damped response. The other assemblies, which did not
include intentional ventilation in the rafter bay, showed an expected seasonal trend
of high surface RH values during winter and lower values during summer. These
RH measurements are consistent with high OSB sheathing MCs measured near the
ridge. In most cases for Roofs 2-7, the RH values derived from the wafer sensor
and OSB moisture pins tended to lag behind the RH sensor during the autumn
increase and spring decline, and they tended to read slightly higher during winter.
Roofs 4 and 5 showed unusual behavior: There were significant periods in winter
and spring when the RH sensors had extreme fluctuations. In Roof 4 in January,
the wafer sensor dropped significantly while the OSB moisture pins dropped just

13
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FIG. 7 Mold index values calculated from measured hourly temperature and RH values
at cavity-side surface of OSB sheathing in Puyallup, WA, for walls with PE, SVR,
and paint only.
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slightly. This anomalous behavior may be a result of RH sensor failure or a result of
air leakage that affected the sensors in different ways. Given the visual observations
of wet OSB and wet insulation, the OSB moisture pins were likely the only reliable
indicator in Roof 4. In Roof 5, the wafer sensor and OSB moisture pins both
remained at elevated RH from late fall to mid-spring.

The 30-day running average OSB surface RH and temperature values were ana-
lyzed previously with respect to the ASHRAE Standard 160 “Addendum a” criteri-
on [5] by Ueno and Lstiburek [28]. The results of this analysis are summarized in
Table 5. The vented compact roof was the only assembly to pass the criterion.

Mold index values calculated from the measured hourly surface RH/T values
are plotted in Figs. 11-13. In Roofs 1, 2, and 6 (Fig. 11) the mold index values are well
below three, the threshold for visible mold growth. In Roof 1 (vented compact roof,
Fig. 1a), the mold index remains close to zero regardless of whether RH values were
taken from the RH sensor or derived from the wafer sensor or OSB moisture pins.
In Roof 2 (top vent cathedral, cellulose, Fig. 11b), the mold index based on all sensors
stays below 2.2. In Roof 6 (diffusion vent, cellulose, Fig. 11c), the mold index calcu-
lated both ways remains below 1. These model predictions are all consistent with
the lack of any visible mold growth on the cavity-side OSB surface in these
assemblies.
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FIG. 8 Measured hourly RH values at cavity-side surface of OSB sheathing below ridge
using RH sensor, and values derived from wafer sensor and OSB moisture pins
for roof assemblies 1, 2, and 6 in Bolingbrook, IL.
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FIG. 9 Measured hourly RH values at cavity-side surface of OSB sheathing below ridge
for roof assemblies 3 and 7.
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In the case of Roofs 3 and 7 (Fig. 12), the mold index values differ depending on
the sensor: the wafer sensor and OSB moisture pins give higher mold index values
than the RH sensor, a result of the higher RH values derived from the pin measure-
ments (Fig. 9). In Roof 3 (top vent cathedralized, cellulose, Fig. 12a), M reaches 2.6
for the RH sensor, 3.6 for the wafer sensor, and 3.1 for the OSB moisture pins. In
Roof 7 (unvented, cellulose, Fig. 12b), M reaches 2.9 for the RH sensor versus 3.5 for
the wafer sensor and OSB moisture pins. No visual evidence of mold growth was
observed on the cavity-side OSB surface in these assemblies; however, evidence of
moisture accumulation was seen in the form of OSB grain raise, rusted staples, and
cellulose insulation “caking” in Roof 7 [28]. Agreement between the mold index
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FIG.10 Measured hourly RH values at cavity-side surface of OSB sheathing below
ridge for roof assemblies 4 and 5.
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|
TABLE 5 Summary of analysis of roof assemblies in Bolingbrook, IL, using the 30-day criterion [28]

and the mold index model (this work).

Performance Model Prediction
Visible Mold

Designation Growth? 30-Day Criterion Mold Index Model
1- Vented compact roof No No mold risk M<3

2 - Top vent cathedral, cellulose No Mold risk M<3

3 - Top vent cathedralized, cellulose No Mold risk M=~ 3 (2.6-3.6)
4 - Top vent cathedralized, fiberglass Yes Mold risk Sensor-dependent
5 - Top vent cathedral, fiberglass Yes Mold risk Sensor-dependent
6 - Diffusion vent, cellulose No Mold risk M<3

7 - Unvented, cellulose No Mold risk M~ 3(2.9-3.5)

17
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]
FIG. 11 Mold index values calculated from measured hourly temperature and RH values at
cavity-side surface of OSB sheathing below ridge for roof assemblies 1, 2, and 6.
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FIG.12 Mold index values calculated from measured hourly temperature and

RH values at cavity-side surface of OSB sheathing below ridge for roof

assemblies 3and 7.
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model and observation is thus considered acceptable for the RH sensor, but not for

the wafer sensor or OSB moisture pins in the case of Roofs 3 and 7.

Mold index values for Roofs 4 and 5 (Fig. 13) show much larger discrepancies
between the various sensors. In Roof 4 (top vent cathedralized, fiberglass, Fig. 13a),
mold index peak values are less than 0.4 (RH sensor), about 2.2 (wafer sensor), and
about 4.8 (OSB moisture pins). As discussed previously, the OSB moisture pins
were likely the only reliable indicator in this assembly. In Roof 5 (top vent cathe-
dral, fiberglass, Fig. 13b), peak values are M is greater than 5 for the wafer sensor,
approximately 4.2 for the OSB moisture pins, and less than 2 for the RH sensor. As
discussed earlier with regard to Fig. 10, the RH sensor exhibited large fluctuations,
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FIG.13 Mold index values calculated from measured hourly temperature and RH
values at cavity-side surface of OSB sheathing below ridge for roof assemblies

4 and 5.
(a) Roof 4-Top vent cathedralized, fiberglass
6
——RH sensor
S ||« e« Wafer sensor ——
- - --0OSB moisture pins I,’
x 4 I”
(] ’
2 4
5 3 /'/
[e] L
= e coes
2 o Lo oo,
1 Rt
I”.’.’. eetreesg, e’
A T— S T—

0
Oct-13 Dec-13 Feb-14 Apr-14 Jun-14
(b) Roof 5-Top vent cathedral, fiberglass

Mold Index
3

0
Oct-13 Dec-13 Feb-14 Apr-14 Jun-14
Month-Year

and readings may not have been reliable. The wafer sensor and OSB moisture pins
were likely more reliable, though they may have overestimated the actual RH in
some cases, given the pattern seen above for Roofs 3 and 7. The mold index values
derived from the wafer sensor and OSB moisture pins both predicted visible mold
growth but at levels higher than visually observed.

It is interesting to note that the RH values derived from the wafer sensor and
OSB moisture pins in Roofs 4 and 5 (Fig. 10) are similar to those in Roofs 2, 3, and
7 (Fig. 8b and Fig. 9a and b, respectively); the mold index predictions, however, are
quite different (Figs. 11-13). In Roof 5, the mold index (based on the wafer sensor
and OSB moisture pins) increases gradually during the winter, whereas the other
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assemblies generally do not show any significant increase until spring. This winter-
time increase in mold index most likely occurs because the OSB surface tempera-
tures measured at the ridge in Roofs 4 and 5 were considerably higher in winter
than in other roof assemblies (not shown), possibly high enough to support mold
growth during cold winter weather. The warmer temperatures in these assemblies
are further discussed by Ueno and Lstiburek [28] and may be an indication of inte-
rior-to-exterior air leakage, which would transfer heat (and moisture) to the ridge.
Upon disassembly and inspection, mold growth was observed on the cavity-side
surface of the OSB sheathing as well as extensive damage and staining on both sides
of the OSB sheathing. The mold index values derived from OSB moisture pin meas-
urements (Roofs 4 and 5) and wafer sensor measurements (Roof 5) predict higher
coverage of mold growth than what was observed.

The analysis of the roof assemblies using both the 30-day criterion and the
mold index model is summarized in Table 5. Overall, the mold index model yielded
more reliable predictions than the 30-day criterion when compared to field observa-
tions. The mold index model also has the advantage of providing granularity, with
a numerical scale that indicates the level of mold risk, rather than a binary pass/
fail result.

Mold growth was the only evaluation criterion addressed in this analysis. Other
moisture performance criteria may need to be considered in addition to mold
growth, such as corrosion of fasteners [17,40] or loss of structural capacity from
moisture-induced dimensional changes [17,41,42].

EXPERIMENTAL AND MODELING UNCERTAINTIES
Several sources of uncertainty both in experimental measurements and in model
predictions are worthy of further discussion. The first is uncertainty in surface
RH/T values derived from experimental measurements. A fundamental difficulty
that has not been addressed earlier is that mold growth is related to water activity
within the material at its surface. The experimental measurements are proxies for
water activity. The RH/T sensor was necessarily located some distance from the
material surface and measured RH in the air close to the surface. The wafer sensor,
in addition to its location away from the surface, measured bulk MC of the wood
wafer, which was then transformed to RH using the sorption isotherm. The OSB
moisture pins measured MC at the center of the sheathing rather than the surface.
In addition to the fact that the measurements are proxies, experimental error is
inherent in any measurement technique. A detailed error analysis is beyond the
scope of this paper, but we do present an illustration to give a sense of the impact.
The mold index for the paint wall originally presented in Fig. 7 was recalculated
for two cases in which the surface RH was three percentage points higher and lower
than the actual sensor measurements, to illustrate the effect of an RH sensor mea-
surement uncertainty of = 3 % RH. The results are shown in Fig. 14. In this example,
the effect is not a simple offset. The mold index based on the measured RH - 3 % is
considerably lower than the mold index based on the measured values, whereas the
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|
FIG. 14 Effect of uncertainty in RH values on mold index. Mold index values were
calculated from measured hourly temperature and RH values at cavity-side
surface of OSB sheathing in Puyallup, WA, for the paint wall, the same as in
Fig. 7. Mold index values were also calculated here from the measured RH = 3 %
RH (but capped at 100 % RH).
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mold index based on the measured RH+ 3 % (but capped at 100 % RH) is only
slightly higher. A complementary illustration of the effect of RH measurement error
can be seen by comparing mold index values derived from RH sensor, wafer sensor,
and OSB moisture pin measurements in Fig. 11 and Fig. 12.

An additional source of uncertainty in modeling mold growth is variability in
the level of mold susceptibility of the substrate material. In this analysis, we have
assumed that oriented strand board can be characterized by the model parameters
developed by Viitanen and colleagues for the sensitive class, which was based on
materials other than OSB. It must also be recognized that OSB represents a product
category, and the properties of actual OSB panels vary depending on the mix of
wood species, the type and quantity of adhesive and wax, and processing tempera-
ture and pressure conditions. For instance, OSB made from southern pine was
found to have higher mold susceptibility than OSB made from aspen in one study
[43]. The impact of the material sensitivity class on the mold index can be seen in
the illustration in Fig. 2a. Further study is recommended to better understand the
variability of mold growth on wood-based sheathing products. Furthermore, the
cavity insulation material adjacent to the OSB surface may have an effect on the ini-
tiation and rate of mold growth. For example, the inhibiting effects of borate addi-
tives in cellulose insulation on certain mold species have been discussed by Ueno
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[33,34] and by Clausen et al. [44]. The amount of borate additive may have an
effect, and it should be noted that cellulose insulation products in the United States
can contain up to 20 wt% boric acid or derivatives whereas products in the Europe-
an Union are limited to 5 wt%.

Finally, there is uncertainty in the initial mold index value at the beginning of
the field monitoring studies. The analysis presented here has assumed that the mold
index was zero when monitoring began. This assumption is necessary because the
prior history of the OSB panels was not documented. The prior history, however,
could possibly have involved some wetting during outdoor storage on the job site
or during construction. Such wetting could have led to microscopic levels of mold
growth.

Conclusions

This paper provides an overview of the evaluation criteria for mold growth in
ASHRAE Standard 160, Criteria for Moisture-Control Design Analysis in Buildings,
and an overview of the mold growth model developed by Viitanen and colleagues.
The objective of the analysis described here was to compare the predictive ability of
the simple 30-day running average criterion in ASHRAE Standard 160 to the mold
index model. The two methods used hourly measured surface RH and temperature
values as inputs, and results were compared with field observations of mold growth
(or lack thereof) in various building envelope assemblies.

Prior analysis by the authors (Table 4) indicated that, in all but one case, the
30-day criterion failed assemblies in which visible mold growth was not observed
during disassembly; that is, the hourly measured surface RH/T conditions led to cal-
culated 30-day running averages that did not stay within the specified “conditions
necessary to minimize mold growth.” In all cases, the mold index model, using mea-
sured hourly surface RH/T values as inputs, resulted in mold index values less than
three. This is the threshold for visual finding of mold growth (without magnification),
so the mold index model predictions were in agreement with observations.

Three wall assemblies monitored near Seattle, WA, were analyzed here using the
30-day criterion and the mold index model. Visible mold growth was observed dur-
ing inspection on the cavity-side surface of OSB sheathing in the wall with paint as
the only vapor retarder. The 30-day criterion failed all three assemblies. The mold
index model yielded a value above three for the paint wall, in agreement with visual
observation, and mold index values well below three for the wall with PE and poly-
amide vapor retarders, which agreed with the lack of any visible mold.

The analysis also considered seven roof assemblies that were monitored in a test
house near Chicago, IL. Visible mold growth was found on the cavity-side surface of
OSB roof sheathing in two of these seven test bays, both of which had anomalous RH
sensor readings. Out of the five remaining assemblies, the 30-day criterion failed all
but one. The mold index model was run with RH values derived from an RH sensor,
a wafer sensor, and moisture pins in the OSB sheathing. Three of the assemblies
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without visible mold growth had mold index values well below three. Two assemblies,
also without visible mold growth but with indication of significant moisture accumu-
lation, had mold index values slightly below three using the RH sensor and slightly
above three using the wafer sensor and OSB moisture pins. The assemblies with visi-
ble mold growth had questionable RH sensor readings, and the mold index values
derived from wafer sensor measurements were inconsistent. Visible mold growth was
not predicted in one assembly but was predicted at higher coverage than observed in
the other assembly. For both assemblies, visible mold growth at higher coverage than
observed was predicted from the OSB moisture pins.

Overall, the mold index model yielded more reliable predictions than the
30-day criterion when compared to field observations. The mold index model also
has the advantage of providing granularity, with a numerical scale that indicates the
level of mold risk, rather than a binary pass/fail result. The sources of uncertainty
in experimental measurements and the impact on the calculated mold index were
illustrated. Additional sources of uncertainty in modeling mold growth include the
degree to which model parameters for a particular sensitivity class capture the
behavior of the actual material, potential inhibiting effects of borate treatment in
cellulose insulation, and lack of information on the initial mold index at the start
of an analysis. Despite these uncertainties, the mold index model is a significant
improvement over the 30-day criterion in ASHRAE Standard 160.
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