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Oriented strand board (OSB) is commonly used in the residential construction market in North America
and its moisture-related durability is a critical consideration for building envelope design. Measurement
of OSB moisture content (MC), a key determinant of durability, is often done using moisture pins and
relies on a correlation between MC and the electrical resistance (R) of the OSB between the pins. Early
work on these correlations focused on solid lumber and recent correlations for engineered wood

products lack data regarding the temperature effects on R. We provide data on 1001 resistance mea-
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surements in OSB, sourced from three different locations, over a wide temperature (—17 °C—70 °C) and
relative humidity (35%—95%) range. This data, in conjunction with gravimetric MC readings, is used to
test existing correlations and support a new simple, accurate formula for calculating MC from resistance
and temperature measurements in OSB.

Published by Elsevier Ltd.

1. Introduction

Oriented strand board (OSB) structural panel sheathing has
been used in the North American residential construction market
for several decades (see Zerbe [1] for a history of development).
OSB has moisture transfer properties that differ from both plywood
and construction lumber [2,3]. Moisture-related durability is a
critical consideration in building envelope design, particularly
when insulation levels and airtightness of wall and roof assemblies
are increased or new materials are introduced. Over the last 15
years a large number of field studies in various North American
climates have monitored the hygrothermal performance of wall
and roof assemblies that include OSB sheathing [4—24]. The
moisture content (MC) of OSB sheathing is a key criterion for
evaluation of field moisture performance. Moisture accumulation
in wood-based materials can lead to mold growth, fungal decay,
corrosion of embedded metal fasteners, expansion-contraction
damage, and loss of structural capacity. Development of mathe-
matical models for some of these damage functions is the subject of
ongoing research [25—35]. While mold growth depends on surface
water activity (rather than bulk moisture content, though these are
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related), the other types of damage are dependent on moisture
content. For example a common rule of thumb suggests keeping
wood products below 20% MC to minimize risk of decay [36—38]. In
addition, questions about moisture risk have driven the ongoing
interest in validation and tuning of hygrothermal models as well as
parametric analysis [39—48] which allow the prediction of OSB
moisture performance during the design of building envelope as-
semblies. Verification of the models depends on accurate mea-
surement of MC in field and laboratory studies to compare to model
prediction.

A common method for measuring moisture content of wood
products in the field is through use of a moisture meter, which
allows immediate spot readings, or installation of moisture pins
with a data acquisition system for long term monitoring. Other
researchers rely on direct gravimetric measurement which requires
obtaining the mass of a wood sample before and after oven drying.
Direct measurement, however, can be cumbersome in practice
when applied to field experiments as it relies on either cutting out a
specimen or inserting and removing a wood plug from a location in
the assembly that may not be readily accessible [49]. While highly
accurate, the method is labor intensive and may limit the frequency
and extent of data collection. But it does find use in laboratory
studies such as [50] which also illustrates the use of OSB outside the
North American context as an interior vapor retarder. So while
direct gravimetric measurement has its place, and OSB can be used


mailto:cboardman@fs.fed.us
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2016.11.039&domain=pdf
www.sciencedirect.com/science/journal/03601323
http://www.elsevier.com/locate/buildenv
http://dx.doi.org/10.1016/j.buildenv.2016.11.039
http://dx.doi.org/10.1016/j.buildenv.2016.11.039
http://dx.doi.org/10.1016/j.buildenv.2016.11.039

C.R. Boardman et al. / Building and Environment 112 (2017) 250—260 251

(A

10 1

5 10 15 20 25
Moisture Content {%)

Fig. 1. Resistance vs moisture content in Douglas-fir at 27 °C (80 °F).

for applications besides exterior sheathing, our work seeks to
improve the practice of using moisture pins to measure MC in OSB
commonly used as exterior sheathing where the risk of moisture
accumulation is elevated (relative to interior use). A number of
excellent guides to these field measurements are available [51,52].
These systems measure the resistance (R) between the two pins
fastened into the wood and assume a correlation between the
resistance and the MC. That correlation, and the variability of wood
itself, makes this method inherently less accurate than a direct
gravimetric measurement of the MC. Early work by William James
identified the many factors that influence moisture meter readout
[53], and he presented a table with resistance at various MC points
for a variety of wood species [54]. That basic correlation for
Douglas-fir, which is shown in Fig. 1, provided the foundation for
much current work and many commercial moisture meters.

The correlation for Douglas-fir at 27 °C (80 °F) can be expressed' as:

log,o(MC) = 2.971 — 2.086 log;g[log;o(R)] (1)

This correlation, like much of the work on moisture meters, is valid
near room temperature. When moisture meter users want to find
MC at different temperatures a correction is applied, which is often
based on the extensive work of Pfaff and Garrahan extending the
original work by James [55—57]. Their correction factors for species
and temperature include a large number of wood species but did
not cover engineered wood like OSB. Dissatisfaction with the
complicated form of the Garrahan temperature correction, along
with the two step nature of the calculation, was a significant
motivation for undertaking our study. We want a simple and direct
correlation that always includes temperature. There has not been
enough attention paid to the temperature effects on moisture
meters and very little published data exists supporting the tem-
perature correction factors in engineered wood products. For
example, moisture meter correction factors for untreated and ACQ
treated plywood were provided by Boardman et al. [58] but did not
include temperature compensation. Correction factors for OSB by
Carll et al. [5] and Maref et al. [59] similarly were developed only at
room temperature.

! This fit minimizes the error in prediction for MC based on James' data [54] and
differs slightly from the fit provided by Straube et al. [52] which apparently
minimized the error in logio(MC).

The lack of temperature correction factors for moisture content
of engineered wood products introduces an unquantified mea-
surement uncertainty in field investigation of new assemblies.
Temperature correction can be particularly important for wall
sheathing in cold climates and roof sheathing in any climate. The
observation that the electrical conductivity of wood increases with
increasing temperature has been known for over 50 years [53].
Further this suggests “that in wood the mechanism of conduction is
by charge carriers whose number or mobility is increased by
thermal activity” [53]. Recent work by Zelinka et al. [60] advanced
understanding of electrical conductance of wood though a perco-
lation model that explains conductivity due to water pathways
when the MC is 16% or more. Below the percolation threshold the
conduction mechanisms are still not clear, and empirical models
that reflect diffusion theory and Arrhenius equations provide some
guidance on how the conductance responds to temperature (pg.
175 Hummel [61], see also [62,63]). Given this background, further
work on temperature correction is warranted, especially for engi-
neered wood products.

The present study is part of a larger effort to understand the
effects of external insulation on OSB drying in a variety of test walls.
To get accurate measurement of the MC of the OSB we compiled a
number of OSB moisture pin correlations recently in use, including
the method used by the moisture pin equipment manufacturer.
Fig. 2 presents these OSB correlations at room temperature, along
with James' Douglas-fir data for reference [54]. Although the cor-
relations all indicate that OSB is more conductive than Douglas-fir
lumber, they differ considerably when used to predict OSB moisture
content. For example, a resistance reading of 1 MQ (10® Q) would
yield an OSB moisture content of about 17% using one correlation
but about 21% using another correlation. The reasons for this large
variation are not clear. The form of the correlation may not reflect
well the underlying physics, or the fit may have been taken on too
few samples, or the samples themselves may have differed because
of different OSB manufacturing techniques and wood species used.
We set out to improve on these existing correlations while also
establishing a better understanding of how OSB sourced from
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Fig. 2. Resistance vs moisture content given different correlations for OSB, with
Douglas-fir reference [54].
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Table 1
0SB sample conditions.
RH (%) Temperature
35 26.6 °C
50 23°C
65 26.6 °C
75 23°C
88 23°C
95 23°C

different locations affects MC. The individual calculation methods
and temperature corrections will be discussed below and evaluated
against a set of OSB resistance data at representative MCs and
temperatures. We also provide a new correlation and describe its
advantages over other calculation methods. Finally, the data set was
extended to cover OSB from different parts of North America to see
the variation in OSB resistance regionally as different local tree
species were used. This gives an initial indication of how much
error one can expect from using a generic OSB correlation,
compared to creating correlations specific to particular batches of
OSB that might be used in one project. Of course more work needs
to be done with OSB from other manufacturing locations to solidify
a generic OSB correlation and the highest accuracy will generally
result from testing individual OSB batches. We encourage further
work evaluating OSB material variation and adoption of new cor-
relation equation forms that are simple and accurate.

2. Materials and methods
2.1. Primary specimens

All the samples for the primary data set were cut from the same
1.2 m x 24 m x 11 mm (nominal 7/16”) thick OSB panel manu-
factured at a commercial mill in Michigan and obtained from a
local building supplier. This OSB included wood from a mixture of
tree species, primarily aspen (Populus), with some spruce (Picea),
pine (Pinus), and a trace of basswood (Tilia). It had an oven-dry
density of 534 + 10 kg/m>. Fifteen replicates each nominally
100 mm x 100 mm were placed in six different relative humidity
(RH) chambers and left for over one month to condition to their
equilibrium MC. Table 1 lists the conditions of each sample set. Two
of the temperatures in that table, those at 26.6 °C, were not easily
changed as these chambers were large conditioning rooms with a
fixed temperature and RH used by multiple researchers. The goal
was to reach different MC conditions in each sample set so a large
range of resistance readings could be obtained, not to create a
sorption isotherm. An additional twelve samples were first water
soaked,” allowed to dry in a 50% RH room, and then six continued to
condition in the 50% RH room while the other six were placed in an
88% RH chamber. These samples allowed comparison to the stan-
dard boards which all started their conditioning around 50% RH
without being water soaked. Finally, an additional 10 specimens
were conditioned at 60 °C and 80% RH. This supplemental data
set allowed verification that the resistance temperature relation-
ship explored below was not influenced by how the equilibrium MC
conditions were achieved.

After reaching equilibrium 2.4 mm diameter holes were drilled
using a standard jig with holes placed 31.8 mm on center. The

2 Similar to the procedure for any aqueous wood preservative treatment but here
with water only, as used in Boardman et al. [42], the samples were placed in vac-
uum at 20 kPa for 30 min followed by pressurization with water at 1034 kPa for
60 min.

electrodes placed into these holes were not standard moisture pins,
but rather slotted hex washer head stainless steel 18-8 #6 x 4"
sheet metal screws, similar to those used in Boardman et al. [58].
Insulating washers were placed below the hexagonal screw heads
and in contact with the OSB surface so only the screw threads
contact the wood. Between the insulating washer and the screw
head was an uninsulated ring terminal crimped and soldered to
lead wires connected to circuitry used to take the electrical resis-
tance measurements. See Fig. 3 for a photograph of one specimen
with screws and lead wires attached along with individual spare
parts. When the screws were installed, a tight fit created electrical
contact between the ring terminal and screw head. Note that this
system allows finding the most conductive path through the wood
at any depth but our equilibrated samples should not have had any
moisture gradients. After installation of the screws and lead wires
the samples were double wrapped in plastic bags with the lead
wires carefully threaded out to minimize moisture transfer into or
out of the sample while allowing resistance measurements to be
taken at a variety of temperatures. Sets of these wrapped samples
were then placed in temperature and humidity controlled cham-
bers with the lead wires exiting the chamber. Resistance readings
were taken at temperatures of —17, —5, 5, 23, 40, and 70 °C. Finally,
the samples were removed from the plastic, screws removed, and a
final mass check confirmed typically less than 0.2% mass change
before and after resistance readings.

The resistance readings were taken with a voltage divider sys-
tem capable of reading resistance up to 20 GQ with less than 4%
error, with a typical error of only 2% for lower resistances. A 10 V
signal was applied to a circuit consisting of a reference resistor
(from 200 kQ to 10 MQ) in series with the specimen, with voltage
read across the reference resistor and resistance calculated for the
specimen by voltage division. This system was automated to take 4
sequential readings with polarity of the applied voltage reversed
between readings and the final resistance calculated as an average
of the total four.

Gravimetric wood moisture content was calculated in the usual
manner as the difference between the conditioned mass and oven-
dry mass, divided by oven-dry mass. All specimens were oven-
dried at 105 °C after resistance measurements were complete.
The oven-dry specimen was considered stable after 18 h in the oven
with a mass change between readings over 4 h apart typically less
than 0.1% mass change, with maximum 0.28%. All specimens were
weighed on a top loading balance with readability of 0.001 g. This
procedure is similar to the secondary standard for oven-drying
outlined in ASTM D4442-15 [64] which gives as a guide that
“constant mass” is typically obtained within 24 h in the oven when

Fig. 3. Photograph of OSB specimen with screw and wire lead attachments.
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no appreciable change is noted in final mass at approximately 4 h
intervals. In our case the typical change observed limits the MC
accuracy to 0.2% and could not be improved without the much
stricter mass measurement requirements in the primary standard.

2.2. Secondary specimens

Samples for the secondary data set were cut from 11 mm
(nominal 7/16”) OSB sourced from Texas and British Columbia
mills. Texas OSB samples were made from primarily southern yel-
low pine wood, and had an oven-dry density of 564 + 19 kg/m°.
British Columbia OSB samples were made from primarily aspen
wood (Populus), and had an oven-dry density of 565 + 49 kg/m?>. Six
replicates from each location were placed in the same conditions as
Table 1 and prepared for resistance readings in the same manner as
the primary data set. The temperatures sampled included —17, -5,
5,10, 23, 40, and 60 °C. The 10 °Creading was added to be the lower
temperature reading for the 50% RH readings. Very dry and cold
samples reach resistance values too high for our equipment to
measure reliably. The high temperature was reduced from 70 to
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nonlinear inverse regressions to optimally predict moisture con-
tent. These fits were obtained with Microsoft Excel® Solver (GRG)
with reduced weighting given to a few of the primary data sets to
improve prediction. The squared residuals from —17 °C at 65%
RH, -5 °C at 50% RH, and 5 °C at 30% RH were weighted by 50% to
account for uncertainty in this data as resistances were very large.
Overall model fits are based on comparisons of root-mean-square-
error (RMSE) and visual assessments of the residuals. An equal
weighted model was also fit for comparison of parameter estimates
and calculation of the parameter estimates approximate standard
errors (SE). It was fit with both the Excel solver and with the default
Gauss-Newton nonlinear fitting routine in R [66].

3. Results
3.1. Basic trends
The basic trends are shown first for room temperature mea-

surements. Fig. 4a indicates that OSB had a lower resistance than
Douglas-fir at the same MC.
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Fig. 4. a) OSB Resistance versus moisture content at room temperature, with Douglas-fir reference [54]. Each point for OSB represents the average of a group of specimens
conditioned at a given relative humidity level. b) Resistance versus moisture content for all primary OSB samples at room temperature.

60 °C to improve the accuracy of MC estimate at high temperatures.
When samples conditioned to high moisture content are raised to
70 °C a small amount of water leaves the sample and collects in the
plastic bag, introducing an uncertainty in the actual MC of the
sample. The reduced MC for some of the primary samples was
estimated by comparing the initial and final mass of the sample
after all temperature changes were completed. Reducing the
maximum temperature to 60 °C eliminated this problem for the
secondary data set. In the primary data set the MC at 70 °C was
estimated as slightly below that of the other temperatures for select
samples due to this issue, as shown the Appendix Table A.1 column
for MC (%) at 70 °C. Otherwise the same procedures as the primary
data set were used to measure resistance and final oven-dry mass.

2.3. Data analysis methods

Trends in the data were investigated in multiple ways. Linear
and nonlinear models were used to understand the trends in the
underlying data. Trend models in Table 2 were fit with a SAS® V9.4
[65] mixed model procedure (glimmix) to accommodate two
sources of random variation (within and between specimens).
Primary model fitting for the calibration equation is based on

This is similar to plywood [58] and, again, suggests that the glue
used in engineered wood products is more conductive than the
wood, indicating that a different MC versus R correlation is needed.
Fig. 4b presents all the primary OSB data points at room tempera-
ture to show the typical variations in reading. Unlike plywood,
which had a higher resistance after water treatment and condi-
tioning to a given moisture content, there was no significant dif-
ference in MC/R relationship between the pre-soaked samples and
the standard OSB, despite the irreversible thickness swelling that
occurs when OSB gets wet. The pre-soaked specimens reached
higher equilibrium moisture content (EMC) than the non-soaked
specimens conditioned at the same relative humidity, which is
probably a result of sorption hysteresis. This does not matter to the
results because resistance is correlated with MC rather than RH.
Similarly, the regional differences in OSB production due to
different wood species had little effect on the resistance but
changed the equilibrium MC somewhat. These trends are indicated
in Figs. 5—7 where TX indicates OSB from Texas and BC indicates
OSB from British Columbia while MI indicates the primary data set
from Michigan. Fig. 5 is a summary of our resistance versus
moisture content data for all three regions. Fig. 6 provides refer-
ence data from previous investigations of the sorption and
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Fig. 5. Resistance versus moisture content for different sources of OSB.

desorption EMC for OSB [67—75], along with best fit curves to each
set. This compilation of literature data indicates that the hygro-
scopicity of OSB can vary considerably, since the moisture sorption
isotherms show considerable variation in equilibrium MC at given
RH. Fig. 7 plots our summary data from the three regions over the
fits of EMC versus RH from the reference data. The direction of
sorption (adsorption vs. desorption) in our measurements was not
strictly controlled; specimens were placed in various RH conditions
as received and prior history was not known. Again, the goal of this
work was to enhance the understanding of temperature effects on
resistance readings across a range of MC values, not to investigate
the sorption isotherm. Our EMC values generally fall between the
reference adsorption and desorption curves, with OSB from the
Texas mill typically having higher EMC than OSB from the Michi-
gan and British Columbia mills. The reference figures and com-
parison to our data were provided to show that our three different
sample locations have EMC behavior similar to previous
investigations.

3.2. Temperature effects

The results become more complicated when temperature effects
are included. Fig. 8 is a plot of the logarithm of resistance versus
inverse temperature. It shows the resistance decreased as the
temperature increased, but the temperature is plotted as 1000
divided by the temperature in Kelvin to create an upward sloping
set of graphs at constant MC. EMC is indicated in the legend on top,
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Fig. 7. Moisture Content versus relative humidity for different sources of OSB.

and linear fit lines are applied to the data points to indicate overall
trends.

Fig. 8a includes the average resistance of the additional 10 speci-
mens in the supplemental set conditioned at 60 °C and 80% RH,
which are indicated by the open black triangles at 12.8%MC and
behave similarly to the 11.7%MC of the standard 75% RH samples.
Fig. 8b presents the secondary data sets and indicates the tem-
perature trends are not significantly different from the primary set.
Note that, while a linear fit appears to work well, the slopes are
different for different MCs based on a multilevel linear model of the
sets of the specimens (excluding some observations where
measured resistance had a large uncertainty). Each separate loca-
tion (MI, BC, TX) was treated as a set with one common non-zero
intercept and then the slope was determined for each subset of
MCs. The hypothesis that the MC slopes were identical within each
separate location was rejected (p < 0.0001). Although the models
allow correlation within each specimen, the residuals indicate
some nonlinearities not accommodated by the simple models. The
data in Fig. 8 appear nonlinear with downward curvature at low
moisture content but with upward curvature at high moisture
content. Table 2 presents the slopes of linear fits, with common
non-zero intercept within each group, to data in Fig. 8 showing
increasing slope with decreasing MC. Precision estimates for the
slope coefficients are given in Table 2 by the standard errors (SE);
they are derived as a function of both the between and within
specimen errors within each group. The nonzero intercepts are
estimated as —3.12 with standard error (SE) = 0.081 for MI, —3.23
with SE = 0.107 for BC, and —3.89 with SE = 0.142 for TX. The full
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Fig. 6. OSB adsorption (a) and desorption (b) data from literature along with best fit curves.
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Fig. 8. OSB logyo R versus 1000/temperature. a) MI Primary set, b) BC and TX secondary set.

data set of resistance and temperature measurements for all sam-
ples is provided in Appendix A.

Table 2
Slope for logio R vs Inverse Temperature (1000/K) in Fig. 8.

Origin Moisture content (%) Slope +SE

MI 219 2.61 0.025
18 2.78 0.025
12.8 3.13 0.026
11.7 3.20 0.025
9 3.48 0.026
7 3.75 0.026
4.6 3.93 0.028

BC 214 2.64 0.032
154 299 0.032
10.7 3.38 0.033
8.8 3.63 0.033
6.7 3.86 0.034

TX 23.1 2.77 0.043
17.9 3.01 0.043
121 3.37 0.045
9.8 3.63 0.045
7.9 3.87 0.046

3.3. Calibration equation

Our primary interest was in creating a correlation that allowed
calculation of MC from resistance and temperature data in OSB. See
Eq. (2) for our preferred form where by are fit coefficients, T rep-
resents 1000 divided by temperature in Kelvin, and R is the resis-
tance in ohms.

MC = bg + byT7* + b3Tf* logyg[logio(R) — b] (2)

The form of this equation was chosen for simplicity and ease of
calculation, just including the terms that help to create a good
correlation with a small nod to the underlying physics which is
hinted at in the use of the inverse temperature and the log function
commonly used in these correlations. We provide all our data in
case someone wants to try a more complex calculation that better
reflects the underlying physics. As discussed below other correla-
tions also work satisfactorily, but are unnecessarily complicated.
For this equation form a global optimization across both the pri-
mary and secondary data sets, including the pre-soaked samples,
yields fit coefficients by = —8.6810, by = 3.7172, b, = 3.8974,
bs = —2.9129, by = 1.9000. This results in an overall root-mean-
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Fig. 9. Eq. (2) correlation fit moisture content versus gravimetric moisture content for
all data.

square-error (RMSE) of 0.726 in ¥MC for MC across the total sam-
ple size of 1001 measurements. Fig. 9 shows the fit MC versus the
gravimetric MC for this correlation for all 1001 data points. Fig. 10
presents a different view of the data scatter by plotting resistance
versus moisture content comparing the fit from Eq. (2) to the
gravimetric MC at three different temperatures.

Another indication that this correlation is robust can be seen in
Table 3 which shows the optimized fit coefficients for each of four
subsets of the data, along with two versions of the RMSE, one
using the subset optimized fit and the other using the overall fit.
The first row indicates the overall fit from the full data set. The
subsequent rows fit the Primary set (MI), just the water-soaked
(pre-soak), the British Columbia set (BC) and the Texas set (TX).
The final lines in Table 3 show fit coefficients and their associated
approximate standard errors using the R statistical software
package to optimize Eq. (2) on an equally weighted data set. Small
standard errors relative to the coefficient estimates are indicative
of more precise parameter estimates. Recall that the other
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Fig. 10. Resistance versus gravimetric moisture content at three temperatures showing
curve fits (Eq. (2)).

correlation parameters reduce the weight of select data sets with
high resistance as described in the data analysis methods section
above. By going to a combined five-parameter model, versus
separate models for each group, the subsets experience modest
increases in their RMSE with the exception of the BC subset, which
experiences a 35% increase in RMSE under the overall fit. Although
statistically significant, it still does not exceed the error within
each of the other subsets.

3.4. Comparison to previous correlations

In this section we show the results of running three different
previously used OSB correlations against our full data set, both as
given and as optimized for this data set. This state of the art survey
suggests the need for a simplified equation form like Eq. (2). The
calculation formulas shown below were modified to include 5
optimization coefficients, to allow a fair comparison to Eq. (2). In
each case these equations use the temperature in °C, represented as
T. They also often use the natural log, denoted by In(), or e raised to
a power, denoted by exp(). The first case is that outlined by a
manufacturer of moisture pins and data acquisition equipment
(private communication), which uses formulas from both Maref
[59] and Garrahan [56] in a string of calculations shown as Eq. (3).

MCy = exp|bg — by In(R/1000)]

MCy +0.567 — 0.026T + 0.000051T2 3)
0.881 x 1.00567 2
MC = 100 x exp[b; In(MC;/100) + 0.001187b,]

MC; =

As given by = 4.0954, b; =0.14006, and b3 = 1.055 with the other fit

coefficients not used (b, = 0, b4 = 1). This results in a RMSE of 1.7 on
our data set. Our optimized fit using all fit coefficients improves the
RMSE to 0.927 as shown in Table 4.

The second case is taken from a paper by Carll et al. [5] which
makes only a modest effort to include the temperature effects by
assuming a constant straight-line relationship between natural log
of resistance and temperature. This is shown in Eq. (4).

MC = exp{bg + b1[b3 In(R) — by(21 + bg — T)]} (4)

As given by = 4.170, b; = —0.097, and b, = 0.0792 with other fit
coefficients not used (bs = 1, bsy = 0). This results in a RMSE of 2.29
for our data set. Our optimized fit using all fit coefficients improves
the RMSE to 1.04 as shown in Table 4. Finally the third case is taken
from Straube's field guide [52] and is shown in Eq. (5).

MC, = lObD*bl log;o[logo(R)—b2]

- 2 (5)
MC — (MCu +0.567 — 0.026T + 2.0000517 B b4> /b3
0.881 x 1.0056

As given bg = 2.990, by = 2.113, b, = 0 is not used, b3 = 1.1114, and
bs = 0.366. This results in a RMSE of 1.52 for our data set. Our
optimized fit using all fit coefficients improves the RMSE to 0.773 as
shown in Table 4.

Fig. 11 plots the optimized fit for each equation against the data for
two temperatures, similar to Figs. 2 and 10, to illustrate the
improvement provided by Eq. (2).

4. Discussion

Clearly the influence of temperature on moisture pin resistance
is significant and complex. Fig. 8 is similar to Arrhenius plots which
typically show the effect of temperature on rates of chemical re-
actions, with the slope proportional to the activation energy for the
reaction. A similar interpretation can be applied to our data: the
activation barrier for charge carrier conduction (proportional to the
slope) decreases as moisture content increases. Non-linearity was
evident, however, in these Arrhenius plots, and curvature was in
different directions at low and high moisture content. This may be
an indication that different conduction mechanisms are at work in
low and high moisture regimes.

In this work we publish all our OSB data and compare our
suggested correlation to existing formulas to inspire further work.
We suggest that building science researchers pay closer attention to
the temperature correction, folding it into the base correlation that
relates resistance to moisture content, not treating it as an after-
thought. Many of the current correlations in use are overly com-
plex, even if they are accurate enough for most purposes. Our
suggested correlation (Eq. (2)) has enough complexity that it can
handle the wide temperature range we explored, yet can be written
in one line. It uses the more fundamental absolute temperature in
Kelvin thus avoiding negative numbers and allowing the fit to use
fractional powers of the temperature. It also contains a cross term

Table 3

Fit coefficients and RMSE for various data subsets.
Data n Overall RMSE Subset optimized bo b,y by bs by
Full 1001 0.726 —8.6810 3.7172 3.8974 —-2.9129 1.9000
MI 545 0.754 0.731 —8.7427 3.5252 3.9101 —2.7992 1.9465
Pre-soak 72 0.949 0.804 —38.6449 39.2631 1.1845 —22.7684 0.7433
BC 192 0.601 0.445 —16.6093 9.3989 3.7188 —6.0133 1.3177
TX 192 0.661 0.612 —7.5852 2.7011 4.1152 —2.0905 2.0789
Equal weight 0.765 ~7.6192 3.2420 3.8947 —2.6262 1.9913
Standard error 0.8252 0.4271 0.0569 0.2989 0.0799
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Table 4
Fit coefficients and RMSE for various calculation methods.
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Method As given RMSE Optimized RMSE bo

b] l:)2

bs

by

o) [ oms 0 e a2 aena e G

Eq. (3) 0.927 3.8786 0.0893 5.6819 1.0176 1.0667
1.7 4.0954 0.1401 0 1.0550 1

Eq. (4) 1.04 4.8165 —0.1349 0.0704 0.9543 —2.8194
2.29 4.1700 —0.0970 0.0792 1 0

Eq. (5) 0.773 2.5607 1.3322 0.0000 1.1935 9.8660
1.52 2.9900 2.1130 0 1.1114 0.3660

with both temperature and resistance, improving accuracy. It is
suggested that future work include an even better mathematical
form to capture the complex physics governing charge carriers in
wood and wood composites. Meanwhile, Eq. (2) has reduced the
RMSE compared to commonly used correlations.

Further evidence for the importance of temperature correction
can be demonstrated by fitting Eq. (5) without the benefit of the full
data set. Fitting all parameters to only the resistance data at room
temperature yields an overall RMSE of 1.173 (bg = 2.274, b; = 1.108,
b, = 0 is not used, b3 = 0.822, and by = 9.847). The rest of the
reduction to RMSE of 0.773 is only accomplished when using the
full data set with temperature variations. This suggests that the
temperature correction for OSB differs from that for solid wood, for
which Eq. (5) was originally developed. Also note that the fit pa-
rameters that control temperature have moved considerably as by
changes from less than 1 as originally given to near 10. One of the
motivations for developing Eq. (2) was to allow a more robust
calculation on diverse data sets.

The robustness of our preferred correlation has yet to be fully
demonstrated, but the variability in the MC/T/R relationship for
OSB panels from different geographic locations sampled in this
study could be handled by a single calibration equation. The
overall fit for the full data set resulted in a RMSE of less than 1%
MC when applied to the full data set as well as all subsets,

10g4o[R(Q)]

~

0 5 10 15 20 25
Moisture Content (%)

Fig. 11. Comparison of optimized correlations at —5 °C (upper set) and 40 °C (lower
set).

implying that variability across the panels from different mills was
not appreciably greater than within-panel variability (Table 3).
This correlation should enhance the field evaluation of the
hygrothermal performance of wall and roof assemblies that use
OSB. Nonetheless, it would be helpful to have further verification
that OSB from different locations can be accounted for in a generic
OSB correlation without introducing significant error. The
inherent variability of wood and different OSB manufacturing
techniques will always mean that moisture pin methods are less
accurate than direct gravimetric measurement for determination
of moisture content. Yet the practical advantages of moisture pins
for field investigation will drive continued efforts to improve this
method.

5. Conclusion

Samples of commercial OSB from mills in three different regions
in North America were conditioned to a range of moisture contents
in equilibrium with relative humidity levels from 35% RH to 95% RH
at room temperature. These samples were then subjected to a wide
range of temperatures (—17 to 70 °C) at which the resistance be-
tween a set of moisture pins was measured. The samples were then
oven-dried to obtain the gravimetric moisture content and a cor-
relation was developed to allow prediction of the moisture content
given the resistance and temperature readings. The proposed cor-
relation (Eq. (2)) is more concise and has a better root-mean-
square-error than other commonly used correlations. It allows for
a more accurate determination of moisture content in OSB and
covers a wide temperature range making it useful for field
investigations.
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Table A1

Primary data set.
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Sample MC (%)

MC (%) at Resistance (MQ)

70 °C -17°C -5°C 5°C 23°C 40°C 70°C
1 179 174 143 36.5 140 343 1.19 0.270
2 19.2 18.6 48.6 13.8 5.71 146 0553 0.116
3 17.5 16.9 75.5 20.7 8.04 1.93 0.686 0.150
4 17.8 17.2 42.9 124 495 1.35 0.500 0.120
5 19.3 18.6 243 740  3.22 0.884 0.362 0.0819
6 17.6 17.0 72.5 20.6 7.78 1.89 0.694 0.144
7 18.0 17.3 64.9 19.1 7.23 1.75 0.623 0.140
8 18.1 174 41.7 123 4.94 126 0472 0.111
9 17.2 16.7 34.8 100 391 1.01 0.414 0.0942
10 17.4 16.9 66.6 19.4 7.24 1.81 0.666 0.127
11 18.1 17.5 95.0 258 9.59 253 0.953 0.191
12 183 17.7 37.6 10.8 4.39 1.22 0.469 0.109
13 18.2 17.6 47.2 14.1 5.66 1.58 0.627 0.147
14 17.5 16.9 57.6 16.5 6.47 1.60 0557 0.125
15 17.6 17.0 56.1 16.2 6.65 1.71 0.632 0.119
16 7.0 7.0 26000 10900 6280 1360 78.9
17 6.9 6.9 32000 16400 8050 1760 99.4
18 6.8 6.8 22400 9070 4500 981 37.6
19 7.0 7.0 26000 10800 4230 740 36.5
20 7.0 7.0 16500 10300 3130 522 20.1
21 7.0 7.0 24500 15700 5680 972 447
22 6.9 6.9 20300 10100 3610 903 31.1
23 7.0 7.0 36500 12800 2730 755 26.5
24 6.9 6.9 29400 13400 5400 1480 844
25 7.0 7.0 23300 15400 9740 2140 925
26 6.8 6.8 23500 17500 5640 1080 52.0
27 7.6 7.6 26000 13500 3180 660 26.9
28 6.7 6.7 16700 14200 9440 1740 58.0
29 7.0 7.0 25200 14000 7190 1290 76.0
30 6.7 6.7 21400 12300 5100 1240 514
31 8.7 8.7 9380 7140 3110 530 720 5.12
32 8.6 8.6 16000 9740 3710 814 108  7.49
33 8.7 8.7 14500 11000 3550 679 950 6.73
34 8.7 8.7 17500 8660 3220 651 858 6.10
35 8.9 8.9 15500 6360 2460 325 56.3 3.86
36 93 9.3 17200 8460 3230 741 114 8.18
37 9.4 9.4 10300 6440 2180 449 68.1 541
38 8.7 8.7 17400 7240 2790 434 694 5.75
39 9.2 9.2 16600 9280 2590 501 946 630
40 8.6 8.6 17700 9210 2670 606 101 6.53
41 9.3 9.3 15100 7900 2890 409 66.0 5.08
42 8.8 8.8 12200 15600 3120 739 110 7.66
43 8.7 8.7 22200 9710 4630 908 183 114
44 9.6 9.6 15100 7010 2850 614 103 7.92
45 8.9 8.9 14700 6240 2520 472 916 649
46 4.5 4.5 13600 4850 3770 321
47 4.8 4.8 14700 10800 4170 251
48 5.2 5.2 12700 7310 3160 191
49 4.8 4.8 16700 11500 3610 260
50 4.5 4.5 14200 9810 3870 287
51 4.4 4.4 16600 5830 3960 301
52 4.6 4.6 16100 8910 3090 232
53 4.5 4.5 20600 9170 3770 247
54 4.4 4.4 14600 5970 3890 280
55 4.5 4.5 16700 6650 3810 284
56 4.4 4.4 14300 7090 3900 295
57 4.4 4.4 26700 9730 3250 267
58 4.4 4.4 24600 8090 6010 299
59 4.5 4.5 16300 8880 3800 242
60 4.4 4.4 16400 4470 3960 313
61 11.8 114 3840 1410 429 63.0 129 172
62 11.7 114 3960 1180 354 51.1 9.59 119
63 119 11.7 2580 894 280 42.8 9.59 1.27
64 11.8 114 3660 1160 362 53.1 105 1.50
65 11.5 11.2 3060 828 269 39.0 7.72  1.08
66 11.8 11.5 3330 995 298 41.8 793 1.09
67 11.7 113 2600 687 210 309 6.14 0.831
68 11.5 11.2 2960 629 189 28.1 550 0.832
69 11.7 113 3600 1120 342 48.8 9.50 1.18
70 114 11.2 2590 682 207 309 697 0924
71 114 11.0 2910 946 293 449 912 125
72 12.3 119 2980 738 238 38.0 797 110
73 11.9 11.6 3570 768 244 374 829 114

Table A.1 (continued )

Sample MC (%)

MC (%) at Resistance (MQ)

70 °C —17°C -5°C 5°C 23°C 40°C 70°C
74 11.7 114 3230 807 259 39.8 8.16 1.13
75 11.8 115 2700 849 264 40.0 842 133
76 21.6 21.2 15.7 5.04 2.09 0.601 0.259 0.0856
77 213 20.3 10.8 3.42 1.48 0445 0.178 0.0597
78 221 21.0 6.84 2.26 1.02 0.337 0.140 0.0526
79 224 213 6.77 2.19 0973 0.338 0.141 0.0516
80 225 213 7.96 2.65 1.21 0432 0.181 0.0619
81 219 20.6 10.5 3.36 1.46 0481 0.199 0.0712
82 215 20.6 133 4.11 1.80 0.536 0.260 0.0779
83 224 213 5.22 1.74 0.869 0328 0.132 0.0483
84 224 214 8.29 2.58 1.08 0.383 0.165 0.0586
85 215 20.6 13.7 4.29 1.80 0.556 0.229 0.0774
86 21.7 20.8 8.62 2.84 1.24 0417 0.176 0.0633
87 21.8 20.5 20.2 6.47 2.67 0.878 0.309 0.103
88 22.2 213 10.3 3.26 1.39 0.478 0.191 0.0689
89 21.7 20.8 7.96 2.57 1.10 0366 0.148 0.0561
90 221 20.9 13.6 430 1.90 0.601 0.242 0.0861
W1 8.2 8.2 19800 11200 9690 1530 268 19.1
W2 8.4 8.4 13400 6230 2390 403 779 8.22
w3 8.6 8.6 19000 18800 7580 1500 324  26.7
W4 9.0 9.0 14800 8010 2550 486 97.9 7.40
W5 8.7 8.7 13300 8570 3350 635 125 9.80
w6 9.5 9.5 17000 14200 3970 802 164 127
W7 203 19.5 14.0 440 1.97 0.606 0.268 0.0672
Ws8 20.5 19.7 133 422 1.83 0.593 0.278 0.0711
W9 19.7 19.0 26.7 8.26 3.67 1.04 0.474 0.102
W10 19.2 18.5 304 9.00 3.87 1.06 0.465 0.102
W11 19.2 183 66.6 204 8.36 2.23 0.878 0.179
W12 19.9 19.2 43.1 13.6 5.58 1.66 0.665 0.141
Table A.2
Supplemental data set.
Sample MC (%) Resistance (MQ)
—-17 °C 0°C 20°C 40 °C 60 °C
H1 12.7 3630 504 65.7 9.47 2.74
H2 12.8 1660 212 28.8 4.77 1.38
H3 13.1 1690 219 31.2 5.65 1.62
H4 12.5 2270 303 40.5 6.09 1.82
H5 12.6 1640 212 28.9 494 1.43
H6 12.6 2580 322 42.7 6.69 1.90
H7 129 1500 199 27.7 4.70 1.40
H8 12.8 1740 217 293 4.79 1.42
H9 13.1 1230 161 23.0 3.79 1.19
H10 13.2 1820 213 281 491 141
Table A.3
Secondary data set.
Sample MC (%) Resistance (MQ)
—-17°C -5°C 5°C 10°C 23°C 40°C 60 °C
BC1 15.7 226 51.2 19.9 12.5 3.18 1.27 0.388
BC2 15.2 384 93.5 31.8 20.6 4.85 1.97 0.572
BC3 15.2 480 116 40.9 26.6 7.05 2.54 0.759
BC4 153 337 743 283 183 443 1.68 0.496
BC5 15.8 402 97.7 336 218 5.41 2.14 0.652
BC6 154 410 989 345 220 5.35 1.93 0.576
BC7 6.7 15400 7210 1880 267
BC8 6.5 17500 8410 1700 233
BC9 6.9 20000 8280 1600 202
BC 10 6.7 17300 7700 1720 232
BC 11 6.9 16300 6060 1430 186
BC 12 6.7 17000 8140 1600 222
BC 13 8.7 6350 3560 1100 158 26.6
BC 14 8.6 7810 4820 1350 209 383
BC 15 8.8 6610 3420 1090 177 33.2
BC 16 8.5 7600 4010 1330 203 35.7
BC17 8.6 7550 4050 1340 214 35.6
BC 18 8.5 8030 4900 1370 217 38.6
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Sample MC (%)

Resistance (MQ)

~17°C -5°C 5°C 10°C 23°C 40°C 60°C
BC19 53 13400 3380 560
BC20 52 11700 3400 579
BC21 54 11400 2760 441
BC22 53 9080 3660 620
BC23 53 13000 3450 562
BC24 54 13200 2940 493
BC25 108 2660 852 487 153 293  6.18
BC26 106 3650 1200 665 218 388  8.08
BC27 105 2320 717 398 114 237 451
BC28 106 3120 1030 570 177 337 696
BC29 108 2590 788 440 136 256 539
BC30 108 3380 1100 608 194 354  7.77
BC31 215 10.1 328 152 0999 0423 0181 0.089%4
BC32 214 668 224 105 0736 0305 0.143 0.0682
BC33 213 119 384 174 122 0487 0221 0.0983
BC34 213 12.8 398 177 117 0457 0214 0.101
BC35 214 963 332 147 0982 0420 0.188 0.0954
BC36 215 144 452 205 145 0556 0247 0.112
TX 1 17.1 143 323 120 760 192 0826 0256
TX 2 17.6 126 300 116 734 206 0852 0281
TX 3 185 467 126 499 321 103 0410 0.142
TX 4 18.1 107 260 100 635 202 0745 0251
TX5 18.1 476 126 491 317 096 0402 0.139
TX 6 18.1 55.5 145 567 359 112 0471 0.161
TX 7 8.0 5850 1670 257 26.9
TX 8 8.0 7700 2250 353 35.8
TX 9 7.9 7750 2210 323 28.9
TX10 8.1 6350 1530 244 242
TX11 7.8 9500 2630 405 36.4
TX12 76 8700 2420 377 30.7
TX13 97 2300 1160 269 368  6.78
TX14 96 2350 1200 262 341 6.05
TX15 9.7 2090 1090 247 336 6.1
TX16 9.7 2080 1060 246 357 66
TX17 100 1780 939 212 30.1 5.6
TX18 99 2050 1040 232  31.1 5.6
TX19 63 8940 2080 304
TX20 63 7330 1960 284
TX21 65 8260 1810 230
TX22 62 8270 1950 274
TX23 62 8740 1920 254
TX24 62 9480 2250 318
TX25 121 715 214 118 326 767 169
TX26 121 749 218 122 362 769 166
TX27 122 441 123 600 188 424 0931
TX28 121 818 240 131 396 831 1.85
TX29 122 537 153 762 253 524 114
TX30 120 604 172 958 245 548 123
TX31 23.1 9.43 296 132 102 0409 0.171 0.0751
TX32 232 6.91 216 0974 0757 0302 0.131 0.0583
TX33 233 7.38 238 110 0881 0348 0.150 0.0689
TX34 233 428 138 0637 0491 0209 0.0879 00418
TX35 23.1 5.84 186 0922 0687 0294 0.119 0.060
TX36  23.1 464 147 0699 0528 0229 0.0983 0.0466
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