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Abstract

Conductance moisture meter readings using stainless steel
screws as electrodes were compared with gravimetric mois-
ture content for 1) southern yellow pine (SYP) dimensioned
lumber, 2) untreated (underlayment grade) SYP plywood,
and 3) SYP plywood treated with alkaline copper quater-
nary. Meter readings were taken with the meter set to the
manufacturer-provided species correction for SYP. In the
sample of dimensioned lumber used in this investigation,
direct meter readings corresponded closely with gravimetric
moisture contents. The manufacturer-provided correction
for SYP wood was thus deemed adequate. In contrast, meter
readings in plywood, whether treated or untreated, devi-
ated substantially from gravimetric moisture content values.
Calibration equations for the plywoods are thus presented
for predicting gravimetric moisture content from moisture
meter readings.

Keywords: moisture meter, electrical conductance, moisture
content, calibration, plywood, alkaline copper quaternary,
southern yellow pine

Acknowledgments

The authors are grateful to Samuel Zelinka of the Forest
Products Laboratory (FPL), Professor Mike Milota of Or-
egon State University, Professor Qinglin Wu of Louisiana
State University, and Kohta Ueno of Building Science
Corporation for critical reviews of this manuscript. We also
thank FPL colleagues Stan Lebow for helpful discussions on
wood preservatives, Patricia Lebow for advice on statisti-
cal analysis, Daniel Foster for analyzing copper content in
ACQ-treated specimens, and Robert Munson for preparing
lead wires.

March 2009

Glass, Samuel V.; Carll, Charles G. 2009. Moisture meter calibration for
untreated and ACQ-treated southern yellow pine plywood. Research Note
FPL-RN-0312. Madison, WI: U.S. Department of Agriculture, Forest Ser-
vice, Forest Products Laboratory. 7 p.

A limited number of free copies of this publication are available to the
public from the Forest Products Laboratory, One Gifford Pinchot Drive,
Madison, W1 53726-2398. This publication is also available online at
www.fpl.fs.fed.us. Laboratory publications are sent to hundreds of libraries
in the United States and elsewhere.

The Forest Products Laboratory is maintained in cooperation with the
University of Wisconsin.

The use of trade or firm names in this publication is for reader information
and does not imply endorsement by the United States Department of
Agriculture (USDA) of any product or service.

The USDA prohibits discrimination in all its programs and activities on the
basis of race, color, national origin, age, disability, and where applicable,
sex, marital status, familial status, parental status, religion, sexual orienta-
tion, genetic information, political beliefs, reprisal, or because all or a part
of an individual’s income is derived from any public assistance program.
(Not all prohibited bases apply to all programs.) Persons with disabilities
who require alternative means for communication of program informa-

tion (Braille, large print, audiotape, etc.) should contact USDA’s TARGET
Center at (202) 720-2600 (voice and TDD). To file a complaint of discrimi-
nation, write to USDA, Director, Office of Civil Rights, 1400 Independence
Avenue, S.W., Washington, D.C. 20250-9410, or call (800) 795-3272
(voice) or (202) 720-6382 (TDD). USDA is an equal opportunity provider
and employer.



Moisture Meter Calibration for Untreated
and ACQ-Treated Southern Yellow

Pine Plywood

Samuel V. Glass, Research Physical Scientist

Charles G. Carll, Research Forest Products Technologist

Forest Products Laboratory, Madison, Wisconsin

Introduction

Several methods are available for measuring wood moisture
content (MC), defined as the ratio of the mass of water in
wood to the mass of oven-dried wood. A typical method for
field work is the conductance-type moisture meter, which
uses the relationship between electrical conductance and
moisture content. Conductance (or its reciprocal, resistance)
is measured between two electrodes that are inserted into the
wood.

We recently began a cooperative field study in southern
Louisiana aimed at characterizing moisture performance of
various types of floor insulation in houses with raised floors.
The research team decided to measure moisture content in
the subflooring of each house twice a month for 12 months.
It was necessary to install permanent electrodes or “moisture
pins” before the insulation was applied against the subfloor-
ing because certain types of insulation could not be readily
removed for taking readings with a typical pin-type conduc-
tance moisture meter. We wanted to detect the wettest part
of the subfloor, so we selected uninsulated electrodes, which
read the location of highest conductance or greatest mois-
ture content in contact with both electrodes. We also wanted
electrodes that could be easily installed in the field, would
not suffer corrosion, and would provide reliable contact with
the wood over changing moisture conditions for the duration
of the study. Dai and Ahmet (2001) and ASTM (2008) have
reported that pre-drilling holes and using threaded screws
improves the long-term contact between the electrodes and
wood. On the basis of these criteria, we selected stainless
steel screws for electrodes.

Several types of subflooring were identified in the houses
selected for the field study: southern yellow pine (SYP)
plywood panels in newer construction, both untreated and
treated with alkaline copper quaternary (ACQ), and untreat-
ed SYP tongue-and-groove floor boards in older construc-
tion. To obtain accurate moisture content measurements, we
needed to establish a calibration for each of these subfloor-

ing types.

Although abundant literature exists on moisture meter cali-
brations for various wood species, no literature could be
found for SYP plywood, whether treated or untreated. Palka
and Hejjas (1976) established a calibration for 13-mm-thick

five-ply Douglas-fir plywood using a conductance moisture
meter. However, the meter had four 6.4-mm-long uncoated
needles, and care was taken to avoid penetrating the glue
line.

The objective of the present study was to calibrate moisture
meter readings using stainless steel screw electrodes (which
do penetrate the glue lines) in untreated and ACQ-treated
SYP plywood and in untreated SYP lumber.

Materials and Methods
Specimens

Three sections of untreated SYP dimensioned lumber,

38 by 89 mm, each less than 800 mm long, were cut into
12 specimens, each approximately 120 to 170 mm long
with ovendry mass in the range of 150 to 300 g. None of the
specimens contained boxed pith, but all contained rapidly
grown wood from near the center of the tree. Some of the
specimens contained knots. When specimens were oven-
dried, differences between specimens with regard to pitch
bleed became noticeable. Average specific gravity, based
on ovendry mass and volume at 10% MC, was 0.48 + 0.05
(errors given in this paper represent one standard devia-
tion unless stated otherwise). Groups of four specimens
were conditioned to three different equilibrium moisture
contents (EMCs). Each group was placed in an environ-
ment maintained at relative humidity (RH) values between
50% and 85%. Specimens were allowed to equilibrate for
a minimum of two months, and repeated weighing showed
that the masses were stable. One group of four specimens
was sequentially equilibrated to two sets of relative humid-
ity conditions.

Untreated and ACQ-treated SYP plywood panels were ob-
tained from retail lumber yards. Two 1.2- by 2.4-m panels
of each type were selected. Both panel types were 18 mm
(nominally 23/32 in.) thick and contained five plies. The
untreated plywood had a touch-sanded face and was grade-
stamped as Underlayment Grade, according to product
Standard PS 1-95 (NIST 1996), and Sturd-I-Floor, according
to APA Standard PRP-108 (APA 1994). The face ply was
essentially clear sapwood, whereas the back plies contained
many knots and some patches of heartwood. In contrast, we
could perceive no difference in veneer grade between the
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Table 1—Conditions for equilibrating specimens and equilibrium
moisture content (EMC) measured gravimetrically

Temperature  RH" Average EMC
Lumber type Group Location (°C (°F)) (%) (%)
Untreated 1 Environmental room 22 (72) 50 10.2
dimensioned  , g ironmental room 27(80) 66 11.6
lumber
3 Container with NaCl 22 (72) 75 13.2
4 Container with KCl1 22 (72) 85 16.9
Untreated 1 Environmental room 27 (80) 36 6.6
plywood 2 Environmental room 22 (72) 50 8.3
3 Container with NaBr 22 (72) 58 9.7
4 Container with NaCl 22 (72) 75 12.8
5 Container with KCl1 22 (72) 85 15.8
ACQ-treated 1 Environmental room 27 (80) 34 7.8
plywood 2 Environmental room 22 (72) 50 10.8
3 Environmental room 27 (80) 66 13.0
4 Container with NaCl 22 (72) 75 14.8
5 Container with KCl1 22 (72) 85 17.5

“RH is relative humidity.

front and back faces of the treated plywood. Average ACQ
retention (CuO + Quat) in the treated panels was 3.7 £

0.4 kg m=3, as determined from copper content measured by
inductively coupled plasma atomic emission spectroscopy
(samples were prepared by coarse grinding and digesting).
This retention is roughly consistent with the intended above-
ground use of plywood as subflooring, for which target
retention is 4.0 kg m=3 (AWPA 2008). From each plywood
panel, 15 specimens were cut into 150 by 150 mm
dimensions, resulting in 30 untreated and 30 treated
specimens. The ovendry masses ranged from 200 to

280 g. Average specific gravity was determined for speci-
mens from each panel based on ovendry mass and volume
at 8% MC. Values were 0.49 + 0.02 and 0.53 + 0.02 for the
two untreated panels and 0.54 = 0.02 and 0.59 + 0.02 for
the two ACQ-treated panels. Groups of six specimens (three
from each panel) were conditioned to five different EMCs;
each group was allowed to equilibrate in an environment
maintained between about 35% and 85% RH.

Table 1 lists conditions to which specimens were equili-
brated. Conditions were attained by use of mechanically
controlled environmental rooms or saturated salt solutions.
Conditions in the environmental rooms were monitored with
data loggers (Onset Computer Corporation, Bourne, Mas-
sachusetts, model U23-001) and were found to be stable
within £1% RH of the mean. Saturated salt solutions were
prepared in polypropylene containers with approximate di-
mensions 580 by 430 by150 mm. Specimens were suspend-
ed above the solution in a given container, each container
was placed in a room maintained at 22.4 £ 0.2°C (72.3 £
0.4°F), and the lids were sealed with aluminum foil tape.
Equilibrium relative humidity values over saturated salt so-
lutions are taken from Greenspan (1977).

2

Gravimetric moisture contents were based on determination
of mass of the specimens under two conditions: (1) after
equilibration at the desired relative humidity condition (with
screw electrodes removed) and (2) after oven drying at
103°C (217°F). Specimens were weighed on a top-loading
balance (Sartorius, Goettingen, Germany, model 2254) with
a readability of 0.01 g. The calibration of the balance was
checked prior to measurements with a 100-g standard and
was consistently accurate to 0.02 g. Specimens were oven-
dried to a final mass using an endpoint criterion of no more
than 0.05% change in mass over a 4-h interval. The error

in gravimetric moisture content is estimated at less than
0.1% MC.

In the case of the dimensioned lumber conditioned at 85%
relative humidity, some slight mold growth was found on
the surfaces. These specimens were cleaned by wiping with
a paper towel prior to weighing and metering moisture con-
tent. We did not determine whether this minor biological
activity had any effect on the equilibrium moisture content
or the uniformity of moisture content from the specimen
surface to interior.

Instrumentation

Electrodes selected for the study were stainless steel #6
sheet metal screws 16 mm long with hexagonal washer
heads (Bolt Depot, North Weymouth, Massachusetts, prod-
uct 5459). The stainless steel alloy was non-magnetic; it
was one of the 300 series stainless steel alloys with nominal
composition of 18 wt% chromium and 8 wt% nickel. For
leads to connect the screw electrodes to the moisture me-
ter, uninsulated ring terminals (3M, St. Paul, Minnesota,
Scotchlok M18-6R/SX) were soldered to 24-AWG insulated
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Figure 1—Experimental set-up for moisture meter read-
ings: untreated plywood specimen, stainless steel
screw electrodes with leads, moisture meter, and cable
assembly with mini hook clips. In the specimen shown,
the unsanded surface is sapwood and contains no
defects.

-

Figure 2—ACQ-treated plywood specimen and tem-
plate used for pre-drilling pairs of holes.

copper wires. A handheld Delmhorst model J-2000 digital
conductance moisture meter (Delmhorst Instrument Co.,
Towaco, New Jersey) was used to acquire moisture content
readings in combination with a modified cable assembly
(part #315-CAB-0001). The modification involved connect-
ing a mini hook clip to each wire from the cable assembly
such that the mini hook clips could then be easily attached
to lead wires (Fig.1).

The meter measures conductance and displays readings as
percentage moisture content. It can be set to display mois-
ture content readings for a number of different species; for
this study the meter was set for SYP. The meter also has a
setting for temperature correction, which can be set in units
of either °F or °C. For this study, the moisture meter was
referenced to a temperature of 70°F (21°C), whereas the
laboratory in which readings were taken was maintained at
72.3 £ 0.4°F (22.4 £ 0.2°C). The meter’s temperature cor-
rection can be set in increments of 5°F (3°C), so the differ-
ence between the actual temperature and the meter setting
need not exceed 2.5°F (1.5°C). The potential error arising
from such a temperature offset amounts to less than

0.3% MC for the moisture content range in this study
(James 1988). Two of the environmental rooms in which
specimens were conditioned were maintained at 80°F
(27°C). After specimens were equilibrated in these rooms,
they were sealed in polyethylene bags, transferred to the
laboratory maintained at 72°F (22°C), and allowed to reach
thermal equilibrium prior to moisture meter readings (the
meter being referenced to 70°F as for the other groups).
Moisture meter readings for these specimens were also
taken in the 80°F environmental room (with the meter refer-
enced to 80°F (27°C)) prior to readings in the 72°F (22°C)
room (with meter referenced to 70°F (21°C)). Meter read-
ings at 72°F (22°C) differed from those at 80°F (27°C) by
less than 0.2% MC on average, the readings at 72°F (22 °C)
being higher on average.

Holes for the screw electrodes were pre-drilled using a
2.4-mm (3/32-in.) drill bit and a template (Fig. 2) machined
from mild carbon steel, with two holes each 2.4 mm

(3/32 in.) in diameter spaced 31.8 mm (1.25 in.) on center.
In each specimen, four pairs of holes were drilled so that
moisture readings could be obtained in multiple locations
within a specimen (Fig. 1). Measurements using additional
specimens indicated that the moisture reading at a given
location was not affected by the presence of other screws
within the same specimen. Each hole pair was aligned paral-
lel to the grain (in the case of dimensioned lumber) or
parallel to the grain of the surface ply (in the case of ply-
wood). In the untreated plywood specimens, measurements
were taken from the unsanded side of the specimen (the
“crawlspace side” from which field-study measurements

are taken). Defects were present in some specimens, but all
screw pairs were placed to avoid observable defects. In most
cases, heartwood was not present in the area between screw
pairs.

Results

Figure 3 shows the moisture meter readings plotted against
gravimetric moisture content for SYP dimensioned lumber,
SYP plywood, and ACQ-treated SYP plywood specimens.
The linear least-squares fit for SYP dimensioned lumber is
close to the line of 1:1 correspondence, indicating that the
readings, taken with stainless steel screw electrodes,
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Figure 3—Meter readings for moisture content (MC) versus gravimetric moisture content for southern yel-
low pine dimensioned lumber (triangles), plywood (squares), and ACQ-treated plywood (diamonds). The
data for untreated dimensioned lumber and plywood are fit by linear equations, and the data for ACQ-treat-
ed plywood are fit by a quadratic equation. The dashed line indicates 1:1 correspondence.

correspond well with the manufacturer-provided correction
for SYP wood (which assumes the electrodes are uninsulat-
ed pins). Considerable scatter is apparent in the data as seen
in Figure 3; less scatter might be expected for specimens
with less variation in anatomical characteristics. In statisti-
cal terms, the line of 1:1 correspondence falls within the
95% confidence band of the regression line (Berthouex and
Brown 2002). The meter manufacturer’s correction for SYP
wood was thus deemed adequate for determining moisture
content in our sample of SYP dimensioned lumber, taken
with stainless steel screw electrodes.

Data for untreated plywood show less scatter than data for
dimensioned lumber. Meter readings are high compared
with gravimetric moisture content—the slope of the regres-
sion line for untreated plywood is greater than one. The in-
tercept is positive, though small. ACQ-treated plywood data
show the least scatter. The best fit to these data is a quadratic
equation. Interestingly, for a given gravimetric moisture
content, the meter reads higher for untreated than for
ACQ-treated plywood.

Table 2 gives equations for predicting “true” (gravimetric)
moisture content from meter readings. The linear equation
for untreated plywood is inverted from the regression line

shown in Figure 3. Instead of inverting the quadratic equa-
tion for ACQ-treated plywood, we made the data linear by
plotting the square root of the meter readings versus gravi-
metric moisture content (not shown). This method gives a

two-parameter fit rather than a three-parameter fit without

significantly compromising the quality of the fit.

The accuracy of each equation for predicting gravimetric
moisture content from a single meter reading was deter-
mined using the approach described by Berthouex and
Brown (2002). For a given moisture meter reading (y or
MC,cier)» We calculated the corresponding value of the
gravimetric moisture content (x or MC,,,,) using the calibra-
tion equation in Table 2. Next we determined the 95% con-
fidence interval that contained the true value of y 90% of the
time based on a single observation. Finally, we calculated
the 95% confidence band for the calibration line and trans-
lated the confidence limits for y into confidence limits for x.
The confidence interval varies with moisture content: it is
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narrowest at the midpoint of the gravimetric moisture con-
tent range and broadens as MC,,, is increased or decreased
from the midpoint. The intervals given in Table 2 are the
widest possible for the given range of moisture content;
they are based on the values at the minimum or maximum
moisture content. As indicated in Table 2, the calibration for
untreated plywood has larger error bars (£1.4% MC) than
that for ACQ-treated plywood (+0.8% MC), consistent with
the relative data scatter for these groups.

Although derivation of sorption isotherms was not the
objective of this study, a comparison of EMC data for ply-
wood (from Table 1) with data from the literature for SYP
plywood is shown in Figure 4. The EMC data for untreated
specimens concur closely with the adsorption EMC values
for SYP plywood at 27°C (80°F) given by Lee and Biblis
(1976). Data for treated plywood show higher EMC values
than for untreated plywood at equivalent relative humidity
levels. Several explanations are discussed below.

The EMC is affected to a minor extent by temperature
(Stamm 1964). As shown in Table 1, most specimens were
conditioned at 22°C (72°F), but two of the environmental
rooms were maintained at 27°C (80°F). However, such a
small temperature difference amounts to a change in EMC
of less than 0.3 % MC (FPL 1999).

Discussion
Equilibrium Moisture Content

One possible explanation for the differences in EMC be-
tween treated and untreated plywood shown in Figure 4 is
that the ACQ treatment makes wood more hygroscopic, as
suggested by Choi and Ruddick (2007). To test this hypoth-
esis, we reconditioned all treated and untreated plywood
specimens at 50% RH after oven drying, thus giving adsorp-
tion EMC values. Untreated and ACQ-treated plywood did
not differ significantly. Both showed a reconditioned aver-
age EMC of 8%, which is identical to the value for untreated
plywood in Figure 4 (as we found in initial conditioning).

An alternative explanation is that the differences stem from
sorption hysteresis, a well-recognized phenomenon affect-
ing EMC values (Stamm 1964). The history of the untreated
specimens prior to purchase from the lumber yard is un-
known. The panels were, however, stored in a roofed shed in
dead stacks at the lumber retailer, and the retailer is a mass
marketer generally recognized as having a rapid turn-over

20 1 —*— Lee and Biblis (1976)
B Untreated plywood
#* ACQ-treated plywood

=ik
o
PR

Equilibrium moisture content (%)
n =

0 20 40 60 80 100
Relative humidity (%)

Figure 4—Equilibrium moisture content versus relative
humidity for untreated and ACQ-treated southern yel-
low pine (SYP) plywood. Each point is the average of
six measurements. For comparison, the adsorption iso-
therm is shown for SYP plywood (Lee and Biblis 1976).

of stock. It is thus likely that the untreated plywood ap-
proached equilibrium by adsorption. This was confirmed
for the specimens at 50% RH; EMC values were essentially
identical following ovendrying and reconditioning at the
same relative humidity. Additionally, the untreated plywood
EMC data concur closely with literature adsorption EMC
data, as shown in Figure 4. In contrast, the ACQ-treated
specimens were received wet—around 50% MC—and were
initially placed in a room maintained at 50% RH. For rela-
tive humidity values of 50% or less, equilibrium was thus
approached by desorption. For higher relative humidity con-
ditions, the specimens remained in the room at 50% RH for
a period of roughly seven weeks prior to conditioning. The
EMC values for treated specimens at 66%, 75%, and 85%
RH are most likely intermediate between the desorption and
adsorption curves.

Moisture Meter Calibration

As shown in Figure 3, the moisture meter readings were
higher for untreated SYP plywood than for solid wood.

Table 2—Equations for predicting gravimetric moisture content (MC) from meter readings

Gravimetric range Prediction error”

SYP plywood type Calibration equation® (MC %) (MC %)
Untreated MCyay =—0.136 + 0.6459 X MCpyeter 6-16 +14
ACQ-treated MCypy =—8.032 + 5.007 X yMC_ ., 8-18 +0.8

* MCyray and MCeeer are percentage moisture content based on mass (conditioned and oven-dried) and meter readings,

respectively.

® Prediction error varies slightly with moisture content; the values given are the largest errors for the moisture content range,

calculated for the minimum and maximum MC.
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Figure 5—Curve fits for untreated plywood (upper dashed line) and ACQ-treated plywood (solid curve)
from this work and for SYP sapwood treated with two “new generation” preservatives (Smith et al. 2007).
The dotted line indicates 1:1 correspondence between meter readings and gravimetric moisture content.

Bell and Krueger (1949) examined the effect of 10 different
glues on moisture meter readings in Douglas-fir plywood.
They found that in phenolic-bonded plywood, conductance
meter readings with needle electrodes penetrating the glue
lines were, without exception, higher than the correspond-
ing gravimetric moisture contents (although with consider-
able variation). They attributed this effect to an increase

in conductivity from the electrolytes within the glue in the
plywood.

As indicated previously, the data for ACQ-treated plywood
(Fig. 3) show a distinct curvature. Smith et al. (2007) estab-
lished moisture meter calibrations for SYP sapwood treated
with two “new generation” preservatives, one of which was
ACQ (personal communication with Stan T. Lebow, Re-
search Forest Products Technologist at the Forest Products
Laboratory, Madison, Wisconsin, October 2007). Smith et
al. (2007) found that the meter readings were higher than
gravimetric moisture content. Although they fit their data

to a linear relationship over the range of 10% to 25% MC,
their plotted data show curvature over the range of roughly
18% to 28% MC (at the upper end of the hygroscopic
range). The curvature that their plots show over the 18% to

28% MC range is in the direction of higher meter readings,
as moisture content increases. This, incidentally, is the same
direction of curvature as in Figure 3, although over a differ-
ent moisture content range.

For the sake of comparison, we present our curve fits for
untreated and ACQ-treated plywood together with the linear
fits from Smith et al. (2007) in Figure 5. The “new genera-
tion” preservatives (one being ACQ) apparently have nearly
the same effect on meter readings in SYP sapwood. As
indicated by the figure, meter readings are higher for ACQ-
treated plywood than ACQ-treated sapwood, though the
slopes of the curves are similar. The reason why moisture
meter readings are higher for untreated plywood than for
ACQ-treated plywood is unclear.

Kear (2006) also studied the influence of ACQ treatment on
moisture meter readings, using four different meters, some
with more than one type of electrode. Radiata pine dimen-
sioned lumber specimens were conditioned at 65%, 75%,
and 98% RH. The meter readings for specimens at 65% to
75% RH (13% to 15% gravimetric MC) varied by meter and
type of electrode, but in all cases the ACQ-treated lumber
evidently had higher conductance than untreated lumber,
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in agreement with the results of Smith et al. (2007). We are
not convinced of the validity of Kear’s data at 98% RH; the
gravimetric moisture content values he reported at 98% RH
were clearly far above the fiber saturation point.

Conclusions

This study was undertaken to develop calibration curves for
predicting “true” (gravimetric) moisture content from direct
readings with a conductance moisture meter and stainless
steel screw electrodes in untreated SYP dimensioned lum-
ber, untreated SYP plywood, and SYP plywood treated with
ACQ. With the meter set to the manufacturer-provided spe-
cies correction for SYP and with the stainless steel screws as
electrodes, direct meter readings corresponded closely with
gravimetric moisture content in dimensioned lumber. Thus,
no calibration curve for SYP dimensioned lumber appears
needed, although there apparently is considerable random
error associated with individual readings. In contrast, meter
readings in plywood, whether treated or untreated, require
substantial correction. The derived moisture content values
for plywoods, obtained from the calibration curves, are ap-
parently less subject to random error than are moisture con-
tent values for dimensioned lumber. The prediction errors
and the range of gravimetric moisture contents over which
the equations can be applied are as follows: untreated SYP
plywood, £1.4% MC over 6% to 16% MC; and ACQ-treated
SYP plywood, £0.8% MC over 8% to 18% MC.
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