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SUMMARY

A need exists to develop and transfer technology for improved control of 
moisture in PWF. In this study, the objective was to determine the effect 
of constant applied voltage and constant current on the resistance 
measured in wood while under constant and varing moisture conditions and 
to determine their correlation to moisture content.

Voltage changes during drying were monitored with eight replications on 
untreated jack pine specimens using a Keithley electrometer under 
computer control. Similarly, resistance and voltage measurements were 
made on treated specimens while they dried. The weight of a matched set 
of specimens was used to monitor moisture content. The technique for 
resistance measurement alternated between a constant applied current and 
voltage. Finally, similar measurements were made on untreated and 
treated jack pine, and plywood specimens after they were conditioned to 
various moisture levels and sealed in polyethylene films. For this last 
group of specimens, readings on a Delmhorst moisture meter were taken.

The electrical charge across two pins in wood is large enough to cause 
significant errors when using the constant current method. With the 
constant voltage method, the applied voltage must be large enough so that 
the charge inherent in the wood is relatively insignificant.

The best fit for these moisture content data were linear segmented models 
involving the logarithm of resistance or moisture meter readings. In both 
cases, the point of segmentation was near the fiber saturation point.

These models provide a better estimate of moisture content from moisture 
meter readings or resistance above the fiber saturation than are 
currently available. These will be useful in the interpretation of 
moisture data that are collected in monitoring or inspection of PWF in 
service or in testing in the laboratory.
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1.0 OBJECTIVE

An overall objective of this project is to develop and transfer 
technology for improved control of moisture in PWF. The objectives of 
this specific study were:

to determine the effect of changing moisture content, constant 
applied voltage and constant current on the resistance measured in 
wood and,

to determine the correlation of measured electrical resistance and 
moisture meter readings to moisture content.

2.0 INTRODUCTION

Moisture content of wood products in service is difficult to measure 
because the wooden components in most buildings are inaccessible, 
moisture content varies throughout the structure and in-expensive, non- 
contact moisture sensors are not available for this application. In 
recent practice, moisture content is frequently monitored using data 
acquisition systems (DAS) with computer control. Most one-time 
inspections are still done with portable electrical resistance moisture 
meters. In the laboratory, a DAS offers the opportunity to monitor 
moisture content in a test specimen more frequently and more intensively 
than in the field.

Van Rijn (1986) attempted a calibration of moisture content against 
electrical resistance data from a DAS and readings from a moisture meter 
in treated wood; including the range above the fiber saturation 
point(FSP) . Poor correlations above fiber saturation in treated wood 
were obtained. Improvements were recommended in the technique for 
measuring resistance under computer control, and for extracting a small 
core from the specimens against which readings from hand-held meters and 
the DAS could be calibrated.

3.0 BACKGROUND

Measurement of moisture gradients in wood is complex, compared to the 
simpler methods of measuring moisture; such as by weighing wood before 
and after oven-drying, and indirectly by measuring electrical resistance. 
Normally, the correlation between these latter two is reasonably good. In 
wood with large moisture gradients, the difference between the gross 
weight of a block of wood before and after oven-drying may not be 
representative of the moisture levels between the points where the tips 
of the probe are inserted into the wood. In this case, the correlation 
can be expected to be poor.
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The two basic methods of measuring the electrical resistance are constant 
current and constant voltage. Both are based on the well known 
relationship between voltage, resistance and current:

R = V / I

where R = resistance [ohms]
V = voltage [volts]
I = current [amps].

In the constant current method, which is used by most meters, a known 
current is applied to the unknown resistance, the voltage is measured and 
the resistance calculated. In the constant voltage method, a known 
voltage is applied and the resistance is calculated using the measured 
value of the current.

4.0 EXPERIMENTAL PLAN

4.1 EFFECT OF DRYING ON THE POTENTIAL DIFFERENCE

Two sets of eight lumber specimens, 19 x 38 x 51 mm, were conditioned in 
water using 45 minutes of vacuum at 67.7 kPa and 45 minutes of pressure 
at 620 kPa. The two sets were matched since they were taken from 
adjacent sections of the same piece of pine lumber.

Moisture-meter pins were installed into the center of each specimen in 
one set of specimens using lead holes, 1.4 mm in diameter and 2.5 cm 
apart. The pins were ground and tinned using silver solder before being 
soldered to the wire that connected each pin to the DAS.

The pins were connected to a Keithley model-617 electrometer . This 
instrument has an internal impedance of 200 Tohms (a power of 12) and 
thus, should not significantly affect resistance readings of even very 
dry wood specimens whose resistances are about 0.1 Tohms. The 
electrometer was controlled by a Hewlett Packard data acquisition system 
(DAS) composed of a model-85 computer and a model-3497A data 
acquisition/control unit.

The other set of specimens was placed on a Mettler model-PE3600 balance 
that was also connected to the computer. The two sets were allowed to dry 
for 12 days in a laboratory environment at 20 degrees Celsius and 65% 
relative humidity.

Sixty readings of voltage were taken on each specimen of one of the sets 
each hour over the 12-day period. The weight of the other set was 
measured each hour, with change in weight taken as as the change in 
moisture content of both sample sets.
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4.2 EFFECT OF DRYING ON RESISTANCE

Two sets of eight and one set of four, treated, jack pine specimens were 
soaked in water as previously. The two sets of eight specimens were 
instrumented with moisture meter pins and the set of four specimens were 
weighed as before to monitor moisture content. In this case, however, 
measurements of resistance were made using two methods; constant current 
and constant voltage.

All specimens were dried in the laboratory. Every two hours, the weight 
of the sample on the balance was recorded. Then, 10 voltage, 60 
resistance and 60 voltage readings were taken sequentially on each 
specimen of the other sets with pins. The reading rate for these 
measurements was one per second and the sequence of measurements, which 
takes less than 3 minutes for each specimen, was repeated every two hours 
while the specimens dried. The first 9 sets of resistance measurements 
used a constant voltage technique and thereafter switched between 
constant current and constant voltage after every 3 sets. After the 
specimens showed no appreciable change in weight with time the experiment 
was terminated.

The voltage to be applied in the case of resistance using constant 
voltage was determined by measuring the voltage applied by a Delmhorst 
moisture meter (model RC-1B). The output voltage of this meter on its 
three ranges was 46.5 volts.

4.3 MEASUREMENTS ON SAMPLES AT CONSTANT MOISTURE

Thirty-two jack pine specimens, each 38 x 51 mm in size, were cut from 
each of three materials; a PWF treated jack pine board, an untreated jack 
pine board and a PWF treated HEM-FIR panel. The specimens from the boards 
were cut to 19 mm in thickness while the panel specimens were left at the 
panel thickness of 17 mm. Each group of 32 specimens was divided into 4 
sets of 8 specimens. Lead holes were drilled into the centre of each 
specimen.

Each set of one group was assigned to one of four target moisture 
contents; namely, 12%, 30%, 55% or 80%. Those above 12% were conditioned 
by soaking using the same method as before. With their initial weight and 
an assumed moisture content of 12%, each set was oven-dried at 105°C 
until the mass of the set reached a target weight that corresponded to 
one of three target moisture contents. All specimens were cut from 
specimens that were well conditioned in a laboratory where average 
equilibrium moisture content was 12%, so the fourth set was left as is.

All but the 12%-moisture content specimens were wrapped and sealed in 
6-mil polyethylene film. Insulated moisture meter pins were installed 
through the film of each specimen. A small bead of caulking was used to 
seal the junction of the plastic and the pins.

The same measurements and sequence as in section 4.2 were made, one set
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at a time, over a period of 40 hours for treated jack pine, and 28 hours 
for the plywood and untreated jack pine. After completion of these 
measurements, readings with a Delmhorst model RC-1B moisture meter were 
taken both at the terminals of the DAS and at the pins.

Finally, the moisture content of each specimen was determined on 
sections, approximately 3 x 3 x 23 mm in size, taken between the tips of 
the pins. The sections were dried at 105°C for one hour.
Since the weight of the core was likely to change rapidly as it was being 
weighed, immediately after the section was cut or removed from the oven, 
it was placed on a high-precision balance (Mettler model AE163). Under 
computer control, 15 readings of weight at fixed time intervals were 
taken. The data were extrapolated back to zero time, by regression 
analysis, to provide the weight of the core immediately after it was cut 
or dried.

5.0 RESULTS AND DISCUSSION

5.1 POTENTIAL DIFFERENCE DURING DRYING

The acquisition of data was stopped twice during the 11-day period of the 
experiment because the variation in moisture content was small during 
these periods. It was stopped for two-day periods after about 3 days and 
after about 7 days from the start of data acquistion.

The 60 voltage readings taken hourly over a one-minute period showed 
little variation. A plot of the average hourly voltage against weight of 
the reference sample showed large voltage changes immediately after 
conditioning and later, when the readings were restarted.

Initially, these large changes were considered to be due to a problem in 
the instrumentation. The measurements were taken through a series of 
switches in the actuator card and their closure conceivably could have 
been responsible for these transient voltage variations.

The experiment was repeated, the DAS being reset before each series of 
measurements on each sample. This way, any problem with the switches 
would be evident in each set of measurements. Because each prior set of 
60 voltage readings showed minimal variation, only 5 readings were taken 
but every 10 minutes.

Results similar to the first experiment were obtained and are shown in 
Figure 1. Therefore, this voltage pattern is characteristic of the 
specimens and was not affected by the instrumentation. The fact that some 
specimens show a negative voltage while others are positive is due only 
to the choice of which of the two pins in each specimen to wire to 
ground.
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Figure 1. A plot of voltage against average moisture content during 
drying.

The variation in voltage was largest at the beginning of the experiment 
when the moisture content was the greatest and later as the moisture 
content approached the FSP or about 30%. Moreover, the voltage decreased 
almost linearly after the moisture content dropped below 30%. Between 
these two regimes, i.e. as the moisture content decreased from 120 to 
40%, the voltage was less than 120 mV and relatively constant.

In both cases of high voltage variation, the piezoelectric property of 
wood is considered to be responsible. When wood is soaked from air-dry 
conditions under vacuum and pressure, it is forced to rapidly expand and 
this strain results in electrical polarization. This has been reported by 
Galligan and Bertholf (1963) who showed that an impact on wood generates 
voltage due to the piezoelectric property of the wood.

The second occurance of large voltage variations is associated with the 
wood saturation point, where there is a change in the process of drying. 
Above the FSP, free moisture, (i.e. moisture that is not bound to the 
cell walls) is migrating towards the wood surface where it evaporates. 
Below the FSP, according to the Wood Handbook (1974), there is no free 
moisture; instead, moisture first dissociates from the cell walls of the 
wood and then evaporates. As the wood cell walls dry, they shrink, and
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the resulting strain produces electrical polarization. In addition, the 
dissociation of bound moisture itself is a process likely to produce 
electrical polarization of the empty adsorption sites.

5.2 ELECTRICAL RESISTANCE DURING DRYING

A plot of resistance against time, as shown in Figure 2, shows the 
expected increase in resistance with drying. Also, resistance increased 
within each set of 60 readings but when the next set of 60 readings was 
taken two hours later, the initial resistance was lower than the final 
reading of the previous set.

n i i i i i i----- 1----- 1----- 1----- r
-6 0 6 12 18 24 30 36 42 48 54

Time [hours]

Figure 2. Typical electrical resistance results using the constant 
voltage method against drying time.
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This Is explained by the fact that wood acts as a capacitor as well as a 
resistor. The applied voltage charges this capacitor during the 1-minute 
measurement periods and subsequently discharges during the 2-hour 
interval between measurements. The same phenomenon pertained to the 
voltage readings which were taken after the resistance readings. In every 
instance, the voltage increased from a negative value ( typically, 
between -0.8 V and -1.5 V ) to a positive value when the next 
measurements were taken two hours later. This was not seen in the case of 
voltage measurements alone (Section 5.1) because a voltage was not 
applied. A plot of initial voltage against time showed that this voltage 
did not vary with moisture content which agrees with the results in 
Section 5.1.

5.3 RESISTANCE OF SPECIMENS WITH CONSTANT MOISTURE CONTENT

Figure 3 shows a typical series of measurements for a wet, treated jack 
pine specimen. The resistance readings taken at constant current were 
always significantly higher and had greater variation within sets of 
readings than the constant voltage measurements. Also, the range in each 
set of constant current measurements showed wide random variations in 
some cases. In contrast, the constant voltage measurements show a regular 
pattern that started with a low value for resistance and increased 
through the set of 60 readings as the capacitor charged. In the example 
shown in Figure 3, the initial resistance in each set of 60 readings 
began at about 32 kohms and decreased steadily to a constant value of 
about 24 kohms after 12 hours. This may be due to changes in the moisture 
content in the core of this specimen as it reached equilibrium 12 hours 
after the start of monitoring.
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Figure 3. A typical plot of resistance, measured using two methods, of a 
wet specimen against time.

The difference between the lowest constant current values and the lowest 
constant voltage values is about 3.1 kohms. In this range of resistance 
the electrometer applies a 10 HA current. It measures the voltage and 
calculates resistance. As found in Section 5.1, a small voltage due to 
polarization may exist across the pins before the electrometer applies 
current. An initial voltage of only 0.31 mV would explain the difference 
between these two methods.

The minimum resistance that could be read with this instrument and an 
applied voltage of 46.5 V was 22 kohms. The use of lower applied voltages 
would permit measurement of lower resistance values.

The initial reading in the last sets of resistance under constant applied 
voltage are better estimates of the resistance than those under constant 
current.

5.4 CORRELATION OF MOISTURE CONTENT TO RESISTANCE AND METER DATA

The initial resistance value in a set of measurements under constant 
voltage was used in order to avoid the effect of capacitance.
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No significant difference was found between meter readings taken at the 
terminals of the system cards and the readings taken directly at the 
pins. Therefore, an average of the two values was used in this analysis.

Figure 4 shows moisture content plotted against the common logarithm 
(base 10) of resistance. Clearly, a segmented linear or non-linear 
approach is warranted.

Since it appears from the plot in Figure 4 that no significant difference 
exists between treated and untreated jack pine data, they were combined 
in subsequent analysis. The measurements on treated plywood specimens 
were excluded because only 14 of the 24 specimens provided useful data 
and, of these, the range of moisture content was 19% to 37% which is too 
small for a useful analysis. The measurements on specimens in the 80% 
target moisture content group were out of range on both the moisture 
meter and the electrometer.

Various attempts were made to develop models showing the highest 
correlation between moisture content and resistance, and later between 
moisture content and meter readings. A 5-parameter model for the 
resistance data and a 3 parameter model for the meter data yielded a 
coefficient of determination better than 0.9. However, the 95% confidence 
intervals about most of the parameters were poor. Segmented linear 
regression, performed separately on the data above and below FSP (30% 
moisture content), was determined to be the best approach. The results 
are shown in Figure 4 as two solid lines that intersect at a resistance 
of 100 kohms (LOG (R) = 5 ) and 28% moisture content.
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Figure 4. A plot of moisture content against the common logarithm of 
resistance.

The ranges of resistance at three specific moisture contents were 
estimated from Figure 4. In similar fashion resistance values were 
obtained from the Wood Handbook (1974), Cunningham (1985) and Kollman et 
al. (1985). These resistance values, shown in Table 1, compare well.
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Table 1. A comparison of experimentally-derived resistance data from this 
study with published data.

MOISTURE CONTENT 20% 25% 50%

LOG( RESISTANCE [ohms] )

these data 7.0-6.8 6.3-5.7 5.2-4.7

Wood Handbook (1974) 6.9-5.5 6.5-5.0 na
Cunningham (1985) 6.0-5.0 5.3-4.7 5.0-4.4
Kollman et al. (1968) 7.8-6.5 7.0-5.3 na
van Rijn (1986) 8.6-6.0 7.6-5.8 5.7-4.6

note: * AC impedance measurement adjusted to 1 in. probe spacing

Figure 5 shows the results of the regressions of moisture content on 
meter readings. The validity of a segmented approach is also clear in 
this figure but the difference in slope between the wet and dry specimens 
is less pronounced. The two regression lines intersect at a moisture 
content of 33%.
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Meter scale

Figure 5. A plot of moisture content against moisture meter readings.

The results of the regression analysis for the data on jack pine 
specimens are compared with previous results by van Rijn (1986) in Table 
2. The regression equations from van Rijn (1986) included a temperature 
correction term so the equations shown in Table 2 are corrected to 20°C. 
The results of Pfaff et al (1986) are based on values in their equation 
for jack pine, where 'a' is equal to 0.749 and 'b' is 0.467 from Garrahan 
(1986) and a temperature of 20°C.
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Table 2. Regression data for moisture content on moisture meter readings 
compared to some literature values.

TYPE SOURCE REGRESSION r* RMSE MOISTURE CONTENT
AT X=

15 30 50

BELOW 30 % MOISTURE CONTENT

L/TL M = 6.1 + 0.93 X .95 1.0 20.1 34.0 -

L van Rijn (1986) M = 4.2 + 1.02 X .95 .9 19.5 34.8 -
TL van Rijn (1986) M = 5.4 + 0.89 X .73 1.8 18.8 32.1 -
L Pfaff et al. (1986;I M = -0.5 + 1.36 X - - 19.9 40.3 -

ABOVE 30% MOISTURE CONTENT

L/TL M = -30.8 + 2.2 X .81 10.7 - 35.2 79.2
L van Rijn (1986) M = -60.6 + 4.3 X .77 7.7 - 68.4 154.4
TL van Rijn (1986) M = -13.0 + 2.5 X .69 18.6 - 62.0 112.0

NOTES: L untreated lumber
TL treated lumber
M moisture content %
X meter reading
r* coefficient of determination
RMSE root mean squared error

Below 30% moisture content, the results are reasonably in agreement 
except for those of Pfaff and Garrahan (1986) for meter readings above 
22. This is about the point where the Pfaff and Garrahan (1986) equation 
for jack pine would predict a moisture content of 30%, whereas the 
equation from this study would predict a moisture content of only 26.6%. 
One reason for the difference may be that they took meter readings 
immediately after driving the pins into the wood, whereas in this study 
the pins had been installed in the wood for a period of time. This 
difference is also apparent in the coefficients of the equations.

Above 30% moisture content, the results are not in agreement with 
previous results of van Rijn (1986). At a meter reading of 30, better 
agreement between the predicted moisture contents was found in this study 
than by van Rijn (1986 ). The two regression equations in this study 
intersect near the FSP; in the previous study they did not. The size of 
the core section used for moisture content determination was much smaller 
in this study than that used in 1986. The correlation (0.81) in this 
study was better than previous results ( 0.69 and 0.77). At least for the 
case of treated wood, the root mean squared error was also improved over 
previous results.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

A significant voltage is generated in wood with rapidly changing moisture 
content at or near the FSP. This voltage can affect substantially 
resistance measurements using constant current techniques. With a 
constant applied voltage, appreciably larger than the voltage due to 
polarization, this effect is minimal. Therefore, the constant voltage 
technique of measuring the resistance of wood is recommended for this 
application.

The Delmhorst meter readings were correlated to moisture content but the 
results were less accurate above the saturation point. Resistance 
measured with an electrometer and a constant applied voltage were 
correlated to moisture content and gave similar results. A linear model 
segmented near the FSP was used successfully in both cases. Both 
electrometer and moisture meter readings can be used above the saturation 
point and, for both treated and untreated wood, as an indicator of the 
wetness of the wood.
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