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SUMMARY

The measurement of moisture content of an untreated lumber sample, 
and lumber and plywood samples which were treated with preservatives 
for use in preserved wood foundations was studied. An electrical- 
resistance-based moisture meter and a computer controlled data 
acquisition system were used to take measurements. The samples were 
conditioned to six target moisture contents of 12, 17, 22, 40, 70, 
and 100 percent. Measurements were taken at five target temperatures 
ranging from -20 to 30 degrees after which the moisture content of 
a core section of each specimen was determined using a standard oven-
drying method.

Multiple regression analysis of the results showed good correlation 
in dry specimens between core moisture content and readings from 
either the meter or the data acquisition system. The product of 
temperature and reading was also a significant factor in both regressions.

In the case of wet specimens, the correlation was poorer than in the 
dry, but the results are still useful in estimation of moisture content, 
except for the results from wet treated plywood specimens. In this 
latter case, the extremely poor correlation is attributed to the 
use of large core sizes in the determination of moisture content 
where large moisture gradients within some of the specimens are 
suspected. No correlation was found for wet specimens that were 
also below 0 degrees Celsius.
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1.0 OBJECTIVES

The objectives of the project which is addressed with this work is to 
develop technology for improved control of moisture in PWF, thus, the 
objectives for this work were the following:

to assess the accuracy of moisture content readings taken on treated PWF 
material and at moisture content levels both above and below the fiber 
saturation point (FSP),

to provide improved estimates for correcting moisture readings taken with 
a commercial portable moisture meter,

to provide calibration for a computer based data acquisition system 
configured to read resistance, and

to document the comparability between readings from the portable meter 
and the data acquisition system.

2.0 INTRODUCTION

There has arisen a need to monitor moisture content of wood products in 
service, especially in the exterior envelopes of buildings. Whether in 
roofs, exterior walls or in foundation walls, wood products are serving 
as part of building envelope systems that increasingly defy simple 
explanations for their performance in service. Most often, the symptoms 
of poor performance are related to moisture accumulation, or at least to 
large changes in moisture content. In order to better understand how 
wood products behave in building systems we need better and more data on 
their performance with respect to moisture.

Moisture meters are often used in the assessment of wood products in 
service because of their convenience, economy and relative accuracy. 
Similarly, the use of insulated probes from resistance type moisture 
meters is unmatched in enabling the measurement of moisture in wood 
products that are inaccessible in building assemblies under normal 
service conditions. The correction factors for species and temperature 
that are available for solid wood products such as lumber make no attempt 
at providing factors above about 30 percent moisture content because 
of the greater uncertainty in this range. In seasoning lumber it is of 
little value to measure moisture content above 30% because more season-
ing is obviously required. In measuring moisture content of a wood 
product in service the region above 30% is sometimes encountered and 
an estimate of true moisture content is of value in determining the degree 
of wetness and the rate of change of moisture content with time. The degree 
of accuracy need not be as high as in the dry condition since once over 
about 30% moisture content the risk of decay in untreated wood is high.

This project is concerned with the moisture content of plywood and lumber 
used in the service of preserved wood foundations (PWF). Better estimates 
of moisture content in service is of benefit in the assessment of 
construction materials and practices that affect the level of moisture.
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Recent data collected with a moisture meter at various PWF sites 
indicated rather high moisture contents in the lower plywood and 
lumber framing. These estimates were based on corrections to meter 
readings that were extrapolated from correction factors for untreated 
solid wood at moisture contents below 30%.

Moses and Scheffer (1959) concluded that the use of moisture meter 
readings above FSP has some merit as an indicator of moisture level and 
of the rate of change in moisture content when readings were taken 
repeatedly at the same location.

The question of the effect of preservative treatments on moisture 
meter readings was studied by James (1965) who concluded that there 
can be a considerable effect depending upon the type of preservative.
Katz and Miller (1963) found that the influence of oxide-based 
formulations of chromated copper arsenate (CCA) preservatives was 
small while salt-based formulations of CCA affected the electrical 
resistance properties quite significantly. Since meter readings 
are nearly linear with the logarithm of resistance the effect of 
oxide-based CCA preservatives on meter readings below 30% will be 
negligible.

Pfà-ff and Garrahan (1983) reported correction factors for meter readings 
below FSP for a number of species. The purpose of their work was to derive 
improved correction factors at below freezing temperatures.

Cunningham (1985) utilized direct-current resistance below 30% moisture 
and alternating-current impedance above 25% in the development of a 
computer controlled data acquisition system for monitoring moisture 
content in wooden roof members.

3.0 BACKGROUND

4.0 STAFF

Name Title

G.J. van Rijn Research Scientist

R. Demers Technologist

J.C. Garant Technologist

P. George Technologist

E. Brooks Technologist
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5.0 EXPERIMENTAL PLAN

5.1 SAMPLING

Eleven firms certified by CSA to produce PWF lumber and plywood were 
contacted by letter in order to request ten specimens each of lumber and 
plywood. Not all produced both treated plywood and lumber. It was 
suggested that a 15.2 cm square plywood specimen and a 15.2 cm length of 
lumber were suitable specimen sizes.

Upon receipt the specimens were cut into coupons and marked. The lumber 
coupons were 5.1 x 5.1 x 3.8 cm in size while plywood coupons were
5.1 x 3.8 cm in size. Two lead holes were drilled 2.5 cm apart near 
the center of each piece. Each product was separated into 6 groups each 
containing 20 lumber coupons or 15 plywood coupons. Each group was then 
assigned one of 6 target moisture contents for conditioning. The target 
moisture contents were 12, 17, 22, 40, 70 and 100 percent. Those targeted 
for moisture contents below FSP were stored in appropriate conditions of 
temperature and relative humidity until their weight gain stabilized.
Those above FSP were submerged in water while subjected to a period of 
pressure and subsequently vacuum. The period of time under both pressure 
and vacuum was 1 hour for plywood or 2 hours for lumber. The coupons 
targeted for 40 and 70 percent.were allowed to dry until their weight 
matched an average weight estimated for each moisture condition. The 
coupons whose target was 100 percent were considered conditioned 
immediately after the vacuum-pressure soaking.

After moisture conditioning each coupon was double wrapped in 6-mil 
polyethylene film and sealed by means of a heat bar. Two insulated 
moisture meter probes were driven through the film and into the prebored 
lead holes. The film was sealed to the shank of the insulated probes 
by means of a small bead of caulking.

After wrapping each set was sequentially conditioned to one of 5 target 
temperatures; these being -20, 0, 10, 20 and 30 degrees Celsius. A dummy 
specimen, one without moisture probes but with a T-type thermocouple 
installed in the core, was also included to measure actual temperature 
when moisture content readings were being taken.

5.2 INSTRUMENTATION

Moisture content meter readings were taken with a portable moisture meter, 
a Delmhorst model RC-1B, on only every fifth specimen in each sample. A 
Hewlett Packard computer-controlled data acquisition system (HP-DAS) with 
a digital multimeter took readings of resistance on all specimens. The 
leads for both instruments were similar and terminated with two alligator 
clips which were snapped onto the ends of a pair of moisture meter probes. 
The Delmhorst meter, HP-DAS and an insulated box containing specimens are 
shown in Figure 1.
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Figure 1. The Hewlett Packard data acquisition system, the Delmhorst
moisture meter and an insulated box containing specimens under-
going test
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The computer, data acquisition system, and voltmeter were Hewlett Packard's 
models, 85, 3497 and 3456 respectively. The leads to the data acquisition 
system were wired to enable the leads to be reversed under computer control 
and another resistance measurement taken. This was done to avoid the effect 
of electrical charge on the reading since the system was unable to offset 
large initial voltages when taking resistance measurement. This worked 
well up to a point. The ratio of the second resistance reading to the 
first was calculated and if the ratio was much different than 1, the 
pins on that specimen were shorted for a period of time and the readings 
repeated.

In addition, corrections had to be applied to the reading from the Hewlett 
Packard in order to account for the internal impedances of the data 
acquisition system and the voltmeter. Considering that the internal 
impedances of both, if their ranges are set to specific values, are in 
the order of 107 ohms, and that the resistance measured at moisture 
contents below about 15% in wood are of the same order of magnitude, 
the correction factors applied can be substantial. A preliminary set 
of readings were taken on various combinations of standard resistors 
to enable a relationship to be developed between the resistance read 
by the Hewlett Packard and the Delmhorst meter reading. The relationship 
between resistance measured and the Delmhorst meter reading was found to 
be nonlinear even in terms of the logarithm of resistance. This relation-
ship was used to predict the moisture meter reading.

Data on the resistance, ratio of resistance readings, expected meter 
reading and temperature for each specimen were recorded on magnetic disc 
and on paper. The readings taken with the moisture meter on every fifth 
specimen were recorded on the paper output from the computer.

5.3 GRAVIMETRIC MOISTURE CONTENT

After all readings were taken at the five target temperatures, the 
specimens were unwrapped and immediately cut to remove a core section 
between the pins. The first cuts were made with a band saw cutting 
across the grain in the case of lumber specimens. Then outer sections 
were removed with a shear blade in a device that might be aptly called 
a macrotome. This core section was then weighed, oven dried and reweighed. 
The results were used to calculate the assumed actual moisture content, 
ignoring preservatives and other naturally occuring chemicals. The core 
sizes were about 2.5 cm square by the thickness of the plywood minus its 
face veneers and about a 1.9 cm cube in the case of lumber specimens.
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6.0 RESULTS AND DISCUSSION

6.1 SAMPLING

Five lumber and four plywood samples were prepared from samples supplied 
by a total of five producers of PWF lumber and plywood. In addition, a 
sample of untreated lumber was added for comparative purposes and another 
PWF lumber sample was obtained from stock available in the laboratory.

The plywood specimens were either 12.7 cm or 15.8 cm in thickness depend-
ing upon the source. The species of inner plies was identified as true 
fir (Abies spp.) in all plywood samples.

The species of the treated lumber specimens was either lodgepole or 
red pine (Pinus spp.) except in one case where the species was hemlock 
(Tsuga spp.), probably western hemlock, and in another case the species was 
spruce (Picea spp.). In this latter case, this species should not have been 
used for PWF material, since it is not allowed by CSA Standard S406-M83. 
Statistical analysis of the data indicated significantly different results 
for the treated spruce sample when compared to results from other treated 
lumber specimens so this sample was removed from all further analysis. The 
species of lumber in three other cases were not identified. But since 
significant differences between the results from the two unidentified species 
of PWF lumber and those identified as pine were not found, they were assumed 
to be pine. In the third case, the species of the untreated lumber sample 
was not confirmed but from appearance and the grade stamp it was spruce.

There was no attempt to assess the concentration, type or penetration of 
preservatives in the samples, although the identity of the preservative used 
was requested of each producer. From information obtained from producers 
of these samples and a supplier of preservatives it was learned that the 
preservatives used in all specimens were oxide-based formulations of CCA.

6.2 TARGET MOISTURE CONTENTS

Because it is extremely difficult to condition wood to achieve uniform 
moisture content above the FSP in a specimen, it was expected that the 
final moisture contents attained would show wider dispersion within each 
target moisture content group above FSP than below. The adjective dry 
is used to describe all specimens at or below 25% moisture content and 
the adjective wet is used for those above 25% moisture content. As 
expected, the coefficient of variation of the actual moisture content, 
shown in Table 1, was higher, by about double, for wet samples than for 
dry. This is also reflected by the fact that the range in values is larger 
in the wet samples than the dry ones.

However, the variation in treated lumber samples was significantly higher 
than in other samples. This is attributed to the difference in permeability 
and specimen size between lumber and .plywood specimens. An attempt was made 
to achieve a wide range of moisture contents. Although the variation was 
highest for treated lumber specimens, on average they are closer to target 
moisture contents than other product types. Generally, the moisture contents
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Table 1. Statistics on actual moisture content by target moisture content and
product

Target Moisture 
Content %

Product
ACTUAL MOISTURE CONTENT %

N Mean Std CV Min Max

12 Lumber 100 13.3 0.9 6.5 11.5 15.0
Treated Lumber 600 13.4 1.2 9.0 9.7 16.5
Treated Plywood 300 12.8 0.6 4.9 11.4 14.4
All 1000 13.2 1.1 8.0 9.7 16.5

17 Lumber 100 15.2 0.6 4.0 14.0 16.2
Treated Lumber 600 16.1 1.5 9.4 13.1 20.3
Treated Plywood 300 15.5 0.7 4.8 13.2 17.5
All 1000 15.8 1.3 8.2 13.1 20.3

22 Lumber 100 23.0 1.5 6.6 19.5 25.6
Treated Lumber 600 19.9 2.8 14.2 15.1 26.4
Treated Plywood 300 19.9 2.2 11.2 15.6 25.9
All 1000 20.2 2.7 13.4 15.1 26.4

40 Lumber 100 40.7 5.9 14.4 33.2 55.4
Treated Lumber 600 48.6 15.3 31.5 25.0 106.5
Treated Plywood 300 46.7 8.5 18.1 28.3 65.7
All 1000 47.2 13.1 27.7 25.0 106.5

70 Lumber 100 58.6 7.7 13.2 48.6 72.5
Treated Lumber 600 77.8 18.8 24.1 35.0 160.2
Treated Plywood 300 88.1 10.9 12.4 61.5 136.7
All 1000 79.0 17.9 22.7 35.0 160.2

100 Lumber 100 73.8 6.2 8.3 63.8 88.0
Treated Lumber 600 108.2 35.5 32.8 46.8 202.7
Treated Plywood 300 141.7 17.1 12.1 104.5 174.0
All 1000 114.8 35.4 30.9 46.8 202.7

Notes: N number of observations

Std standard deviation

CV coefficient of variation
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in the treated plywood specimens were higher than their target moisture 
contents, and in fact, at the 70 and 100% target moisture contents, 
extremely high. So much so that the moisture meter often registered 
readings over 65, which was the limit of the meter, making these observa-
tions unuseable in the analysis. The HP-DAS provided readings in all 
cases and its predicted meter reading would consistently predict readings 
over 65 when this was the case.

6.3 TARGET TEMPERATURES

Better control of temperature than moisture content was achieved, as can 
be seen from the data in Table 2. Except for lumber samples at the 
target temperatures of 0 and -20, the mean temperature was within half a 
degree Celsius of the target and the standard deviation was about 1 degree. 
The procedure of storing the specimens in an insulated box proved to be 
effective during the short time readings were being taken. In any case, 
since actual temperatures were used in the analysis, the fact that the 
temperature deviated from the target was not considered as important 
as obtaining a uniform distribution of actual temperatures over the range 
being considered.

6.4 ACTUAL MOISTURE CONTENT AND DELMHORST METER READINGS

A multiple regression analysis was performed on the data by source of 
sample and product with actual moisture content as the dependant variable 
and the Delmhorst meter readings, temperature and the product of meter 
reading and temperature as the independant variables. Preliminary analysis 
indicated a dichotomy between wet and dry samples in the relationship 
between actual moisture content and meter reading. It also showed no 
relationship in wet samples at a target temperature of -20 degrees 
Celsius, therefore all data with actual temperatures below 0 degrees were not 
included in the analysis. The coefficients of regression for each sample 
within a product type were similar, except for the treated spruce lumber, 
so all samples were grouped by product type; namely untreated lumber, PWF 
lumber or PWF plywood. Temperature alone was not significant but its product 
with meter reading was, so the former was not included in the final analysis.

Table 3 shows the results obtained from regressions of actual moisture 
content on meter readings and the product of temperature and readings 
obtained from the Delmhorst moisture meter. The coefficients of the 
regression equation show consistency between product types and the two 
conditions, wet and dry. Both coefficients related to the meter, A and B 
in Table 3, appear to have the same relationship between product types 
and condition.

Generally, the coefficients in the wet case are about 3 times those found 
in the dry case for the same product type. This indicates that the meter 
has decreased sensitivity to moisture content above about 30%; that is, 
for a given change in actual moisture content there is a smaller change 
in meter reading for a wet specimen than a dry one. But at the same time, 
the much higher variation in the data, shown by the square root of the mean 
squared error (RMSE) in Table 3, would indicate lower confidence in the pre-
dicted moisture content for a wet specimen than a dry one.
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Table 2. Statistics on actual temperature by target temperature and product

ACTUAL TEMPERATURE (°C)
Target Product

Temperature(°C) N Mean Std Min Max

-20 Lumber 120 -14.2 1.8 -16.0 1 M O O

Treated Lumber 720 -19.1 1.9 -22.0 -12.0
Treated Plywood 360 -19.7 1.6 -23.0 -15.0
All 1200 1 H* CD 00 2.4 -23.0 -10.0

0 Lumber
Treated Lumber 
Treated Plywood 
All

120
720
360

1200

2.8 
0.5 

- 0.4 
0.5

1.4 
1.1
1.4
1.5

0.5
- 1.7
- 4.0
- 4.0

5.1
5.0
6.0 
6.0

10 Lumber 120 11.5 0.8 10.2 13.1
Treated Lumber 720 10.5 1.0 8.7 14.3
Treated Plywood 360 10.2 0.7 8.5 12.9
All 1200 10.5 1.0 8.5 14.3

20 Lumber
Treated Lumber 
Treated Plywood 
All

120
720
360

1200

21.0
20.2
19.8
20.2

1.2
0.9
0.7
0.9

19.4
18.7
18.2
18.2

22.4
22.8
21.7
22.8

30 Lumber 120 29.0 1.1 27.1 30.7
Treated Lumber 720 29.9 0.9 26.7 32.0
Treated Plywood 360 30.0 0.8 26.3 31.4
All 1200 29.9 0.9 26.3 32.0

Notes : N : number of observations

std: standard deviation
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Table 3. Results of regression analysis of actual moisture content on meter 
readings and temperature

Cond Prod N RMSE R2 MC = (A + BT) Meter + C

A B C

Dry L 69 0.9 .95 1.26 -0.012 4.2

Dry TL 369 1.8 .73 1.09 -0.010 5.4

Dry TP 229 1.3 .78 0.84 -0.008 3.1

Wet L 63 7.7 .77 5.01 -0.036 -60.6

Wet TL 271 18.6 .69 3.06 -0.028 -13.0

Wet TP 166 34.9 .31 2.75 -0.015 -68.3

Notes : Cond : moisture condition where dry < 25% and wet > 25%.

Prod : product class L: untreated lumber TL: treated lumber
and TP : treated plywood 

N : number of observations

RMSE: root mean squared error

R2 : coefficient of determination

A,B,C: parameters from regression equation of true moisture 
content, MC on meter readings and temperature T.

MC: moisture content

10



Interestingly the variation in actual moisture content explained by this 
regression equation is only slightly lower in the case of wet treated 
lumber samples than it is for dry specimens. The good correlation found 
for both wet and dry lumber samples and the consistency in coefficients 
would suggest that the results are useful even for wet PWF plywood.

The relationship found for treated plywood specimens is extremely poor 
when compared to treated lumber. This may be attributed to the difficulties 
experienced in extracting a small enough core from the plywood specimens. 
Improved support of the specimen and a sharper blade would have enabled the 
extraction of material from the central ply alone instead of the relatively 
large size of core specimen that was used.

The regression equations for wet and dry treated wood specimens are plotted 
in Figure 2 for the case of a temperature of 20 degrees. For the purpose 
of comparison, the dashed line in Figure 2 represents the results obtained 
by Pfaff and Garrahan (1984) from red pine specimens. This shows reasonable 
agreement given that their specimens were untreated while these were treated. 
It is also useful to note that extrapolation of their results to moisture 
contents greater than 30 percent yields an estimate of moisture content that 
could be considered a lower bound for wet material.

The data plotted in Figure 3 are for treated lumber specimens at -20 degrees 
Celsius. When compared to the results shown in Figure 2 for the same 
specimens, the effect of temperature is readily apparent. The data in 
Figure 3 are an example that was found in the other products, and clearly 
show that no relationship between electrical resistance based moisture 
content determinations and gravimetric moisture content was found in wet 
frozen material. Consequently, final analysis excluded data in this region.

6-5 ACTUAL MOISTURE CONTENT AND RESISTANCE AS MEASURED BY THE HP SYSTEM

The data for treated lumber at 20 degrees Celsius is plotted in Figure 4 
as a function of the common logarithm of resistance as measured by the HP-DAS. 
Also shown in Figure 4 are the regression lines for a temperature of 20 
degrees Celsius. Two observations are immediately obvious. Firstly, in 
the region above about 30% actual moisture content, the regression line does 
not appear to fit the data as well as it might and secondly, there are in 
this region ten points of data that are significantly different from the 
trend shown by the bulk of the data. These observations are related. The 
regression equation from which the line was derived was based not just on 
the data that is shown in Figure 4 but also those at three other target 
temperatures. Inspection of plots of the data at target temperatures of 
10 and 30 degrees Celsius reveals about the same number of outliers.
The most probable explanation for these points is that the moisture content 
calculated on the basis of the core was not representative of the moisture 
content seen by the tips of the moisture meter pins and that in fact the 
moisture content there was much lower. It is extremely difficult to 
maintain uniform moisture content through even a small piece of wood
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above FSP. This is one reason the variation in the data increases with 
increases in the moisture content above 30%.

The results of the statistical analysis are summarized in Table 4, where 
similar results to those obtained by the moisture meter will be seen.
The higher variation and therefore lower confidence in the predictive power 
of regressions on data from wet material as compared to the dry is similar 
to that found for the meter readings. The decreased sensitivity in the 
wet region is also similar although the difference in this case is a 
factor in the order of 10 instead of 3. But, since the unit of measurement 
is different in each case, this is not surprising. Again, the case of 
the wet treated plywood data shows poor correlation and the same explana-
tion as was offered for the results from the meter is offered here. The 
meter and resistance data from the HP system at least agree in showing the 
same poor relationship.

6.6 METER AND HP RESISTANCE

The relationship between the Delmhorst meter readings and HP-DAS readings 
was explored in a preliminary way by using standard electrical resistors. 
Analysis of the preliminary data showed that the relationship was not 
linear even when displaying the common logarithm of meter reading against 
the common logarithm of resistance. The readings taken on wood specimens 
afforded the opportunity to make the comparison on many more observations 
using more relevant data; wood blocks instead of standard resistors.

This comparison is shown in Figure 5 along with the regression line that was 
found to best fit the data. As was found from the preliminary study using 
standard resistors, the relationship between the common logarithm of the 
readings is not linear and that another form may be more appropriate. A 
segmented linear approach could be developed with better results, but it will 
not reduce the variation in the data. The dashed lines in Figure 5 represents 
the standard deviation of the error term in the regression, which on this 
scale represents about 1.1 percent moisture content on the Delmhorst meter 
scale. This shows that the two methods are quite closely related and should 
produce similar results. This is to be expected since they are based on 
the same principle.

7.0 CONCLUSIONS

1. Readings from moisture content meters that are based on electrical 
resistance and taken on wood, whether untreated or treated with oxide- 
based CCA preservatives for use in PWF construction, are useful indicators 
of the levels of moisture above 30% as long as the temperature is above 
0 degrees Celsius and are reasonably accurate below 30% moisture content 
both above and below 0 degrees Celsius.
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Table 4. Results of regression analysis of actual moisture content on 
log of resistance and temperature

Cond Prod N RMSE R2 MC  ̂

A

= (A + BT) LGTR 

B

+ C 

C

Dry L 187 1.2 .93 -3.69 -0.018 50.3

Dry TL 1047 1.6 .79 -3.26 -0.016 45.6

Dry TP 844 1.3 .83 -3.76 -0.022 44.1

Wet L 197 12.9 .34 -18.3 -0.060 170.8

Wet TL 1066 23.8 .42 -35.3 -0.167 274.4

Wet TP 483 37.3 .15 -44.1 -0.231 289.3

Notes : Cond : moisture condition where dry < 25% and wet > 25%.

Prod : product class L: untreated lumber TL: treated lumber,

N:

RMSE : 

R2 :

and TP: treated plywood 

number of observations 

root mean squared error 

coefficient of determination

A,B,C: parameters from regression equation of true moisture
content, MC on meter readings and temperature T.

LGTR: common logarithm of resistance.
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2. Above 30% moisture content, electrical resistance based meters have 
a much lower sensitivity and accuracy than below 30%.

3. Extrapolation of the relationship between meter readings and moisture 
content that was found in previous studies for wood below 30% to readings 
taken from wood at a moisture content above 30% yields an estimate for the 
lower bound of a range of possible moisture contents.

8.0 RECOMMENDATIONS

1. The use of measuring other electrical properties with two pins in wood 
for the purpose of improving the correlation with moisture content should 
be explored.

2. The correlation of the electrical properties across two pins in wood 
with moisture content above 30 percent should be based only on the moisture 
in the wood between the uninsulated parts of the pins and on a cross-section 
of the specimen that is relatively small.

3. The results found for plywood should be confirmed.

4. The method of using computer controlled data acquisition systems to 
collect moisture data should be refined and enhanced. The digital volt-
meter could be replaced with an instrument with a higher internal impedance 
to improve resolution, especially in dry material.
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