
A STUDY OF DRYING STRESSES IN PONDEROSA PINE
(Pinus ponderosa Laws. )

J. M. McMillen

Softwoods are considerably easier to dry than most hardwoods. Perhaps that is the reason why
most of the research on stresses in wood during drying has been done on hardwoods. Espenas reported
to the Western Dry Kiln Clubs Joint Meeting in 1952 on research at the Oregon Forest Research Center,
showing some of the complexities. The U. S. Forest Products Laboratory at Madison has had a new
interest in this field for about 10 years and some brief comments on preliminary research have been
made to the Joint Meetings at Eureak, Calif., and Eugene, Ore., in 1954 and 1957. This is the first
publication on a comprehensive study of the drying stresses in ponderosa pine that was begin at the
Laboratory in 1959. Ponderosa pine was selected for the tests because it contains adequate amounts of
both sapwood and heartwood and a variety of textures. Logs of suitable quality were generously donated
by an Oregon lumbering firm. 1

The general objective of the study is to obtain drying stress and strain data for use in developing
a mathematically expressed stress related drying theory for softwoods and obtain information for

1 Timber Products Corporation, Medford, Ore. Shipment and selection of material was done by the
Pacific Northwest Forest and Range Experiment Station, Portland, Ore.
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general kiln schedule improvement for all softwoods. In practical terms, the object is to find out how
to dry softwoods faster, without surface, end, or honeycomb checking, to a desired final moisture
content, and without residual stresses.

The original intent of the study was to find basic stress--set patterns for hearwood and sapwood
of average and hard "texture" in a variety of sizes with different grain angles under a range of tem-
perature and humidity schedule conditions. The complexities of the problem and a number of other
factors limited the work largely to 2 inch material at 110 0 F., with a very limited amount of work

at three other temperatures. Fifteen test runs were made, involving 19 specimens. This report
covers only some of the clearer highlights of the findings.

MATERIALS AND METHODS

All specimens except one were cut from five average "texture" ponderosa pine (Pinus ponderosa
Laws.) No. 2 or better logs ranging in top diameter from 20 to 33 inches. The exception was "average-
type material from a hard texture" No. 2 log 18 inches in diameter. The five foot or shorter stress
analysis specimens were cut from the lower portion of the logs, corresponding to the C bolt from the
trees. Material was reserved for basic strength perpendicular-to-grain tests from the upper or D por-
tion of the logs. After sawing to rough specimen blanks 1/2 inch or more oversize, the material was
dipped in a chlorinated phenol solution wrapped tightly in polyethylene film, and stored at 36

0
 F.

2
until used. The study used the slicing method described for red oak (1, 2). A broader review of the
methods and the stress-set pattern obtained with a variety of hardwoods is covered in a Laboratory
report (3).

STRESS DEVELOPMENT AT 1100 F. 

The nature of the moisture gradient or distribution within the individual specimen during the
early stages of drying is probably the most important factor in stress development. Such distributions
are greatly influenced by whether the wood is heartwood, mixed heartwood and sapwood, or all sap-
wood. The results, therefore, are arranged for discussion by type of wood. Except where indicated
otherwise, the work was done on strictly green speciments 2 by 7 inches in cross section. In all

cases, the dry bulb temperature was constant at 1100 F. Sawing, and measuring within a kiln com-

partment avoided temperature changes.

Heartwood 

Two flat-sawed and one quarter-sawed specimens were tested. Specific gravity ranged from
0.45 to 0.51. Green moisture content ranged from 32.1 to 37.7 with quite uniform distribution
throughout except for a half-inch zone just under the sapwood in one specimen where a 45.5 percent
moisture content was observed. The initial wet-bulb temperature was 10

o F., giving the kiln atmos-

phere a wood equilibrium moisture content (EMC) of 12.0 percent. The depression was increased
daily, following the first five steps of the BK 5 kiln schedule (4). Although this is a rather severe
humidity schedule for an individual specimen in an entering air situation with velocities over 600 feet
per minute, no surface checking developed.

Regular moisture gradients developed, with surface moisture content coming down to EMC con-
ditions within each 24 hour period. Tensile stresses in the surface zones and compressive stresses in
the three pairs of inner slices developed quite rapidly during the first day. In both flat-sawed speci-
mens, maximum tensile strain in slices 1, 10 of about 0.0035 inch per inch (inch/inch) was reached
at this time. Slices 2, 9 went into tension directly from the start and reached a maximum strain of

2 Numbers in parentheses refer to Literature Cited.
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of 0.002 inch per inch in three days. Slices 5, 6 reached a maximum compressive strain of 0.002
to 0.003 inch per inch in four days. Stress reversal was completed at seven days when average mois-
ture content was 16 percent. Slices 1, 10 achieved maximum tension set (about 1.25 percent shrink-
age reduction) in 4 to 6 days. Slices 2, 9 developed slight tension set and the interior slices slight
compression set.

The results were the same with quarter-sawed material except the magnitudes of the maximum
strains and tension sets were lower and there was little or no compression set in the interior slices.

Mixed Heartwood and Sapwood 

One flat-sawed specimen containing both sapwood and heartwood was tested. Its specific
gravity was 0. 44 and average green moisture content was 96 percent. By type of wood the moisture
content was about 162 percent in the sapwood and 37 percent in most of the heartwood, but an outer
heartwood zone about 3/8 inches wide had a moisture content of about 62 percent. Drying conditions
were the same as for the heartwood. Surface checking developed on the sapwood face during the
second day of drying.

The moisture gradient was unbalanced at the start and at one day of drying (Fig. 1). Presum-
ably the checking occurred when the moisture content in the outer zone on the sapwood side went be-
low the fiber saturation point. By the second day, the sapwood surface was down to EMC and the
gradient was only slightly unbalanced to the sapwood side. By the fourth day the gradient was balanced;
by the sixth day it was unbalanced toward the heartwood side.

Stress development in this mixed-type specimen was somewhat obscure (Fig. 2). The heartwood
side developed maximum tensile strain (0.0032 inch per inch) in the outer slice in one day, while the
effect on the sapwood side was practically nothing. By the second day, maximum tensile strain in
slice 1 was reached (average 2 sections 0.0047 inch per inch) with one section showing a value of
0. 0052 inch per inch. Maximum compressive strain in the interior slices (0.0018 inch per inch) was
also reached in two days. Maximum tensile strains in slices 2, 9 were reached in 4 days, the values
being 0. 0041 and 0. 0023 inch per inch, respectively, for the sapwood and heartwood slices. Stress
reversal was completed first on the heartwood side after six days of drying, when average moisture
content of the whole piece was 14 percent. Stress reversal on the sapwood side did not occur until
the eighth day, when average moisture content was 12 percent.

The set results of this specimen are shown in Figure 3. A 6-hour conditioning treatment essen-
tially relieved all set.

Sapwood 

While sapwood is generally considered easier to dry than heartwood, several very difficult
problems arose in the analysis of sapwood drying stresses. Six specimens of 2-by 7-inch flat sawed
material were used, as well as a few others. Three types of schedules for reduction of relative
humidity were tried, with none of them fully satisfactory in avoiding surface checking.

Specific gravity of the sapwood specimens ranged from 0. 35 to 0.47, with most material being
below 0.44. Green moisture content values ranged from 132 to 210 percent. Generally the moisture
content was quite uniform across each green cross section, but in two specimens from one log, very
wet wood was found hi a 1-inch zone right under the bark where moisture values were 231 and 245
percent, respectively. Calculations indicated that only in these zones were the cell cavities com-
pletely filled with water.
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Figure 1.--Moisture gradients from slices in a specimen containing

both sapwood and heartwood.
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Figure 2.--Drying strains in a sapwood-heartwood specimen.
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Two specimens exposed to a daily increase in wet-bulb depression, as commonly used in com-
mercial kiln schedules, checked badly under the conditions in these tests. The first one subjected to
a BK 5 schedule (4) checked between the fourth and fifth day.

Two other types of schedules were used to avoid or minimize checking. One, called a delayed
schedule, prolonged the first step of the schedule to three or more days, then underwent successive
daily or periodic changes. The other, called a "back-up" schedule, used one day at a 10°F. wet-

bulb depression, then a "delayed" BK 4 or similar schedule. Any differences between these two types
of schedules was minor and they are considered together in this preliminary analysis.

One specimen dried with a "back up" and delayed BK 3 schedule and in which no checking oc-
curred is used to illustrate the results found with sapwood. In this specimen, the effective moisture
gradients were fairly regular and the stress and set values on slices cut from both halves of the sections
similar enough to analyze and plot together. The moisture gradients plotted from the slice moisture
values indicate that slice 7 had an irregularly high moisture value after 1 and 2 days of drying.
Being well above the fiber saturation point, these high values had no effect on the stress development.
Larger portions of slice 10 than of slice 1 were below the fiber saturation point during the first, second,
and third day. This would be expected to have some effect on stress development. It did, but the
difference was slight for a reason which will be apparent later. After five days the moisture gradients
became regular.

The reason why slice 1 and 10 were very similar in stress development was that moisture distri-
bution became very irregular early in drying (Fig. 4). After one day of drying, only the leaving air
edge of the board and a portion of the bottom were "dry" (below 40 percent moisture content). At
the end of the second day, wet zones remained near each edge of the specimen, or near the ends of
the cross sections. A dry zone, with a low, but regular moisture gradient, extended through the
center of the cross section. The wet zones do not have much of a gradient within them. Some of
them extend all the way to the surface, with a small area rapidly evaporating water there, apparently
pulling water from the whole wet zone by capillary action. In other wet zones, surrounded on all
sides by dry areas, the small, seemingly balanced, gradients may indicate some capillary action is
going on in all directions to an active evaporation line. After two days of drying, some portions of
slices 4, 5, and 6 are considerably wetter than the average value of slice 7. The stresses that did
develop during the first three days of drying were due to the dry portions of the outer slices, which
happened to be fairly well balanced in this specimen. In other specimens they were not.

The wet zones diminished in size as drying progressed and almost disappeared by the end of six
days. Thereafter, normal gradients existed in all directions. The margin of zones that appear wet
is probably somewhere between 34 and 40 percent moisture content. Intermediate zones, sometimes
appearing damp, sometimes being dry with wet spots, and sometimes appearing dry, generally had
moisture content values between 30 and 45 percent. Generally, dry areas had moisture content values
below 30 percent. Very frequently in the early stages of drying there were dry areas of about 29
percent moisture content immediately adjacent to wet areas of 85 percent or higher.

In this specimen, tensile strain in slices 1, 10 developed progressively throughout all of the
first 4.8 days of drying, reaching a maximum of 0.0040 inch per inch. Slices 2, 9 went into slight
compression at first, then into progressively increasing tension, with the maximum strain of 0.0029
inch per inch being reached in 7 days. A comparatively low maximum compressive strain of 0.0009
inch per inch was reached in the center slices in 4.8 days. Stress reversal was completed between
seven and eight days.

Tension set in slices 1, 10 didn't start until during the second day, and didn't start increasing
greatly until after the third day. Then it gradually increased to about 2 percent. Tension set of
about 1/2 percent developed in slices 2, 9, and slight compression set developed in slices 4-7 after
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Figure 4.--Irregular distribution of wet zones in the cross sections of an all-sapwood

specimen after various days of drying.



the sixth day.

Other sapwood specimens of this size and different sizes tested at 110
o
 F. developed similar,

but somewhat different moisture distributions, stress patterns, and sets, but time and space do not
permit their discussion here. The common theme running through all results is the great importance
of "odd" moisture distribution patterns that develop early in drying.

STRESS DEVELOPMENT AT DIFFERENT TEMPERATURES

Two 2- by 7-inch sapwood specimens from one 5 foot plank were dried at 110° and 140° F.
respectively, and two cut from a different 5 foot plank were dried at 80° and 170° F. respectively.
Both planks, however, were from the same log. They were all sapwood, and the material was very
similar in character to that previously described. The wet-bulb depression schedules were generally
the same, the delayed type. The wet-bulb depression was 6° to 7° F. during the initial period, except
for a one day exposure to a 10° F. depression at the start of the 110° F. test. Following the 6° to 7°
F. periods, gradually increased wet-bulb depressions were used similar to those in the sapwood tests
at 110° F. The higher the temperature of the test, the shorter were both the initial and subsequent
wet-bulb depression periods. Also, as would be expected, the higher the temperature, the faster the
drying rate.

Moisture Gradients and Distributions

All four specimens in the temperature study developed fairly symmetrical moisture gradients,
as indicated by the data from the slices. The symmetry, however, is somewhat a matter of happen-
stance, for wet spots of different shapes developed and were fairly regularly balanced in location so
far as the thickness of the piece was concerned. In each of the 110° and 140° F. specimens, there
was only one large wet spot, it was long and oriented parallel with the width of the board, and it
tended to remain fairly centrally located as it diminished in size. In the 170° F. specimen, a dry
or damp zone was present across the thickness of the first few sections cut. In the succeeding sections,
a single long wet spot was present, as in the 110° and 140° F. specimens. In the 80° F. specimen,
there were a number of small wet spots, parallel to the thickness, with similarly oriented "dry"
areas between. These isolated wet spots tended to remain centrally located in the thickness direction.

Drying strains 

The drying strains were generally similar in pattern at all temperatures and not greatly different
from those previously described. Generally, tensile stress developed in slices 1, 10 in a gradual
manner and proceeded to a maximum in 5 to 7 days. Slices 2, 9 stayed about neutral 2 to 7 days,
then developed tensile stress to above 0.0020 inch per inch. Compressive stress in the interior
slices developed slowly at the start, then rose to maxima about 0.0020 inch per inch at 6 to 7 days,
except for the 110° F. specimen where 12 days or more was required. The maximum amount of
tensile strain in slices 1, 10 must have depended upon happenstance of moisture distribution, however,
for the largest strains, about 0.0050 inch per inch, were reached by both the 80° and the 170° F.
specimens. The 110° and 140° F. specimens reached values of about O. 0029 and 0. 0041 inch per
inch, respectively.

The strain pattern for the 140° F. specimen gives an example of what can happen when the
sapwood of a softwood dries. There was very little tensile strain in slices 1, 10 during the first day--
most of these outer slices were above the fiber saturation point. By the end of the second day, how-
ever, the maximum tensile strain was reached. This strain was 0.0053 inch per inch in slice 1, the
driest slice, and 0.0029 inch per inch in slice 10. Thereafter, the strain was about the same in both
of these slices.
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Set

Tension set was the greatest, about 2 percent, in the 140° F. specimen, but the maximum was
not reached until six days. Compression set did not develop in the 110

o and 140° F. specimens, but
a small amount developed in the 80° F. specimen and somewhat more in the 140° F. specimen.
These results are probably greatly influenced by the locations of the wet areas and the patterns of
actively shrinking wood around them.

CONCLUSION 

It is apparent that the research work done to date has merely scratched the surface of the field
of drying stresses in softwoods. It seems like a very useful field to investigate, both for development
of modified kiln schedules as the drying industry proceeds toward faster air-circulating rates, and
for complete understanding of wood shrinkage. In commercial drying, the milder conditions provided
intermittently by reversal of direction of air circulation probably accounts for the fact that drying
defects in softwoods are not worse than they are. A study of the stresses involved should also help
solve some of the special drying problems, such as the checking of hard "texture" material. It is
hoped that others will do research in this line of work.
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