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INTRODUCTION

Wood in the natural state in the living tree has associated with it
;considerable quantities of water, usually sufficient to make it appea r
!et. After being converted into lumber or other usable forms o r
dmnng the conversion it is commonly dried to a state such that wet -

'ness is not evident, although appreciable quantities of water remain .D" g
subsequent, use it may be soaked or otherwise so exposed as to

CoCome obviously wet, or it may be , so sheltered that no wetness be -
mes evident

.	 In
the latter case, however, since wood is hygro -
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scopic, its moisture condition varies with fluctuations in the telnpera _ture and the humidity, or dampness, of the air .
When the moisture content is below a certain limit changes in it s

value are accompanied by changes in many of the properties an d
characteristics of the wood . Dimensions and numerous strength
properties are also affected .

Wood fibers are increased in strength by drying, and a piece of woo d
in an average air-dry condition may be as much as two and one-ha f
times as strong as a similar piece in the green condition, the ratio
varying with the species, with the distribution of moisture, whether
uniform or nonuniform, and with the strength property considere d
I t is obvious then that comparisons among results of strength tests
are likely to be greatly in error unless the moisture condition of tes t
material is known in each case and allowance made for any differences
that may exist .

The purpose of this bulletin is to discuss the relations between th e
moisture content and the strength properties of small, clear specimen s
of wood, to outline the development of formulas that may be used i n
adjusting strength values for differences in moisture content, and to
make clear the applicability and limitations of these formulas . Other
phases of moisture-strength relations are also discussed .

The relation of the moisture in wood to its strength properties has
been discussed in two preceding publications, neither of which is now
available for distribution, namely, Forest Service Bulletin 70 (12) a
and Forest Circular 108 (13) . This bulletin reviews the principal
information presented in these publications and in addition gives the
results of subsequent studies and tests .

The changes in strength and other properties of wood with changes
in moisture can not be thoroughly understood without some knowledg e
of how moisture is held in wood, how wood dries, and how it takes on
moisture . Also, the method of making moisture determinations is o f
importance in explaining some of the phenomena .

HOW MOISTURE CONTENT OF WOOD IS DETERMINED AND
EXPRESSED

The usual procedure in determining moisture content is to weigh a
piece of wood in its original condition and again after heating it at the
temperature of boiling water (212° F . or 100° C .) until the weight be -
comes practically constant . The original weight minus the fina l
weight is taken as the moisture content. This procedure results in
error in some instances because substances other than water are evap-
orated during the heating and some substances other than wood ar e
not evaporated . Methods that are less subject to such errors are
available, but the foregoing is the standard method used in determin-
ing the moisture content of specimens of wood that have been sub-
jected to mechanical tests and is considered to be sufficiently accurate
for the purposes discussed in this bulletin . 4

3 Italic numbers in parentheses refer to Literature Cited, p . 88 .
4 Varying amounts of resin are present in the wood of numerous coniferous species . The heartwood of

many species contains infiltrated substances, often strongly colored, in varying amounts . Among native
species redwood, various cedars, Osage-orange, and black locust are conspicuous in this respect . The
presence of such materials in abnormal amounts appreciably affects the accuracy of the computed percent -
age moisture content. Such of the extraneous materials as are evaporated in drying the wood are counted
as moisture and tend to make the moisture content too high ; such as remain after drying are counted as
wood and by increasing the weight on which the percentage is based tend to make the moisture content to o
low. None of the material from which data are presented in this bulletin was abnormal with respect t o
the amount of resin or other infiltrated substances present .
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Wo-W =Wa

	

(1 )
Where Wo = original weight, Wf = final weight, and Wa = wate r

content or moisture content by weight .
In equation (1) Wa is the moisture content in the same units as the

original and final weights . If, for example, weighings were made i n
pounds, the moisture content could be stated as Wa pounds. Such a
statement would, however, have little significance as it would no t
specify the quantity of wood with which the Wa pounds of water had
been associated. Because the piece of wood whose moisture conten t
is determined is usually a sample of a larger piece whose moistur e
content is sought, and for convenience in expressing certain relation-

ships, the moisture content is commonly stated as a percentage .
Either the original or the final weight might be employed as the bas e
of the percentage . Accepted practice in stating the moisture conten t
of wood 5 is to use the final weight as the base of percentages and t o
express the result as follows :

Per cent moisture content
T

31=100wj' 100	
_
	 W~ nor 100(U,._1)

	

(2)

the three expressions after the sign of equality being identical . This
practice is followed throughout this bulletin .

The use of the final weight, that is, the weight of the wood, as th e
base of the percentage is preferred because it results in percentages
whose relationships are very simple . For example, if 120 units b y
weight of wood has associated with it GO units of water, the moisture
content is 50 per cent, and removal of 30 units, or one-half, of the
water reduces the moisture content to 25 per cent, or one-half it s
former value . The use of the original weight, that is, the weight o f
the wood and water together, as a base yields percentages whos e
relationships are much less simple .

MOISTURE CONTENT UNDER VARIOUS CONDITION S

Water is the principal constituent of the sap of trees . The amount
of water or moisture in the wood of living trees varies greatly . In the
heartwood of some coniferous species, such as Douglas fir 8 and the
southern yellow pines, the moisture content is normally very low
from 25 to 50 per cent) whereas in the sapwood it is much highe r
(from 100 to 120 per cent or more) . In some hardwood species th e
moisture content is very low both in heartwood and in sapwood .
Por example, the white ashes average about 40 to 50 per cent moistur e
:content. Some other species, including both conifers and hardwoods ,
have high moisture content in all parts of the tree.

When a piece of wood is subjected to prolonged soaking in water, i t
eventually acquires a very high moisture content, at least in the oute r
Portions, which are most accessible to the action of the water . The

° fn sta ting the moisture content of wood pulp, the practice of the chemist in defining solutions is followed ,end t he weight of the combination of wood pulp and water is used as the base of percentages, for example ,r cent moisture content of wood pulp equals 100 -
"Th

	

hoe standard names employed by the U . S . Forest Service for lumber and for the trees from which it is~Lareused throu ghout this bulletin (11) .

The relation between the weights obtained may be expressed a s
follows :



4

	

TECHNICAL BULLETIN 282, U . S . DEPT. OF AGRICULTURE

moisture content in such portions is probably limited only by t
space avail able . That absorption of water by the heartwood
many species is comparatively slow, particularly in pieces that h a
not been checked in drying, is evident from the observed fact tb
logs and piling submerged in water for several years are not fil l
with water throughout .

Figure 1 shows the relation between the equilibrium moist
content of Sitka spruce and the temperature and relative humid i
of the air .

For example, if a piece of Sitka spruce is exposed in air maintai n
at a temperature of 80° F . with relative humidity of 30 per cent
will attain a moisture content of 6 per cent and will remain at t
moisture content as long as this temperature and this relative humi d
ity are maintained. Six per cent is then the equilibrium moist u
content for Sitka spruce in air at 80° and 30 per cent relative humidit y
Figure 1 shows that the equilibrium moisture content value increases
with increase in relative humidity and with decrease in temperature
of the atmosphere . Experiments have shown that at ordinary,
temperatures and at relative humidities between 20 and 80 per cent ,
the different species of wood do not differ much with respect to
equilibrium moisture content values .

After a piece of green wood has been subjected to natural atmos-
pheric conditions for some time the moisture content at the surface
comes into equilibrium with the current temperature and humidit y
and thereafter fluctuates with changes in these factors . The equi-
librium moisture content varies from as low as 5 to 8 per cent i n
the more arid, to as high as 18 to 20 per cent or higher in the mor e
humid climates, and at any place varies with changes in weathe r
conditions. The inner portion of the piece continues to dry by
transfer of moisture to the surface, where it is evaporated, unti l
finally the center attains a moisture content such that no furthe r
drying takes place . How soon such a condition is reached depends
on the size of the piece as well as on climatic conditions . If the

-piece of wood is quite large, such as a 12 by 12 inch by 16-foot timber ,
several years may be required .

By means of kiln or other artificial drying the moisture conten t
of wood may be reduced to any desired value . Subsequent to such
drying the moisture content tends to come into equilibrium with th e
atmospheric conditions to which the wood is exposed . There is
some evidence, however, that the equilibrium moisture content ma y
be lowered slightly by drying the wood to a very low moisture
content.

HOW MOISTURE IS ASSOCIATED WITH WOO D

The structure of wood, typical examples of which are illustrate d
by Figures 2 and 3, allows moisture to exist in two states ; as "bound "
or "imbibed" moisture, absorbed within the substance of the cel l
walls, and as "free" water, filling or partially filling the cavitie s
within the cells . Both states obtain in wet or green wood, the free
water evidently having no particular effect on the dimensions or on
the strength properties but, of course, adding to the weight .

THE FIBER-SATURATION POIN T

The theory of the fiber-saturation point was first evolved (12) i n
connection with wood to explain certain phenomena of moisture-
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strength and moisture-shrinkage relations. The saturation point
wood fibers may be defined theoretically as the state in which t h
cell walls are saturated throughout but the cavities of the fibers a r
entirely free from moisture . However, exactly such a state is seld o
attained, except possibly by isolated fibers or by very small fragment s
of wood .

It is presumed that at the fiber-saturation point the shrinkage o fa drying wood fiber begins, its strength properties begin to be affected

and a change takes places in the relation between other physica l
properties and moisture content . Presumably also if the moisture
could be kept uniformly distributed in a piece of wood during drying ,
the piece as a whole would exhibit similar changes when the fiber -
saturation point was reached and not until then . However, suc h
uniformity of moisture distribution is apparently unattainable in
pieces of tangible size, and some parts reach the fiber-saturation poin t
in advance of others . Consequently, changes in properties of a piec e

Wr
FiouaE 2 .-Drawing of a highly magnified block of hardwood measuring shout one-

fortieth inch vertically : tt, Transverse surface ; rr, radial surface ; tg, tangential sur-
face ; v, vessel or pore; wf, woodfibers; wr, wood rays; ar, annual ring
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of wood occur before the average moisture content has reached thefiber-saturation point value

. Because of this fact the true fiber-saturation point moisture content is not ordinarily marked by an
yabrupt change

in graphs that represent the relation between th e
moistur

e strength or other properties of a piece of wood and it
s . averagecontent .

The first systematic study by the Forest Service of the relation
sbetween the moisture content of wood and its strength propertie
s

hrd

1''IGVRE 3.-Drawing of a highly magnified block of softwood meas

	

fwr Vrdinch ve rtically : It, Transverse surface; rr, radial surface ; tg, tangential surface ; ar, annua l
ring ; srn, summer wood ; s p,

	

about one-fortieth
duct ;

		

P, spring wood ; tr, tracheids, or fibers ; hrd, horizontal resin
fwr, mm e wood ray ; wr, wood rays

f
slsted of a series of tests conducted by H. D . Tiemann in 1903

nd 1904 . European investigators had previously tested woodariAUs s tages of seasoning a :

	

instrength

	

ld had demonstrated the fact of increas ebs

	

with loss of moisture . However, the existence of thesaturation point had not been recognized, and the fiber-satura-"°n-Point theory as applied to strength properties an dt announced in Forest Service Bulletin 70 (12), whic h shrinkage
presented
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the results of the Forest Service tests. Some typical moisture_:~,
strength curves as originally derived from these early tests are repro ,.
duced in Figure 4 .

If the moisture is quite nonuniformly distributed in a piece of woo d
the outer shell may be well below the fiber-saturation point while ti

c
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FIGURE 4 .-Typical moisture-strength properties curves for red spruce as originally derived fro m
earlier test s

inner part still contains free water . The moisture-strength curve for
specimens with moisture nonuniformly distributed may consequently
be higher than the correct curve and may be so rounded off from th e
driest toward the wettest condition as entirely to obscure the fiber -
saturation point. Some earlier investigators mistook such curves, a n
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example of which is shown dotted in Figure 5, as true moisture-
strength curves . Recent tests (p . 87) have demonstrated that pieces
with nonuniformly distributed moisture content do not always have
strength values above the true moisture-strength curve .

MOISTURE-ADJUSTMENT FORMULA S

The early Forest Service tests (12, 13) were concerned with rela
tively few species of wood and with only a few strength properties .
They demonstrated that different strength properties, differen t
species, and, to some extent, different pieces of the same species wer e
affected differently by changes in the moisture content of the wood .
The results of these tests were summarized in a series of tables pre-
senting average values of reduction factors, or factors by which th e
strength value at one moisture content should be multiplied to ge t

<NOATN/FOR 'ILY SERSONED SPEC/HN S

-
----- -

UNIFORMLY SEASONED SPEC/PIE/VS

/0
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/0 0
MOISTURE CONTENT (E CENT OF DRY WE/CH7)

FIGGUBE 5 .-Relation between modulus of rupture and moisture content for chestnut speci -
mens with moisture uniformly and nonuniformly distributed

the strength value at some other moisture content . The reduction
factors were taken from curves averaging the relation between mois-
ture content, and the respective strength properties as found fro m
tests. The possibility of representing the relation between strength
values and moisture content by mathematical formulas was no t
investigated at that time . Subsequent study of the same and othe r
available data has led to two types of strength-moisture adjustmen t
formulas designated as "straight-line" and "exponential . "

STRAIGHT-LINE FORMULAS

The first systematic attempt at representing strength-moistur erelations mathematically was the derivation of formulas of a straight-
llne type . From inspection of such strength-moisture curves as ar e

0
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shown in Figure 6, it is seen that a comparatively short portion of
the curve, such as that between 8 and 12 per cent moisture, does not
deviate greatly from a straight-line. In devising a straight-line
formula for adjusting to 12 per cent moisture, it was assumed that
short portions of a moisture-strength curve to the left and right o f
12 per cent moisture could be represented by straight lines whose

24,000 -- o

0

4,000

	

o	 1	 I	 I	 I	 I	 1	 I	 I	 I	

	

0

	

8

	

/6

	

24

	

32

	

40
MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FIGURE 6 .-Relation of modulus of rupture and maximum crushing strength of longleaf pine to
moisture content and illustration of straight-line formulas . The plotted points are from the
curves originally drawn to represent the average strength-moisture relations . Data are fro m
Tables 18 and 19 of Forest Service Bulletin 70 (l2 )

intersections with the horizontal line representing the strength o f
green wood are at 18 and 22 per cent moisture, respectively . This
assumption leads to the following formulas, typical graphs of which
are represented by the inclined lines shown in Figure 6 :

S12

	

-M
6(S-G)

,,~ 20,000 -

	

0

2ti ADJUSTMENT FROM
6 TO /2 PER CENT

LEGEND
0-TABULATED DATA
O-FIBER SATURATION AS GIVEN

IN TABL E

MAXIMUM CRUSHING STRENGTH

(3)
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1 1

S_
G) 6

	

(4)

12= 22-112

	

1
10(S-

Where S--strength value as obtained from tests at moisture conten t
of M per cent, G=strength value as obtained from tests of matche d
material in the green condition, and S 12 = strength value adjusted to
12 per cent moisture content. Formulas (3) and (4) are for use with
values of M below and above 12 per cent, respectively .

Similar straight-line formulas for adjusting strength values to 1 5
per cent moisture were also devised .

EXPONENTIAL FORMUL A

It is obvious from Figure 6 that formulas of the straight-line typ e
can be only roughly approximate and that if their applications ar e
not limited to very small moisture differences comparatively larg e
errors in adjusted values are probable . Need for more accurat e
adjustments arising in connection with a series of tests made som e
years ago led to a careful analysis of the data available at that time .
These data referred to only a few species of wood and a few strengt h
properties . The principal object of the analysis was to find a type of
strength-moisture equation that alight be assumed to apply to al l
species and to all strength properties . In all the sets of strength-
moisture data reviewed , it was found that within certain limits th e
relation between the logarithm of the strength value and the moistur e
content could be quite accurately represented by a straight line . In
Figure 7, the curves 7 from Figure 6 and two additional ones are repro -
duced with the strength values plotted to a logarithmic scale on th e
vertical axis and the percentage of moisture content plotted to a
uniform, or arithmetic, scale on the horizontal axis .

The general equation of a straight line in such a plot i s

Log S=log So -KM,

	

(5)
which is equivalent to

S=S,h 10-K"s (6 )

Where S and M are corresponding strength and moisture-conten t
values within the limits of applicability of the equation, So is the
strength value that will obtain at zero moisture if the equation i s
valid to that point, and K is an experimentally determined constant ,
or parameter .

The agreement between the exponential formula and the experi-
mental data is found to be quite good in a large number of instances ,
and this fact suggests that this type of relation may be a close approxi -
mation, to the fundamental law of the effect of moisture on strengt h
properties and that the deviations of experimentally obtained values
from this law may be largely due to experimental errors . Among the
Causes of deviation are nonuniform distribution of moisture in tes t
specimens, the disturbing influence of varying amounts of resin o r

inOther filtrated substances in certain species, and particularly th e
Pauability of wood and the consequent impossibility of obtaining fo r

The
Plotted points in Figures 6 and 7 do not represent actual test results but the curves originally derive dex
perPre ntal t

data . As will b
e he strength-moistur ehowncati

rlater, reconsideration of the same data has resulted in different
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test at several different moisture-content values specimens that ar eexactly alike in all particulars except moisture content .
Since moisture content appears in formula (6) as an exponent, they

equation is referred to as the exponential strength-moisture formula.
Formula (6) is presumed to apply for values of M within part of th e
range between zero and the intersection of the inclined and horizontal
lines in such a diagram as Figure 7 . Since as is shown later this inter ,
section does not coincide with the fiber-saturation point as previousl y

4.4
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FIGURE 7 .- Typical strength-moisture curves plotted semilogarithmically . Data are from Tables
18 and 19 of Forest Service Bulletin 70 (12) . The plotted points are from the curves originall y
drawn to represent the average strength-moisture relations . The data for longleaf pine are th e
same as those shown plotted to an arithmetic scale in Figure 6

defined, a separate name for it is desirable, and it will be called th e
"intersection point." 11~ p will then designate the moisture content
at the intersection point and Sp the strength value at that point, that
is, the strength value for green wood . Then, since S, and Al, define
a point on the inclined line which is represented by equations (5 )
and (6) ,
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1 3

and dividing (6) by (7),

's =10K(mP-3n
S,

Log S=log S,+K(M,-ilk)

	

(9 )

The form of equations (5) and (9) shows that if the logarithms o f

experimentally determined values of S, or of the ratio s--;' are plotte

d over the corresponding values ofM, the conformity of the resultin g
points to a straight line will measure the agreement of the experi-
mental data with the exponential formula . Also, if a horizontal lin e
representing the strength of green material and an inclined line aver-
aging the points representing material at lower moisture-content
values be drawn the intersection of these lines will determine Alp ,
and the slope of the inclined line will represent K . The value of K
is numerically equal to the slope but of opposite algebraic sign . Thus
K is positive and the slope negative for properties that increase wit h
decrease of moisture content .

DATA FROM TESTS OF WOOD AT VARIOUS MOISTURE-CONTEN T
VALUES

The several series of tests that afford data for study of strength-
moisture relations are divided for description and discussion into two
groups : (1) The early Forest Service tests previously mentioned (12 ,
13) ; (2) tests made more recently at the Forest Products Laboratory
on Sitka spruce, Douglas fir, white ash, and yellow birch . The tests
of Group 2 were made with the specific object of studying the expo-
nential type of equation as a means of representing strength-moistur e
relations . Species and properties not previously studied were
included .

The data from tests of both groups are presented in diagrams in
each of which the strength values to a logarithmic scale are plotted
above the corresponding moisture-content values to an arithmeti c
scale ; the strength value for green or soaked control specimens i s
represented by a horizontal line . In plotting, a different zero of th e
logarithmic:, scale is used for each series of points .

GROUP 1 . EARLY FOREST SERVICE TESTS

The following quotations from Forest Service Circular 108 (13,
` P . 6-7, 10-11) give pertinent information concerning Group 1 tests :

The selection of test specimens and their proper treatment to secure the desire d
conditions constituted the chief part of the problem, and required much mor e
time and attention than the tests themselves .
` The specimens were carefully cut end placed in series, so that each series con -,
sisted of a number of specimens, cut either from the same strip of wood or fro m

T

andcent strips in the log or plank, having practically the same straight grain ,
free from defects . Each specimen in a series was brought to a differen t

oisture degree in such a manner that the moisture was uniformly distributed .
rant 7 to 16 of such series of specimens were made for each species of wood

and each kind of test .
Tests were made in bending, com pression parallel to grain, shearing paralle lto grain, and compression at right angles to grain . The sizes of the specimen s

ware 2 by 2 by 40 inches for bending with a span of 36 inches ; 2 by 2 by 5 :i

(8 )

or
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and 2 by 2 by 12 inches for compression parallel to grain and at right angles t ograin, respectively ; and 2 by 2 by 3 inches for shearing tests in the case of long .
leaf pine, red spruce, and chestnut . Smaller sizes were used in the subsequenttests upon loblolly pine, red gum, Douglas fir, Norway pine, and tamarack .

The results of the tests were plotted on cross-section paper, and graphically
averaged by drawing a separate curve for each series . These series curves were
then averaged for the average curve of the species .

The compression tests parallel to grain gave the most uniform and reliable
results, and therefore formed the chief subject of the study . Bending tests were
made upon the first three species, and also enough upon the next three to estab-
lish the fact that the law derived from compression tests applies also t o
beams. * * *

The moisture was determined by cutting a cross-sectional disk at the point o f
failure an inch or less in thickness (length) and drying this to constant weigh t
at the boiling point of water . The weight of moisture lost in drying is expresse d
as a per cent of this dry weight and represents the " moisture per cent " at which
the test was made . Other disks were also taken to determine the distribution
of moisture. Experiments were made to determine the amount of moisture stil l
remaining in the disk after drying in the manner just described by further dryin g
in vacuum, the average result of which showed that about 0 .7 per cent of moisture
remained when the disks were dried by the ordinary method . The amount of
volatile oils and other matter which escaped in drying the disks was found t o
be negligible .

*

	

m

	

*

	

s:

	

*

	

*
The best way to determine the fiber-saturation point is by actual tests of the

strength of very small specimens. Compression tests similar to the moisture -
strength tests were made for this purpose upon series of very small specimens -
from 1 to 1?z inches long and from half an inch to l square inch in cross section .
It is better to use such small pieces for these tests because they may he brough t
more accurately to the desired moisture condition, and with more uniform dis-
tribution of moisture, and also because greater uniformity may thus be obtaine d
in the structure of the specimens of each series .

As shown by the preceding quotations, Group 1 included specia l
tests of small specimens for the determination of the fiber-saturation
point and tests of larger specimens for finding the average effect o f
moisture on strength . Fiber-saturation points also were determine d
from the latter tests .

Data from tests of 2 by 2 inch specimens are shown in Figures 8
to 11 and Tables 1 to 4 and those from the special compression test s
on smaller specimens in Figures 12 and 13 and Tables 5 and 6 .

TABLE 1 .-Data pertaining to Figure S

Number
of speci-

men s
teste d
at eac h
mois-
ture

conten t

Modulus of elasticity	 1, 896, 000 0. 0062
Modulus of rupture	 . . 8, 890 021 0Static bending	 5 	 . .
Fiber stress at elastic limit 	 4, 920

.

. 0245
Work to elastic limit	 0.73 . 0396
Modulus of elasticity___ . .	 . ._ 1, 227, 000 . 0109

Compression parallel to grain . 6 Fiber stress at elastic limit_ .	 . . ____ 3, 515 0228
Maximum crushing strength	 4, 605 . 0257
Work to elastic limit 5 . 16 0348

Shear	 7 Average of radial and tangential shearin g
stress.

915
.
. 0157

I Units of inch-pounds per cubic inch for work to elastic limit ; pounds per square inch for others .
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TABLE 2.-Data pertaining to Figure 9

Kind of test

Number
of speci -

men s
teste d
at each
moil-
ture

content

Property
Average

value

	

fo r
control

specimens

Value
of K

Shear	 8 Average of radial and tangential shearin g
stress .

Stress at deformation of :

677 0.0105

15 per cent	 688 .016 3
Compression

	

perpendicular 2 5 8 per cent	 587 .016 3
to grain . 5 per cent	 531 .016 3

3 per cent	 481 .0163
Modulus of elasticity	 476, 000 .019 3

Compression parallel to grain_ 5 Work to elastic limit	 4.30 .0306
Maximum crushing strength	 2, 620 .0234
Fiber stress at elastic limit	 1, 670 .0250

Units of inch-pounds per cubic inch for work to elastic limit ; pounds per square inch for others .
2 Specimens 12 inches long loaded over the center 4 inches of the length .

TABLE 3.-Data pertaining to Figure 10

Number
of speci -
mens
tested

Average
value for Value

at each Property control of K
mois-
tur e

content

specimen s

Pounds per
square inch

Modulus of elasticity	 1,262,000 0.0056
12 Modulus of rupture	 5,165 .016 6

Fiber stress at elastic limit	 3,160 .017 6
Modulus of elasticity	 651,000 .0129

11 Fiber stress at elastic limit	 1, 765 .0227
Maximum crushing strength	 2, 410 .0229

8 Average of radial and tangential shearing 608 .0155
stress .

Kind of test

TABLE 4.-Data pertaining to Figure 1 1

Number
of speci-

mens
tested

Average
value for . Value

at each
mois -
ture

content

Property control
specimens

of K

Pounds per
square inch

10
(Modulus of elasticity	

stress at clastic; limit	{
Modulus 1, 068, 000

3, 570
0. 0068
.0187

Modulus of rupture	 6, 270 .0132
Modulus of elasticity	 790,000 .0069

10 Fiber stress at elastic limit	 2, 475 .0179
Maximum crushing strength	 3, 070 . 021 4

10 Average of radial and tangential shearing 733 .0052
stress .
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TABLE 5 . -Data pertaining to Figure 1 2

Maximum
Reference letter : load for green I I, Reference letter

Maximum
Value of K load for green Value of K

specimen specimen

`Pozunds Pound s
1,G00 0.02)1 D	 2,070 .019 7

13	
IC -_-

1, 560 .0236 E 2, 960 .018 5
2,650 .0203 F	 .0218

TABLE 6.-Data pertaining to Figure 1 3

species Size of specimens

Average
maximum

load for Value o f
green spec-

imen s

Loblolly pine	 1 by 1 by 13¢ inches	
Pounds

2, 010 0.0247Longleaf pine	 by 34 by 1<; inches	 3, 220 .0207Red spruce	 	 do	 '	 '-'	 1, 450 .0217

' Points labeled "green " in these figures represent specimens tested a t
approximately the moisture content they had when first prepared. In
numerous instances there was doubt as to whether the moisture
content was above the fiber-saturation point in all parts of suc h
specimens, and additional specimens were soaked to insure moisture -
content values above this point .

The significance of various features of these graphs and tables is
more fully described in connection with the later discussion of th e
data. (P. 41 . )

GROUP 2. TESTS MADE AT THE FOREST PRODUCTS LABORATOR Y

MATERIA L

All specimens for Group 2 tests were obtained from logs cut for th e
purpose. Information concerning these logs follows .

Sitka spruce from near Gray's Harbor, Wash.-Two 6-foot logs from
each of four trees and three 6-foot logs from a fifth tree were selected .
The logs were taken from various positions in the tree, the heigh t
varying from 18 to 80 feet . Top diameters were from 22 to 41 inches .
The number of annual rings showing on the end of a log was from 24 5
to 340 .

Douglas fir from near Gray's Harbor, Wash .-Two 6-foot logs from
each of five trees were selected . One log from each was taken abou t
30 feet and the other about 75 feet above the stump . Top diameters
varied from 29 to 47 inches . The number of annual rings showing
on the end of a log was from 475 to 700 .

Yellow birch from near Neopit, Wis .-One 12-foot and eight 16-foo t
logs were cut from seven different trees . Two were butt and the
others second logs . Top diameters varied from 15 to 24 inches .
The ages of the trees ranged from about 200 to about 260 years .

White ash, from near Richland Center, Wis .-One 20-foot, one 12 -
foot, and two 8-foot butt logs and one 4-foot bolt, the butt of whic h
was 4 feet above the stump, were selected . Trees from which the
logs were cut were 125 to 145 years old and from 18 to 24 inches i n
diameter breast high .
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MATCHING OF TEST SPECIMEN S

In tests to determine the effect of any one variable, such as moisture ,
it is obviously desirable that the specimens of a series be carefully
matched ; that is, that they differ as little as possible with respect t o
variables other than the single one whose effect is to be determined.
In the tests of Group 1 this result was sought through individua l
matching of specimens, and each series consisted of specimen s
obtained as nearly as possible from contiguous positions within th e
same group of annual growth layers .

In preparing the material for the Group 2 tests, each white ash an d
yellow birch log was cut into 4-foot bolts . These bolts and the 6-foo t
logs of Douglas fir and Sitka spruce were then sawed into sticks of th e
proper size from which to prepare test specimens .

Sticks from each bolt or log were assigned to each of eight sets .
One of these sets was used for tests in the green condition, and th e
others were used for tests after drying to approximately 25, 20, 15 ,
12, 10, 8, 5, and 3 per cent moisture content .

The method of cutting and distributing specimens was such as to
make the average quality of the material in the several moisture -
content sets approximately the same and hence afforded excellen t
group matching among the several sets as a whole and reasonabl y
good matching among the subsets derived from any one tree . In
other words, a fairly large number of specimens rather than individua l
matching (as in the Group 1 tests) was depended upon to provid e
data in which the influence of factors other than the differences in
moisture content would be averaged out .

Material from several trees of each species and from differen t
heights in the trees was provided in order to cover some of the varia-
tions in the strength properties of wood and some of the expected
variations in strength-moisture relations . However, all trees of a
species were from the same source .

DRYING AND TESTING

In the Group 2 tests all specimens of a species, except those for tes t
in the green condition, were dried together in a kiln at temperature s
that previous experience had indicated would have no injurious effect
on the . strength properties. The entire charge was first dried to
approximately 25 per cent moisture content and so conditioned tha t
ui so far as possible the moisture was uniformly distributed in each
piece and the stock free from drying or shrinkage stresses . Kiln
conditions were then regulated to prevent further change of moistur e
content and the specimens of one set withdrawn a few at a time ,
m achined to the desired standard size and form, and returned to th e
kiln where they remained until needed for test when they were agai n
removed from the kiln a few at a time, placed in air-tight container s
and cooled to normal temperature, and the tests made . When the
testing of one set of specimens had been completed the remainder o f
the charge was similarly dried and conditioned to the next lower mois-
ture content, when another set of specimens was withdrawn and tested .
This was repeated until the last set had been tested . Check deter-
minations showed that no significant change in moisture content o r
its distribution occurred during the short period required for the fina l
removal from the kiln and the testing .
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All specimens were 2 by 2 inches in cross section and tests t eremade in accordance with standard Forest Service methods (2) ,
Data from the Group 2 tests are shown in Figures 14 to 25 an d

Tables 7 to 16 . These figures and tables are more fully described in
the discussion of the data . (P. 38 . )

TABLE 7.-Data pertaining to Figure 14

Kind of test Property
Average

value 1 for
gree n

specimens

Maximum drop	 24
Fiber stress at elastic limit	 7, 870Impact bending	 Modulus of elasticity	 . 1, 365, 000
Work to elastic limit	 2 .6 1
Modulus of elasticity	 1, 371, 000
Work to maximum load 	 5 .93

Static bending	 Modulus of rupture	 6, 200
Fiber stress at elastic limit	 3, 755
Work to elastic limit	 0.6 1

Shear	 Average of radial and tangential shearing 730

Compression parallel to grain	
stress .

Maximum crushing strength	 3, 070
Compression perpendicular to grain _ _ _ _ Fiber stress at elastic limit	 335

1 Inches for maximum drop; inch-pounds per cubic inch for work values ; pounds per square inch for
others .

TABLE 8.-Detailed data pertaining to Figure 1 5

Tree Referenc e
letter

Specific
gravity 1

Average
value K

Lbs . per
sq. in .

No. 6	 A 0.476 3, 735 0.0184
No.1	 B .439 2,835 .021 3
No . 3	 C .461 3, 230 .019 9
No . 4	 D .405 2,845 .0196
No . 5	 E .416 2,870 .021 2

Average	 F .439 3,070 .C200

1 Average value for all specimens tested . Based on weight and volume when oven dry . The average
specific gravity based on weight when oven dry and volume when green was 0 .375 for all specimens tested
in the green condition .

TABLE 9 .-Data pertaining to Figure 17

Average values for
green specimen s

Group K
Specifi c
gravity i

Maximum
crushing
strengt h

A	 0 .414
Lbs . per sq . in .

3,540 0.019 9
B	 ._ .385 3 .160 .0206
C	 .359 2, 850 .0200
D	 .335 2,710 .0186

i Based on volume when green and weight when oven dry.
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TABLE 1O.-Data pertaining to Figure 18 1

Tree Reference Average Kletter value

No . 1	 A
Lbs . per sq . in .

5,945 0.0136
No . 3	 B 6,355 .0147
No. 4	 C 5,700 .015 5
No. 5	 D 5,780 .0157
No . 6	 E 7,570 .0136

Average	 F 6,200 .014 7

1 Average specific gravity for each tree is given in Table 8 .

TABLE 11 .-Data pertaining to Figure 1 9

Kind of test. Property
Average
value

for green
specimens

K

Work to maximum load 	 7. 48 0 . 0058
Modulus of elasticity	 1,477,000 .0033

Static bending	 Modulus of rupture	 7, 235 . 0160
Fiber stress at elastic limit	 3,840 . 0200
Work to elastic limit	 0. 61 . 0326
Maximum drop----.--- .	 23 . 0062

Impact'mPaet ben ding	 Work
stress at elastic limit .	
to elastic limit	

0, 300
3 .35

. 011 7

. 0120
Modulus of elasticity	 1, 456, 000 . 011 2

Shear	 Average of radial and tangential shearing 810 . 009 1

Compression parallel to grain	
stress .

Maximum crushing strength	 3, 730 . 0225
Compression perpendicular to grain_ Fiber stress at elastic limit	 470 .0234

1 Work values in inch-pounds per cubic inch ; drop in inches ; others in pounds per square inch .

TABLE 12 .-Data pertaining to Figure 20

Tree Reference
letter

Specifi c
gravity I

Average
value

K

No .	 A O. 492

Lbs . per
sq . in .
3, 680 0. 022 4

No. 2	 B . 492 4, 000 . 021 3
No. 3	 C . 459 3, 330 . 023 2
No.	 D . 510 4, 1EO . 021 1
No. 5	 E . 5N 3, 480 . 0238

Average	 F . 500 3, 730 . 022 5

Average value for all specimens tested. Based on weight and volume when oven dry . The average
c gravity based on weight when oven dry and volume when green was 0442 for all specimens tested.

We green condition .

TABLE 13.-Detailed data pertaining to Figure 21 1

Tree Reference
letter

Average
value

K

No. 1	 A 7, 290 O. 01 59No. 2	 B 7, 440 . 0159
No. 3	 C 6, 430 . 015 0
No. 4	 D 7, 590 . 015 8
No. 5	 E 7, 170 . 0167

Average	 F 7, 235 . 0160

Average spe
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TABLE 14.-Data pertaining to Figure 28

Shear	
Compression perpendicular to grain _ _
Compression parallel to grain	

Maximum drop	
Modulus of elasticity	
Work to maximum load	
Fiber stress at elastic limit	
Modulus of rupture	
Average of radial and tangential shear	
Fiber stress at elastic limit	
Maximum crushing strength 	

1 Drop in inches ; work values in inch-pounds per cubic inch ; others in pounds per square inch .

TABLE 15.-Data pertaining to Figure 24

Average Average
Tree number Reference value for h Tree number Reference value for

Kletter green let ter green
specimens specimens

No . 3	 A 2,690 0.0244 ATo .6	 F 2 970 0.027 3No . 2	 B 2,800 .0232 No. 4	 G 2,340 .031 3No . 8	 C 3,500 .0250 -
No.7	 D 2,660 .0260 Average	 II 2,890 , 0
No.1	 E 3,190 .0266 `

Shear	

Static bending	

Impact bending	

Compression parallel to grain	
Compression perpendicular to grain__

Average of radial and tangential shearin g
stress .

Modulus of elasticity	
Modulus of rupture	
Fiber stress at elastic limit	
Work to elastic limit .	
Work to maximum load	
Modulus of elasticity	
Fiber stress at elastic limit	
Work to elastic limit	
Maximum drop	
Maximum crushing strength	
Fiber stress at elastic lima 	

1,215,00 0
8, 33 5
4, 01 0

0.90
15. 1 8

1,333,000
9,800

4.08
37

3, 320
805

t Work values in inch-pounds per cubic inch ; maximum drop in inches; others in pounds per squar e
inch .

DISCUSSION OF DATA AND COMPARISON WITH EXPONENTIA L
FORMUL A

The particular form (p . 13) in which the data are shown in Figures
7 to 25 was chosen because it seems from careful study that the
exponential formulas, as previously discussed, represent experi-
mental results more accurately than formulas of any other simpl e
type, and because by such plotting graphs of formulas of the expo-
nential type become straight lines . The data are presented in
considerable detail in order to show just how good the representation is .

A vertical percentage scale has been placed on most of the dia-
grams in addition to the logarithmic scale . This vertical scal e
applies at any place on the sheet, and the percentage deviation of a
plotted point from the line drawn to average the series of points t o
which it belongs can be estimated by superimposing the 100 per cen t
point of the scale on the average line . in figures having such vertical
scales the points of each series are plotted with respect to a differen t
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zero of the vertical scale . The zero for each graph is the average
value from tests of green, or in a few instances, soaked, specimens .
In other words, the values actually plotted are logarithms of th e

ratios S , where S and Sp are as defined in connection with equation s
p

(5) to (9).
DATA FROM GROUP 2 TESTS

Inasmuch as the tests of Group 2 were made with special refer-
ence to comparison with the exponential formula, the data from
them will be considered first .

Figure 14 for Sitka spruce shows average values of each propert y
for each of the several moisture-content classes. Reference to the
exponential equation in the form of equation (8) or (9) shows tha t
the values of three constants, or parameters, are required to fit this
equation to a particular group of test values . One of these is K,
the slope of the line that averages the points to the left of its inter -
section with the line representing the strength of green wood . The
other two required parameters are Mp , the moisture content at the
intersection point, and S p , the strength value for green wood . Sp is
presmnably afforded directly by the test value from green specimens ,
but, as is shown later, this test value is subject to correction .

Inspection of any of the plots, such as Figure 14, shows that if th e
inclined lines that average the several series of plotted points ar e
'drawn to their intersections with the horizontal lines representing th e
strength values for green material, the several intersections will b e
at different values of M. In other words, a variety of values of M,,
will be indicated even for properties derived from the same test ,
such as fiber stress at elastic limit, modulus of rupture, modulus of
plasticity, work to elastic limit, and work to maximum load, all o f
which are determined from static bending tests . Although it is
possible that the value of Ma, is not the same for all properties, the
variety of values of M at the apparent intersection points is explain -
able on the basis of lack of perfect matchin g between groups of speci-
fuens tested at different moisture-content values, this deficiency o f
matching probably having a different effect on different strength
Properties . Had the matching of specimens actually averaged ou t
(P . 23) the effect of all factors other than moisture content and if th e
assumed exponential law holds true, all the plotted points of a serie s
would lie on a straight line . The fact that the plotted points do no t
follow a straight line or a smooth curve indicates that the relation s
between strength values are influenced by factors other than that o f
differences in the moisture content of the' test specimens .

When allowance is made for the lack of perfect matching among
the several moisture-content sets, it is possible to derive from the
data on each species a value of Mp that is acceptable for all of th e
strength properties . 8

Values of M,, for Sitka spruce, Douglas fir, yellow birch, and white
2h were determined from the strength data shown in Figures 14, 19 ,
23 and 25 by a least-squares computation . In making this compu-
tation Points representing the sets of specimens tested at the lowes t
moisture content were omitted because the tendency, observed in
Mme instances for these points to fall below the inclined lines aver -

g other points of the same series suggested either that drying t o
Convenieuco in the use of formulas for moisture-strength adjustment, as is shown later, makes a singl ee of MD for all properties of a species desirable .
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so low a moisture content had resulted in injury to the strengt h
properties or that the assumed straight-line relation between per_
centage of moisture content and the logarithm of the strength pr on .
erty would not hold for very low moisture-content values . Data from
the sets of specimens testea at the highest moisture content below th e
green condition were also omitted because, in spite of the care taken
in conditioning specimens, it has not been possible to bring about in
this set the desired uniformity of distribution of moisture between
parts of the same specimen and between different specimens . Theme
two classes of points represent moisture-content values that are out-
side the range to which chief interest attaches in connection wit h
moisture-strength adjustments . The Mp vertical and the several
inclined lines in Figure 14 were so located as to make the sum (for th e
entire figure) of the squares of the vertical deviations of the plotte d
points, exclusive of those omitted for reasons just stated, and of th e
points at the intersections of the horizontal lines with the M p vertical
a minimum except that location of M at fractional values of mois-
ture-content percentages was not considered . The same procedure
was followed in locating the verticals and fitting the inclined line s
to the data on strength properties in Figures 19, 23, and 25 .

In Figures 15, 18, 20, 21, and 24 are presented data on maximu m
crushing strength for individual trees of Douglas fir, Sitka spruce, and
yellow birch, and on modulus of rupture for individual trees of
Douglas fir and Sitka spruce . Similar diagrams are not shown for
other properties and species because the number of tests from indi-
vidual trees is not sufficient to afford reliable averages .

The inclined lines in these diagrams (figs . 15, 18, 20, 21, and 24)
were located by least-squares methods, the strength values for green
material being assumed to obtain at the value of Mp previously found
for the respective species .

In Figures 16 and 22 are plotted individual test values for maximum
crushing strength of Sitka spruce and modulus of rupture of Douglas
fir, respectively. Each of these figures shows a comparatively large
variation in strength values for green specimens and a somewhat
larger variation for specimens at moisture-content values below M D .
This indicates that the major portion of the variation in strength a t
any moisture content value below Mp is due to variation in the in-
herent strength of the wood, the remainder being the result of varia-
tions in the effect of drying .

It has been shown (8) that there is a reasonably good correlatio n
between specific gravity and strength properties of wood . Conse-
quently, it is to be expected that the variations in strength values
exhibited by Figures 16 and 22 would be reduced if the range in
specific gravity of specimens were reduced . In Figure 17 the resul t
of classifying the data of Figure 16 into four groups according to the
specific gravity of the specimens is shown .

In assembling the data for this figure the seasoned specimens wer e
first divided into groups within each of which there was only a com-
paratively small range of moisture-content values . The specimens
of each of these groups were then arranged in order of their specific-
gravity values and were divided into four subgroups A, B, C, and D,
each of which comprised an approximately equal number of tests ,
subgroup A including the specimens of highest specific gravity . The
subgroup averages for maximum crushing strength and moistur e
content, as well as the individual test values are plotted in Figure 17 .
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The inclined lines shown in this figure have been fitted to the sub -
group averages by least-squares computations, assuming the gree n
values to obtain at 27 per cent moisture, which is the value of If,
previously determined for Sitka spruce .

All the data for specimens below 25 per cent moisture content were
used because in this instance there is little or no evidence that th e
material near the upper limit of moisture content has been influence d
by unequal moisture distribution or that that near the lower limit has
been adversely affected by drying to so low a moisture content .

The variability of maximum crushing strength for green specimen s
or for specimens at any moisture content below the ili v value is readil y
seen to be considerably less in each section of Figure 17 than in Figur e
16, showing that the classification of specimens according to thei r
specific gravity has reduced the variability in the strength value . I t
remains true of each part of Figure 17, however, as of Figure 16 ,
that the variation of strength at moisture-content values below M„ i s
greater than the variation M strength of green material, indicatin g
that part of the variability at moisture-content values below Mp is
due to variability in the effect of drying .

DATA FROM GROUP 1 TESTS

The data from Group 1 tests are shown in Figures 8 to 13 . The
M, vertical and the inclined lines in Figure 8 (longleaf pine) were
located by the method described in connection with Figure 14 . This
was considered better than to rely on the tests on small specimen s
for determination of the interesection point as advocated in the
previously quoted excerpts (p . 13) because Figure 8 (2 by 2 inc h
specimens) includes data for a variety of moisture-content value s
between zero and the intersection point, whereas the smaller speci-
mens (fig . 13) were tested only at values near the fiber-saturatio n
point and at comparatively low moisture-content values .

Data on loblolly pine are available only for the small specimens .
(Fig. 13 .) These were tested at moisture-content values near th e
fiber-saturation point and at low moisture-content values . Taking
only those points representing a moisture content below 20 per cent ,
the least-squares computation indicates a value of nearly 22 per cent
for Mv . However, the points just below 20 per cent may be raised
slightly by nonuniform drying of specimens, and this would tend t o
increase the computed value of M . Furthermore, it might be
expected that loblolly pine would be quite similar to longleaf pine
with respect to moisture content at the intersection point, and sinc e
Figure 8 indicates 21 per cent as the best value for longleaf, thi s
value is taken for loblolly pine also . Information from shrinkage
tests presented later is further evidence of the similarity of longleaf an d
loblolly pines with respect to moisture content at the intersection point .

In determining a value of MD for red spruce, principal reliance wa s
placed on the data on maximum crushing strength (figs . 9, 10, and
13 ) and on fiber stress at elastic limit in compression parallel to grain .
(Figs . 9 and 10 .) These data indicate a value of 27 per cent for M,-
t. e same value as found for Sitka spruce, to which red spruce is very
similar in many other properties . (A value of 30 per cent for M, of
red spruce is indicated by Figure 7 . This figure, however, shows
points taken from the. curves originally drawn to represent the data ,
whereas the value of 27 per cent has been determined from a stud y
of the actual test data as plotted in Figures 9, 10, and 13 .)
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The data on maximum crushing strength (fig . 11 for 2 by 2 isle
specimens and fig . 12 for smaller specimens) were used in determii g
M,, for chestnut, and a value of 24 per cent was found .

ADDITIONAL DAT A

Tests, additional to those of Groups 1 and 2, are presented
Figures 26 and 27. Figure 26 is data on maximum crushing strength in
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FIGURE 26 .-Greenheart : Relation of maximum crushing strength in compression parallel to grai n
to moisture content . Specimens were 1 by 1 by 2N inches . Numerals at points are numbers of
tests averaged . The average results curve includes data from specimens with specific gravit y
values below 0.801 and above 0.950.

compression parallel to the grain derived from tests on 1 by 1 by 2% inc h
specimens of greenheart (Nectandra rodioei) . These data show excep-
tionally good conformity to a straight-line relation . Figure 27 exhibits
moisture relations for modulus of rigidity, shear stress at elastic limit ,
and ultimate shear stress as found from torsion tests of Sitka spruce (14) .

SUMMARY OF DATA AND DISCUSSION
The relation of moisture content to mechanical properties of woo d

has been pictured in Figures 8 to 27 and compared to the exponential
formula for all series of tests for which original data are available .
Data on 22 mechanical properties and 9 species of wood are included .

In general, it may be said that the agreement of experimental dat a
with the exponential formula is sufficiently good to justify the belie f
that with the proper values of K and .2li this formula will represen t



STRENGTH-MOISTURE RELATIONS FOR WOOD

	

43
the relation between moisture content, over a considerable part of th e
range between zero and the fiber-saturation-point value and any
mechanical property for any species of wood very accurately .°

It is evident from the data presented that both K and M, vary, and
before discussing the use of the exponential formula in adjusting tes t
results, it will be well to consider the variations in these parameter s
and to compare values of III, with fiber-saturation-point moisture -
content and similar values as derived from other experimental data .
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TABLE 17 .-Results of tests of the effect of

Species Fi
ure

-
1 r1 v

Tree
No .

Specific
gravity o f

specimens-
based on

weight

Compression
paralle l

grain (maxi-
mum

Static bendin g

to

crushing Fiber stress at
elastic limit

Modulus of
rupturewhen

	

e ndry and

	

- strength )

ume when-

Value for Value for Value fo r
Green Oven -

dry
green
spec'-

K green
spec'-

K green
speci- $

mens mens mens

Per cent Lbs. per Lbs, per L6s . Pe r
moisture sq . in, sq, in . sq . in .

White ash	 25 24 (2) 0.490 0 . 575 3, 320 0.0208 4, 010 0.0148 8, 335 0.0138
Yellow birch	 23 27 ( 2) .529 ______ 2,890 .0265 4,380 .0194 7,400 .0199

1 .543 ______ 3,190 .026 6
2 .511 ______ 2,800 .023 2
3 .519 ____ 2,690 .024 4

Do	 24 --------- 4 .497 ______ 2,340 .0313 -------- ------ -

6 .552 _____ 2,970 .027 3
7 . 535 ______ 2,660 .026 0
8 .545 _____ 3, 500 .0250

Chestnut	 11 24 ( 2 ) .43 ___ 3,070 .0214 3,570 .0187 6,270 .0132
	

2, 420 0294

Do	 12 _________ 2,36 0
4,015

.0236

.0203 . -
3,135 .0197
4, 480 .0185

Douglas fir	 19 24 ( 2 ) . 440 . 500 3, 730 .0225 3, 840 .0200 7, 235 .016 0
1 _______ .492 3, 680 .0224 _________ _______ 7, 290 .0159
2 _______ .492 4,000 .0213 _________ _______ 7,440 .0155

Do	 20, 21 	 . 3 _______ .459 3, 330 .0232 _______________ 6, 430 .0150
4 _______ .610 4, 150 .0211 _________ _______ 7,590 .0158
5 _______ .529 3,480 0238 _________ _______ 7, 170 old?

Oreenheart	 26 20 (2) _______ .875 10,130 .0149 ----------- -
Loblolly pine	 13 21 (2 ) _______ ______ 2,010 .0247 _________ _______ _________ -___ __

Longleaf pine_ 73
21 - - - - - - - 56 56

4,6
605 . 0257 4, 920 .0245 8, 890 .0210_ _ _ _ _

-------- ----- ------------
720 .0207 --------- ------- ------ ______ _

9 27 ----- .36 ------ 2,620 .0234 ------------------------------ -
Red spruce	 10 _________ _____ 38 ______ 2, 410 .0229 3, 160 .0176 5,165 .0166

13 --------------------------- 2,580 .0217 -------

	

- _____________________ _
Sitka spruce	 14 27 (2 ) .375 .439 3, 070 .0200 3, 755 .0161 6, 200 .0147

1 __ .--__ . .439 2,835 .0213 _________ _______ 5,945 .0136
3 _______ .461 3,230 .0199 _________ _______ 6,355 .0147

Do	 15,18	 4 _______ .405 2,845 .0196 ________________ 5,700 .015 5
5 _______ .416 2,870 .0212 _________ _______ 5,780 .0157
6 _______ .476 3, 735 .0184 ________________ 7, 570 .0136

Western hemlock	 _____ 28 _____ ____________ 3,250 .0192 ________________ 7,200 .0139
Western larch	 28 ------------------ 3,900 .0190 ________________ 7,600 .0143
Norway pine	 ----- 24 ---- • ------- ------ 1,800 .0260 --------- ------- -------- ------ -
Tamarack	 •• ----- 24 ----- -------------

3,200 .0246 ------------------------------- -

Some recently available data on the relation of strength properties of redwood to its moisture conten t
indicate a value of My of about 21 per cent .

2 Average
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moisture on the strength properties of wood

Static bending

Compression
perpendicular
to grain (fiber
stress at elastic

limit)

Shear paralle l
to grain (aver-

age of radia l
and tangentia l

shear)

Impact bendin g
(drop required
to cause failur e

50-pound
hammer)

Modulus of elas -
ticity

Work to elastic
limit

Work to maxi -
mum load

Value for Value for Value for Value for Value for Value for
green K green K green K green K green K green Ksped- spew- sped- sped- speci- speci -
mens mess mens mess mens mens

1,0001bs. In .-tbs . In .-tbs. Lbs . per Lbs . pe r
per sq . in . per min . per cu .in . sq. in . sq . in . Inche s

1, 215 0.0066 0.90 0.0206 15. 18 -0.0057 805 0.0238 1, 280 0.0115 37 -0.00' 6
1, 395 .0045 _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ 11 .51 .0065 625 .0216 1, 042 .0131 33 .001 3

1,068 .0068 -------------------------------------------------- 733 .0057 --------- ------- -

1 , 1,477 .0063 .61 .0326 7 .48 .0058 470 .0234 810 .0001 23 .0062

1,896 OO62 73 .0 :396 --_______ 915 .01 5

---- -- 677 020 5
I, 262 .0056 _________ _

	 . . . . .

	

603 . 0155 _-------- ------- -

1, 371 0060 61 .0`260 5.93 .0099 335 .0187 730 .0072 24 .0027

1,375 .0066 -______- _
1,350 .0070 --------- ---------------- --------- ----

	

---------- --------- ------- --------- ------- -
------------------ ------ -
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METHODS OF FINDING MD

Methods that may be considered for finding or estimating M,
are : (1) Estimation from other properties and characteristics of the
species ; (2) simple mechanical tests ; (3) physical measurements
such as shrinkage, electrical conductivity, and equilibrium moistur e
content .

ESTIMATION OF M, FROM SPECIES CHARACTERISTICS AND FROM MECHANICAL
TESTS

Inspection of Table 17 indicates that My is not definitely corre-
lated with other tabulated characteristics of the species or of differen t
series of specimens of the same species . For instance, no systematic
relation to specific gravity or to the strength of the wood is apparent.
Neither is there any indication that coniferous woods have value o f
Mn differing from those of the hardwood species . (The range of
values shown is from 20 to 27 per cent for hardwoods.) Hence, it is
quite improbable that an accurate estimate of the value of Mp can
be had from a consideration of other characteristics of a species .

However, listing the species from Table 17 according to decreasing
values of moisture content at the intersection point brings out som e
interesting relationships .

	

The list is as follows :
Species M, Specie s

Western larch	 28 White ash	 24
Western hemlock	 28 Chestnut	 24
Sitka spruce	 27 Douglas fir	 24
Red spruce	 27 Norway pine	 2 4
Yellow birch	 27 Tamarack	 2 4

Loblolly pine	 2 1
Longleaf pine	 2 1
Greenheart	 20

Except western larch, the species in the first column have no wel l
developed summer wood . Larch, moreover, is usually very fine
ringed, which tends to give the wood a uniform structure . The
species in the second column, except greenheart, have well-developed
summer wood which differs from the spring wood in many respects .
The suggestion from this listing is that wood structure of differen t
types, even within a single species, may have different fiber-satura-
tion points or intersection points .

The data on maximum crushing strength of Sitka spruce hav e
been studied to determine whether they indicate a relation betwee n
Al, and the specific gravity of the wood .

As previously stated (p . 41) the inclined lines in each section of
Figure 17 were fitted to the plotted points by a least-square computa-
tion, assuming the green values to obtain at 27 per cent moistur e
content, that is, assuming M,= 27 per cent. If no assumption i s
made as to the value of 111, and straight lines are fitted to the sub-
group averages for moisture-content values below 24 per cent, these
lines intersect the horizontals representing the strength of gree n
wood as follows : A at 25 .3 per cent ; B at 26 .0 per cent ; Cat 27 .4 per
cent ; and D at 27.4 per cent moisture content . These data afford a
slight indication that Mp is lower for wood of high specific gravity .
Similar analyses of the maximum crushing strength data for Douglas
fir and yellow birch fail to disclose any relation between My an d
specific gravity .
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As has been mentioned, the principal difficulty in getting accurat e
information on moisture-strength phenomena is that of obtainin g
close matching between specimens or groups of specimens for test a t
different moisture-content values . This makes necessary the testin g
of a considerable number of specimens in order to obtain reliabl e
averages. A test or determination that would not damage or chang e
the specimen would be advantageous in this connection, since it coul d
be applied to a specimen in the green condition and to the same speci-
men following its conditioning to successively lower moisture-conten t
values, thus eliminating the matching problem and reducing th e
number of specimens required . Mechanical properties that can be
determined without damage to the specimen are modulus of elastic-
ity and modulus of rigid; ty. A few determinations of modulus of
elasticity were made on the same specimens at various moisture -
content values in connection with the other tests of the Group 2 series .
Six specimens of Douglas fir and one each of white ash and Sitk a
spruce were used . Unfortunately, determinations were not made on
these specimens while they were green. Consequently, it is not
possible from the results to find values of M,, to be compared wit h
those derived from other tests so as to evaluate modulus of elasticit y
determinations as a means of locating the intersection point . Ex-
perience with the tests made indicates that more than ordinary care
in the selection, preparation, and conditioning of the specimens, an d
more than ordinary accuracy in measuring deflections and the dimen-
sions of specimens will be required to get satisfactory results from a
few specimens . Modulus of elasticity determinations made on th e
same specimens in the green condition and again after drying the speci-
mens to successively lower moisture-content values are apparentl y
worthy of further investi g ation as a means of locating the inter-
section point . However, since may vary with different pieces o f
the same species, it would be unsafe to rely on tests of a single speci-
men or of a few specimens .

If dependence is to be put on tests of a single mechanical propert y
for determining the intersection point, maximum crushing strength i n
compression parallel to grain would be the first choice because it i s
most affected by changes of moisture content and consequently th e
effect of differences in moisture is less likely to be obscured by other
uncontrolled factors . It should be noted, however, that maximum
crushing strength taken alone would have fixed the intersection point s
for each of the four species included in Group 2 at slightly lower
moisture-content values than are indicated by all the properties take n
together . Specimens for this test can be of small size, and henc e

x

good matching can be obtained. In any such tests a considerabl e
number of specimens for test at each of several degrees of moisture
content are necessary . A number of series of specimens should be so
selected as to cover reasonably well the range in the quality of th e
wood of the species .

ESTIMATION OF M D FROM SL RINK-AGE MEASUREMENT S

In connection with the tests of Group 2 very careful measurement s
were made of the shrinkage of specimens taken from the same logs asthose for mechanical tests . These specimens were each weighed an d
measured in the green condition and then placed in a room in which
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a relative humidity of about 90 per cent was maintained, where they
were weighed and measured at frequent intervals until equilibrium
was attained . Weights and measurements were similarly made afte r
successive transfers to 60 per cent and to 30 per cent humidity rooin s
Finally the specimens were weighed and measured rafter they had
been dried to constant weight at 100° C . The specimens were
inch thick by 4 inches wide by 1 inch along the grain, the width bein g
radial or tangential according to the direction of the shrinkage to b e
measured. Both radial and tangential measurements were made on
an additional series of specimens of yellow birch 2 by 2 inches in cros s
section and one-fourth inch along the grain. The computed shrink:
age and moisture-content values are shown in Figures 28 to 31, in..
elusive . These graphs show that in most instances measurabl e
shrinkage occurred at a moisture content greater than the intersection -
point value . In locating the inclined lines in these figures, only point s
representing decreasing moisture content have been considered ; that
is, points such as those numbered 10 in Figure 28, which represent
moisture-content and shrinkage determinations made when th e
specimens had regained moisture after having been dried to a lowe r
moisture content, have been disregarded . Except the one at zero
moisture content, points representing decreasing moisture-conten t
values below 16 per cent are very close to a straight line . Each
inclined line in Figures 28 to 31 was located to pass through the point
representing the lowest moisture content above zero and through th e
average of two points near 12 per cent moisture content . The
validity of basing the location of these lines on the three points selecte d
might be questioned . However, the effort has been to locate line s
that will represent the shrinkage-moisture relation within the rang e
of about 4 to 16 per cent moisture content. The points selected are
the only ones available for this purpose, the two near 12 per cen t
moisture are in most instances almost exactly in line with that repre-
senting the lowest moisture content above zero, and the three point s
taken together quite definitely fix the position of the line represent-
ing the desired range . The percentages of moisture at the intersec-
tions of the inclined lines in Figures 28 to 31 with the horizontal line s
representing zero shrinkage are taken as the intersection-poin t
values." (No question of lack of matching as previously considered
in connection with the strength tests is involved because identica l
specimens were measured at different moisture-content values .) The
intersection points as determined from the several sets of shrinkage -
moisture data vary over a fairly wide range for each species . Heart-
wood and sapwood appear to differ, but neither consistently indicate s
higher intersection points . Il.ence, these data afford no basis for a
generalization as to a comparison between heartwood and sapwoo d
with respect to moisture content at the intersection point . On the
contrary, tangential shrinkage measurements consistently indicate

11 It has been demonstrated that the change in dimensions of wood of some hardwood species in drying
from the green state to a low moisture content is greatly influenced by the relative humidity to which the
wood is subjected . For example, twice as much decrease in cross-sectional area occurred in oak speci-
mens dried at high relative humidities as in matched specimens dried to the same moisture content a t
practically the same temperature but at much lower humidities . Similar results have been observed in
the drying of some other hardwoods . Apparently, the shrinkage of most softwood, or coniferous, species
is influenced but little by the conditions under which drying takes place . What effect the humidity main-
tained during drying has on the intersection points in plots of shrinkage-moisture data has not been inves-
tigated .
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higher values than do radial . This might be supposed to be due t o
the fact that measurements of shrinkage in the two directions were
made on different specimens .'2 However, as shown by C and D of
Figure 30, the same comparison obtains for tangential and radia l
measurements made on identical specimens of yellow birch . In
additional series of shrinkage measurements (p . 54) it was quite con-
sistently true that tangential shrinkage measurements indicated
higher values than did radial .

Table 18 lists the values of moisture content at intersection point s
as found from the shrinkage data in Figures 28 to 31 and for com-
parison the average values found from mechanical tests . The value
from mechanical tests of Sitka spruce is higher than that fro m
shrinkage, whereas the reverse is true for the other three species .
The conclusion from this comparison is that the value of moistur e
content at the intersection point in such plots of shrinkage-moistur e
data as are shown in Figures 28 to 31 does not coincide with the valu e
of MD obtained from mechanical-test data, but may in the absence
of determinations of the latter kind be considered sufficiently reliabl e
to be taken as a guide in estimating values of M, for use in dealin g
with data on mechanical properties of species for which Mp has not
been determined .

TABLE 18.-Values of MD from mechanical tests and percentage of moisture a t
intersection point from shrinkage measurements on the same specie s

Percentage of moisture at intersection point-from shrinkag e
measurements

Table 19 lists intersection point-moisture content values obtained
m other shrinkage-moisture data . Each species is represented in
table by shrinkage and moisture measurements on specimens 1 b y

by 1 inches in dimension. Although these shrinkage determina-
ns were carried out with less care and refinement than those repre -

Rnited in Table 18, the values given are believed to be reasonabl y
liable as determinations of the intersection point moisture fro m

age data. Values in Tables 18 and 19 for species common t o
~ae two tables agree quite well, the greatest difference being abou t
?Per cent for white ash .
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FIGURE 22$ .-Sitka spruce : Results of skrinkage measurements on specimens 1 by 4 by 1 inches :
A, Tangential shrinkage based on 7 heartwood specimens ; B, tangential shrinkage based on 1 1
sapwood specimens ; C, tangential shrinkage, A and B combined ; E, radial shrinkage based on 7
heartwood specimens F, radial shrinkage based on 11 specimens of mixed heartwood and sap -
wood averaging about 30 per cent sapwood ; G radial shrinkage, E and F combined ; A, C, an d
G combined . Points are numbered in the order in which measurements were taken
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MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

Flees 20 .-l)nugias Sr : Results of shrinkage measurements on specimens 1 by 4 by 1 inches :
A, Tangential shrinkage based on E0 heartwood specimens ; B, tangential shrinkage based on 1 0
SSpW ood specimens ; C, tangential shrinkage, A and B combined ; E, radial shrinkage based on10 heartwood specimens ; F, radial shrinkage used on 9 specimens of mixed heartwood and sap -
Weed averaging about 60 per cent sapwood ; i radial shrinkage, E and F combined ; D, C, an d0 com bined . Points are numbered in the order in which measurements were taken
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FIGURE 30.-Yellow birch : Results of shrinkage measurements : A and B, Tangential and radial
shrinkages, respectively, each ba::ed on 5 specimens 1 by 4 by 1 inches ; C, tangential shrinkage,
based on 12 specimens 2 by 2 by ;a inches ; D, radial shrinkage, based on the same 12 specimen s
as at C. Points are numbered in the order in which measurements were taken
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MO/STURE CONTENT (PER CENT OF DRY WE/CHT)

Flamm 31 .-White ash : Results of shrinkage measurements on specimens 1 by 4 by 1 inches : A ,
Tangential shrinkage based on 6 heartwood specimens ; B, tangential shrinkage based on 6 sap-
wood specimens ; C, tangential shrinkage, A and B combined ; E, radial shrinkage based on 6
heartwood specimens; F, radial shrinkage based on 6 specimens of mixed heartwood and sap-
wood averaging about 50 per cent sapwood ; 0, radial shrinkage, E and Fcombined; D, C, and G
combined . Points are numbered in the order in which measurements were taken
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TABLE 19.-Per cent moisture at intersection point as found from shrinkage m eurements on specimens 1 by 4 by 1 inches
(Averages of values found from radial and tangential shrinkages )

Common and botanical names of species

Apple (Males sp .)	
Ash, white (Fraxinus amerioana)	
Birch, yellow (Betula lutea)	
Blackwood (Avicennia nitida)	
T3ustie (Dipholis salicifolia)	
B uttonwood (C onocarpus erecta) 	
Cedar, red (Juniperus sp.)	
Cypress, southern (Taxodium distichum)	
Douglas fir, (Pseudotsuga tacifolia) 	
Fig, golden (Titus aurea)	
Fir•

Noble (Allies nobiiis) 	
California red (A hies magnifirm)	

(Jumbo limbo (Bursera simarouba)	
Qum, red (Liquidambar styracifiua) 	
Hemlock, western (Tsuga heteroph ylla)	
lnkwood (Exothea paniculata) 	
Ironwood, black (Krugiodendron ferreum) 	
Khaya (Khaya sp .)	
Mahogany, Central American (Swieteniasp .)	
Mangrove (Rhizophora mangle)	
Maple sugar (Ater sacchanum) .	
Mast ic (Sideroxylon foetidissimum) 	
Oak :

Live (Querens virginiana)	
Red group (Quercus sp .)	

Paradise tree (Simarouba glauca) 	
Pine :

Norway (Pinus resinosa) 	
Sand (Pinus clausa) 	
Slash (Pious caribaca)	
Western white (Pines mouticola) 	
Northorn white (Pines strohus) 	

Plum, pigeon (C occolobislaurifolia)	
Poisonw ood (Metopium toaiferum) 	
Poplar, yellow (Liriodendron tulipifcra)	
Spruce, Sitka (Picea sitchensis) 	
Redwood (Sequoia se mpervirens) 	 .--_ .	
walnut, black (Juglans nigra) 	 .	
Stopper, red (Eugenia eoufusa) 	

Additional values of intersection-point moisture content from
shrinkage-moisture data on several coniferous species are listed in
Table 20. These data are from specimens of each species selected at
several sawmills located in various parts of each producing region .
The specimens were seven-eighths inch thick, 5% inches wide, and 8
inches long . They were measured and weighed before any shrinkage
occurred and were then dried at 90° F . and 60 to 65 per cent relative
humidity until practically constant weight and dimension wer e
attained . The relative humidity was then reduced to about 30 per
cent and the specimens dried to equilibrium, after which they were
dried at a temperature of 210° and a relative humidity approachin g
zero . Weights and measurements were taken periodically during
each of the first two stages of the drying and at the end of each of th e
three stages. Although the work was not done with the specific
object of determining the intersection point, study of the data ha s
indicated that they afford reasonably reliable estimates of this point .
Because of the larger number of specimens involved, the values give n
in Table 20 are probably more accurate as averages than are those o f
Table 19. It may be further noted, however, that there are no very
great discrepancies among Tables 18, 19, and 20 with respect t o
species that are common to two or to all three tables .

Number
31
23
9
4
2
4
4

16
16
2

Speci-
mens

Moist0
content ?at i nter-s ection
Point

Per cent
32
23
29
24
25
28
28
27
26
25
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TLsI 20.-Percentage of moisture at intersection point as found from shrinkag e
measurements on specimens Ys by 04 by 8 inches

(Averages of values found from radial and tangential shrinkages )

Moistur e
conten t

Common and botanical names of species Speci -
mens at inter-

section
poin t

Per cent
Number moisture

, southern (Taxodium distichum) 	
as fir (Pseudotsuga taxifolia)	

white (Abies concolor)	
western (Tsnga heterophylla)	

, western (Lath occidentaiis) 	

Loblolly 1

	

	 ----------------------------------------------------------- -
ortlea[I	

(Pinus lambert.iana)	
estern white (Ptnus monticola) 	

Western yellow (Pinus ponderosa)	
, Sitka Moen sitchensis)	

ood (Sequoia sempervirens) 	

104 25
202 73

24 22
138 24

38 25

100 2 2
100 2 1
100 22
44 23
80 22

108 24
146 2 4
146 2 1

The grouping of southern yellow pine specimens into loblolly, longleaf, and shortleaf was done on th e
of the general appearance of the wood as no definite identification was possible .

ER-SATURATION POINTS FROM ELECTRICAL CONDUCTIVITY AND MOISTUR E
EQUILIBRIUM MEASUREMENTS

Physical properties and relations other than shrinkage that hav e
n used in determining the moisture content at which a change o f
ation takes place include studies' of electrical conductivity and
dies of the moisture content of the wood in equilibrium with 100
cent relative humidity .

0r.,
0-

0-
0
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G1rRE
32---Relation between the moisture content of redwood and its specific electrical conductanc e

Flgure 32 exhibits the relation found between the moisture conten t
ul redwood and its specific electrical conductance (10) . The point of

O /B0
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departure of the data from the straight-line relation shown for
values of moisture content is assumed to be the fiber-saturation po
(about 29 .5 per cent in this instance) .

The moisture content of wood in equilibrium with 100 per ee
relative humidity has never been accurately determined because
the tremendous effect of slight changes in temperature but from t
extrapolation of data taken at lower relative humidities, the equjl i
rium moisture content at 100 per cent can be estimated as has
.done for Sitka spruce in Figure 1•. Values obtained in this way
found to agree quite closely with fiber-saturation points obtain
from electrical-conductivity experiments. The available fiber-satur
tion-point values for different species as given by the equilibria
moisture-content and electrical-condrictivity methods are includ
in Tables 21 and 22 and are seen to be consistently higher and to
spread over a much smaller range than the intersection-point value 8
indicated by data on shrinkage and mechanical properties . Th e
greatest difference is in redwood, for which the eleetrical-conductivit y
method gives a value for the fiber-saturation point of about 30 per
cent, whereas the intersection-point values obtained from two serie $
of shrinkage . measurements are, as shown by Tables 19 and 20, 2 0
and 21 per cent . Some recently available data on the relation of
strength properties of redwood to its moisture content indicate a
value of 114 of about 21 per cent . Also the electrical conductivity
method gave 30% per cent for Douglas fir, whereas the mechanical
tests indicate a value of 24 per cent for 11,4 of this species .

TABLE 21 .-Fiber-saturation points of Sitka spruce and redwood at room temper a
Lure as determined by relative humidity-moisture equilibrium and specific electrica l
conductance-moisture content relations and intersection point as determined fro m
moisture-strength and moisture-shrinkage relations

Method

itelative humidity-moisture content equilibrium 	
Electrical conductivity 	
Strength tests	
Shrinkage measurements 	

. i Some recently available data on the relation of strength properties of redwood to its moist ureconten t
indicate a value of M of about 21 per cent .

TABLE 22 .-Fiber-saturation points of wood at 24° to 27° C. as determined b y
electrical conductivit y

Species of wood (heartwood specimens) Original condition of wood

Redwood	 ,	 Green
Do	 Resoaked after drying
Do	 not-water extracted	
Do	 Alcohol extracted

Sitka spruce	 Resoaked after drying
Alaska cedar	 	 doWestern red cedar 	 	 doWestern hemlock____	 	 doWestern yellow pine 	 	 doCalifornia red fir 	 	 doDouglas Dr
Yellow poplar 	 do	

	 do

Per cent
moistur e

29. 5
29 . 5
31 . 0
31 . 0
29. 0
23. 5
30. 0
30. 5
30. 0
30. 0
30 5
31. 5
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These comparisons suggest that the intersection points in such
plots of moisture-strength and moisture-shrinkage data as are show n
herein are not true fiber-saturation points of the respective species .
However, it has been shown that a straight-line relation exists betwee n
percentage moisture, within a range somewhat below the inter-
section point or the fiber-saturation point, and the logarithm of the
strength property . Failure of the intersection point to coincid e
with the true fiber-saturation point does not vitiate this relation nor
render invalid its application in adjusting strength values for dif-
ferences in moisture content .

SOME FURTHER CONSIDERATIONS PERTAINING TO STRENGTH-
MOISTURE RELATION S

Throughout the preceding discussion, the hypothesis that vana-
ions in moisture content have no effect on strength properties so lon g

as the moisture content is above its fiber-saturation-point value ha s
been tacitly accepted . The truth of this hypothesis, as far as th e
strength of the cell walls or other elements of the structure are con-
cerned, follows from the definition of fiber-saturation point as state d
on page 6 . It has been suggested, however, that changes in moistur e
content above the fiber-saturation-point value may produce surfac e
tension of the water in partially filled cell cavities sufficiently great t o
affect the strength properties of the wood .

Evidence exists that a different effect obtains when wood is thor-
oughly saturated and the cell cavities are completely filled with water .
Deformation produced by the application of external forces may the n
cause sufficient hydraulic pressure within the cavities to stress an d
possibly disrupt the cell structure . No tests have been made with th e
specific object of studying this effect . Evidence that it operates to
weaken wood with respect to strength in compression at right angle s
to grain is afforded by the observation that in static-bending test s
more severe crushing occurs at load and support points when the woo d
has a very high moisture content than when its moisture content i s
lower but above the fiber-saturation-point value . Similar effects have
been observed in the testing of wood heavily impregnated with creo -

	

rsote. Observation that buckling failures in the steam bending of wood

	

i s

are more common when the moisture content is very great afford s

	

further evidence of the action of hydraulic pressure within the cell

	

ii ,
cavities . Since, as is indicated by Figure 1, the fiber-saturation-poin t

	

moisture content decreases as the temperature increases, the heating

	

kj l

	

of the wood to near the boiling-point temperature, as is ordinarily

	

7 '' '
done ui steam bending, may cause some of the water that is "imbibed "
or ' bound" at lower temperatures to be released and to be added to
the previously existing "free" water within the cavities . Also the
bending operation causes comparatively large deformations ; fre-
quently as much as 10 or 12 per cent and in extreme cases as much a s25 per cent or more . Consequently, hydraulic pressure may be se t
up within the cell cavities even when these cavities are not filled with
-hater at the beginning of the operation .

Increase in the strength of wood with decrease in moisture conten t
day be considered to be the resultant of two factors : (1) Actual
strengthening and stiffening of the elements of the wood structure ;
(?) increase in the compactness of the wood structure because of th e

linkage that accompanies loss of moisture . The effects of these two
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factors are combined in the data considered herein . No satisfactory
method of separating these effects has been found.

Experiments have indicated that the specific gravity of wood sub. '
stance, that is, the material of which the cell walls are composed'
varies but little among several species of wood (3, 9) . Consequently
differences in specific gravity of wood substance would be expecte d
to have but little effect on the amount of moisture at the fiber-satur-
ation point and would probably have no effect on the percentage o f
moisture at that point or on the increase in strength brought abou t
by loss of moisture . Furthermore, as far as is known, the differences
among species with respect to chemical composition are apparentl y
not sufficient to account for any very wide variations in percentage o f
moisture at the fiber-saturation point or in the increase in strength
produced in drying .

The data of Tables 21 and 22 indicate that there are no wid e
variations in fiber-saturation-point moisture content as determined
by electrical-conductivity and moisture-equilibrium methods . Dis_
crepancies between fiber-saturation-point values as determined by
these two methods and the intersection-point values from strengt h
tests are possibly due to the effect of the size and arrangement o f
elements of the wood structure on the intersection point . An indi-
cation of a relation between structure and intersection-point moistur e
content has been discussed on page 46 . Table 23, which is based
on data from Table 17, affords an indication of relation between th e
structure of the wood and the computed ratio of strength at zero
moisture content to strength in the green condition . The species
are arranged in order of decreasing ratio for maximum crushing
strength, which it will be noted is closely paralleled by the ratio fo r
modulus of rupture . Yellow birch, a diffuse porous hardwood head s
the list. Next come five coniferous species, followed by two ring -
porous hardwoods . Greenheart, an exotic species of very hig h
specific gravity, is last . Except for red spruce, there is but little
variation among the coniferous species with respect to the ratio s
listed, in spite of the fact that longleaf pine, loblolly pine, an d
Douglas fir, which have very distinct summer wood, and Sitk a
spruce, which has much less distinct summer wood, are included .
In general, it may be said that there are distinct differences among
the species as grouped in Table 23 with respect to the ratios show n
in the last two columns .
TABLE 23.-Computed ratios of strength at zero moisture content to strength in th e

green conditions

Species

Ratio of strength a t
zero moisture conten t
to strength in the
green conditio n

Maximum
crushin g
strength

Modulus of
ruptur e

5.20

4.19
3.4 7
3.47
3.47
3.3 1

3 . 26
3 . 16
1 .99

Group I : Yellow birch	
Group II :

Red spruce	
Longleaf pine	
ITouglas fir	
5itka spruce	
Loblolly- pine	

Group I1I :
Chestnut	
white a=h	

0roup IV : c:reeenhenrt	

3.45

___________ _

2 .70
2.49

2 .08
2 .14
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VARIABILITY OF K AND TABLE OF ADDITIONAL VALUE S

Inspection of Table 17 suggests that K is less variable than the
strength values . For example, considering data from compression-
parallel-to-grain tests on individual trees of Douglas fir, the highes t
and lowest values of maximum crushing strength of green material
are 4,150 and 3,330 pounds per square inch, respectively, givin g
a ratio of highest to lowest of 1 .25 to 1, whereas highest and lowes t
values of K for this property are 0 .0238 and 0 .0211, giving a ratio o f
1 .13 to 1 . Also consideration of the values of maximum crushin g
strength and corresponding values of K among the several specie s
represented in Table 17 shows that the tabulated values of K are
considerably less variable than the strength property. It is quite
probable that among averages for different species, the value of K
For any strength property is less variable than the strength propert y
itself. Other data indicate, however, that a similar situation may
not obtain with respect to different lots of material of the same species .
At any rate, it has been found that strength properties of a specie s
vary over a considerable range, their values being different in differen t
tees and in different parts of the same trees . Accordingly, it is to
be expected that the value of K for any property of any species wil l
likewise be subject to variation, and consequently, in attempting t o
set up average values of K, it is desirable that all available data b e
considered .

Figure 17, in which moisture-strength data are presented for differ-
ent specific-gravity classes of wood of the same species, affords littl e
mdication of correlation between specific gravity and K . Values of
K as found from the data of this figure are given in Table 9 .

A similar study shows (1) that approximately the same value of K
applies to the three higher specific-gravity classes of Douglas fir ,
whereas that for the lowest specific-gravity class of this species i s
distinctly lower and (2) that practically the same value of K applie s
to the four specific-gravity classes of yellow birch .

The Sitk a spruce individu al-tree values of specific gravity and of K fo r
maximum crushing strength and for modulus of rupture as shown in
Table 17 afford an indication that K increases as specific gravit y
decreases. Values given in the same .table for Douglas fir and yello w
birch indicate that K for modulus of rupture increases as the specifi c
gravity increases, whereas no correlation between K for maximu m;crushing strength of Douglas fir and its specific gravity is indicated.

none of these instances, however, is the change in K with change
m specific gravity consistent, and no close correlation is indicated .

Additional data for the determinations of values of K are afforded
by results of a standard series of strength tests on American specie s
+bat have been made at the Forest Products Laboratory (6, 7) . In

s. series tests were made on green and seasoned specimens fro m
~nilar locations in the same trees . From these tests, values of K
can be derived for those species for which Alp has been determined .
Sac }I values are listed in Table 24 for several properties of severa l
species,



60 TECHNICAL BULLETIN 282, U . S . DEPT . OF AGRICULTURE

CO O .--1 07 CO

	

0 CO C C C cn ~ CI .+

	

CD

	

0) ,
C7 0+r~F

iv
.,OCO CO. , 4-1 O .- .oPOO

to NM CO •0
., .-1

	

p00 O0000
~co

M00
M

0
0 $0

	

t--O)

	

w 10 CO0 0
0 0

N 0 00000000 0
~ob

q . C
U] , 4W 0

; CS a-~ poi. 0
1

CU hNMCA •'@ .--'C]hh I G7 COOP .-,

	

.̂J ClM~]N 7]1~~nM r.
m .Ly O(bW OO

,-4 o ..o ON, .-I M
4-1 ., .,o ~o

P o m w
ai 00 00000 a o0o0cc0 0
0 "
A 70 CO to Al, 000 Cl) ClM W o0 y1

	

.at,),

	

O%C.

W
''Cl
q

W
Wd'N CO

N0 0 0 0
Tw 00 C`7

0
N

000 0
O
0 0

11]OOGI h
000000

lti
Q{ .8 'A

; p
a

ai

	

'"

	

c) anion ct̀~lhm

	

G'-'o°D =' C~a~°~~ r`1 '"•'1,

	

•~ O q 4-1 N r1 N .-, N

	

N N 0 N N "

	

N NGOOOd000 N ~0.-,

	

`-.• 0000 .000000 O O O q O
.

0
C.., n R

	

vl 1
M0000-1C0 ~p q MOh CO 'qq O N 0 00100010.,

	

0 N0^o~ 40 NC 0q O OCKI CO M NM O M .- 1CO,-~

	

0000800088
aC1

G
ty 000 0.

	

.

	

I .o
dOC7O Pi

	

.

	

I -

	

-I

	

~ . O 8 .

	

I .

	

I .

	

i
t

E;8J.

rn W O~ h .-. N [+) CO C7 M Cl O .pr 01) 0 o]~ h .-105 N co I- t- N 0 to § gh6,-,,j
00

Oo0 0
0

0000 PGOOCO-

	

. ;d

	

"Cg
0
0,

.0
N

I
er
^ a.

	

of • 00 0 N $0 CD ai -aG N Q+ t-

	

09

	

n

	

d1
I-1 d

	

m pJ
R

mol n, hN

	

_7
8 8̀'

oO CO -8 DA
SS8C4 80)

t i.
'01
c

ti

	

).
wa ry 000 0

o
OoC) 0

I
` I

I
2E8 1

0) •_

	

_ ~0U N 8 t"'! 1co At.

	

10 Cl CON.
, 0) CA Al a)

CO h

O

O CO CO M h CO .•-1 1̀f] 110 C`•7

	

tp m N
OOQ80,

	

0
.y Ce

p
0E0030 08 8

to
8 888888 8 8 000000

	

o 8 900
°i

,

I

	

I i '

~ h ~q~ NO - yy
I' i

C

	

O 0 W0 ti BN NNN MCA

	

171, yMi NQm tNN v' N0 0_ 0 MMMN NN000 0 00
r Cl

0
O'M1n

	

M

	

A'
0 0 00 C)0

	

0. 11
002 4

C) al 'A A CO N CO Cl CO CO C) CO CO CO CO 1.•7 ro-l)CO-,MMC'0

	

0

,O-1
o
Z ,'-'•yW

CO d'

	

1000o000 0
7heM CAO 0r,ooo 000000

COp
S

rDpp 0 1.- 8-740 r-a.r~pppp0 .-1r.
O QPOOOO

Qp H
888 4

bN

	

a)
N Ci 0) CONN<Mw a0t o D.)CO ~ : . c.0^M try

u'] o10
1TO CC -' 7N' CD

	

.-,40 •,

	

4018

	

CO

	

[ 0N .,NN

	

N .-,hCO M m00 .0
0 00 00 000080.0 O 0 000 00 000 00 0 0 0 OOO0

k vt Cn
R y

	

4-4
CO Cc C- CO
00 C40

4-4

•0

	

r-- 4 y'OfJ

CCCGPG

Cl

P

oo

P

MN cO, CC. M N

00000000

CA

0

COp1
co

OO0 0

q ~'~ -, 0OM 0 I W
q .- r q i• ''El

M1t') ., t-Cl CO C) h MN .0 01 GO0 -. CO CO .-' o H
01

pp 2 2CO

	

40 e 1' h N CC

	

hI ^C] CCc..7l~ C`7NCI 64 :4
-~

Y.
c..7-Cd

	

0 0,NCI .,000 C7N_ICrCV010) C' 10 NNNN01C7NN

	

N0000000 0 OOO p

E
p

~
d q w

C. 00 O . . . .

Cn

	

asU c.) i

	

i I co N .--1

	

t O M h

	

t I
0

a.,

	

0
~`, Oy .~

h d, 00

	

•'~
ooo Io 01

	

I G
~~

7

	

CG oc 0
q. w~ a

0 1

	

1

	

t
~_ pn

	

C CC0 u '.M 010 000104CO ' .--I ..M0,1 .1NM, d'ON . i
ha00i0OCS . . .i .. .0

	

0

	

0 Ci-07

Cn~

$1C7 00001 ,

0

	

0-0
0

4 1-1 C7 -I M M M t--,0000,0 I V' 00

	

CI 40 CO CO

	

.

	

I t-
"80

-

CCt

	

'CC lq d' NNer•- .4 CO 'C' N _7

	

CA ,
0 00. 0

'C1

	

tr •

ZU 0

Alf t--
Cl CA

	

CA .

ti
tl

C3

Y

0O

A

cl

0



STRENGTH-MOISTURE RELATIONS FOR WOOD

	

61

N '0C0p000p CCO
O

00000 NNp NMpp00
0OO 0SO O

1111I I	 II
00040000 'C 00 .+'•M M CA N I-

N oN. ti ti- ti0' Cl0 0 0 0 0 0 0 0 0 0 0 0

0
0

O

O

C OCO C CNeN N~7 M~M CO e7•M u7
000000000000 0000000 .

'0b 0t~ .-~ .-I M GO C M CD 00b .-~ ~ O CA V~ W MN000000000000

oogooooooo g ooooooo$ooo g 8

•

	

•.--000000 .-1S004

	

C0 :M00 00M y~N 'CM00 O~r10~0000N

	

i MNO ..f-
00000 0o0o o

0000000000000 : 0 0

MM .-fnMtCOD P-00pp 0'C'C .-A p~ ~ ti'n Mpp c00 .-+ N• 0- 00WM000 00000 MOB OOJO)O•oa M00,0,I ...4

	

.--~ g

	

•--i N ,-- ~0000 0000000000000 0000 0000 0

CM .-+ .--IM'C 00 0p0p '000NM000ONN cp QnCVti~M

	

C--0400C+~ O'C•n0 cb V• pp N0 b̀'.r ppp .-+ .-* .r .*.-+ .-+p

	

0

0
0p00 r+ .+

	

800 0 0 0 0 0 0 0 00,0 00 SO O

0000 0mmmNO . CJ OO ~mm .-,Mmhmm,svv N"' `
°

MC_ C±7 oiMM N p0 0

	 s3loosssssossssssss Ass § 1

.-iMOOMONM,H
moco■o --++- '00O00000000000000000000 O

o H .a q

_ . ~

	

.do.

000`03 ',
~

q a

~ppp
o ~̀

g0

.0

p g f~

mm ~

U Ct qU :Gg

s

C1

0

.5 .g 4 .g

W w '0 .,d., aq. q

ak
o

aw mV ~

y

m

1 f
w

Sao gy m !

W .d q

	

q cd

qq Q]

	

b

o

q ~WAo7 A

P. o

moo 8

So o a

07 .• m ~'q g
•d

	

o' u7 m

aF 3 I W ►. A

a .c

	

00
p

A

w
b

	

.a"y W 0
6

.a $w03 .00

8 0 0

1. z -
0

60

o p'

v

d m 04 an d

•R„ Ft c

	

m
eom a

.0 m r~
S7 ,o q H 07y

'P 80w-a :El

p .o

▪

.
ov~a

..o

~yy m

m ~ i' R~ p
077 q
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The method of computing the values of K listed in Table 24 will
evident from examples presented later . (Examples 1-A and 14
p . 69 .) The computed values are shown in detail rather than baverages alone in order to afford further information on the variabl e
of K. It appears from inspection that K for any one species ae
property varies through a considerable range. Two causes of

thevariation exhibited are : (1) K actually varies for different trees anddifferent lots of material ; (2) specimens tested in the seasoned condi
tion did not exactly match the green specimens . It is impossible to
determine how much of the variation in computed values is due to'
each of these causes. In Table 24 the kinds of tests are arrange d
approximately in the order of the number of specimens . The largest' .
number of specimens were tested in compression parallel to grai n
about one-half as many in static bending, about one-fourth as ma y
in compression perpendicular to grain and hardness, and, on an aver _
age, a yet smaller number in impact bending and shear . Inspectio n
indicates that the tabulated values of K are less variable for thos e
properties represented by the larger number of tests and that the
variability increases as the number of tests decreases . This suggests
that if green and seasoned specimens were in all cases perfectl y
matched the variability in values of K would be considerably reduced .
The lack of perfect matching is a compensating factor probably Caus-
ing the values to be too high as often as too low so that its effect on
average values is probably quite small .

USE OF THE EXPONENTIAL FORMULA IN THE ADJUSTMENT O F
STRENGTH VALUES

The following methods of adjusting strength values for difference s
in moisture content are based on the exponential formula which im-
plies a straight-line relation between the percentage moisture conten t
and the logarithm of the strength property . All problems of adjust-
ment are covered by two cases as follows :

CASE 1 .-Strength values derived from matched specimens tested at tw o
different moisture-content values are known, and the value at some thir d
moisture-content value is desired .

CASE 2.-The strength value at only one moisture-content value is known,
And that at a second is desired .

Formulas for use in either of these cases can readily be derived fro m
equations already given (9) and the adjusted values computed by th e
use of a slide rule or a table of logarithms . The computations, how -
ever, can be handled very easily by graphical methods on semilog-
arithmic paper 13 or specially prepared diagrams . The use of graphi-
cal methods and of the corresponding formulas can best be explaine d
by examples under each case .

EXAMPLES OF CASE 1

EXAMPLE 1-A

United States Department of Agriculture Bulletin 556 (7) gives th e
maximum crushing strength of Sitka spruce in compression paralle l

13 Semilogarithmic paper has a series of vertical lines uniformly spaced and a series of horizontal line s
spaced according to the logarithms of numbers .
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to grain as 2,600 and 5,770 pounds per square inch in the green condi -
tion and at 8.9 per cent moisture, respectively . What would have
been the maximum crushing strength if tests had been made at 12 per
cent moisture? The solution is shown in the lower part of Figure 33 ,
where 5,770 is plotted at 8 .9 per cent moisture and 2,600 at 27 pe r

' cent, which as shown by Table 17, is the value of My for Sitka spruce .
The line connecting these points crosses the vertical representing 1 2
per cent moisture at 5,020, which is the value of maximum crushin g
strength adjusted to 12 per cent .

This procedure is the graphical solution of the following formula :

Log S3 =log S1 + Mi_	 M2 (log S2 -log Si)

	

(10)

ere SI and A are one pair of corresponding strength and moisture-

20 0
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W 9.00 0

. 8.00 0
7.00 0
6,000
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nn n■■1'►\U■■■■■■■■■■MI= =11INIMIG5=•11MMEIMMUnEwimmm.n.jr.w.n.
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FIGURE 33 .-Graphical solution of Examples 1-A and t-I3

lawn gives S3 = 5,030 pounds per square inch .Formula (10) is der ed ll . t 9 y y permutations w u on m

Log S2 =log Sp +K (M,,- M2) (a)
Log S1 =log S p +K (MD -MI ) (b)
Log S3 -log S1 +K(MA -M3 )

Subtracting (b) from (a) and solving-
(c)

K= log S2 -log S1
Ml-M2

84111.-32__5

ntent values as found from test, S2 and M2 are another pair, an d
is the strength value adjusted to moisture content M 3. _In this
mple - 60 , = 2 , S - 77 , M2 - 8 , A-1 0 , and the

of subscripts be written :
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and equation (10) results when this value of K is substituted in ( c )
The Iiun erie.al computation by formula (10) is as follows :

Log 5,770 - 3. 761 2
Log 2 .600 - 3.4150
Log 5,770 -- log 2,600

	

- O. 3462
0 .34(12-:--(27 .0--8 .9)

	

-- 0.019 1

Log 2,600 -= 3 .4150
0 .0191

	

(27 .0 -- 12 .0)

	

_ 0 . 2865
Log 2,600

	

0 .0191 x 15 .0 3. 7015 -= log 5030
and 5,030 pounds per square inch is the adjusted value, which does no t
differ significarn tl v from the 5,020 read from the graph .

EXAMPLE 1- H

Tests of matched groups of white ash specimens gave the followin g
values for modulus of rupture : 8,880 pounds per square inch in the
green condition (by Table 17 Al p -24 per cent) and 12,500 pound s
per square inch at, 13 .8 per cent moisture .

What is the corresponding value of modulus of rupture at 1(0 per
cent moisture content`' The solution is shown br the tipper pair of
points and line in Figure 33 and is similar to that of em:inple l- :L ,
except that in the present. example adjustment is to he made to a
moisture content lower than that at which the seasoned specimen s
were tested and the line joining the points must be extended in orde r
to meet the vertical representing 10 per cent moisture ; also the value
of Alp is 24 instead of 27 per cent as in example 1-A . The value
shown at this intersection is about 14,300 pounds per square inch .
The nu] nerieal computation by formula (10) is as follows :

Log 12,500 =
Log 8,880=	
Log 12,500-log 8,880 -=

4.096 9
3 .9484
0. 148 5

-

	

0.01460.1485+ (24 .0 - 13 .8) _= - - - -
Log 8,880	 . 3. 9484
0 .0146 X (24 .0 -10 .0) 0. 2044
Log 8,880+ 0 .0146X 14 .0 4. 1528 =log 14,220

and 14,220 pounds per square inch is the value adjusted to 10 per cen t
moisture content .

EXAMPLE OF (`ASE 2

EXAMPLE 2

A specimen of longleaf pine at 9 .8 per cent moisture content was
found from test to have a modulus of rupture of 13,500 pounds per
square inch . 'What would have been the modulus of rupture if th e
test had been made at 12 per cent moisture? In this case no tests o f
matched green specimens are available, and in order to make the
adjustnle,nt a value of K is required . The average value of K for
modulus of rupture of longleaf pine of 0 .0259 as given in Table 2 4
will be used . The graphical solution is as follows : 13,500 is plotted
at, 9 .8 per cent moisture in Figure 34 . The next, step is to dra w
through this point a line whose inclination to the horizontal is equa l
to the value of K. Data for doing this is afforded by Figure 35, i n
which are shown for va.rieus values of K, values of Z . ;► multiplying
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factor corresponding to a horizontal distance equal to 30 per cent o n
the scale of moisture content . For a value of K of 0 .0259, the graph
of Figure 35 gives a value of 6 .0 for Z. Then in Figure 34, 1,000 is
plotted at 30 per cent and 6,000, which is equal to six times 1,000 ,
is plotted at 0 per cent moisture . The line connecting these two
points has the desired inclination . A line is drawn parallel to this
line and through the point first plotted in Figure 34 . From this line
the modulus of rupture adjusted to any moisture content below th e
intersection point can be read . The reading for 12 per cent moistur e
is about 11,800 pounds per square inch .

This procedure is a graphical solution of the following formula :

Log S2 -log S1 -K (M2 -M,)

	

(11 )

Where S, and M, are the pair of corresponding strength and moisture
content values as found from test and S2 is the strength value adjusted

T

N

4
MOISTURE CONTENT (PER CENT OF DRY' WEIGHT)

FIGURE 34 .-Graphical solution of example 2

the moisture content M2 . In this example, S, =13,500, M, = 9.8 ,
2-12 .0, K was taken as 0.0259 and the graphical solution gives S 2
11,830 pounds per square inch. Formula (11) is obtained by chang-

g subscripts and arrangement of terms in equation (9) .
The numerical computation of example 2 by formula (11) is asfollows :

Log 13,500=	 4 . 1303
0 .0259 X (12 .0-9 .8) =	 . 0570
Log 13,500-2 .2x0 .0259=	 4. 0733 = log 11,840

'Ind 11,840 pounds per square inch is the adjusted value .
The principle of the graphical solution of case 1 is to plot the tw o
off strength values over their corresponding moisture-conten tF~Iues on semilogarithmic paper, and from the line connecting thes e

e
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points read the strength value corresponding to a third moist
content. When one of the moisture-content values is above th

intersection-point value, the corresponding strength value is to b e
plotted at the intersection point .

In ease 2 the principle is to plot the one known strength vftltte
at the corresponding moisture content and through this poin t
draw a line with the inclination defined 1.) all al.ssui~ted or est iJltatted
value of K. Tiro the stren g t h value for a ser(►tlcl Itl(listure conten t
is read front this line.

I t is Ile IA evidetlt 1 halt the prirtcir)ul difference I)e'tAveeii the two
cases is that in ease t the slope of the line, which is the A' altle 1i of If
is determined front the data of the problem itself, whereas in ease
the appropriate s-alue of A has to he ('stiunate=d front other data .
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SPECIAL 1?IAGRAM FOR USE IN MAKING ADJUSTMENT S

The methods applied in examples 1-A, i--B, and 2 afford illustra-
tions of the principles involved in making adjustments by the expo-
nential formula, IIowever . such adjustments can be handled even
more simply by the use of special diagrams, such as Figure 36. The
use of this diagram can be illustrated by applying it to the previou s
examples .

EXAMPLES OF THE Ii SE OF FIGURE 36

EXAMPLE 1- A

Tests of Sitka spruce in the green condition arid at S .9 per cent
moisture content gate \ atlues for maximum crushing strength of
2,600 and 5,77n poult(ls per square inch . re•pectit ely . The intersec-
tion-point moisture-euniteill \ tilde _ll ; for ~itLal spruce is 27 per CeIlt .
What would have been the strength value i( tests had been made a t
12 per cent moisture ?

if The figures underscored in the eomlru( :+tiOI1! of a oaUp)es 1-A and 1-B (p. fc6) are values of K.

N
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The ratio R o f the known strength value s is 2 .21 , which equalsx'600• The differenc e between the moisture-content value s given2,600is 18 .1 , whic h equals 27 .0-8 .9 , and the highe r moistur e content
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I
difference, the value of Iv (0 .019) is found on one of the con verge
lines. Following this line to its intersection with the vertical throe
15 per cent and thence horizontally to the left-hand margin
adjusted R of 1 .93 is read and 1 .93 X2,60(1= 5,020 pounds per squ
inch, which is the strength value adjusted to 1.2 per cent moisture .

Tests of matched groups of white ash spccuue.ns in the green con
lion and at 13 .8 per cent moisture gave values of modulus of rap t,
of 8,880 and 12,500 pounds per square inch, respectively, h
value of A, for white ash is 24 per cent.. . What is the value of tnoduln
of rupture corresponding to a moisture content of 10 per cent ?

The ratio R of the known strength values is 1 .41, which eq
12,500- and applies to a moisture difference of 10 .2 per cent (24-13 ,g)5,880
The difference between the M,, value and the moisture conten t
which adjustment is to be made is 14 per cent (24-10) . Followig
horizontally front 1 .41. at the left-hand uuirgin to the vertical throu
10 .2 per cent, thence in the direction of the converging lines to t
vertical through 14 per cent, and then horizontally to the left margi n
the value of R for a moisture difference of 14 is read as about 1 .61 . •
Then 1 .61 X 8,880 = 14,300, which is the. strength value in pounds
per square inch adjusted to 10 per c .en.t moisture .

EXAMPLE 2

A. specimen of longleaf pine tested at 9 .8 per cent. moisture content
had a .modulus of rupture of 13,500 pounds per square inch . If
the value of K is estimated as 0 .026, what is the value of modulu s
of rupture of this specimen adjusted to 12 per cent moisture content ?

Adjustment is to be made from 9 .8 per cent to 12 per cent ; that is ,
for a. Moisture difference of 2 .2 per cent . Starting with 2 .2 per cent
at the bottom of Figure 36 and following upward to the line repre-
senting K-0.026, then horizontally to the left-hand margin, a value
of 1 .14 is found for R. Since the adjustment is to a higher moistur e
content, the adjusted value will be lower than the original . Conse-
quently, the original strength value must be divided by R, an d
13,500-1-1 .14 =11,840, the value in pounds per square inch of modulus
of rupture adjusted to 12 per cent moisture .. If adjustment ha d
been to a moisture content lower by 2 .2 per cent than that at which
the test was made, as from 14 .2 to 12.0, the ratio of 1 .14 would have
been used as A multiplier .

EFFECT ON ADJUSTED VALUES OF ERRORS IN ESTIMATING K AND M „

. Adjustment of strength values for differences in moisture conten t
requires values of K or Al,, . As values of these parameters have been
found for only a. few species, it is necessary in many cases to estimate
the, value of one or the other of them . Also If. and probably M,, ,
varies fo:r different specimens of a species, and the known values of
these parameters may not be exactly correct for the test values to
be adjusted . Consequently, a consideration of the effect of errors in
estimates of K and M,, on the accuracy c►f the adjusted strengt h
values is pertinent. .

of
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EFFECT OF ERROR IN K

It can be shown that the effect of an error in estimating the value
of K to be used in case 2 problems increases in the manner indicate d
by Figure 37 with the error and with the difference between th e
moisture-content values from and to which adjustment is to be made .

For example, the effect of an error of 0 .01 in the value of K to be
used in adjusting for a difference of 5 per cent in moisture content i s
found as follows : Starting with 0 .01 at the bottom (fig . 37), follow
upward to the inclined line representing a difference of 5 per cent i n

30
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ERROR IN A$SUMEO VALUE of K
FI,JRF 37,-Relation of error in adjusted strength value to error in assumed value of K

moisture, content then horizontally to the left, where values of about
~' 12 and -11 per cent are read . This means that the error of 0 .0 1
iu the assumed value of A would cause a strength value obtained b y
Ijustmg for a moisture-eoiitent difference of 5 per cent to be abou t

Per cent higher or 11 per cent . lower than the true value . Whether
the adjusted is higher or lower than the true value depends on whether
tid] UStnieiit is made to a higher or to a lower moisture content and oII
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whether the assumed value of K is too large or too small accordinn r
to the following scheme :

Higher moisture content	
Lower moisture content-_ - _

	

-	 .	
Higher moisture content	
LOWermoiStureCOnteni 	

Obviously, the error in an assumed value of K is never known
.

It is often possible, however, to estimate how much the assr llne,a
value may be in error, and Figure 37 affords a means of computing
the effect of the estimated error .

EFFECT OF ERROR IN M r

The effect of an error in estimating the value of to be used i n
case 1 problems can not be pictured so simply because it depends o n
several factors . I t can, however, be expressed by an equation which
indicates how the error and these several other factors 1itl (•t the
result. This equation is developed its follows :

Let S, = a strength value as found from tests at moisture content 4.
Sp = the strength value for matched green material .
1I„ = the true value of the per cent moisture at the intersection point .
M c = estimate of i1l z, .

S2 the strength value corresponding to some moisture content jh
less than M p is to be found .

Changing subscripts in equation (10) and substituting for (log AS', -

Si .
log Sp ) its equivalent, log

	

.

S
Com puted value of log S2 = low S ~~~ c- ~̀I -̀ loglog

	

b

	

- M1 g S 1
q

	

q

similarly ,

Th en
Computed value of log S2

	

true value of log S2

=log computed value of S,,
true value of S2

-CT
m u -m2	 hf2 to sl
f, -A My,-M,) g Sn

(m2 -]A)	 ~ 4 - l Dt

	

(
S l

(M .`_ Mi) (M c-A ) og AJ p

log computed value of S2_ .~ to X5 1

true vtolue of S2

	

t

h-
(Il3,f2 --11 ,)(-Iq -
(M c -A) (M c -)

Error in
assume d

value
of K

Adjustment wade to-

true value of log S2 = log S~
M.,

_	 logy

(12)

or

(13)

where
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EquatiOnn (12) shows that the error in the computed value of log
S2, and h€uwe the percentage error in the adjusted value S 2 , is greater:

(1) The greater is M,-M,, the error in the assumed value o f
moisture content at the intersection point..

(2) The greater is

	

the difference in moisture content for
which adjustment is made .

(3) The greater is - S , the increase in the strength value produced

by drying to the moisture content al, .
(4) The less is ,1I,,, the moisture content at the intersection point .
(5) The less is

	

- Ala ; that is, the closer the moisture conten t
ilia is to the inter . 5c ,clioo-point value .

Frequently 12 per cent moisture is taken as a standard to which
to adjust values resulting from tests of seasoned wood . Also if .M,
for the particular species is Dot, known from mechanical tests and n o
shrinkage or other data from which to estimate 3f,, are available, th e
best estimate is pro n hi the average of known values, which is ,rl)ou t
24 per cent . In Figure 38 are plotted values of the quantity A o f
equation (13) for :11; 24, *1 1 2 , If, --2 to 18 per cent, and 31,-20
to 28 per cent . This graph simplifies estimates of the limits of accu-
racy when 3f, is taken as 24 per cent in making adjustments to 1 2
per cent moisture .

In considering Figure 38 it must be remembered that the error is

measured, not by A alone, but by the product of A and log s ' 1 fence ,
G

although A increases numerically as MI increases above 12 per cent ,

Sr at the saute time decreases . On the other hand, as Al, decrease s
n

below 12 per cent, both A and

	

increase .

EXAMPLES OF THE EFFECT OF ERRORS IN ESTIMATED VALUES O F
M„ AND K ON THE ACCURACY OF ADJUSTED VALUE S

EFFECT OF ERROR IN Ai r

United States Deparim c ut of Agriculture Bulletin 556 (7) gives th e
maximum crushing strength of balsam fir a .s 2,400 and 6,640 pound s
per Square inch irs the green condition and at 4 .8 per cent moisture ,
respectively . If the strength is adjusted to 12 per cent moisture ,
usin g 'lf,., tlhe assumed or estimated value of 31,, as 24 per cent, an d
the true value. of ;11,, is between 20 per cent and. 28 per cent, wha t
are the limits of error in the adjusted value ?

S i - 6,640, S p = 2,40(? and log ~ = log 2,400 = 0 .442
n

0 .09S x 0 .442 0 .0433 =log 1 .1 0
-- 0 .00 i < 0 .442 -

	

0 .0290 == log 0 .93
and the estimate is flint

	

the value of maximum cra .4sing strength
adjusted to 12 per chart naoieture with 24 per cent as the sas•aaw wed valu e

From Figure 38,
for 31f ,- 4 . 8

A -0 .008 if

	

2 0
.1 -0 .067 if

	

=28



74 TECHNICAL BULLETIN 282, U . S. DEPT, OF AGRICULTURE

of the moisture content at the intersection point will be between 9 3and 110 per cent of the true value if the true intersection point moi l,
ture content is not less than 20 nor greater than 28 per cent.

As another example, United States Department of Agriculture B it
letin 556 (7) gives 2,060 and 3,400 pounds as the maximum crushin g
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FtovnE 38.-Chart for estimating effect on adjusted strength value resulting from error in estimat-

ing the intersection-point moisture content (M„ )

strength of alpine fir green and at 15 .9 per cent . Here St = 3,400 ;
Sp = 2,060 .

Log AS', 2,060 = 0 .21 7
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From Figure '38 for M1 = 15 . 9
A = 0 .49 if Ili£,, 20
~l=0 .16 if Aif,=28

-0.49 X 0 .217 = -0.106 -log 0 .7 8
0.1.6 X 0 .217 = 0 .035 = log 1 .08

and S2, the value of maximum crushing strength adjusted to 12 pe r
cent moisture, is estimated as being between 78 and .108 per cent of
the true value if the true intersection point is not less than 20 no r
greater than 28 per cent moisture . In other words, under this condi-
tion - 22 per cent and +8 per cent tire the limits of error in S 2 .

EFFECT OF EEROR I\ K

It is interesting to compare the estimates of error of solution o f
these two examples with errors that might result if an estimated o r
assumed value of K rather t.ha,n of Mr were used . The best estimate
of a value of K for such use is the grand average of the values give n
in Table 24 for maxim tun crushing strength or about 0.025 and from
a consideration of the range of average values in Table 24, it is esti-
mated that the true value of K for an individual species might . differ
from this grand average by as much as 0 .009 . For such an error
in K, Figure 37 indicates errors in the adjusted values of about +1 6
or -14 per cent for the first example and -'- 8 or - 7i> per cent fol.' the
second . Ordinarily, the error in the estimated value of K probabl y
would not exceed ± 0 .01)7, and the error of adjusted value would be
correspondingly less . Also since K is smaller for most other proper -
ties the error in applv'ing a general average value of K to some pa,r-
ticular species will be less for other properties than for maximu m
crushing strength .

The errors in the illustrations given in this and the preceding sectio n
are about as large as are likely to occur, and in most instances it will
be possible to estimate the value of K or M, with such accuracy that
error in the adjusted value of a strength property vri I be much less .

LIMITATIONS OF ADJUSTMENT METHOD S

The. preceding discussion of the. errors that luny occur in makin g
moisture-strength adjustments has been presented to enable those
making such adjllst,ineriIs to e.stinlatf, wait errors ma) be incurred
and thereby to appraise the accuracy of tin adjusted value . 1-t is t o
be remembered that the adjustment methods are applicable only t o
]esults on specimens in which the moisture is very nearly uniforml y
distributed .

	

Such distribution does not o1'(lialaarilV ohtalili in pieces
Whose average 1110istlll'e ('olltent is near the iiiti'r rti[]il-llo]]l1 value .
~d the adjustment of test results

	

moisture-conten t
~allles b etween :Wool. 15 or 16 per (Tilt and the intersection-poin t
values is subject to errors of considerable Iilaa`g'I11t)ide .

The. adjustment methods hove• been derived from wood in wI!IC'I E
Il0 a bnormal amounts of resin or other infiltrated substances wer epresent, amd daution needs to be exercised in applying them to woo d
eantainmg exceptional amounts of such substances . The effect ofmoisture on the strength properties of wood that : contains abnorma lniti° lints of resin has. not been thoroughly investigated . Such testsr have been made on material of this character indicate tha t

' th-moisture 1€;latiohs are e1;°rstie. This may be due to inaacen-
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racies in moisture determinations in such instances . if the amount
of moisture held in the wood substance could be determined aceu.rately such material might display as definite stren *t .h-nioistiire rele ,
tions as wood without resin or with only normal amounts of resin ,
It has been found that in some species that contain large amounts o f
other infiltrated substances, these substances have the effect of raising
the strength of green wood without . exerting a corresponding effec t
on dry material . Consequently, suicli wood is increased in streng th
by drying less than is wood that does not eon him such substance s

Although the methods of adjustment outlined are believed to b e
the hest that is now possible to devise, they should be used with car e
and judgment and with a full realization of the possibility of error .
It is evident that in all cases the risk of error is least when the differ _
ence between the moisture-content values from and to which adjust-
ment is made is small . Necessity for adjustments for any hea t
comparatively small differences in moisture content can ordinarily he
avoided by care in conditioning specimens for test . Usually seasoning
to a moisture content not far from 12 per cent can be readily worn ,
plished either by natural (air) or artificial (kiln or conditioning
chamber) drying, and 12 per cent is suggested as a standard moistur e
content at which to test seasoned specimens .

In tests, such as may be made for the determination of the effect of
a preservative, fireproofing, or other treatment, it is advisable t o
season both control and treated specimens to equilibrium unde r
atmospheric conditions simulating those that will obtain in service .
In this way the need, in analyzing results to determine the effect o f
the treatment, for adjustments, other than for small differences in
moisture content, will be avoided . Furthermore, the treatment may
so modify the hygroscopicity of the wood that control and treated
specimens will not come to equilibrium at the same moisture content ,
and in such instances it may be proper to compare the test results
directly without adjustment for the moisture difference .

OTHER PHASES OF STRENGTH-MOISTURE RELATION S

The preceding discussion has been concerned with the relation
between moisture content and strength properties in pieces of woo d
that are free from defects and in which the moisture is practicall y
uniformly distributed . The methods of adjustment developed are
applicable to such pieces only and not to pieces containing defect s
or to pieces in which the moisture is nonuniformly distributed, that
is, pieces in which a iiuustrire gradient of considerable magnitud e
exists . Two important phases of strength-moisture relations In wood
remain for consideration_ . These are the instances when (1) th e
moisture content is nonrmiformly distributed and considerable mois-
ture gradient exists between the interior and exterior parts of the cros s
section, and (2) when the piece contains such defects as knots, cros s
grain, shakes, or checks .
THE EFFECT OF NONUNIFORMLY DISTRIBUTED MOISTURE ON THE STRENGTH O F

WOODEN MEMBER S

When a piece of wood is held for a long period under nearly con-
stant conditions of atmospheric temperature and humidity, all parts
of it reach approximate equilibrium, and only small variations In
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moisture content between parts obtain . Normally, however, wood is
not held under constant conditions, and usually drying is carried ou t
in such a manner as to produce moisture gradients of considerabl e
magnitude during the time the piece is approaching equilibrium . The
results of tests on chestnut specimens . with moisture nonuniforml y
distributed are illustrated in Figure 5 . In this instance, the effect
of the greater dryness of the outer parts of the specimens resulted in a
strength-moisture curve well above that for specimens with moisture
uniformly distributed.. -As may be seen from Figure 5, the strength
of specimens with a nonuniformly distributed moisture content o f
42 per cent was as great as that of specimens with a uiaiform .k dis-
tributed moisture content of 18 per cent, an.d for specimens with
nonuniform moistnee content averaging about 25 per cent th e
strength was as great as for those having a uniformly distributed
moisture content of 14 per cent. That wood tested in a partiall y

` seasoned condition and displaying large moisture gradients does no t
always yield results similar to these is demonstrated by a recen t
investigation .

The specific object of this investiga.tiou. was to obtain information
applicable to values from tests of partially and nonuniformly seasoned .
wood . Such information would prove valuable since preservativ e
and other treatments of timber frequently dry the surface to a lo w
moisture content and leave the moisture content progressively highe r
toward the center of the piece.. Conclusions concerning the effect o f
such treatments on strength properties of wood could. be- reached very
quickly if specimens could be tested soon after treatment and the .
results so adjusted. as to be oornpara.ble to those from control speci-
mens. Again, telephone poles of different species and different group s
of poles of the same species have been tested at various stages o f
seasoning. The data. from these tests would be of much greate r
utility if they could be adjusted to a strictly comparable basis .

The tests of the effect of partial seasoning were made on pole an d
rectangular (2 by 4 inches in cross section) specimens . The. species
of wood were chestnut . Douglas fir, loblolly pine, shortleaf pine, an d
tamarack .

Static-beiiding we coT[Tlaression-paral]el-to-grain tests were mad e
on partially dry and on matched green control specimens . The 2 by
4 inch specumens for test in tire partially seasoned condition were pre -
pared in :3 by 4 inch size, and the wide faces were coated with aprepa-
ratann to retard drying so that the principal drying would take placefrom. the narrow faces . When the specimens had been dried for the
re.gtusite period of time one-hs li inch was removed from each of thei r
wide f :a .e .es and the tests made . This resulted in test specimens 2 by 4
inches in cross Section whose moisture content was nearly uniformacross the width or narrow dimension hut varied from a. coinparaa.-
Th lt' low- vs hie cat c~zarli naaT'I'o face to a higher value at the middle .
The pole specimens for test in the partially seasoned condition werc ,

Cud" in anal! as Wily- aas to 1..arocl.tlt'e a comparatively low- moisture
cc►nter~t, at the surface, increasing to a higher value at the center .

The more inaport~ant of the data on 2 by 4 inch specimens of chest . -b>xt. a and loblolly pule are presented in Figures 39 to 43 : inclusive .
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FIGURE 39 .-Results of the determination of the modulus of rupture of nonuniformly seasoned 2 b y
4 inch specimens of chestnut . For data on moisture distribution, see Table 25

TABLE 25 . -Moisture distribution data for nonuniformly seasoned 2 by 4 inc h
specimens of chestnut plotted in Figures 89, 40, and 4 1

Moisture content of successive slices from compression face o f
static bending specime n

No . 1
Per

	

en t
x12.7

Per cen t
15.8

Per cent
18.3

Per cen t
22.3

Per cent
26 . 2

No.3	 12 . 6 16. 0 18.1 20.4 25 . 0
No. 5	 •- - 8.4 12. 5 14.9 19.3 27. 1
No. 7	 13. 1 15 .8 18.3 21 .1 21. 7
No,1J	 13.7 16 . 2 18. 0 19.7 21 . 7
No.11	 11 .5 15 .3 21 .4 39.8 102 . 4
No . 13	 9.7 12 .2 15. 1 22. 2 33 . 7
No. 15	 13 .8 16 . 5 19.0 23 .0 29. 0
No. 17	 13 .8 16 . 0 19.8 25 . 5 33. 6
No, 19	 =-- - - 11 . 1 13 .3 19. 5 30. 0 50. 5
No . 21	 11 .4 14 . 8 17.8 22 . 2 29 . 2
No. 23	 9. 6 11 .6 13 .8 16.0 18. 1
No .25	 •-- - 12. 4 15.4 18. 1 23 .6 31.6

1 The average moisture content in the second inch of all specimens was above the intersection-point ve1ue
except that in the second inch of specimen No, 23, which was 20 .5 per cent .

Specimen.
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hi each of' these diagrams, the ratios of the strength of a. partially
seasoned specimen to the strength of its own green control specimen
are plotted over the average moisture content of the partially seasone d
specimen. There is also shown for comparison a moisture-strengt h
curve for uniformly seasoned pieces . Where. suitable data on speci-
mens from the same logs as the partially seasoned specimens wer e
available, they were used in establishing the moisture-strength curve
for uniformly seasoned specimens .

2.2-
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1GIRE 40 -Results of the determination of the fiber stress at elastic limit in static bending o fnonuniformly seasoned 2 by 4 inch specimens of chestnut . For data on moisture distribution,Cee Table 2,5

The data demonstrate that the strengths of different species ar e
differently affected by partial seasoning, as may be seen from a cor -
Aarison between chestnut and loblolly pine . Figures 39, 40, and 4 1$hOw the results of tests on chestnut. The fact that in these dia-
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grams the points are consistent.iy well above the moisture-streugt
curve . for uniformly seasoned specimens demonstrates that 0,
specimens with moisture nontuiiformly distributed were much higher
in strength than they would ha- e been had the moisture Conteaveraged the same but been uniformly distributed in the or
section, and confirm with respect to chestnut the results show n
Figure 5 . '
' Figures 42 and 43 present similar data for loblolly pine and sho

that specimens with an average moisture content above the fiber
saturation point have, on an average, received no increase in strengt h

CE6NJ
o AIR- DP/ED SPEC/MENS ACTUAL TG~S7 Rr",SUITS-/f/LN-DR/ED SPEC/ME/3.i

A/R- DR/ED SPEC/MEWS
as - ff/LN- OR/EO SPEC/MEWS

CgLC!/LATED V4LES

0
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45
AVERA6E 44+D/J.74f/RE cWTfNT iPE.P CENT OF ,, PY kYf/6//~

FIGURE 41 .-Results of the determination of the maximum crushing strength of nonuniformly sea-
soned 2 by 4 inch specimens of chestnut . Figures along connecting lines are specimen numbers .
For data on moisture distribution, see Table 2

':from partial drying, some specimens having been strengthened an d
others weakened .

The results deihoiistra,te a contrast between chestnut and lobloll y
pine with respect to the effect of partial seasoning. The other species
tested are intermediate . This difference with respect to the effec t
of partial seasoning is due to variations in the way adjacent layer s
differing in moisture content act together when strained in com-
pression . The cooperation of these layers depends on their stress-
strain relations .

Two types of behavior of wood under compressive stress and strain ,
either in pure compression or in bending, are as follows :

170

CURVE fa? UN/FG'/ fL
SEASONED S aEI/~ Ic`l,3

sa

t
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TYP E A .-Maximum stress is reached at comparatively smal l
deformation, and the stress decreases rapidly with small additional

deformation ; the strain or deformation, soon becoming localized at, a
single point or in a small region . When local failure has once
occurred, not enough stress can be sustained to cause the forma-
tion of other failures . This type of behavior is more common in
dry wood than in green and more common in coniferous species tha n
in hardwoods . Its extreme is exemplified by very dry wood, in
which maximum stress is reached at a small deformation and sudden

t and complete failure occurs immediately .

a
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FIGURE 42-Results of the determination of modulus of rupture of nonuniformly seasoned 2 b y
4 inch specimens of loblolly pine . The solid circles represent specimens that were intended t o
be partially seasoned with comparatively low moisture content at the surface but were found t o
have moisture content values above the intersection point value throughout . See Table 26 for data
on moisture distribution

TABLE M.-Moisture distribution data for non uniformly seasoned 2 by 4 inc h
specimens of loblolly pine plotted in Figures 42 and 4 3

'Moisture content of successive slices from compression face o f
static bending specime n

Specimen

	

Seeon .l

	

Third

	

Fsius I.h .. i

	

inch

	

inc

	

h

	

inch

Per cent

	

Per cen/

	

Per cen t
22.9

	

25.7

	

27 . 9
23.3 '

	

25- 6

	

27 . 1
22 .6

	

25. 2
43.4

	

59.4

	

55 . 8
20.6

	

24.71

	

26 . 0
23 .0

	

3656. 8
20 .7

	

24.6

	

N . 9
26 .9

	

25 . :1

	

36 . 6
20.6

	

211.9 {

	

33 . 6
44 .0

	

7. 2

	

50. 6
21 .5

	

23.2

	

24 . 5
31 .7

	

:15.6

	

29. 0
29.0

	

29- 8

	

:31 . 2
21 .6

	

27 .5

	

34. 3
18.3

	

2L .6

	

24. 0
29.4

	

16 .0

	

43. 6

1 The moisture content in the second inch of all specimens was above the intersection-point value .

84111 0-32_6

First i ; ' Sewlr ;l l
IH'b

	

ins . h

Per cent
12.7
14 . 1
12. 0
17 . 2
14 . 1
14 .7
13. 1
17 . 4
12. 6
20. 0
1 .5. 4
17. 9
22. 4
12.9
14. 2
20 .8

Per cen t
16.8
18. 1
17 . 8
45. 6
16. 0
17. 7
16. 9
21 . 7
17, 0
30. 8
19.1
28. 6

. 2
5€ . 9
16 . 0
28 .4
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Tvai: B .--Maximum stress does not occur until ;l coin ptirxlti~el~.
large deformation has taken place, stress decreases but . slowly with
further increase in deformation, deformation continues to be wel l
distributed longitudinally for a. time but finally becomes localiz ed

at a number of points, and numerous failures appear sbllultaneo tlsl y
or in close succession before there is an appreciable decrease in stres s' .
This type of behavior is more common in green wood than in dry ant i
more common in hardwoods than in conifers . It is exhibited by bo th
green and air-dry wood of such species as hickory and reaches it s
extreme in hickory that has beet obtained from near the base o f
some trees. Distributed rather than localized failure is c haracter
istic of material in which the stress is maintained very nearly at its
maximum value through a considerable range of strain or deformatio n .

/o-7- 3
	r	 i	 0i

45

	

50

	

55

	

60

	

6 5
AVERAGE M.0/STORE CONTENT (PER CENT OF am- wz/O/IT)

FtGtRE 43 .-Results of the determination of maximum crushing strength of nouunifonmly sea-
soned 2 by 4 inch specimens of loblolly pine . The solid circles represent specimens that were
intended to be partially seasoned with comparatively low moisture content at the surfac e
but were found to have moisture-content values above the intersection-point valve through -
out - See Table 26 for data on moisture distributio n

The stress-strain relation corresponding to type A behavior i s
illustrated by the diagram for air-dry loblolly pine its shown in Figur e
44, while that for type B is illustrated by the diagrams for gree n
loblolly pine and for green and air-dry chestnut . The diagrams in
this figure were taken from actual tests and are typical with respec t
to the shape of the stress-strain curves but not with respect to th e
relative amounts of deformation at maximum stress .

If the stress-strain relations are of type B both for green and fo r
air-dry material, as illustrated for chestnut in Figure 44, all or severa l
of the successive layers of a nonuniformly seasoned piece may develop
their maximum or nearly their maximum stress at the same deflection .
This is obviously true for pieces loaded in compression parallel t o
grain . How it may also be true of beams can be seen from the fact
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that when tension failure occurs in a bearer the neutral plane has move d
downward and the deformation not only at the upper surface but for a
considerable distance below it comes into the range within which the
stress is maintained at very nearly its maximum . Such a non uni-
formly seasoned piece would carry a larger load either in compressio n
or in bending than if it were thoroughly green .

If type A stress-strain relations obtain at all degrees of dryness, the -
parts of a nonuniformly seasoned piece loaded in compression paralle l
to grain may not develop their maximum stress at the same deflectio n
with the result that the maximum load for the piece is less than the
sum of the maximu m
loads for its parts and
may actually be less
than if the piece wer e
thoroughly green .

If the stress-strain
relations change fro m
type B for green or we t
wood toward type A
with decrease in mois-
ture content, the stres s
in the drier top layer

	

rf9E A
e '-

of a partially seasoned
beam may in test pass
its maximum and de -
crease greatly before
the layers below it at-
tain a high stress . The
result is that the layers
of different degrees o f
dryness successivel y
reach their maximum

	

Fmu 44.-Share of sress-strain diagrams for green and air -

stress and fail and

	

dry loblolly pine and chestnut under compressive strew .
Arrows indicate first visible failure

StR .sI N

L08LOLLY P/NZ CHESTNU T

the beam may be no
stronger or may be ac t ually weaker than if it were thoroughly green .

Different types of behavior of nonuniformly seasoned pieces in com-
pression parallel to grain are illustrated by loblolly pine (fig . 43) and
chestnut (fig . 41), respectively. Figure 43 indicates that, on an
average, loblolly pine was not increased in strength by partial season-
urg . Figure 41 shows, on the contrary, that chestnut was increased

`in strength although in only 3 cases out of 13 was the actual strength
value as high as it would have been had each part carried the loadcalculated value) Corr r n d~

	

t o~, f'st~t;«.~u"2~ ` c;~, its moisture COn.t£Ilt .
Figures 39 and 4() show certain calculated values in addition t o

actual results from bending tests . These values were obtained by
ultiplying the momennt• of inertia of each of the parts of the bea m

whose lr;oist!lre content was separately determined into the estimate d
strength value (modulus of rupture or fiber stress at elastic limit) a t
that moisture content and dividing the sum of these products by th emoment of inertia of the entire section, A sample computation is
shown in Table 27,
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TABLE 27 .--Exanr.l,le of calculated cables for nioduloa of rupltrr e

} .-)AXiirncn 2 by 4 inches Modulus of rupture of green control specimens 5,000 pounds per squaro l,

of rsa
r riloisturc assume

d !

	

s
to he symmetrical ; about 1orizona

l of cetile beam are
nter line of ~ctionin column 3. I)istr ibni Iq

~l omeut o f
inertia of
two sym - Moisture Modulus o f
metrically content ruptur e

locate d
slices

Per cent
Lb .t . pe r
sq . in .

I . 875 13. 8 7, 150
1 . 643 16. 5 6, 50 0
2. 646 19. 0 6, 000
I . 896 23 . 0 3, 17 0
1. 271 29 . 0 5, 00 0
1 . 333 39 (4 5, 000

Ian, 1)67

62.':104-I0 .667=5,890= calculated mina (if modulus of rupture .

As may be observed from Figures 39, 40, and 41, the calculate d
and actual values for chestnut agree closely in only a few in stances.
(This was found to be true for other species also .) Furthermore,
the calculated value, though in most cases above the actual, is no t
consistently so, and apparently there is no correlation between th e
actual and calculated values . Hence, there seems to be little chanc e
that this type of calculation could be made the basis for predictin g
the strength of a partially seasoned piece or of reducing to some
standard moisture condition results of tests on such a piece .

Also the demonstrated fact of the differing effect of partial seasonin g
on different species indicates that no one type of formula for making
such computations would be found applicable to all species auad that ,
consequently, methods of computing the strength of pieces of moo d
of a species when in a partially seasoned condition can be found, if
at all, only after very extended experiments on that . species .

CONCLUSIONS FROM THE TESTS OF WOODEN MEMBERS HAVING NONUNIFORMLY
DISTRIBUTED MOISTUR E

The tests of the strength of Specimens with moisture nonuniforml y
distributed lead to the following conclusions :

A partially seasoned piece of wood whose average moisture conten t
is abo v e the fiber-saturation-point value. may or may not be stronger
and may conceivably be weaker than the same piece in the gree n
condition . Whether increase in strength occurs as the result of such
seasoning depends on the characteristics of the species and on numer-
ous other factors. The available information indicates that the
species most likely to be increased in strength are those in which ,
regardless of the degree of dryness, the stress in compression paralle l
to grain decreases but. slowly as deformation is increased beyond that
at which maximum stress occurs . However, the characteristics tha t
determine whether or not wood of a species will be increased by suc h
partial seasoning are not completely known . Consequently, it . is not
possible to classify species in this respect.. except from the results o f
tests . Chestnut specimens were appreciably strengthened by partia l
seasoning thaat . did not reduce the average moisture content below th e
fiber-eat oration-point value : loblolly pine similarly seasoned was o n

Thickness of slic e

______________________________ _
} 'to	

_____ _

1 ) o
1	

- - - - - -

	

-- -
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the average no stronger than when green . Douglas fir rectangula r
and tamarack pole specimens showed some increase but loss than - .
chestnut . Available data are insufficient to indicate the effect o f
similar seasoning on shortleaf pine .

Timber partially seasoned to an average moisture content belo w
the fiber-saturation-point value may or may not have higher strengt h
than would be expected from the average moisture content . In th e
tests described, pole specimens of tamarack and chestnut and rectan-
gular specimens of chestnut, shottleaf pine, and Douglas fir were
usually higher in. strength. than would be expected from . the average
moisture content, whereas the results for pole specimens of shortlea f
pine were lower than would be expected . Available (lath are insuffi-
cient to indicate the effect of such seasoning on loblolly pine .

Because of difference in the behavior of different species whe n
partially and nonuniformly seasoned, there is little hope of being abl e
to derive adjustment formulas applicable to results of tests ors par-
tially seasoned wood. No attempt should be made to adjust dat a
derived from tests of partially and nonuniformly seasoned timber .

Material for tests intended to afford a comparison betrween specie s
m the form of such products as poles or between treated and un-
treated timber should be conditioned to equilibrium under exposur e
approximately the same as will obtain in service . Adjustment of
data for differences in moisture content will then be unnecessary .

MOISTURE AND ITS RELATION TO THE STRENGTH OF WOOD AND TIMBE R
CONTAINING DEFECT S

It has been emphasized that the tests of Groups l and 2 discussed
earlier in this bulletin were made on small specimens free from defect s
and that the changes in strength shown and the methods of moisture -
strength adjustment set up apply only to such material . Larger
pieces free from defects and structural timbers with the defects
commonly found therein differ distinctly from small, clear specimen s
with respect to strength-moisture relations .

The drying of small, clear specimens produces comparatively larg e
increases in many strength properties because the wood fibers an d
other small elements of the structure are greatly increased in strength .
Although in larger pieces and in pieces with such defects as knots ,
crass grain, and shakes, similar increase in the strength of the fiber s
takes place it is not fulls effective in increasing the strength of th e
Piece as a whole because drying almost invariably produces checks ,
pitrtic.ularly in pieces eon taming t.lle pith of the tree, and also intensifies
the effects of previously existing defects . The reason for this is foun dirltll_

	

,e Way 1»c;istilrc nlo1-f~~; and in the way shrinkage takes place e:~uringdl 3 ing ,
1
i
Vi t:h a given change of moisture content below the fiber-saturation

17ont , the shrinkage of a piece of wood or the tendency to shrin kdiffers a ccording to the three principal directions with respect to thestt'tleture . The tendency to shrink is greatest in the tangential direc-
t1ba, less radially, and, except in abnormal material, such as compres san wood,'' is negligible longitudinally or along the grain .

h

t1
;aittt.,ressir,T, woof} t•nritiists c•haraeleri~lieallr ni annual rings abnormally widened over a part of thei rUiergft.rrtice• In this widened portion, the sutrinier wood constitutes a large proportion of the width of•ttT U( tt ~ i1~it tiie dinerenee iel weeIJ spring n•ood and summer wood is less marked than in wood of normal}f~ cft i_

	

'einpre*Sinn wood occurs ot~l} in coniferous species and is formed principally on the lowe r
on wois characterized b

y underside
gr a
bulbs .

ty above normal
abnorma

l rby
longitudina l

deficiency in rcertain strengt hproAetti es es-
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The width of fiat-grained or slash-sawn boards is principally ta,n gen, ~
tial to the annual rings, and it is common observation that such boar d s
shrink more in drying and undergo greater changes in width with sub..
sequent fluctuations of moisture content than do edge-grained or
quarter-sawn boards, whose width is radial . Owing to this same di f_ :
Terence the circumference of a pole or log tends to be decreased by agreater percentage in drying than does the diameter, and stretching
or checking is necessary to accommodate the circumference to the
diameter . The same is true of sawed timbers that include the pith o f
the tree . Ordinarily, the wood is incapable of the necessary stretchin g
and consequently drying is accompanied by checking .

	

° '
The drying of any piece of wood takes place from the outside, i n

consequence of which the outer portion acquires a tendency to sluinh
in advance of the interior . This is the principal cause of checking in
pieces that do not contain the pith and enhances the checking of logs,
poles, and other products in which the pith is present .

Under a given drying condition moisture moves at different rate s
in the principal structural directions. Movement is most rapid lon-
gitudinally and least tangentially, with that in the radial directio n
intermediate . An illustration of the effect of the more rapid longi-
tudinal movement is afforded by the checks that form at the ends o f
lumber and timber during drying unless precautions are taken to
retard drying from the ends. As a result of the rapid longitudina l
movement, the material at and near the ends of the piece soon reache s
a moisture content that demands shrinkage, but as shrinkage i s
resisted by the adjacent portions that have not reached such a mois-
ture condition checking occurs at the ends of the piece .

The combined effect of the differences in moisture movement an d
shrinkage in the different directions and of the fact that the oute r
portions of any piece ordinarily reach a moisture content that demand s
shrinkage in advance of the interior is to stress the wood in com-
pression and tension across the grain. The tension stresses cause
checking and increase the extent of any shakes that may be present .
Checking and extension of shakes reduce the area available to resis t
shearing stress parallel to the grain . Checking reduces the strength in
longitudinal compression by separating the fibers and thus causes th e
loss of some of their mutual support, against buckling . Decrease in
adherence of fibers also lessens the tensile strength .

Shrinkage stresses and the resulting checking are at a minimu m
in small, clear pieces that are carefully dried . Ordinarily the larger
the piece the more severe is the checking that takes place, and ,
consequently, large pieces, even when free from knots or cross grai n
so that the checks are parallel to the length, gain less strength i n
drying than do small specimens . The checks in the pieces having
knots and cross or spiral grain extend in directions inclined to the
length of the piece . Also shrinkage stresses and checking in suc h
pieces are enhanced by the fact that the movement of moisture t o
the lateral faces of the piece is in part along the length of the fiber s
and, consequently, larger differences in moisture content between th e
surface and the interior occur . Since longitudinal compression an d
tension stresses have components parallel and at right angles to thes e

19 The weakening effect of knots in either green or seasoned timbers is due largely to the fact that the fibers
within and surrounding them are not parallel with the length of the piece .
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directions, the gain in fiber strength resulting from loss of moistur e
is further offset in such pieces .

These effects cause any lot of sawed timbers to be more variabl e
in strength when seasoned than when green, and tests of similar
groups of green and seasoned timbers have shown that althoug h
maximum and average strength values are higher for the seasone d
material, minimum values are not appreciably raised by seasoning .
A degree of cross grain that has little influence on timbers in th e
green condition. may, because of the formation of checks, greatly
affect a seasoned timber .

The statements of the preceding paragraph apply to sawed timbers .
Checking and the stresses set up in drying have less effect on th e
strength of split or of naturally round timbers, such as poles an d
piling. In such pieces no movement of moisture to the surface alon g
the length of the fibers occurs, and unless the piece is spiral grained ,
longitudinal stresses do not have components at right angles to th e
checks. Consequently, round timbers, unless they are spiral grained ,
are considerably increased in strength by seasoning (j) but not s o
greatly as small, clear specimens .

SUMMAR Y

This bulletin brings together data resulting from tests of the effec t
of moisture on the strength properties of wood as made by the Fores t
Service over a period of 25 years . The data are considered in detail ,
and fronts them a type formula to express the relation between uni-
formly distributed moisture content and various strength propertie s
is derived . The application and limitations of this formula in ad-
justing test results for differences in moisture content are presented .
The effect of partial seasoning on the strength of wood and the pitfall s
which attend any attempt to adjust strength values when the moistur e
Is n onttitifonnly distribii .ted are set forth, as well as the effect o f
seasoning on the strength of timbers containing defects .
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