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| STRENGTH-MOISTURE RELATIONS FOR
WOOD

By T. R. C. WiLson!
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:Wood in the natural state in the living tree has associated with it
quantities of water, usually sufficient to make it appear
. After being converted into lumber or other usable forms or
BUIng the conversion it is commonly dried to a state such that wet-

.18 not evident, although appreciable quantities of water remain.
Uring subsequent use it may be soaked or otherwise so exposed as to
f2°c0me obviously wet, or it may be so sheltered that no wetness be-
In the latter case, however, since wood is hygro-
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scopic, its moisture condition varies with fluctuations in the tempey, :
ture and the humidity, or dampness, of the air.
When the moisture content is below a certain limit changes in ;. &
value are accompanied by changes in many of the properties and §
characteristics of the wood. Dimensions and numerous strengt
properties are also affected. ;
Wood fibers are increased in strength by drying, and a piece of wogq
In an average air-dry condition may be as much as two and one-hgj:
times as strong as a similar piece in the green condition, the ratj,]
varying with the species, with the distribution of meoisture, whethe, 8§
uniform or nonuniform, and with the strength property considereq %
It is obvious then that comparisons among results of strength testy!
are likely to be greatly in error unless the moisture condition of tegt$
material is known in each case and allowance made for any differences 8
that may exist. i
The purpose of this bulletin is to discuss the relations between the
moisture content and the strength properties of small, clear specimeng
of wood, to outline the development of formulas that may be used iy
adjusting strength values for differences in moisture content, and to 8
make clear the applicability and limitations of these formulas. Other i
phases of moisture-strength relations are also discussed. 5
The relation of the moisture in wood to its strength properties hgg
been discussed in two preceding publications, neither of which is now 4
available for distribution, namely, Forest Service Bulletin 70 (12)?%§
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. 3
The changes in strength and other properties of wood with changes §
in moisture can not be thoroughly understood without some knowledge §
of how moisture is held in wood, how wood dries, and how it takes on
moisture. Also, the method of making moisture determinations is of §
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 final§
weight 1s 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 are §
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 3
for the purposes discussed in this bulletin.*

3 Italic numbers in parentheses refer to Literature Cited, p. 88. |
¢ 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 conient t00
low. None of the materiat from which data are presented in this bulletin was abnormal with respect to &
the amount of resin or other infiltrated substances present.
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The relation between the weights obtained may be expressed as

follows:
Wo— Wf=Wa (1)

Where Wo=original weight, Wf=final weight, and Wa=water
content or moisture content by weight.

In equation (1) Wa is the moisture content in the same units as the
origina({ and final weights. If, for example, weighings were made in
pounds, the moisture content could be stated as Wa pounds. Such a
statement would, however, have little significance as it would not
specify the quantity of wood with which the Wa pounds of water had
been associated. Because the piece of wood whose moisture content
is determined is usually a sample of a larger piece whose moisture
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 base
i of the percentage. Accepted practice in stating the moisture content
- of wood ® is to use the final weight as the base of percentages and to
- express the result as follows:

Per cent moisture content

. aBE
M =100 g,}‘.loo W"waf yor 100(—%,;2——1) @)

' 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 the
§ base of the percentage is preferred because it results in percentages
whose relationships are very simple. For example, if 120 units by
L weight of wood has associated with it 60 units of water, the moisture
i 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 its
 former value. The use of the original weight, that 1s, the weight of

the wood and water together, as a base yields percentages whose
 relationships are much less simple.

MOISTURE CONTENT UNDER VARIOUS CONDITIONS

. 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
Aeartwood of some coniferous species, such as Douglas fir ¢ and the
tSouthern yellow pines, the moisture content is normally very low
\\from 25 to 50 per cent) whereas in the sapwood it is much higher
F\rom 100 to 120 per cent or more). In some hardwood species the
‘Molsture content is very low both in heartwood and in sapwood.
' 0r example, the white ashes average about 40 to 50 per cent moisture
Onten!,, Some other species, including both conifers and hardwoods,
ve high moisture content in all parts of the tree.

' When a piece of wood is subjected to prolonged soaking in water, it
Vetgtually acquires a very high moisture content, at least in the outer
Portions, which are most accessible to the action of the water. The
3 ldI ?ﬁ&éiﬂ;g‘:&hc moisture content of wood pulp, the practice of the chemist in defining solutions is followed,
5. e eAf.:." t of the combination of wood pulp and (»lvauer is used as the base of pcreentages, for example,
" At moisture content of wood pulp equals 100 Wo

B a}rle Standard names employed by the U. 8. Forest Service for lumber and for the trees from which it is
I 4ft used throughout this bulletin (/1).
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-piece of wood is quite large, such as a 12 by 12 inch by 16-foot timber,
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moisture content in such portions is probably limited only by th
space available. That absorption of water by the heartwooq §
many species is comparatively slow, particularly in pieces that hay,
not been checked in drying, is evident from the observed fact tyg
logs and piling submerged 1 water for several years are not fijjq
with water throughout. I ;

Figure 1 shows the relation between the equilibrium moistyy
content of Sitka spruce and the temperature and relative humidis
of the air. - ’

For example, if a piece of Sitka spruce is exposed in air maintaineg
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 th
moisture content as long as this temperature and this relative humig
ity are maintained. Six per cent is then the equilibrium moistypg
content for Sitka spruce in air at 80° and 30 per cent relative humidity;
Figure 1 shows that the equilibrium moisture content value increaseg
with increase in relative humidity and with decrease in temperatyrg!
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 tg'
equilibrium moisture content values.

After a piece of green wood has been subjected to natural atmog::
pheric conditions for some time the moisture content at the surface
comes into equilibrium with the current temperature and humidity:
and thereafter fluctuates with changes in these factors. The equ-!
librium moisture content varies from as low as 5 to 8 per cent in’
the more arid, to as high as 18 to 20 per cent or higher in the more!
humid climates, and at any place varies with changes in weather}
conditions. The inner portion of the piece continues to dry by
transfer of moisture to the surface, where it is evaporated, unti}
finally the center attains a moisture content such that no further
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

several years may be required.

By means of kiln or other artificial drying the moisture content ¢
of wood may be reduced to any desired value. Subsequent to such 4
drying the moisture content tends to come into equilibrium with the
atmospheric conditions to which the wood is exposed. There is :
some evidence, however, that the equilibrium moisture content may °

be lowered slightly by drying the wood to a very low moisture
content.
HOW MOISTURE IS ASSOCIATED WITH WOOD

The structure of wood, typical examples of which are illustrated
by Figures 2 and 3, allows moisture to exist in two states; as “bound”
or “imbibed’” moisture, absorbed within the substance of the cell
walls, and as ‘“free’” water, filling or partially filling the cavities
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 POINT

The theory of the fiber-saturation point was first evolved (12) in
connection with wood to explain certain phenomena of moisture-

ey
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strength and moisture-shrinkage relations. The saturation point, of
wood fibers may be defined theoretically as the state in which
cell walls are saturated throughout but the cavities of the fibers gy,
entirely free from moisture. However, exactly such a state is seldop!
attaineél, except possibly by isolated fibers or by very small fragmeng
of wood. ¢

It is presumed that at the fiber-saturation point the shrinkage of
a drying wood fiber begins, its strength properties begin to be affecteq

FIGURE 2.—Drawing of a highly magnified block of hardwood measuring about one-
fortieth inch vertically: #, Transverse surface; rr, radial surface; g, tangential sur-
face; v, vessel or pore; wf, woodfibers;, wr, wood rays; ar, annual ring

and a change takes places in the relation between other physical |
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, such
uniformity of moisture distribution is apparently unattainable in
pieces of tangible size, and some parts reach the fiber-saturation point 2
in advance of others. Consequently, changes in properties of a piece §
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of wood occur before the average moisture content hag reached the
fiber-saturation point valye, Because of this fact the true fiber-
saturation point moisture content is not ordinarily marked by any
abrupt change in graphs that represent the relation between the
strength or other properties of a piece of wood and its average
moisture content.

The first systematic study by the Forest Service of the relations
between the moisture content of wood and its strength properties

Ficurg 3.—~D f a highly magnified block of softwood measuring about one-fortieth
nch vertieg fansverse surface; rr, radia] surface; tg, tangentia] surface; ar, annual
g

Iing; sm, sumimer wood; sp, Spring wood; ir, tracheids, cr fibers; hrd, horizontal resin
duct; Jwr, fusiform wood ray; wr, wood rays

rawing o
Ny: #t,

L 0SISted of g serjos of tests conducted by H. D. Tiemann in 1903
: European investigators had previously tested wood in
. TI0US stagos of seasoning and had demonstrated the fact of increase
) Strength with loss of moisture, However, the existence of the
L TSaturation point had not been recognized, and the fiber-satura-
:“-poin ¢ theory as applied to strength properties and shrinkage was
L 3nounced in Forest Service Bulletin 70 (12), which presented
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the results of the Forest Service tests. Some typical moistyyel
strength curves as originally derived from these early tests are repy
duced in Figure 4. o

If the moisture is quite nonuniformly distributed in a piece of wogq

the outer shell may be well below the fiber-saturation point while thg !

16,000 j

\\
14,000

13,000

12,00

11,000

8,000

7,00

6,000

POUNDS PER SQUARE INCH

5,00

«,000

3,000

2,00

W
P e
% SKHE l l g,
f.ooaﬁ/—”"’? :M# STRENGTH v

(R
CCRpgp A7 3 Pip ot ! T
"Eﬁuz AR %”&i’,fi ORMATION— COMPRESSION
o ! s 4 I =
0 5 10 /5 20 25 30 35 40 45 50 55
MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FIGURE 4.—Typical moisture-strength properties <]:urves for red spruce as originally derived from
earlier tests

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 the
driest toward the wettest condition as entirely to obscure the fiber-
saturation point. Some earlier investigators mistook such curves, an
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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 FORMULAS

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, different
species, and, to some extent, different pieces of the same species were
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 the
strength value at one moisture content should be multiplied to get

14,000

12,000 \

10,000 ~
~
\ \\<NGNUI‘//F0/?/WLV SEASONED SPECIMENS

8000 B B
( \ \TQ\‘O

[ -
S\ Bt
| — ~

|
{UN/F(L‘?ML Y SEASONED SPECIMENS

Rl
=
=3
o

S
>
=3
i)

MODULYS OF RUPTURE (POUNDS PER SQUARE INCH)
S
p=3
h=Y

0

0 10 20 30 40 50 60 70 80 90 100
MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FIGUKE 5.—Relation between modulus of rupture and moisture content for chestnut speci-
mens with moisture uniform!ly and nonuziformly distributed

the strength value at some other moisture content. The reduction
actors were taken from curves averaging the relation between mois-
ure content and the respective strength properties as found from
tests. The possibility of representing the relation between strength
values and ‘moisture content by mathematical formulas was not
Mvestigated at that time. Subsequent study of the same and other
availlable data has led to two types of strength-moisture adjustment
| ‘ormulas designated as “straight-line” and “exponential.”

STRAIGHT-LINE FORMULAS

ﬁrelT?e first systematic attempt at representing strength-moisture
alions mathematically was the derivation of formulas of 2 straight-
e type. From inspection of such strength-moisture curves as are
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shown in Figure 6, it is seen that a comparatively short portion g
the curve, such as that between 8 and 12 per cent moisture, does pq; =
deviate greatly from a straight-line. In devising a straightlip, *
formula for adjusting to 12 per cent moisture, 1t was assumed thy -
short portions of a moisture-strength curve to the left m}d right of
12 per cent moisture could be represented by straight lines whog, |

24,000— o
o
o
20,000~ o
<
S
2 ADJYSTMENT FROM
= 6 70 12 PER CENT
Wy LEGEND
& O-TABULATED ODATA
S @-FIBER SATURATION AS GIVEN
i T IN TABLE
fﬁ' o
Q |- o
" & \ . ___ADJUSTMENT FROM
S 18 TO 2 PER CENT
o
g 12,000~ o
N MODULUS OF RUPTURE
\Y
\ ~,
!g — \ Q\O
~ A \\o o
N g T - 3
ADIUSTMENT
X 8,0001=rrom 6 70 12 N _ADIUSTMENT FROM
o PER CENT O 18 70 IZ2 PER CENT
2 % MAXIMUM CRUSHING STRENGTH
N N,
2] \-o;‘;‘L
4,000
i N T R IS S LU I
0 8 /6 24 3z 40

MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FI1GURE 6.—Relation of modulus of rupture and maximum crushing strength of longleaf pine to
moisture content and iliustration of straight-line formulas. The plotted points are from the
curves originally drawn to represent the average strength-moisture relations. Data are from
Tables 18 and 19 of Forest Service Bulletin 70 (12)

intersections with the horizontal line representing the strength of
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:

S="5— 17+ @ ®)
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Where S=strength value as obtained from tests at moisture content
of M per cent, q =strength value as obtained from tests of matched
material in the green condition, and S;,=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 15
per cent moisture were also devised.

EXPONENTIAL FORMULA

It is obvious from Figure 6 that formulas of the straight-line type
can be only roughly approximate and that if their applications are
not limited to very small moisture differences comparatively large
errors in adjusted values are probable. Need for more accurate
adjustments arising in connection with a series of tests made some

- years ago led to a careful analysis of the data available at that time.
L These data referred to only a few species of wood and a few strength
*  properties. The principal object of the analysis was to find a type of
# strength-moisture equation that might be assumed to apply to all
& species and to all strength properties. In all the sets of strength-
£ moisture data reviewed, it was found that within certain limits the
- relation between the logarithm of the strength value and the moisture
¢ 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-
B duced with the strength values plotted to a logarithmic scale on the
B vertical axis and the percentage of moisture content plotted to a
&  uniform, or arithmetie, scale on the horizontal axis.
he general equation of a straight line in such a plot is

g S e e i

L= s

= i

Log S=log S,— KM, (5)
which is equivalent to
E S =8, 107%™, (6)

Where S and M are corresponding strength and moisture-content
1 alues within the limits of applicability of the equation, S, is the
‘:Str@ngth value that will obtain at zero moisture if the equation is
= valid to that point, and K is an experimentally determined constant,
£ 0T parameter.,

. e agreement between the exponential formula and the experi-

3 mfllt&l data is found to be quite good in a large number of instances,
R is fact suggests that this type of relation may be a close approxi-
-~ lon to the fundamental law of the effect of moisture on strength
- I?leiltll.es and that the deviations of experimentally obtained values
v 1s law may be largely due to experimental errors. Among the
4{ s of deviation are nonuniform distribution of moisture in test
f)helrm'en?" the disturbing influence of varying amounts of resin or
i Infiltrated substances in certain species, and particularly the

ity of wood and the consequent impossibility of obtaining for

‘.‘_"u exggfitrgld boints in Figures 6 and 7 do not represent actual test results but the curves originally derived
rves ¢, = ental data. As will be shown later, reconsideration of the same data has resulted in different
Present the strength-moisture relation.
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test at several different moisture-content values specimens that gy,!
exactly alike in all particulars except moisture content. 1

Since moisture content appears in formula (6) as an exponent, tj
equation is referred to as the exponential strength-moisture formy],
Formula (6) is presumed to apply for values of M within part of thq
range between zero and the intersection of the inclined and horizonty)
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 previously‘

~A4
T N B
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F1GURE 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 originally
drawn to represent the average strength-moisture relations. The data for longleaf pine are the
saime as those shown plotted to an arithmetic scale in Figure 6

defined, a separate name for it is desirable, and it will be called the
“intersection point.” M, will then designate the moisture content
at the intersection point and S, the strength value at that point, that
is, the strength value for green wood. Then, since S, and M, define
a Iéo%n;: on the inclined line which is represented by equations (5)
and (6),

S,=S8,-10~%Mp (7)
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and dividing (6) by (7),

g;= 10X Mp=2) (8)
or
Log S=log S,+ K(M,— M) 9)

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

experimentally determined values of S, or of the ratio §S—» are plotted

r

over the corresponding values of M, the conformity of the resulting
points to a straight line will measure the agreement of the experi-
mental data with the exponential formula. Also, if a horizontal line
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 A,
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 with
decrease of moisture content.

DATA FROM TESTS OF WOO%]) AT VARIOUS MOISTURE-CONTENT
ALUES

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-moisture
relations.  Species and properties not previously studied were
mcluded.

- 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 arithmetic

= scale; the strength value for green or soaked control specimens is
¢ Iepresented by a horizontal line. In plotting, a different zero of the
- l0garithmic 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:

3 'co;lréli:isolection of test specin‘l(_ans a,ndL thei1'1proper treatment to secure the desired
& i ons constituted the chief part of the problem, and required much more
: € and at}ben‘mon than the tests themnselves.

. - e Sfpecunens were carefully cut and placed in scries, so that each series con-

A idjacegta number of specimens, cut cither {rom the same strip of wood or from

o gtrlps mhthe log or plauk,_ having pract}cally the same straight grain,

Tee irom defects. Iach specimen in a series was brought to a different

3 omugetdegree in such a manner th_at the moisture was uniformly _distributed.

S and 0 16 of such series of specimens were made for each species of wood
each kind of test.

< ests w A ; ’ : :
to 8S were made in bending, compression parallel to grain, shearing parallel

T : ) ; : :
Ne%i ‘1}?; and compression at right anglcs to grain. The sizes of the specimens
. ere 2 by 2 by 40 inches for bending with a span of 36 inches; 2 by 2 by 5%

", i oiSt
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and 2 by 2 by 12 inches for compression parallel to ‘grain anq at right angleg to B
grain, respectively; and 2 by 2 by 3 inches for shearing tests in the case of lop,. °
leaf pine, red spruce, and chestnut. Smaller sizes were used in the subsequepy
tests upon loblolly pine, red gum, Douglas fir, Norway pine, and tamarack,

The results of the tests were plotted on cross-section paper, and graphicauy = )

averaged by drawing a separate curve for each series. These series curves wepg
then averaged for the average curve of the species.

The compression tests parallel to grain gave the most uniform and reliab),
results, and therefore formed the chief subject of the study. Bending tests wepg
made upon the first three species, and also enough upon the next three to estap.
lish the fact that the law derived from compression tests applies alsg to
beams. * * *

The moisture was determined by cutting a cross-sectional disk at the point of
failure an inch or less in thickness (length) and drying this to constant weight
at the boiling point of water. The weight of moisture lost in drying is expresseq
as a per cent of this dry weight and represents the ‘“moisture per cent’’ at whicy
the test was made. Other disks were also taken to determine the distributioy
of moisture. Experiments were made to determine the amount of moisture stij
remaining in the disk after drying in the manner just described by further drying
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 tg
be negligible.

* * * *# * * ¥

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% inches long and from half an inch to 1 square inch in cross section,
It is better to use such small pieces for these tests hecause they may be brought
more accurately to the desired moisture condition, and with more uniform dis-
tribution of moisture, and also because greater uniformity may thus be obtained
in the structure of the specimens of each series.

As shown by the preceding quotations, Group 1 included special
tests of small specimens for the determination of the fiber-saturation
point and tests of larger specimens for finding the average effect of
moisture on strength. Fiber-saturation points also were determined
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 tests
on smaller specimens in Figures 12 and 13 and Tables 5 and 6.

TarLeE 1.—Data perlaining to Figure 8

Number
of speci-
men.:si A]verage -
: teste value 1 for | Value
Kind of test at each Property control of K
mois- specimens
ture
content
l?goguﬁus o{ elasticity. . ovocaoacaaaocaaaoo | 1,896,000 ] O. 00?(2)
. . & ) Modulus of raptife. oo 8, 890 .02
Static bending. ... 2 ) Fiber stress at elastie limit________________ 4,920 . 0245
Work fo elastic Mt oo e 0.73 . 0396
IF\"Igdu]ttxs of elas{:imty.]__. e e e 1, 22;, 000 8;%
. . Fiber stress at elastic limit. _ = , 515 i
Compression parallel to grain. 6 Maximum crushing strength_ ) 4, 605 . 0257
Work to elastie limit. . . .. 5.16 . 0348
Shear_ ... ____________ 7 | Average of radial and tangential shearing 915 L0157
stress.

1 Units of inch-pounds per cubie inch for work to elastic limit; pounds per square inch for others.




STRENGTH-MOISTURE RELATIONS FOR WOOD 15

7 |
£y
. of P<ISriciTY —STATIC BENDING
2] =

B oy | b

N NerREEN
\ \ o/." "

N~ N

r<:' wl < \:/c/fy

BN ({,PLcﬂ NS COMPRESSION PARALLEL TO GRAIN
U
N Jo < Bl creen

®

~ TANGENTIAL SHEAR

f
| ~GREE

A d | L

~
RSION PARALLEL TO GRAIN

PARALLEL TO §RAIN

LOGARITHNM OF STRENGTH PROPERTY

(o] o
\\‘?\: \,o | AGREEN
(] W \J’w’- /’GREEN
Sr020 W _ < f
N e N | | #%racter 1o graiw
) Y0 =X
X oy = o M
o W00 .
'§ o./0 > t- j(;
& S &
SLo '%1 e =
~ Q a2 >
\- STATIC BENDING
0 4 8 12 16 20 24 28 32 36 40

MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

Ficure 8.—Strength-moisture relations for longleaf pine, specimens 2 by 2 inches. Data are from
Tables 1, 5, and 10 of Forest Service Bulletin 70 (12). Control specimens, which are represen_ted
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Ficure 9.—Strength-moisture relations for red spruce, specimens 2 by 2 inches. Data are from
Tables 3, 8, and 12 of Forest Service Bulletin 70 (/£). Control specimens, which are repre-
sented by horizontal lines, were soaked to insure a moisture content above fhe fiber-saturation
point. Points labeled *“‘green’ represent specimens kept in damp box outdoors from October
to February. For detailed data see Table 2
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iy Ficure 10.—Strength-moisture relations for red spruce, specimens 2 by 2 inches. Data are !
from Tables 2, 6, and 9 of Forest Service Bulletin 70 (12). Control specimens, which are
E= represented by horizontal lines, were soaked to insure a moisture content above the fiber-
e Saturation point. Points labeled “green’’ represent specimens stored in damp box from 2 to

14 days before testing. For detailed data see Table 3 ;
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FIGURE 11.—Strength-moisture relations for chestnut, specimens 2 by 2 inches. Data are

from Tables 4, 7, and 11 of Forest Servico Bulletin 70 (12). Points marked S and G represent
soaked and green specimens, respectively., Moisture content values were as follows: Soaked
minimum 113, average 135 per cent; greem minimum 100, average 123 per cent. Control
values, which are represented by horizontal lines, are the average between soaked and green
specimens. For detailed data see Table 4




STRENGTH-MOISTURE RELATIONS FOR WOOD 19

\}\ ‘
. NR]
§ \\‘ \\b\ \Q\ \\
g PN N \ \\
by
N W \9‘\ NEERY .
S B N
< D gl 8 N N
X \\\\\\\" \:h; \\ \\\\ o B
$ \% NEAN .
§ 5%\ \x \\ \\ L
o Y \\\Q\\ N
JERNEERNN D
3 % l N

.8
7
/7 1/
7 VTV

l — =555
Srozo W I’y %
-“ ———— — o
N 3 120 N,
9 o N
N
§ oo W90 \
N 2 N
& W90 N\
§ & 1 x
QLo Wy 80 F
~ Q ) Y
@
0 4 8 i2 /6 20 24 28 32 36 40

MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

Frourg 12.—Relation of the maximum load in compression parallel to grain to moisture content
or chestnut, specimens 13{¢ by 13{6 by 114 inches. Data are from Figure 18 of Forest Service
ulletin 70 (12). FEach plotted ‘point represents a single test. Symbols of the same kind
Iepresent a series of specimens matched end-to-end. At F all individual values are replotted
With reference to the same zero. For detailed data sce T'able 5
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Fi1GuRE 13.—Relation of maximum load in compression parallel to grain to moisture content for
small specimnens of loblolly pine, longleaf pine, and red spruce. Data are from Figure 18 of
Forest Service Bulletin 70 (12). Each point represents a single specimen. Symbols of the same
kind represent a series of specimens matched end-to-end. For detailed data see Table 6
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Number
of speci-
men?1 Alver;agfe Val
. teste value ! for ue
Kind of test at each Property control | of K
mois- specimens
ture
content
T2 RS S 8 | Average of radial and tangential shearing 677 | 0.0105
i stress.
Stress at deformation of:
- 15 per éent. o vrvursassumalcsncsmmmans 688 . 0163
. Compression perpendicular ? 5 8percent. ... ... 587 . 0163
** to grain. Sper Cent. oo 531 . 0163
P eent. et e 481 . 0163
%‘ilod};uus tl)f elas]ticity ...................... -176:L 000 . 0193
: : e : ork to elastic limit.____.._____.__ = 30 . 0306
; Compression parallel to grain. 5 | Maximum crushing strength . _ B 2, 620 . 0234
Fiber stress at elastic limit. . ... 1,670 . 0250

TaBLE 3.—Data pertaining to Figure 10

- - 1 Units of inch-pounds per cubic inch for work to elastic limit; pounds per square inch for others.
78 1 Specimens 12 inches long loaded over the center 4 inches of the length.

Number
of speci-
men:;1 Aa\{erafge Val
: teste value for ue
Kind of test at each Property control | of K
mois- specimens
ture
content
Pounds per
3 . square inch
E 5ot . Modulus of elasticity.ccomcmcocmaccaacccnnn 1, 262,000 | 0.0056
¢ Static bending..___.___.______ 12:{ Modulns of rRPIRIe: .o o :ocamssmssnomsms 5,165 | .0166
E Fiber stress at elastie limit. . . _______ 3, 160 . 0176
L C ; Modulus of elasticity . oo 651, 000 . 0129
. “ompression parallel to grain. 11 { Fiber stress at elastic limit___ N 1,765 . 0227
Sh Maximum crushing strength______________ 2,410 . 0229
AT e e 8 | Average of radial and tangential shearing 608 . 0155
stress.
TaBLE 4.—Data periaining to Figure 11
Number
of speci-
men?1 Average v
Kind of test atgsetéech Property v(;a‘.};l?rgir o?l}}e
mois- specimens
ture
content
Pounds per
Modul f elasticit squga%yiggﬁ 0. 0068
Btati : Todulus of elasticity .. oo 1, .
Ptatic bending..______________ 10 {Fiber stress at elastic Hmit...oo...__.._.__ 3,670 | .0187
Modulus of rupture. .....coecoamcummman sl 6, 270 . 0132
3 'Comp s . Modulus of elastieity. ... i cnecosmmmewes 790, 000 . 0069
Téssion parallel to grain . 10 |{ Fiber stress at elastic mit_ .. __._._..__ 2, 475 . 0179
Bhear Maximum crushing strength_____________. 3,070 | .0214
........................ 10 | Average of radial and tangential shearing 733 . 0052

stress.
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TABLE 5.— Data periaining to Figure 12

I .
| Maximum | Maximum
Reference letteri load for green| Value of K | Reference letter| load for green| Value of K
specimen specimen
Pounds Pounds
1, GO0 0. (6204 i b S 2,070 . 0197
1, 560 . 0236 2 (N 2, 860 . 6185
2, 650 L0203 1 Wk el | | SR T L0218
TasLe 6.—Data pertaining to Figure 13
—
Average
maximun v
Species Size of specimens load for 31}1(9 of

green spec-
imens

\

Pounds
Loblolly Pine. . cceeocoooccmeeoo 1 by 1 by 126 Inehes. ccnnwmpmssemsmmubza 2,010 0.0247
Liongleal Dine. oo vrcsmes e vacma 34 by 84 By 114 inches. cocumwmc sumesnrasmmmsed 3,220 L0207
Red sprices . coceomensbnaduamseadlle e 7 (o N e R Y 1,450 021

Peints labeled “green” in these figures represent specimens tested at |
approximately the moisture content they had when first prepared. In |
numerous 1nstances there was doubt as to whether the moisture |
content was above the fiber-saturation point in all parts of such |

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 the
data. (P. 41.)

GROUP 2, TESTS MADE AT THE FOREST PRODUCTS LABORATORY
MATERIAL

All specimens for Group 2 tests were obtained from logs cut for the
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 height
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 245
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 about
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 Necpit, Wis.—QOne 12-foot and eight 16-foot
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 mear Richland Center, Wis.—One 20-foot, one 12-
foot, and two 8-foot butt logs and one 4-foot bolt, the butt of which
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 in
diameter breast high.
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MATCHING OF TEST SPECIMENS

" Intests 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 to
L variables other than the single one whose effect is to be determined.
" In the tests of Group 1 this result was sought through individual
¥ matching of specimens, and each series consisted of specimens
' obtained as nearly as possible from contiguous positions within the
. same group of annual growth layers.
& Tn preparing the material for the Group 2 tests, each white ash and
. yellow birch log was cut into 4-foot bolts. These bolts and the 6-foot
': ﬁ)gs of Douglas fir and Sitka spruce were then sawed into sticks of the
. 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 the
. 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 excellent
¢ group matching among the several sets as a whole and reasonably
- good matching among the subsets derived from any one tree. In
. other words, a fairly large number of specimens rather than individual
§ matching (as in the Group 1 tests) was depended upon to provide
¢ 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 different
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
specles were from the same source.

DRYING AND TESTING

. In the Group 2 tests all specimens of a species, except those for test
In the green condition, were dried together in a kiln at temperatures
. 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 that
In so far as possible the moisture was uniformly distributed in each
Plece and the stock free from drying or shrinkage stresses. Kiln
conditions were then regulated to prevent further change of moisture
¢ C‘ontent and the specimens of one set withdrawn a few at a time,
If%ﬂc}nned to the desired standard size and form, and returned to the
- Un where they remained until needed for test when they were again
- Temoved from the kiln a few at a time, placed in air-tight containers
and cooled to normal temperature, and the tests made. When the
esting of one set of specimens had been completed the remainder of
e charge was similarly dried and conditioned to the next lower mois-
\I'e content, when another set of specimens was withdrawn and tested.
Inils was repeated until the last set had been tested. Check deter-
ks itsnd‘%tlo{ls showed that no significant change in moisture content or
E . 1stribution occurred during the short period required for the final
3 moval from the kiln and the testing.
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All specimens were 2 by 2 inches in cross section and tests g
made in accordance with standard Forest Service methods (2).

Data from the Group 2 tests are shown in Figures 14 to 25 gy
Tables 7 to 16. These figures and tables are more fully described ;

o &

; d In’
the discussion of the data. (P. 38.) L
TABLE 7.—Data pertaining lo Figure 1}
Average
1
Kind of test Property | x
specimens
S
llw?)ﬂmum dl‘gpi T T 7 82‘(1) 0. 0097
. ‘iber stress at elastic Mmit________________ 7 A
Impact bending. . .oooooeeonioeaennenn Modulus of elasticity ....._____________ 1, 36, 000 88,98
Work toelasticlimit . _____________________ 2.61 | o1
Modulus of elastieity_.._ ... _._______ 1, 371, 000 3
Work to maximumload. ... ______._____ 5.93 | 0099
Statle bending <o .o isssivesiemmans Modulus of rupture oo 6,200 | 0147
Fiber stress at elastie limit..______________ 3,755 . 0161
Work to elastie limit . __________________ 0.61 | 00
1S3 07577 R D Average of radial and tangential shearing 730 . 0072
stress.
Compression parallel to grain.____._____ Maximum crushing strength____._______._ 3,070 . 0260
Compression perpendicular to grain_.__| Fiber stress at elastic limit_.______________ 335 L0187

LInches for maximum drop; inch-pounds per cubic inch for work values; pounds per square inch for
others. » 3

TasLE 8.—Detailed data pertaining to Figure 15

Reference | Specific | Average =
Treo letter gravity 1| value A
Lbs. per
§q. in.

OO s oo A 0.476 3,735 0. 0184
o 05 N R B . 439 2, 835 . 0213
No. 3 C . 461 3, 230 . 0199
No.4. . D .405 2, 845 . 0196
NO. 5 B .416 2, 870 . 0212
Average ... __._..__ F . 439 3,070 . G200

! Average value for all specimens tested. Based on weight and volume when oven dry. The average
specific gravity based on weight when oven dry ard volume when green was 0.375 for all specimens tested
in the green condition,

TaBLE 9.—Dala pertaining to Figure 17

Average values for
green specimens

Group St K

Specifie faximum
A crushing

gravity ! strength

Lbs. per sq. in.

A e R e 0.414 3, 540 0. 0199
e R R A S . 385 3, 160 . 0206
K] o S RS S e S dm e . 359 2, 850 . 0200
Wi o SRS . 335 2,710 . 0186

1 Based on volums when green and weight when oven dry.
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FiGURE 15.—Sitka spruce: Relation, by individual trees, of maximum crushing strength in com-
pression parallel to grain to moisture content. Numerals at plotted points and on horizontal
lines are numbers of tests averaged. Letters A to E each designate data for specimens from one
tree. Fisdata for all trees combined and is identical with the maximum crushing strength graph
shown in Figure 14, FYor detailed data see Table 8
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F16URE 16.—Sitka spruce: Relation, by individual specimens, of maximum crushing strength in

compression parallel to grain to moisture content. The inclined and horizontal lines shown

< are identical with those shown for maximum crushing strength in Figure 14 and at Fin Figure 15
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F1GURE 17.—Sitka spruce: Relation of maximum crushing strength in compression parallel to
grain to moisture content. Specimens grouped according to specific gravity: A, Group of highest
specific gravity; B, group of next lower specific gravity; C, group of next lower specific gravity;
D, group of lowest specific gravity. Figures near right-hand border are moisture-content values
that are not plotted to scale. Numerals at other plotted points and on horizontal lines are
numbers of specimens averaged, For detailed data see Table 9
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Fioure 18.—Sitka spruce: Relation of average values of modulus of rupture by individual trees
and of specific gravity and shrinkage in volume to moisture content. Numerals at points and
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rupture graph shown in Figure 14, For detailed data see Table 10




30

PERT Y

LOGARITHM oF STRENGCTH FPRO

TECHNICAL BULLETIN 232, U. 8. DEPT. OF AGRICULTURE

| ||

1
LOAD—STATIC BEND/y

/ 1/

/

/]

[ T L7/

T |

MPACT BENDING —+——|

; tfﬁ‘l} e
[Tr—srar BEND/N G ——

TP

i i ]
?‘m-—fMP,q 28 BENDING

I

T

| i i
<o TINIMPACT BENOING

P
s /_T

ssfi

T

g

9

<
Bl
6\'9 \
2054 :
. 67
RY) N h, "9 65 l I . ‘ ==
TN = NS ! ! ==
e\ 1 N> SION PARALLEL To GRAIN
T R TN et g0 e
D N A -
RN N oiss
W W 0(5; <
. %" 0.20 ; 120 ’,1’_:’ (_{r 8
i 3 A ; —
; Sko N NG\ T ' E*
o)
_ N —/o0 o w—)
N s Nz \ = [
N
— & g; 90 P S{' “5 I S -
3 o wu;o4 NCSTATIC BENDING
Sbo 2 N IS N 7=
~ Q 4[ 5 PERPENDICULAR rq}aﬁﬁ IN
4 8 12 /6 20 24 <8 32 36 40

MOISTURE CONTENT (PR CENT OF

FIGURE 19.—Douglas fir: R
content.
For detail

Je 11

elation of average values of various strength
Numerals at plottad poin
ed data see Tab

ts and on horizonta] lines are num

DRY WEIGHT)

{)i'opertias Lo moisiure
sers of tests averagad.




STRENGTH-MOISTURE RELATIONS FOR WOOD 31

%/7 |
19
17
24
ENJ [N BN |
S Q2 B A |
E /8 N N ‘
§ 4 N
N 28 -
U') 920 / ®
7 N
S \17 \\ 19 \
2 8 s |
~
(% N N 1‘9‘\\ \\\ |
% \\’5 } 29 \ff
19
& \\ N \C\ \\ 29\ ‘
N Q30\‘\ Q ‘ N l
§ ‘Q I’(f\ 21 21
>< N
§ 3 3 /9C\ \ /5\
Y 1Y b :
S I\ ™ |
§ o \ 28 . 8 17 i
& !
'Q \c " \é \S 18+ !
& N N
% /99
Q g 3z
~N &‘ 8 :
|
b 0 \ 28y
W W "2 F
Sr020 = N
E ::5 120 \
; o110 N
2o Lo NG |
< a9 N 12y
S N ,
QL 0 & 80 |
0 4 8 /2 /6 20 24 28 32 36 40 |
MOISTURE CONTENT (PE/? CENT OF DRY WEIGHT)
FJGURI; 20.—Douglas fir: Relation, by individual trees, of maximum crushing strength in com-
ression parallel to grain to moisture content. Numerals at plotted points and on horizontal
1nes are numbers of tests averaged. Letters A to E each designate data for specimens for one !
Iree. Fis data for all frees combined and is identical with maximuim crushing strength shown ‘!
In Figure 19. For detailed data see Table 12 |
‘|
1




32

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

N : W &
IR I[049 Fr120
N o o
y ® o1
x 3¢ N Slon S0
E 70 [ =
TN lo 3 ]
N 9 <T [
L S um S
N n :
\2) 15
e ~ 2
ol N 4 Ity
Q N
)
I aa
g
S N
N
PN
T
.
< ;so\
O
Q
~
N
F
BN
Q &’P/’V,fl.
S 129"
QS \L\
S0
&,
Q 8
<
§ 6 J.6
3 €C/p
T 4P,
3 iy 7%, ;
0.420 5 EN GREEN—- COMPUTED FROM
SPECIFIC GRAVITY VALUES
uli
K 0.480 \d\ﬁw\geg W
> J‘é'o
« 0.470 174 (7%
< "z "0(0,
o 0-460 e
N R O WHEN TESTED AND WEIGHT
S \i} lW/-/EN OVEN-DRY
W 22 I .
Q 0440
“ 0 4 8 2 16 20 24 28 32 36 40

MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FIGURE 21.—Douglas fir: Relation, by individual trees, of modulus of rupture and of average
values of specific gravity and shrinkage in volume to moisture content. Numerals at points
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TasLeE 10.—Data pertaining to Figure 181
Reference Average
Tree letter valug K
Lbs. per sqg. in.
25 (7 TS [t L S e A 6 0.0136 |
WO, Blisim e et SRS S R0 B 6, 355 . 0147
NO. A oo s sd R R RS R C 5, 700 . 0155
N B o mimitnssne e sk D 5, 780 . 0157
NG, B.qcovcssomsmmvassavsuswamwsd E 7, 570 . 0136
AVOIABE cow oo s ] F 6, 200 . 0147
1 Average specific gravity for each tree is given in Table 8.
TaeLE 11.—Data pertaining to Figure 19
Averagle
Kird of test Property f(;alg‘llrgen K
specimens
Work to maximum load. ... ____________ 7.48 | 0.0058
. Modulus of elasticity ..o oo oo 1, 477, 600 . 0063
Static bending___ oo Modulus of rupture .. _.___.________ 7,235 . 0160
Fiber stress at elastic limit_ ___.____..__.__ 3, 840 . 0200
Work to elastic imit __ . _.____ 0.61 . 0326
%ngimum dropi ----- e N o 33% 8063
: fiber stress at elastie limit________________ o, . 011
Impact bending. - -ooomeeeeeeoeeoeee Work to elastic Bt ..o eoo 335 | 0120
Modulus of elasticity . ..o ______ 1, 456, 600 L0112
Bhear e Average of radial and tangential shearing 810 . 0091
stress.
C°mDmSS§0n parallel to grain___._______ 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 £0
Reference | Specific | Average
Tree letter gravity 1| value K
Lbs. per
8g. in.
Nt deisrnss e sommsed A 0. 492 3,680 | 0.0224
7 N B . 492 4, 000 . 0213
P C . 459 3,330 . 0232
NO e e o] D . 510 4,150 L0211
i\ B . 529 3,480 . 0238
Average. ... oo .. F 500 3,730 . 6225

Average value for all specimens tested. Based on weight and volume when oven dry. The average

i aC gravity based on weight when oven dry and volume when green was 0.442 for all specimens tested
Y}? »16 green condition. - v ¥ e gree ) i

TaBLE 13.— Detailed data pertaining to Figure 211

Reference | Average
Tree letter value K
O Y st e e A S R A 7,290 0. 9159
N e e B 7,440 . 0159
N3 o e ] C 6, 430 . 0150
NG e e e ] D 7, 590 . 0158
INO. B s o i e ] E 7,170 . 0167
AVOrAGe, s st e F 7,235 L0160
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i TaBLE 14.—Data periaining to Figure 23

i
A\;slarage
. value 1
: Kind of test Property for green | K
b il specimens ‘
I : —
Tripact Bending. o - o cnommssensmmssss o] NMAMMUI QF0D. - cossimeummmmassupmessdmes 33
! B & Modnlus of elastioity - .oovw cnvvnmumomacans 1, 395, 000 0: 3312
‘ Static bendi Work to maximum load.__._.___._.__.____ G I 1 (P
g atic bending. .- ---——-oommecoemnooooos Fiber stress at elastic lmit_ ___._____._____ 4,380 ?
; > . 0194
Modulus of rupture ... ... 7, 400 0109
1 13 1 :7: Average of radial and tangential shear___.. 1,042 .0131
I Compression perpendicular to grain._.__| Fiber stress at elastic limit______._.______. 625 . 0216
! Compression parallel to grain___________ Maximum crushing strength______________ 2, 860 . 0265
" ! Drop in inches; work values in inch-pounds per cubic inch; others in pounds per square inch,
| TABLE 15.—Data pertaining lo Figure 24
| T
! - A\lrerarge B A!Serafge
! eference| value for eference| value for
| i Tree number {atter green K Tree number letter green K
l specimens specimens
| WOL B cosssmastaioss A 2,690 | 0.0244 || NO. 6o F 2,970 | 0.0213
: NOL 2.5 csvamcsmunus B 2, 800 L0232 || Noo 4o G 2,340 . 0313
‘ NO: 8. vmensisawsmning C 3, 500 . 0250
b {1 il (S, D 2, 860 . 0260 Average._.____ H 2, 890 . 0265
17 E 3,190 . 0266 &
TABLE 16.—Data pertaining to Figure 25
| Average
Kind of test Property el E
1 specimens
> L
Bhear. .o Average of radial and tangential shearing 1,280 | 0.0115
stress.
Modulus of elasticity...coocovnunenmananal 1, 215, 000 . 0066
Modulus of rupture.___. 8,335 . 0138
; Btaticbending.cocew oo ot came. Fiber stress at elastic limit._ J 4,010 . 0148
f Work to elastic limit. ___._ 4 0. 90 . 0206
Work to maximum load. o 15.18 | —., 0057
Mgdulus of elastl',i(',itty_1 ____________ i, 333, 000 . 0116
s Fiber stress at elastic mit. ... _________ , 800 . 0096
Impact bending. ......... R GReeEEEEE Work to elastic Hmit. ._-__.._-..__.._... 408 | 00
| Meaximum drop. - 37 | ~.0026
& Compression parallel to grain_.___...____ Maximum crushing strength______________ 3, 320 . 0208
1 Compression perpendicular to grein.___| Fiber stress at elastic imit._______________ 805 . 0238
| . ‘l;Work values in inch-pounds per cubic inch; maximum drop in inches; others in pounds per square
inch.
. DISCUSSION OF DATA AND COMPARISON WITH EXPONENTIAL
i FORMULA

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 simple
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-
1 grams in addition to the logarithmic scale. This vertical scale
| 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 to

which it belongs can be estimated by superimposing the 100 per cent

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 different
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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 the

ratios _SS_' where S and S, are as defined in connection with equations
?

() 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 property
~ for each of the several moisture-content classes. Reference to the
| exponential equation in the form of equation (8) or (9) shows that
. 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 M,, the moisture content at the
B intersection point, and S,, the strength value for green wood. S, is
& presumably 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 the
i Inclined lines that average the several series of plotted points are
& drawn to their intersections with the horizontal lines representing the
g strength values for green material, the several intersections will be
¢ 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
b elasticity, work to elastic limit, and work to maximum load, all of
& which are determined from static bending tests. Although it is
. Possible that the value of M, is not the same for all properties, the
¢ Variety of values of M at the apparent intersection points is explain-
¢ ble on the basis of lack of perfect matching between groups of speci-
& Tens tested at different moisture-content values, this deficiency of
- Matching probably having a different effect on different strength
& DProperties. Had the matching of specimens actually averaged out
2 (p. 23) the effect of all factors other than moisture content and if the
 3ssumed exponential law holds true, all the plotted points of a series
& Would lic on a straight line. The fact that the plotted points do not
P 0Uow a straight line or a smooth curve indicates that the relations
tween strength values are influenced by factors other than that of
oy V%I‘ences In the moisture content of the test specimens.
L hen allowsnce is made for the lack of perfect matching among
- d;t! several moisture-content sets, it is possible to derive from the
o~ & on each species a value of M, that is acceptable for all of the
_w{;llgth properties.?
alues of A1, for Sitka spruce, Douglas fir, yellow birch, and white
By, Tere determined from the strength data shown in Figures 14, 19,
tat; and 25 by a least-squares computation. In making this compu-
"0 points representing the sets of specimens tested at the lowest
= nllStl,lre content were omitted because the tendency, observed in
e C Instances, for these points to fall below the inclined lines aver-

21¢ other points of the same series suggested cither that drying to

Llonven; : 5 : = :
A lug of Rr}leuce in the use of formulas for moisture-strength adjustment, as is shown later, makes a singlo

» for all properties of 4 species desiralle,
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so low a moisture content had resulted in injury to the strengt},
properties or that the assumed straight-line relation between pe
centage of moisture content and the logarithm of the strength proy,.
erty would not hold for very low moisture-content values. Data from

the sets of specimens tested at the highest moisture content below th =
oreen condition were also omitted because, in spite of the care take,
in conditioning specimens, it has not been possible to bring about j
this set the desired uniformity of distribution of moisture betwee, &
parts of the same specimen and between different specimens. Theg, &
two classes of points represent moisture-content values that are oy,
side the range to which chief interest attaches in connection wigh =3
moisture-strength adjustments. The M, vertical and the severg]
inclined lines in Figure 14 were so located as to make the sum (for the =
entire figure) of the squares of the vertical deviations of the plotteq =
points, exclusive of those omitted for reasons just stated, and of thy =
points at the intersections of the horizontal lines with the M, vertica] =
a minimum except that location of M, at fractional values of mojs. =
ture-content percentages was not considered. The same procedure &
was followed in locating the M, verticals and fitting the inclined lines ¥

to the data on strength properties in Figures 19, 23, and 25.

In Figures 15, 18, 20, 21, and 24 are presented data on maximum
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 M, 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,
This indicates that the major portion of the variation in strength at
any moisture content value below M, 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 correlation
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 result
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 were
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-
oravity values and were divided into four subgroups A4, 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 moisture
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 green
values to obtain at 27 per cent moisture, which is the value of M,
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 the
material near the upper limit of moisture content has been influenced
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 specimens
or for specimens at any moisture content below the A, value is readily
seen to be considerably less in each section of Figure 17 than in Figure
16, showing that the classification of specimens according to their
specific gravity has reduced the variability in the strength value. It
remains true of each part of Figure 17, however, as of Figure 16,
that the variation of strength at moisture-content values below M, is
greater than the variation in strength of green material, indicating
that part of the variability at moisture-content values below A4, 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 specimens
for determination of the interesection point as advocated in the
previously quoted excerpts (p. 13) because Figure 8 (2 by 2 inch
specimens) includes data for a variety of moisture-content values
_between zero and the intersection point, whereas the smaller speci-
mens (fig. 13) were tested only at values near the fiber-saturation
pomt and at comparatively low moisture-content values.

Data on loblolly pine are aveilable only for the small specimens.
(Fig. 13.) These were tested at moisture-content values near the
ber-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 M, However, the points just below 20 per cent may be raised
slightly by nonuniform drying of specimens, and this would tend to
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 since
Fl“ure_ 8 indicates 21 per cent as the best value for longleaf, this
Value is taken for loblolly pine also. Information from shrinkage
tests presented later is further evidence of the similarity of longleaf and
oblolly pines with respect to moisture content at the intersection point.
lIn determining a value of M, for red spruce, principal reliance was
?aced on the data on maximum crushing strength (figs. 9, 10, and
3) and on fiber stress at elastic limit in compression parallel to grain.
thlgs' 9 and 10.) These data indicate a value of 27 per cent for M,—
o e iTam_e value as found for Sitka spruce, to which red spruce is very
rlm ar In many other properties. (A value of 30 per cent for M, of
d spruce is indicated by Figure 7. This figure, however, shows
1‘;0111'03 taken from the curves originally drawn to represent the data,
. "fereas the value of 27 per cent has been determined from a study
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 inc,r
specimens and fig. 12 for smaller specimens) were used in determjn

M, for chestnut, and a value of 24 per cent was found.
ADDITIONAL DATA

i

Tests, additional to those of Groups 1 and 2, are presented ne
Figures 26 and 27. Figure 26 is data on maximum crushing strength i
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F1GURE 26.—Greenheart: Relation of maximum crushing strength in compression parallel to grain
to moisture content. Specimens were 1 by 1 by 234 inches. Numerals 2t points are numbers of
tests averaged. The average results curve includes data from specimens with specific gravity
values below 0.801 and above 0.950.

compression parallel to the grain derived from tests on 1 by 1 by 2%inch
specimens of greenheart (Nectandra rodioer). 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 Sitkaspruce(Z4).

SUMMARY OF DATA AND DISCUSSION

The relation of moisture content to mechanical properties of wood
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 data
with the exponential formula is sufficiently good to justify the belief
that with the proper values of K and M, this formula will represent
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the relation between moisture content, over a considerable part of the
range between zero and the fiber-saturation-point value and any
mechanical property for any species of wood very accurately.®

Tt is evident from the data presented that both K and M, vary, and
before discussing the use of the exponential formula in adjusting test
results, it will be well to consider the variations in these parameters
and to compare values of A4, with fiber-saturation-point moisture-
content and similar values as derived from other experimental data.
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Flggggl 27.—8itka spruce: Relation of properties obtained from torsion tests to moisture content.

Sloty Dblotted point represents three tests. Valuss of K for modulus of rigidity, shear stress at
Stic limit, and ultimate shear stress are 0.0092, 0.0184, and 0.0105, respeclively

Values of As » for the species included in Figures 8 to 27 and of K
0T several properties of these species are assembeled in Table 17.1°

» 1S seen to vary with the species, the range shown being from 20
diff 7 per cent moisture. As accurate adjustment of test results for
frences i moisture content (p. 66) requires accurate values for
elap,oio?e method by which such values can be found without an
—_oTate series of mechanical tests is obviously very desirable.

= ] I is 3 5
] Doin% iiénstege.shng to note in this connection that for moisture content values below the fiber-saturation
1 Tgble Decific electrical conductance of weod conforms to a similar law. (P, §7.)
% urmclu(.ies information on four species additional to those previously discussed. The values listed
tors i Species were derived from data taken from average curves constructed by the original investi-
2 original test data not being availabile (4, 5, 13).
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TABLE 17.—Results of tests of the effeqy 5
Specific | Static bending
gravity of s
specimens— Comgllie?sgon
based on Darabien b0
weight grain (maxi- .
il %ven- mum crushing | Fiber stress at
. Fig- frsel dry and vol- strength) elastic limit Tupture
Species ure 1M, No. | ume when—
- Value for! Value for Value for|
‘ ven-| green green - green
Green \"gqro | speci- K | speci- | & speci-
mens mens mens
Per cent Lbs. per Lbs. per Lbs. per
moisture 8q. in. 8. in. 8. in.
Whiteash__....._.. 25 24 ?) 0. 490 |0. 575 3,320 |0.0208 4,010 |0.0148 8,335
Yellow birch_._____ 23 27| (@) o629 |osoces . 0194
1 <543 lasaas
2 PR 0 0 U S
3 + 319 Lisinna
) B 7 —, .2 U S— 4] 497 Levosns] 2,340 | . 0313 PPicenssachcssscalunmasas
6 Wyl —
7 » B2 Yunnmss
8 T L B——
Chestnut. ... __ 11 4|l ® A3 easna
Dossimaciinme () T S W P
Douglas fir _..___._ 19 24| (1) | .440 | .500
O P 492
2 bt 492
DO i 20, 2Yauuisaa 3 | 459
4 |esosesa . 510
8 heasss 529
QGreenheart _______. 26 20 11(®) Feces= 875
Loblolly pine...___ 13 21 (3 Resmmalusse
Longleaf pine_.___. { lg ___21 T 5{_5 |
9 2 bsssss= 38 o
Red spruce......... (116 oPem——— e My )
13 Lassnnsssalsuvaslasausmma]aamess
Sitka sproce.___.___| 14 27| (& .375 | .439
1} e 439
L D 461
Do e e 15, 18] e ;| —— 405
{1 f) RSN 416
B! Jseaepisnd 476
‘Western hemlock__|...__ D2+ S, Ml S
Western larch_____ )| e e i
Norway pine...____ 2| i i) (el
Tamarack . ...--c-f-aa-e ;| i, | g (S

Modulus o' |18

1 Some recently available data on the relation of strength properties of redwood to its moisture content

indicate a value of M, of about 21 per cent.

? Average
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moisture on the strength properties of wood

45

Static bending
Compression | Shear parallel | Impact bending
perpendicular | to grain (aver- | (drop required
to grain (fiber | age of radial | to cause failure
Modulus of elas- | Work to clastic| Work to maxi- | stress at elastic | and tangential 50-pourd
ticity limit mum load limit) shear) hammer)
Value for Value for| Value for Value for] Value for Value for,
green green green green green green
speci- K speci- K speci- K speci- K speci- K speci- K
mens mens mens mens mens mens
1,000 lbs. In.-1bs. In.-tbs. Lbs. per Lbs. per
in. ver cu.in. per cu.in. 8g. in. sq. in. Inches
0. 06036 0. 90 {0. 0206 15. 18 (—0. 0057 805 |0. 0238 1, 280 |0. 0115 37 |—0.002
W0045 || 11. 51 . 0065 625 | . 0216 1,042 | . 0131 33 . 0015
i ¢, T NV | NN, SRSt (=roryroors ! (oot e ooy Aot b (R0 <y g (P SR
. 0063 .61 | .0326 7.48 . 0058 470 | . 0234 810 | , 0001 23 . 0062
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METHODS OF FINDING M,

Methods that may be considered for finding or estimating 37
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 moistyye ‘2§
content. 5

ESTIMATION OF Af, FROM SPECIES C;Iégl{‘&sCTERISTICS AND FROM MECHANICY],

Inspection of Table 17 indicates that M, is not definitely corre. =&
lated with other tabulated characteristics of the species or of different *
series of specimens of the same species. For instance, no systematio
relation to specific gravity or to the strength of the wood is apparent,
Neither is there any indication that coniferous woods have value of
M, 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 M, 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 some
interesting relationships. The list is as follows:

Species M, Species M,
Western larch_ _ _ . __ . __________ 28 | Whiteash_ .. __________ 24
Western hemloek _ . _____________ 28 | Chestnut_ .. __________________ 24
Sitka spruee______ . ____________ 27 | Douglas fir. .. ___________ 24
Red spruece. . - ___________ 27 | Norway pine__ . _________ 24
Yellow birch . . __________ 27 | Tamaraek._ . .. 24

Loblolly pine_ - ____ 21
Longleaf pine__ . ______________ 21
Greenheart_ _ - - ____________ 20

Except western larch, the species in the first column have no well
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 different
types, even within a single species, may have different fiber-satura-
tion points or intersection points.

The data on maximum ecrushing strength of Sitka spruce have
been studied to determine whether they indicate a relation between
M, 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 moisture
content, that is, assuming M,=27 per cent. If no assumption is
made as to the value of M, and straight lines are fitted to the sub- -
group averages for moisture-content values below 24 per cent, these
Iines intersect the horizontals representing the strength of green
wood as follows: A at 25.3 per cent; B at 26.0 per cent; C at 27.4 per
cent; and D at 27.4 per cent moisture content. These data afford a
slight indication that M, 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 A/, and
specific gravity.,
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As has been mentioned, the principal difficulty in getting accurate
information on moisture-strength phenomena 1s that of obtaining
close matching between specimens or groups of specimens for test at
different moisture-content values. This makes necessary the testing
of a considerable number of specimens in order to obtain reliable
averages. A test or determination that would not damage or change
the specimen would be advantageous in this connection, since it could
be applied to a specimen in the green condition and to the same speci-
men following its conditioning to successively lower moisture-content
velues, thus eliminating the matching problem and reducing the
number of specimens required. Mechanical properties that can be
determined without damage to the specimen are modulus of elastic-
ity and modulus of rigidity. 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 Sitka
sgruce 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 with
those derived from other tests so as to evaluate modulus of elasticity
determinations as a means of locating the intersection point. XEx-
perience with the tests made indicates that more than ordinary care
1 the selection, preparation, and conditioning of the specimens, and
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 the
same specimens in the green condition and again after drying the speci-
mens to successively lower moisture-content values are apparently
worthy of further investigation as a means of locating the inter-
section peint. However, since M, may vary with different pieces of
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 property
- for determining the intersection point, maximum crushing strength in
| . compression parallel to grain would be the first choice because it is
© Most affected by changes of moisture content and consequently the
¢ effect of differences in moisture is less likely to be obscured by other
- uncontrolled factors. It should be noted, however, that maximum
I Crushing strength taken alone would have fixed the intersection points

& lor each of the four species included in Group 2 at slightly lower

¢ Moisture-content values than are indicated by all the properties taken
jé;together. Specimens for this test can be of small size, and hence
.§7g00d matching can be obtained. In any such tests a considerable
umber of specimens for test at each of several degrees of moisture
. ‘ontent are necessary. A number of series of specimens should be so

- Selected as to cover reasonably well the range in the quality of the
" Wood of the species.

'3

=

’

ESTIMATION OF HM, FROM SHRINKXAGE MEASUREMENTS

o WeIn connection with the tests of Group 2 very careful measurements
| o re made of the shrinkage of specimens taken from the same logs as
: gse for mechanical tests. These specimens were each weighed and
| °3sured in the green condition and then placed in & room in which
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a relative humidity of about 90 per cent was maintained, where they | hig
were weighed and measured at frequent intervals until equilibrim%;f the
was attained. Weights and measurements were similarly made afgey | i
successive transfers to 60 per cent and to 30 per cent humidity roomsg, | T
Finally the specimens were weighed and measured safter they hgg ! o
been dried to constant weight at 100° C. The specimens werep 1 | o
inch thick by 4 inches wide by 1 inch along the grain, the width being; - ot
radial or tangential according to the direction of the shrinkage to g & I
measured. Both radial and tangential measurements were made ¢ °

an additional series of specimens of yellow birch 2 by 2 inches in crogg ol
section and one-fourth inch along the grain. The computed shrink.

age and moisture-content values are shown in Figures 28 to 31, jp. ?
clusive. These graphs show that in most instances measurable | d
shrinkage occurred at a moisture content greater than the intersection- n
point value. Inlocating the inclined lines in these figures, only pointg ¢
representing decreasing moisture content have been considered; thay &% ;
is, points such as those numbered 10 in Figure 28, which represent (

moisture-content and shrinkage determinations made when the &
specimens had regained moisture after having been dried to a lower *
moisture content, have been disregarded. Except the one at zerq &
moisture content, points representing decreasing moisture-content -

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 the
average of two points near 12 per cent moisture content. The
validity of basing the location of these lines on the three points selected
might be questioned. However, the effort has been to locate lines
that will represent the shrinkage-moisture relation within the range
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 cent
moisture are in most instances almost exactly in line with that repre-
senting the lowest moisture content above zero, and the three points
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 lines
representing zero shrinkage are taken as the intersection-point
values.! (No question of lack of matching as previously considered
in connection with the strength tests is involved because identical
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 indicates
higher intersection points. Hence, these data afford no basis for a
generalization as to a comparison between heartwood and sapwood
with respect to moisture content at the intersection point. On the
contrary, tangential shrinkage measurements consistently indicate

11 Tt 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 at
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-
taineddduring drying has on the intersection points in plots of shrinkage-moisture data has not been inves-
tigated.
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-
L higher values than do radial. This might be supposed to be due to
b ihe fact that measurements of shrinkage in the two directions were
¢ made on different specimens.> However, as shown by C and D of
E Figure 30, the same comparison obtains for tangential and radial
& | casurements made on 1dentical 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 points
" gs 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 from
§ shrinkage, whereas the reverse is true for the other three species.
# The conclusion from this comparison is that the value of moisture
" content at the intersection point in such plots of shrinkage-moisture
£ data as are shown in Figures 28 to 31 does not coincide with the value
Lof M, obtained from mechanical-test data, but may in the absence
| of determinations of the latter kind be considered sufficiently reliable
" to be taken as a guide in estimating values of M, for use in dealing
% with data on mechanical properties of species for which M, has not
# been determined.

8 L TaBLE 18.—Values of M, from mechanical tests and percentage of moisture at
- inlersection point from shrinkage measurements on the same spectes

Percentage of moisture at intersection point—from shrinkage
megsurements

?ﬁg;"’fiﬁ Tangential shrinkage Radial shrinkage fﬁfﬁﬁﬁ'
M, from -
K radial
‘ij’fei';; Speci- Speci- | Specimens shrink-
mg’ns of Speci- All meI;)ns of of mixed All age
ozt mens of | speci- heart- | Peartwood speci- (All
waot sapwood | mens wood anvgl ngap- mens Isngeex(l:;;
___________ 27 26.2 25.9 26.0 24,6 23.6 4.1 25.3
______ 24 25,6 27.3 26, 2 26.0 25. 4 26.0 25.8
______ B nmnalamaissll 38 bewansasleammrsad S0 28.9
24 26,9 28.6 28.0 24.4 25,5 25.0 26,7

. 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 by
Y 1 inches in dimension. Although these shrinkage determina-
S were carried out with less care and refinement than those repre-
d in Table 18, the values given are believed to be reasonably
ble as determinations of the intersection point moisture from
age data. Values in Tables 18 and 19 for species common to
Wwo tables agree quite well, the greatest difference being about
Pr cent, for white ash.

o+ P~

e =
& order to get the width more nearly tangential, the tangential specimens must ordinarily be taken
m the pith of the tree than the radial.

84111°—32— 4




50 TECHNICAL BULLETIN 282, U.S. DEPT. OF AGRICULTURR

W
[ [ ]

/.
/"

I

AN

\ i

/2
NG

\\ 8‘{0 Tl
\

X’\ N A

N
3
\X}
W
3 9
= 3
3 '}\ N\ ot
: \\ \\ ) \3 \\ i
°
{ Ny 2 h R N 5
it <X 7 ] N \ ©
il Q H \ 10 \ A,
' N i N\ o® ‘o3 W
‘ I \ C N P2
Q ky 7
N § /3 \ 9 \ \ f L
i 23 [N\L SHEERN o
| S N B TNE
| IR N RN 12
1 ‘ N
N t é of
§ % N Lz - O \
&l' ” 10 7 4 13
g Q £ el 4
Q Q /
U)ﬁl.!\\ L \\ g \ 5
SN N T NG s
< e —t——Pke T T
TN ’\ 7 \.L 4 ez
X} /
I 2 E 2 ™ \ é
Y O S T I Tz
i \. G 3
5 ¢ s et
é
3l <K
w=o = ’7.__.5

o 4 8 12 16 20 24 28 32 72
MOISTURE CONTENT (PER CENT OF DRV WEIGHT)

{ Ficure 28.—Sitka spruce: Results of skrinkage measurements on specimens 1 by 4 by 1 inches:
A, Tangential shrinkage based on 7 heariwood specimens; B, tangential shrinkage based on 11
sapwood specimens; C, tangential shrinkage, 4 and B combined; E, radial shrinkage based on 7
heartwood specimens F, radial shrinkage based on 11 specimens of mixed heartwood and sap-
wood av_eragm%about 30 per cent sapwood; @G, radial shrinkage, ¥ and F combined; D, C, and
i G combined, Points are numbered in the order in which measurements were taken
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SHRINKAGE FROM GREEN CONDITION TO INDICATED MOISTURE CONTENT
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FIE;"FE 20.—Dougls_;s fir: Results of shrinkage measurements on specimens 1 by 4 by 1 inches:
b I angential shrinkage based on 10 heartwood specimens; B, tangential shrinkage based on 10 {
; I;X'WOOd specimens; C, tangential shrinkage, 4 and B eombined; E, radial shrinkage based on {
> eartwood specimens; F, radial shrinkage based on 9 specimens of mixed heartwood and sap- {
90d averaging about 50 per cent sapwood; G, radial shrinkage, E and F combined; D, C, and i
tombined. Points are numbered in the order in which measurements were taken f
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SHRINKAGE FROM GREEN CONDITION TO INDICATED MOISTURE CONTENT
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FIGURE 30.—Yellow birch: Resuits of shrinkage measurements: .A and B, Tangential and radial
shrinkages, respectively, each based ¢n 5 specimens 1 by 4 by 1 inches; C, tangential shrinkage,
based on 12 specimens 2 by 2 by ¥ inches; D, radial shrinkage, based on the same 12 specimens
asat C, Points are numbered in the order in which measurements were taken
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MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

FI6URE 31, —~White ash: Results of shrinkage measurements on specimens 1 by 4 by 1 inches: 4, l
Tangential shrinkage based on 6 heartwood specimens; B, tangential shrinkage based on 6 sap- 1
Wood specimens; C, tangential shrinkage, A and B combined; E, radial shrinkage based on 6 \
heartwood s; :cimens; F, radial shrinkage based on 6 specimens of mixed heartwood and sap- {
Wood ave g about 50 per cent sapwood; @, radial shrinkage, £ and F combined; D, C,and @
combined, Points are numbered in the order in which measurements were taken
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TABLE 19.—Per cent moisiure al inlersection point as found from shrin
urements on specimens 1 by 4 by 1 inches

(Averages of values found from radial and tangential shrinkages)

kage mem_ o

Common and botanical names of specios ?npggé-
e
Number | p o
Apple (Malas Sp.) . ccemomnaee - 31 | cent 4
Ash, white (Fraxinus americana) - 23 2.
Birch, yellow (Betula lutea)_._.__ 9 % .
Blackwood (Avicennia nitida)- ... ____._________ 4 2 E
Bustic ONPHOHT saHOMOHAY o i e 2 2:
Buttonwood (Conoearpus ereea) . o oo uoococa il a it caccenssncc s 4 R
Cedar, Tad (PUDPIERSD.) - cues i e St da ST ua e S d i 4 %
Cypress, southern (Taxodium distichum) . . 16 7
Douglas fir, (Pseudotsoga taxifolia). - - oo oo 16 % o
Egg. FOIAN CIIOUR BUTRE) v wvan s hsms i S e A i s S A e e S b S e e e s 2 %
ir: 1
Moo (ABIeS NOBER) . .. - ocnnsi consnmens e e T 16 2
Californin ¥ed (Ables magpifich).cocov oo v ooismse o co ooz oa 12 %
Gurmnbo limbo (BUrsers SIMBTOIDA) - <« crom roocascrm i mm v s s e m S e S S 4 %
Gum, red (Liquidambar styraciflua). . .. oo e ocimaos 18 3
Hemlock, western (Tsuga heterophylla) . ____ o aes 24 2
Inkwood (Exothes panionlata). . . coor o oomommmcacna o e e pem e S EE 4 32
Ironwood, black (Krugiodendron ferreum) . ... s 4 %
Khaya (Khaya sp.) . oo ¥ 8 % -
Mahogany, Central American (Swietenia sp.) 5 10 2
Mangrove (Rhizophora mangle) .. - 4 2
Maple sugar (Acersaccharim) o - ccemee o e < 12 %
}\szftic (Bideroxylon foetidISaimUTa) - o oo - oo r cmmmmm e s e e 4 2 4
ak:
Live (Quercus VIrginiana) ... oo ceoc oouncmmmomsm s s e o s S i 3 %
Red group (QUOreusS SP. ) - - ool e 14 33
%’?radise tree: (Simarouba Elalien) . wca - ouvmmn s s s s s S S i o i 4 b
’ine:
INorway (PIoas reslnnss) o coomr i s e g e e e s 4 2%
Hand: (PIous olansn) .o oo s SR e e 4 %
Siash (s cartbasa). oo a s smrns e samaagnes S sl S T 4 2
Western white (Pinus monticola). .o ________________ Sssos R Lbe 24 20
Northern white (PInns strobus) . o . seessmmacsaats sma s S s S 24 2
Plim, pigeon (Coeeolobis lanrifolin) ..o ivvsimmsnin nmveansosun woduususiaaas 4 o7
Poisonwood (Metoplun EoXHOTTN) - - < ovosmie mamsmmmmotanims S R s G S S LS e an sl 2 2%
Poplar, yellow (Liriodendron tulipifera) 28 N
Spruce, Sitka (Picea sitchensis) - - oo cccmacoccca oo o 26 25
Redwood (Sequoia sempervirens). . oo 10 20
Walnut, black (Juglans nigra)..____ 21 bz}
Stopper, red (FEugenia confusa) 2 25

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 were
atteined. 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 approaching
zero. Weights and measurements were taken periodically during
each of the first two stages of the drying and at the end of each of the
three stages. Although the work was not done with the specific
object of determining the intersection point, study of the data has
indicated that they afford reasonably reliable estimates of this point.
Because of the larger number of specimens involved, the values given
in Table 20 are probably more accurate as averages than are those of
Table 19. It may be further noted, however, that there are no very
great discrepancies among Tables 18, 19, and 20 with respect to
species that are common to two or to all three tables.
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measurements on specimens % by 5% by 8 inches

Tasre 20. — Percentage of moisture at intersection point as found from shrinkage

(Averages of values found from radial and fangential shrinkages)

Moisture

. . Speci- content

Common and botanical names of species mens at inter-

section

point

Per cent

5 Number | moisture
Qypress, southern (Taxodium distichum).___ 104 25
Douglas fir (Pseudotsuga taxifolia) _...______ 202 23
i, white (Abies concolor) ... _...________ 2% 22
pmlock, western (Tsuga heterophylla) ... 138 24
i, westernt (Lavix ocehdentalis) o miiarii s i e eSS 38 25
B L oDIoll - - s s e S e R R e R S R R R e S 100 22
B Tonglentd —iu o e e s e S 100 21
g&ortlea[ I s T I LU S SO S YU 100 22
gar (PIaus JRnherEianE) . o oo i s i R i P e e i im 44 23
& Western white (Pinus monticola) - - - oo e 80 22
B Western yellow (Pinus ponderosa) - - oo oo e 108 24
Isice. Bitka (Ploea SitehensIs). s c o e mm e e am e m e 146 24
iRadwood (Sequoia SEMpPervirens) . - .- e 146 21

'f"l‘he grouping of southern yellow pine specimens into loblolly, longleaf, and shortleaf was done on the
is of the general appearance of the wood s no definite identification was possible.

IBER-SATURATION POINTS FROM ELECTRICAL CONDUCTIVITY AND MOISTURE
: EQUILIBRIUM MEASUREMENTS
Physical properties and relations other than shrinkage that have
en used in determining the moisture content at which a change of
ation takes place include studies of elecirical conductivity and
udies of the moisture content of the wood in equilibrium with 100
cent relative humidity.

F]
K O
——
LEGEND

— O— GREEN;

B— SAME SPECIMEN OVEN-DRIED AND RESSANED

C— GRELEN

4 O —SAME SPECIMEN OFEN-DORIED AND RESOANED

[ b
P—
" 2a <0 60 0 /00 120 /40 /60 /80

MOISTURE CONTENT (PER CENT OF DRY WEIGHT)
URE 32.~Relation between the moisture content of redwood and its specific electrical conductance

5 T‘e]%iure 32 exhibits the relation found between the moisture content
Wood and its specific electrical conductance (10). The pbint of
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departure of the data from the straight-line relation shown fo, ot
values of moisture content is assumed to be the fiber-saturation p;
(about 29.5 per cent in this instance). 3

The moisture content of wood in equilibrium with 100 per
relative humidity has never been accurately determined becauge g
the tremendous effect of slight changes in temperature but from 4,8
extrapolation of data taken at lower reiative humidities, the equjl;y:
rium moisture content at 100 per cent can be estimated as has hogy
done for Sitka spruce in Figure 1. Values obtained in this way 4.4
found to agree quite closely with fiber-saturation points obtajned
from electrical-conductivity experiments. The available fiber-satypgs
tion-point values for different species as given by the equilibriyg
moisture-content and electrical-conductivity methods are inclydeg)
in Tables 21 and 22 and are seen to be consistently higher and i.
spread over a much smaller range than the intersection-point valyes
indicated by data on shrinkage and mechanical properties. Thet
greatest difference is in redwood, for which the electrical-conductivity:
method gives a value for the fiber-saturation point of about 30 peg:
cent, whereas the intersection-point values obtained from two serjeg
of shrinkage measurements are, as shown by Tables 19 and 20, 955
and 21 per cent. Some recently available data on the relation off
strength properties of redwood to its moisture content indicate g
value of M, of about 21 per cent. Also the electrical conductivity®
method gave 30% per cent for Douglas fir, whereas the mechanica]®
tests indicate a value of 24 per cent for M, of this species. E

TaBLE 21.—Fiber-saturation points of Sitka spruce and redwood at room temperg- &
ture cs determined by relative humidity-moisture equilibrium and specific electrica =
conductance-moisture content relations and intersection point as determined from
morsture-strength and moisture-shrinkage relations

Fiber-saturation or
intersection point

Method

Sitka | podwood

spruce

Per cent | Per cenl
moisture | moisture
30.5

Relative humidity-moisture content equilibrium
Electrical conductivity

______________________________ = 29.0 29.5
Strength tests_ .. . 27.0 () :
Shrinkage measurements. .. ... 25.3 20.0-21.0 =

! Some recently available data on the relation of strength properties of redwood to its moist urecontent '
indicate a value of M, of about 21 per cent.

TaBLe 22.—Fiber-saturation poinls of wood at 24° to 27° C. as determined by
electrical conductivity

Fiber-satu-
Species of wood (heartwood specimens) Original condition ¢f wood rat}og :
poini
Per cent
moisture
RedW00d - cn -ns smmsmmmsssmmscs bt o OO - oo 5 5 5 5 i S5 S i S S R SR SRS
o

_______________________________________ Resoaked after drying
_______________________________________ Hot-water extracted

{1) ) e S S S | Aleohol extracted
Sitka spruce . oo oo .

Alaska cedar
‘Western red cedar
Western hemloek . __________________________
‘Western yellow pine
California red fir._._
Douglas fir________
Yellow poplar

ronooOmonno oo UTo

|

R I B o f -
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These comparisons suggest that the intersection points in such
£ olots of moisture-strength and moisture-shrinkage data as are shown
I herein are not true fiber-saturation points of the respective species.

B THowever, it has been shown that a straight-line relation exists between

£ percentage moisture, within a range somewhat below the inter-

L section point or the fiber-saturation point, and the logarithm of the
. strength property. Failure of the intersection point to coincide
i 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.

‘ ESOME FURTHER CONSIDERATIONS PERTAINING TO STRENGTH-
A MOISTURE RELATIONS

‘-: . Throughout the preceding discussion, the hypothesis that varia-
& ‘tions in moisture content have no effect on strength properties so long

& 45 the moisture content is above its fiber-saturation-point value has

. been tacitly accepted. The truth of this hypothesis, as far as the
& strength of the cell walls or other elements of the structure are con-
¢ cerned, follows from the definition of fiber-saturation point as stated
& onpage 6. It has been suggested, however, that changes in moisture
¢ content above the fiber-saturation-point value may produce surface
tension of the water in partially filled cell cavities sufficiently great to
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 then
. cause sufficient hydraulic pressure within the cavities to stress and
& Dossibly disrupt the cell structure. No tests have been made with the
& specific object of studying this effect. Evidence that it operates to
¢ weaken wood with respect to strength in compression at right angles
& to grain is afforded by the observation that in static-bending tests
. more severe crushing oceurs at load and support points when the wood
& has a very high moisture content than when its moisture content is
& lower but above the fiber-saturation-point value. Similar effects have
& Dbeen observed in the testing of wood heavily impregnated with creo-
= Sote. Observation that buckling failures in the steam bending of wood
:%-?Te more common when the moisture content is very great affords
{lurther evidence of the action of hydraulic pressure within the cell

& <cavities. Since, as is indicated by Figure 1, the fiber-saturation-point

¢ TMoisture content decreases as the temperature increases, the heating
e of the wood to near the boiling-point temperature, as is ordinarily
¢ UOnein steam bending, may cause some of the water that is ““imbibed "’
2}1; bound” at lower temperatures to be released and to be added to
. 1€ previously existing “free’” water within the cavities. Also the
-3 ending operation causes comparatively large deformations; fre-
“quently as much as 10 or 12 per cent and in extreme cases as much as
% Per cent or more. Consequently, hydraulic pressure may be set
wp Wwithin the cell cavities even when these cavities are not filled with
ater at the beginning of the operation.
5 %ancf)ease I the strength of wood with decrease in moisture content
e gtrg;l te considered to be the resultant of two factors: (1) Actual
5‘:‘;"(2) ng henmg and stiffening of the elements of the wood structure;
§ Jncrease in the compactness of the wood structure because of the
Tinkage 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 gy},
stance, that is, the material of which the cell walls are compogeg .
varies but little among several species of wood (3, 9). ConseqUently’
differences in specific gravity of wood substance would be expected
to have but little effect on the amount of moisture at the fiber-saty,.
ation point and would probably have no effect on the percentage ¢f
moisture at that point or on the increase in strength brought aboy
by loss of moisture. Furthermore, as far as is known, the differenceg |
among species with respect to chemical composition are apparently |
not sufficient to account for any very wide variations in percentage of
moisture at the fiber-saturation point or in the increase in strength &
produced in drying. ki
The data of Tables 21 and 22 indicate that there are no wide
variations in fiber-saturation-point moisture content as determineq
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 strength
tests are possibly due to the effect of the size and arrangement of
elements of the wood structure on the intersection point. An indi-
cation of a relation between structure and intersection-point moisturs
content has been discussed on page 46. Table 23, which is based
on data from Table 17, affords an indication of relation between the
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 for
modulus of rupture. Yellow birch, a diffuse porous hardwood heads
the list. Next come five coniferous species, followed by two ring-
porous hardwoods. Greenheart, an exotic species of very high
specific gravity, is last. Except for red spruce, there is but little
variation among the coniferous species with respect to the ratios
listed, in spite of the fact that longleaf pine, loblolly pine, and
Douglas fir, which have very distinct summer wood, and Sitka
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 shown
in the last two columns.

TABLE 23.—Computed ratios of strength at zero moisture content to strength in the
green conditions

Ratio of sfrength at
zero oisture content
to strength in ths
green condition

Bpecies T
aximum
: Modulus of
crushing
strength rupture
Group o Yelow BIEON. . . c cocsmimmamsiniimessn s asmma s s S e e s S b e 5.20 3.45
Group II:
TEOTLBDIIII .. .. o e e s S S A e S o R e e S S TR AN e
O I D I s e S S R e b R S S RS S 3.47 . 7T
R A B oo e i LBt i S 3.47 2.7
B D IO e e e A e S e S 3.47 2.49
16103 B3R o G e e B S BN 8.3 hcacias
Group III:
O e T e e iR 3.26 2.08
Bl b LT s NS S et o et L ke S 3.16 2.14
QoD EVe GroenBedrE . cuvcicsmama i o i i T S
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VARIABILITY OF K AND TABLE OF ADDITIONAL VALUES

. Inspection of Table 17 suggests that K is less variable than the
i strength values. For example, considering data from compression-
- parallel-to-grain tests on individual trees of Douglas fir, the highest
* and lowest values of maximum crushing strength of green material
= are 4,150 and 3,330 pounds per square inch, respectively, giving
L g ratio of highest to lowest of 1.25 to 1, whereas highest and lowest
| values of K for this property are 0.0238 and 0.0211, giving a ratio of
= 1.13 to 1. Also consideration of the values of maximum crushing
* strength and corresponding values of K among the several species
= represented in Table 17 shows that the tabulated values of K are
~ considerably less variable than the strength property. It is quite
robable that among averages for different species, the value of K
or any strength property is less variable than the strength property
Litself. Other data indicate, however, that a similar situation may
L 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 species
& vary over a considerable range, their values being different in different
¢ trees 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 will
§ likewise be subject to variation, and consequently, in attempting to
§ set up average values of K, it is desirable that all available data be
| considered.
& Figure 17, in which moisture-strength data are presented for differ-
b ent specific-gravity classes of wood of the same species, affords little
& Indication 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 is
(distinctly lower and (2) that practically the same value of K applies
fo the four specific-gravity classes of yellow birch.
“The Sitkaspruceindividual-tree valuesof specific gravity and of K for
%@mmum crushing strength and for modulus of rupture as shown in
a,able 17 afford an indication that K increases as specific gravity
toCreases.  Values given in the same table for Douglas fir and yellow
£birch indicate that K for modulus of rupture increases as the specific
L8Tavity increases, whereas no correlation between K for maximum

1 fushing strength of Douglas fir and its specific gravity is indicated.
£+ Done of these instances, however, is the change in K with change
! Specific gravity consistent, and no close correlation is indicated.

al Additional data for the determinations of values of K are afforded
results of a standard series of strength tests on American species
atg h&Ye been made at the Forest Products Laboratory (6, 7). In
Sﬂserles tests were made on green and seasoned specimens from
. ar locations in the same trees. From these tests, values of K
S e derived for those species for which M, has been determined.
e ;e;’illues are listed in Table 24 for several properties of several

-
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The method of computing the values of K listed in Table 24 wij) &
evident from examples presented later. (Examples 1-A and 1‘
p. 69.) The computed values are shown in detail rather thay
averages alone in order to afford further information on the variahj;
of K. It appears from inspection that K for any one species 5,
property varies through a considerable range. Two causes of {4
variation exhibited are: (1) K actually varies for different trees gy, {88
different lots of material; (2) specimens tested in the seasoned condi
tion did not exactly match the green specimens. It is impossible
determine how much of the variation in computed values is dye
each of these causes. In Table 24 the kinds of tests are arrangeg
approximately in the order of the number of specimens. The largag!
number of specimens were tested in compression parallel to graj, 4
about one-hsalf as many in static bending, about one-fourth as m&ny’»
in compression perpendicular to grain and hardness, and, on an avyep.!
age, a yet smaller number in impact bending and shear. Inspectiop &
indicates that the tabulated values of K are less variable for thog?
properties represented by the larger number of tests and that the
variability increases as the number of tests decreases. This suggestg
that if green and seasoned specimens were in all cases perfectly |
matched the variability in values of K would be considerably reduced_
The lack of perfect mateching is a compensating factor probably cays.-?
ing the values to be too high as often as too low so that its effect o |
average values is probably quite small.

USE OF THE EXPCNENTIAL FORMULA IN THE ADJUSTMENT OF °
STRENGTH VALUES .

The followng methods of adjusting strength values for differences
in moisture content are based on the exponential formula which im- |
plies a straight-line relation between the percentage moisture content &
and the logarithm of the strength property. All problems of adjust-
ment are covered by two cases as follows: 3

CasE 1.—Strength values derived from matched specimens tested at two
different moisture-content values are known, and the value at some third
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 from
equations already given (9) and the adjusted values computed by the
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 !* or specially prepared diagrams. The use of graphi-
cal methods and of the corresponding formulas can best be explained
by examples under each case.

EXAMPLES OF CASE 1}
EXAMPLE 1—A

United States Department of Agriculture Bulletin 556 (7) gives the
maximum crushing strength of Sitka spruce in compression parallel

13 Semilogarithmic paper has a series of vertical lines uniformly spaced and a series of horizontal lines
spaced according to the logarithms of numbers,

e .
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L to grain as 2,600 and 5,770 pounds per square inch in the green condi-
I tion and at 8.9 per cent moisture, respectively. What would have
" heen 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,
L where 5,770 is plotted at 8.9 per cent moisture and 2,600 at 27 per
& cent, which as shown by Table 17, is the value of M, for Sitka spruce.
. The line connecting these points crosses the vertical representing 12
* per cent moisture at 5,020, which is the value of maximum crushing
- strength adjusted to 12 per cent.

© This procedure is the graphical solution of the following formula:

Log S, =log S, + %—1:—]‘]‘% (log S—log &y ' (10)

Where S; and M, are one pair of corresponding strength and noisture-

o
=
S

ER SQUARE INCH)

3000

STRENGTH VAL

2000

0 4 8 iz 16 20 24 28 32 _ 3
' MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

3 FIGURE 33.—Graphical solution of Examples 1-A and 1-B

& 1

sfontent values as found from test, Sy and M, are another pair, and
#3 18 the strength value adjusted to moisture content M;. In this
'?“;nqple é§l==2,60(L Zk[]==27, E$:==5,77(h 2&[§==8.9,'ﬂ4§==‘12.0, an{i the
#olution gives S; = 5,030 pounds per square inch.

i ormula (10) is derived as follows. Equation 9 may by permutation
®f subscripts be written:

Log S, =log S,+ K (M ,— M) (@)
Log S;=log S,+ K (M,— M,) (5)
Log S;=log S, + K (M,— M,) (c)

Subtracting () from (e¢) and solving—

_log S,—log S,

1{. ]Lli~—2hl§

84111°—39 5

= -]

B L TR PPy

i e i s
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and equation (10) results when this value of K is substituted iy ().
The 1umerical computation by formula (10) is as follows:

Log 5,770 == iy s s Be ADLE
Log 2.600= . ________ 3. 4150
Log 5,770 -log 2,600 - .- 0.3462
0.3462 (27.0-89) __ 0. 0191
Log 2,600 = e wnaresse B, 1180
0.0191 % (27.0-12.0)= _ _ _. 0. 2865
Lag 2,600 +0.0191 X 15.0 = 3. 7015 = log 5030

and 5,030 pounds per square inch is the adjusted value, which does 04
differ significantly from the 5,020 read from the graph.

EXAMPLE I—B

Tests of matched groups of white ash specimens gave the following
vilues for modulus of rupture: 8,880 pounds per square inch in the
green condition (by Table 17 M, =24 per cent) and 12,500 pounds §
per square inch at 13.8 per cent moisture. |

What is the corresponding value of modulus of rupture at 10 per §
cent moisture content? The solution is shown by the upper pair of 8
points and line in Figure 33 and is similar to that of exumple 1-4,
except that in the present example adjustment is to be made to g |
moisture content lower than that at which the seasoned speciniens
were tested and the line joining the points must be extended in order
to meet the vertical representing 10 per cent moisture; also the valye
of M, is 24 instead of 27 per cent as in example 1-A\. The valye
shown at this: intersection is about 14,300 pounds per square inch.
The numerical computation by formula (10) is as follows:

Log 12,500=__________________ 4. 0969
Log 8,880=____ __ . ... ___.____ 3. 9484
Log 12,500 —log 8,880=________ 0.1485
0.1485+ (24.0—13.8)= __ ___ . 0.0146
Log 8,880= __________.___.____. 3. 9484
0.0146 X (24.0—10.0)=__ __. __ 0.2044
Log §,880+0.0146 X 14.0=_____. 4. 1528 =log 14,220

and 14,220 pounds per square inch is the value adjusted to 10 per cent
maoisture content.
EXAMPLE OF CASK 2

EXAMILE 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 the
test had been made at 12 per cent moisture? In this case no tests of
matched green specimens are available, and in order to make the
adjustment 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 24
will be nsed. The graphical solution is as follows: 13,500 is plotted
at 9.8 per cent moisture in Figure 34. The next step is to draw
through this point a line whose inclination to the horizontal is equal
to the value of K. Data for doing this is afforded by Figure 35, in
which are shown for various values of K, values of Z, « multiplying
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. factor corresponding to a horizontal distance equal to 30 per cent on

. the scale of moisture content. For a value of K of 0.0259, the graph
L 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,
i is plotted at 0 per cent moisture. The line connecting these two
. points has the desired inclination. A line is drawn parallel to this
L line and through the point first plotted in Figure 34. F¥rom this line
I the modulus of rupture adjusted to any moisture content below the
L intersection point can be read. The reading for 12 per cent moisture

B is about 11,800 pounds per square inch.

§  This procedure is a graphical solution of the following formula:

Log S;=log S,— K (M,— M,) (11)

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

20000

10,000
9000
§000
7000

LN

5000 =

4000 o~ —

3000 N

2000 N

N

N

MODULUS OF RUPTURE (POUNDS PER SQUARE INCH)

N

4 - 8 12 13 20 24 28 32
MOISTURE CONTENT (PER CENT OF DRY WEIGHT)

eoo
[

FIGURE 34.—-Graphic§11 solution of example 2

¥
BV

13 the moisture content M,. In this example, S;=13,500, M,=9.8,

¢ ’1= 12.0, K was taken as 0.0259 and the graphical solution gives S;
. 1,830 pounds per square inch. Formula (11) is obtained by chang-
TzUbscrlpt,s. and arrangement of terms in equation (9). ’

;A % VSS'IIUmencal computation of example 2 by formula (11) is as

Log 13,500=___ _______________ 4. 1303
0.0259 X (12.0—9.8)=___________ . 0570
Log 13,500—2.2%0.0259= ______ 4.0733 =log 11,840

i3 ':%}1161,84.0 pounds per square inch is the adjusted value.

i Principle of the graphical solution of case 1 is to plot the two
¥alueg Strength values over their corresponding moisture-content
& On semilogarithmic paper, and from the line connecting these
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points read the strength value corresponding to a third MOistyy
content. When one of the moisture-content values is above th
mtersection-point value, the corresponding strength value is to 1
plotted at the intersection point. 3

In case 2 the principle is to plot the one known strength vy,
at the corresponding moisture content and through this poing 4,
draw a line with the inclination defined by an assumed or estimated !
value of A. Then the strength value for s second moisture content
1s read from this line.

It is now evident that the principal difference between the gy,
cases 1s that in case 1 the slope of the line, which is the value " of g
is determined [rom the data of the problem itself, whereas in case 9
the appropriate value of K has to be estunated from other data.
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Fioung 35, —Chart for use in constructing lines of specified slepe
on semilogarithmic paper

SPECIAL DIAGRAM FOR USE IN MARKING ADJUSTMENTS

The methods applied in examples 1-A, 1~B, and 2 afford illustra-
tions of the principles involved in making adjustments by the expo-
nential formula. However, 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 applving it to the previous
examples.

EXAMPLES OF THE USE OF FIGURE 36
EXAMPLE 1—A

Tests of Sitka spruce in the green condition and at 8.9 per cent
moisture content gave values for maximum crushing strength of
2,600 and 5,770 pounds per square inch, respectively. The intersec-
tion-point moisture-content value 1/, for Sitka spruce is 27 per cent.
What would have been the strength value if tests had been made at
12 per cent moisture?

¥ The figures underscored in the computations of exsmples 1-A and 1-B (p. 66) are values of K.

e o S e i s s ———
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The ratio R of the known strength values is 2.21, which equals

5,770 o . "
%’_6—6(—)- The difference between the moisture-content values given
) P . o
is 18.1, which equals 27.0-8.9, and the higher moisture content
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5 BE 36.—Chart for uge in making strength-moisture adjustments, (For examples sea Dp. 68 to 70)

% DCT cent) minus that to which adjustment is to be made (12 per

lfs 15 per cent. The R of 2.21 applies then to a moisture differ-
e é). 18.1, and the value of R for a moisture difference of 15 is to be

1. t&rting with 2.21 at the left-hand margin of Figure 36 and follow-

B 'Tzontally to the vertical representing 18.1 per cent moisture
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difference, the value of K (0.019) is found on oue of the convepyd
Iines. Following this line to its intersection with the vertical thron
15 per cent and thence horizontally to the left-hand margiy
adjusted K of 1.93 is read and 1.93 X 2,600 = 5,020 pounds per >Sq1’1"*
inch, which is the strength value adjusted to 12 per cent moistyre ¢

EXAMPLE -8

Tests of matehed groups of white ash specimens in the green eopgil
tion and at 13.8 per cent moisture gave values of modulus of rupty,
of 8,880 and 12,500 pounds per square inch, respectively, Ty
value of M, for white ash is 24 per cent. What is the value of moduhi
of rupture corresponding to a moisture content of 10 per cent? 4

The ratio & of the known strength values is 1.41, which equgls®

]QZ&%O’ and applies to 1« moisture difference of 10.2 per cent (24-13.8) :
A ,L LE

9

The difference between the M, value and the moisture content tg}
which adjustment is to be made is 14 per cent (24-10). Following$
horizontally from 1.41 at the left-hand margin to the vertical through
10.2 per cent, thence in the direction of the converging lines to the®
vertical through 14 per cent, and then horizontally to the left margiy §
the value of R for a moisture difference of 14 is read as about 1.6]

Then 1.61 X 8,880 = 14,300, which 1s the strength value in pounds®
per square inch adjusted to 10 per cent moisture. 3

¥XAMPLE 2

A specimen of longleal pine tested at 9.8 per cent moisture content &
had a modulus of rupture of 13,500 pounds per square inch. If 3
the value of K is estimated as 0.026, what is the value of modulug 2
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; thatis, &
for a moisture difference of 2.2 per cent. Starting with 2.2 per cent &
at the bottom of Figure 36 und following upward to the line repre-
senting K =0.026, then horizontally to the left-hand margin, a value
of 1.14 1s found for . Since the adjustment is to a higher moisture |

content, the adjusted value will be lower than the original. Conse-
quently, the original strength value must be divided by R, and |

13,500-+1.14 = 11,840, the value in pounds per square inch of modulus
of rupture adjusted to 12 per cent moisture. If adjustment had
been to a mnoisture 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 content
requires values of K or M,. 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 themi. Also K, and prohably M,
varies for 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 of the sdjusted strength
values is pertinent.
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EFFECT OF ERROR IN KX

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 indicated
by Figure 37 with the error and with the difference between the
'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 is
‘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 in
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ERROR IN ASSUMED VALUE OF K
Fiaure 37.—Relation of error in adjusted strength value to error in assumed value of K

rﬂ‘)llsture content, then horizontally to the left, where values of about
iﬁ a &nd — 11 per cent are read. This means that the error of 0.01
. d';ret Aassumed value of K would cause a strength value obtained by
: 5 ‘”'H}g for a moisture-content difference of 5 per cent to be about
t“epsli_('él_lt _h!ghgr or 11 per cent lower than the true value. Whether
ad Qusted is higher or lower than the true value depends on whether

lustment is made to a higher or to a lower moisture content and on
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whether the assumed value of K is too large or too small accordy,,
to the following scheme: g

= . —_—
Errer in %
assumed P . “ITor jn
valie Adjnstment made to adjustey ' |
of K valge
— 3

+ Higher moisture content . . . e _

+ Lower moisture content. - . et q

— Hipgher gioisfure contenli. . . coose Ssscessan s e il s —eRennetS e P S S S +

- Lower moisture content._________ = s ; R R SRS T S =

i

Obviously, the error in an assumed value of K is never knowy
1t is often possible, however, to estimate how much the assumeg |
value may be in error, and Figure 37 affords a means of computiy, |
the effect of the estimated error. 53

EFFECT OF ERROR IN M,

The effect of an error in estimating the value of A, to be used iy
case 1 problems can not be pictured so simply because it depends op
several factors. It can, however, be expressed by an equation which
indicates how the error and these several other factors affect the
result. This equation is developed as follows:

Let S;=a strength value as found from tests at moisture content M,
S,=the strength value for matched green material.

M, = the true value of the per cent moisture at the intersection point,

M ,=estimate of M,

S, the strength value corresponding to some moisture content 1,

less than M, is to be found.
Changing subscripts in equation (10) and substituting for (Jog 8, —

log S,) its equivalent, log %
r

Computed value of log S;=log §,-+ E‘Tq{:—jﬂ 0g =
similarly,
M,— M. N
true value of log S,=log S, *jﬁ_—ﬂl—f log S};
Then
Computed value of log S, — true value of log S,
computed value of S,
true value of S,
=<2\44—M,_I&{,,~Zk[2> 1o Sy
M,—M, M,—M,) 8§,
_(My—M,) (M ,—M,) o Sy
(M,—-M,) (M,—M,) %5,

= lo

(12)

or .
Agl

Joe COmputed value of S; log 5 (13)

true value of S,
o A M- M) (M, -M,)
where A (M~ M) (M,— M)
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Equation (12) shows that the error m the computed value of log
S,, and hence the percentage error in the adjusted value S, is greater:

(1) The greater is M,—M,, the error in the assumed value of
moisture content at the intersection point.

(2) The greater is M,— M,, the difference in moisture content for
which adjustment is made.

(3) The greater is ‘S—,\l;r the inerease in the strength value produced

S,
by drying to the moisture content M.

(4) The less is M ,, the moisture content at the intersection point.

(5) The less is M, — M,; that is, the closer the moisture content
M, is to the intersection-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 not known from mechanical tests and no
shrinkage or other data [rom which to estimate M, are available, the
best estimate is probably the average of known values, which is about
24 per cent. In Figure 38 are plotted values of the quantity A of
equation (13) for M, = 24, M, =12, M, =2 to 18 per cent, and M, =20
to 28 per cent. This graph simplifies estimates of the linits of accu-
racy when M, is taken as 24 per cent in making adjustiments to 12
per cent moisture.

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

_ . S .
measured, not by A alone, but by the product of 4 and log ~g,—l-- Hence,
'S,
although A increases numerically as M, increases above 12 per cent,

1 .
G at the same time decreases.  On the other hand, as M, decreases
2

. , S, s
below 12 per cent, both .t and —S‘I merease.
£

EXAMPLES OF THE EFFECT OF ERRORS IN ESTIMATED VALUES OF
M, AND K ON THE ACCURACY OF ADJUSTED VALUES

EFFECT OF ERROR IN M,

Ul}ited States Department of Agriculture Bulletin 556 (7) gives the
Mmaximum erushing strength of balsam fir as 2,400 and 6,640 pounds
Per square inch in the green condition and at 4.8 per cent moisture,
respectively. If the strength is adjusted to 12 per cent moisture,
using M, the assumed or estimated value of M, as 24 per cent, and
the true value of M, is between 20 per cent and 28 per cent, what
are the limits of crror in the adjusted valie?

S1=16,640, S, =2,400 and log %‘—;*log ggég
14 =y ’
From Figure 38,

=(0.442

for A, =48
A=0.0081f M ,=20
SR = 0f Af =9
Then A 0.067 1 J.[,_) 28
0.098 X 0.442- 0.0433 = l()g 1.10
- 0.067 < (y.442- (.02806 = ]ug (.93

- and the et - 1 A : ;
. adduthe estimate is that S, the value of maximum erushing strength
HAusted to 12 per cent moisture with 24 per cent as the assumed value
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of the moisture content at the intersection point will be between g
and 110 per cent of the true value if the true intersection point mgj_
ture content is not less than 20 nor greater than 28 per cent.

As another example, United States Department of Agriculture By
letin 556 (7) gives 2,060 and 3,400 pounds as the maximum crushing E
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FIGURE 38.—~Chart for estimating effect on adjusted strength value resulting from error in estimat-
ing the intersection-point moisture content (M)

Here §,=3,400;

strength of alpine fir green and at 15.9 per cent.
S, =2,060.

S, 3,400

Log § =5 560

=0.217
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From Figure 38 for M, =15.9

. _ A=049 i M,=20
5 A=0.16 M,=28
E —0.49 X 0.217= —0.106 =log 0.78

0.16 X 0.217=0.035=log 1.08
and S, the value of maximum crushing strength adjusted to 12 per
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 nor
greater than 28 per cent moisture. Jn other words, under this condi-
tion — 22 per cent and -8 per cent are the limits of error in S,.

5 EFFECT OF ERROR IN X

It is interesting to compare the estimnates of error of solution of
these two examples with errors that might result if an estimated or
assumed value of K rather than of M, were used. The best estimate
of a value of K for such use is the grand average of the values given
in Table 24 for maximum 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 A 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 +16
or —14 per cent for the first example and + 8 or — 7% per cent for the
second. Ordinarily, the error in the estimated value of K probably
would not exceed +0.007, and the error of adjusted value would be
. correspondingly less. Also since A is smaller for most other proper-
. ties the error in applving a general average value of K to some par-
- ticular species will be less for other properties than for maximum
crushing strength.

he errors in the illustrations given in this and the preceding section
are about as large as are likely to occur, and in most instances it will
- be possible to estimate the value of K or A, with such accuracy that
- error in the adjusted value of a strength property will be much less.

LIMITATIONS OF ADJUSTMENT METHODS

~ The preceding discussion of the errors that may oceur in making
- Moisture-strength adjustments has been presented to enable those
. making such adjustments to estimate what errors may be incurred
* and thereby to appraise the accuracy of an adjusted value. Tt 1s to
© remembered that the adjustinent methods are applicable only to
- Tesults on specimens in which the moisture is very nearly uniformly
Ustributed.  Such distribution does not ordinarily obtain in pieces
w élse average moisture content is near the intersection-point value,
.:‘gluetqu‘!%‘z’l.q]l_lstrnerlt of_test 1:051[{['.5«' obtained at moisture-content
el &_twe'm] about 15 or 16 per cent and the mtersection-point
CUNes 1s subject to errors of considerable mugnitude,
fio a};gd]uﬁ]tmont methods have been derived from wood in which
:prBSentTm? mnﬁnnts of resin or other infiltrated suigstances were
%ntainin&m’ caution needs to be exercised in applying L’:l}em to wood
OiStureg excepthnal ]am(mnt.s of such suhsiances. The effect ()f
Pigin on the strength properties of wood that contains abnormal
S of resin has not been thoreughly investigated, Such tests
_ eng‘t’g_n?eﬁn made on material of this character indicate that
olsture relations are erratie. This mayv be due to msuccu-
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racies in moisture determinations in such instances. If the amoypg
of moisture held in the wood substance could be determined acey a
rately such material might display as definite strength-moisture I‘ela. 3
tions as wood without resin or with only normal amounts of 1’esin-
It has been found that in some species that contain large amountg of
other infiltrated substances, these substances have the effect of rajg,
the strength of green wood without exerting a corresponding effect
on dry material. Consequently, such wood is increased in strengty,
by drying less than is wood that does not contain such substances

Although the methods of adjustment outlined are beiieved to b,
the best that is now possible to devise, they should be used with cqpe
and judgment and with a full realization of the possibility of erpgy
It is evident that in all cases the risk of error is least when the diffe,.
ence between the moisture-content values from and to which adjust.
ment is made is small. Necessity for adjustments for any hy
comparatively small differences in moisture content can ordinarily he
avoided by care in conditioning specimens for test. Usually seasoiling
to a moisture content not far from 12 per cent can be readily accom.
plished either by natural (air) or artificial (kiln or conditionjng
chamber) drying, and 12 per cent is suggested as a standard moisture
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 to
season both control and treated specimens to equilibrium wunder
atmospheric conditions simulating those that will obtain in service,
In this way the need, in analyzing results to determine the effect of
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 equilibrinm 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 RELATIONS

The preceding discussion has been concerned with the relation
between moisture content and strength properties in pieces of wood
that are free from defects and in which the moisture is practically
nniformly distributed. The methods of adjustment developed are
applicable to such pieces only and not to pieces containing defects
or to pieces in which the moisture is nonuniformly distributed, that
is, pieces in which a moisture gradient of considerable magnitude
exists. Two important phases of strength-moisture relations in wood
remain for consideration. These are the instances when (1) the
moisture content is nonuniformly distributed and considerable mois-
ture gradient exists between the interior and exterior parts of the cross
section, and (2) when the piece contains such defects as knots, cross
grain, shakes, or checks.

THE EFFECT OF NONUNIFORMLY DISTRIBUTED MOISTURE ON THE STRENGTH OF
WOODEN MEMBERS

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 out
in such a manner as to produce moisture gradients of considerable
magnitude during the time the piece is approaching equilibrium. The
results of tests on chestnut specimens with moisture nonuniformly
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-molsture curve well above that for specimens with moisture
uniformly distributed. As may be seen [rom Figure 5, the strength
of specimens with a nonuniformly distributed moisture content of
42 per cent was as great as that ol specimens with a uniformly dis-
tributed moisture content of 18 per cent, and for specimens with
nonuniform moisture content averaging about 25 per cent the
strength was as great as for those having a uniformly distributed
moisture content of 14 per cent. That wood tested in a partially
seasoned condition and displaying large moisture gradients does not
always yield results similar to these is demonstrated by a recent
investigation.

The specific object of this investigation was to obtain information
applicable to values froin tests of partially and nenuniformly seasoned
wood. Such information would prove wvaluable since preservative
i and other treatments of timber frequently dry the surface to a low
| moisture content and Jeave the moisture content progressively higher
toward the center of the piece. Conclusions concerning the effect of
such treatments on strength properties of wood could be reached very
quickly if specimens could be tested soon after treatment and the
I results so adjusted as to be comparable to those from control speci-
- Inens.  Again, telephone poles of different species and different groups
of poles of the same species have been tested at various stages of
- seasoning,  The data from these tests would be of much greater
utility if they could be adjusted to a strictly comparable basis.

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

Stﬁﬁ(_‘»—beuding and compression-parallel-to-grain tests were made
- On partially dry and on matched green control specimens. The 2 by
i “Inch specimens for test in the partially seasoned condition were pre-
- Pared in 3 by 4 inch size, and the wide faces were coated with a prepa-
¢ Tatlon to retard drying so that the principal drying would take place
r‘;zlflliqt_.]:fl narrow Ia.qffas. When 'the specimens had been dried for the
2 Wi(lle }1 '?‘JP@HO(}z of time one-hall inch was removed from each of their
B i éqayt-b a‘nd t-i_w. tests made. I his resulted in test specimens 2 by 4
N o %E)(‘.-l oss section whose moisture content was pearly umiform
b tive) 1 e fﬂdth or narrow dimension but varied from a compara-
L Y JOW value at each narrow face to a higher value at the middie.
E .s Pole specimens for test in the partially seasoned condition werc
E oo In hl](T.]! & way as te produce a _comparatively low moisture
0t at the surface, increasing to a higher value at the center.

& nut ae ‘1“01‘_6 unportant of the data on 2 by 4 inch specimens of chest-
nd loblolly pine are presented in Figures 39 to 43, inclusive.
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F1oURE 39.—Results of the determination of the modulus of rupture of nonuniformly seasoned 2 by
4 inch specimens of chestnut, Tor data on moisture distribution, see Table 25

TABLE 25. —Moisture distribution data for nonuniformly seasoned 2 by 4 inch
specitmens of chestnut plotted in Figures 39, 40, and 41

Moisture content of successive slices from compression face of
static bending specimen

Specimen — =3
First ¢ | Second 134 | Second Y | Third }{ | Fourth ¥

inch inch inch inch inch t

Per cenl Per cent Per cent Per cent Per cont
DO Lo commmemmmmsmosmanmeiens = o svesamsam gy 12. 7 15.8 18.3 22.3 26.2
No. 3 .. 12:8 16.0 18.1 20. 4 25.0
No. b R 8.4 12.5 14.9 19.3 2.1
NO. 7o 13.1 15.8 18.3 21.1 1.7
No. O . - 13.7 16.2 18.0 19.7 247
No: 1. cnmmmmsmnmmsammme e - 11.5 15.3 21.4 39.8 102.4
INOL 18 e i g e 9.7 12.2 15.1 22,2 33.7
- T Y P S N ol 13.8 16. 5 19.0 23.0 29.0
30 B A S RN RIS =L - =y 13.8 16.0 19.8 25.5 33.6
No. 10 11.1 13.3 19.5 30.0 50,5
No. 21 . R 1.4 14.8 17.8 22.2 20.2
NO. 23 9.6 11.6 13.8 16.0 18.1
N0:25.. .o cmm b mimmmes 5 St . 12.4 15.4 18.1 23.8 316

I

! The average moisture content in the second inch of a1l specimens was above the intersection-point velue
oxcept that in the second inch of specimen No. 23, which was 20.5 per cent.
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. In each of these diagrams, the ratios of the strength of a partially
¢ easoned specimen to the strength of its own green control specimen
~ are plotted over the average moisture content of the partially seasoned
specimen. There is also shown for comparison a moisture-strength
. curve for uniformly seasoned pieces. Where suitable data on speci-
. mens from the same logs as the partially seasoned specimens were
available, they were used in establishing the moisture-strength eurve
for uniformly seasoned specimens.
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Flougp . —Results of the determination of the fiber stress at elastic limit in statie bending of

?E%n'%’;igflggl}y seasoned 2 by 4 inch specimens of chestnut. For data on moisture distzibution,
i)

- .(ﬁ&l‘he data, demonstrate that the strengths of different species are
E ;. Ifl‘ently affected by partial seasoning, as may be seen from a com-
& oho Son between chestnut and loblolly pine. Figures 39, 40, and 41
~OW the results of tests on chestnut. The fact that in these dia-
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grams the points are consistently well above the moisture-strey, 3
curve for uniformly seasoned specimens demonstrates thgt %
specimens with moisture nonuniformly distributed were much pj L
in strength than they would have been had the moisture copgp, f
averaged the same but been uniformly distributed in the ern i
section, and confirm with respect to chestnut the results showy e
Figure 5. :
Figures 42 and 43 present similar data for loblolly pine and gy,
that specimens with an average moisture content above the fibep..
saturation point have, on an average, received no increase in Stl‘engt];
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FIGURE 41, —Results of the determination of the maximum erushiug strength of nonuniformaly sea-
soned 2 by 4 inch zpecimens of chestout. Figures along connecting lines are speeimen numbers.
For data on moisture distribuiion, see Table 25

‘from partial drying, some specimens having been strengthened and
‘others weakened. :

The results demonstrate a contrast between chestnut and loblolly &
pine with respect to the effect of partial seasoning. The other species §
tested are intermediate. This difference with respect to the effect
of partial seasoning is due to variations in the way adjacent layers
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 a3 follows:
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Type A.—Maximum stress is reached at comparatively small
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-

'~ ton of other failures. This type of behavior is more common in
. dry wood than in green and more common in coniferous species than
" 0 hardwoods. Its extreme is exemplified by very dry wood, in
. which maximum stress is reached at a small deformation and sudden
' -and complete failure occurs immediately.
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. FI;'I'JRE 42 —Results of the determination of motiulus of rupture of nonuniformly seasoned 2 by
- bemCh specimens of loblolly pine. The sclid circles represent specimens that were intended to
b partially seasoned with comparatively low moisture content at the surface but were found to
ave moisture content values above the intersection point value throughout. See Table 26 for data
on moisture distribution
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E ABLE 26.— Moisture distribution data for nonuniformly seasoned 2 by i inch

3 specimens of loblolly pine plotted in Figures 42 and 43
o ——
'*f |
g Moisture content of successive slices from compression face of
| : static bending specimen
W Specimen ‘ |
1 First L3 | Secorul 14| Second 1y Third 1y Foorih g
inch inch inch inch foimneht
| i
Per cent Per cent Per cent Per cent Per cent

12.7 15. 8 22.5 25,7 27.9

4.1 18.1 23.3 25.6 2.1

12.0 17.8 22.6 25.2 ... TN

142 45.6 43.4 59,4 55.8

14.1 16.0 20. 6 24,1 26.0

X 14.7 17.7 23.0 36.7 56.8

} i3.1 16.9 20.7 .8 28.9

17.4 21.7 26.9 25.3 36.6

12.6 17.0 20.6 26. 9 23.6

20.0 30.8 44,0 a7, 2 50.6

15.4 19.1 21.5 2.2 24.5

17.9 28.6 31.7 35. 6 20.0

22.4 26.2 29.0 20.8 31.2

12,9 15.9 21.6 27.5 34.3

14, 2 18.0 18.3 2.6 24.0

20.8 | 28.4 29.4 48.0 43.6

The mof N ;
Sture content in the second inch of all specimens was above the intersection-point vaiue.
84111°— 39 __4
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Typre B—Maximum stress does not occur until a comparativel, |
large deformation has taken place, stress decreases but slowly with
further increase in deformation, deformation continues to be g
distributed longitudinally for a time but finally becomes localizeg
at a number of points, and numerous failures appear simultaneoyg]y,
or in close succession before there is an appreciable decrease in stregg
This type of behavior is more common in green wood than in dry gy
more common in hardwoods than in conifers. It is exhibited by boty
green and air-dry wood of such species as hickory and reaches it
extreme in hickory that has been obtained from near the base of
some trees. Distributed rather than localized failure is charactep.
istic of material in which the stress is maintained very nearly at itg
maximum value through a considerable range of strain or deformatiop,
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Fi1GURE 43.—Results of the determination of maximum crushing strength of nonuniformly 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 surface
but were found to have moisture-content values above the iutersection-point value through-
out. See Table 26 for data on moistare disfribution

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

EZIf the stress-strain relations are of type B both for green and for
air-dry material, as illustrated for chestnut in Figure 44, all or several
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 to
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 beam the neutral plane has moved
downward and the deformation not only at the upper surface but for
considerable distance below it comes into the range within which the
stress is maintained at very mnearly its maximum. Such a nonuni-
formly seasoned piece would cairy a larger load either in compression
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 paraliel
to grain may not develop their maximum stress at the same deflection
with the result that the maximum load for the piece is less than the
sum of the maximum
loads for its parts and
may actually be less
than if the piece were
thoroughly green.

- If the stress-strain
- relations change from
type B for green or wet
wood toward type A
with decrease in mois-
ture content, the stress
in the drier top layer
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
¢ resultis that the layers
o of different degrees of

LOBLOLLY PINE CHESTNUT

AIR-DRY

AIR-DRY

ISTRESS

GREEN

TvYPE 8

. . J 0
¢ dryness successively STRAIN
3 ;iaCh their maximum FIGURE 44.]—Shape of stress-strain diag(;ams for green aad air-
5 re oy 1 dry loblolly pine and chestnut under comprossive stress.
= S &Ild_ iall’ and Arrows indicate first visible failure

. the beam may be no
L stronger or may be acbually weaker than if it were thoroughly green.
iferent types of behavior of nonuniformly seasoned pieces in com-
| Pression parallel to grain are illustrated by loblolly pine (fig. 43) and
""‘«’heSt‘nut (fig. 41), respectively. Figure 43 indicates that, on an
¢ dverage, loblolly pine was not increased in strength by partial season-
¢ 2. Figure 41 shows, on the contrary, that chestnut was increased
3 f;%flfgengtﬁ. although in only 3 cases out of 13 was the actual strength
4 '(:cal as high as it would have been had each part carried the load
| \culated value) corresponding to its moisture content,
e &ctulglmh 39 and 40 show certain calculated values in addition to
e )ll‘e}anlt‘s from bending tests. These values were obtained by
Osé 1.;»; mg the moment of inertia of each of'the parts of the beam
Streng+}- !flsgure content was separately determined into the estimated
£ ih, fr;ol' vaiue (mmodulus of l:llpt_m'e or fiber st}'ess at elastic limit) at
E o sture content and dividing the sum of these products by the

* Moment ¢ : . s > : : :
E ent of inertin of the entire section. A sample computation 1s

2 OWn in Table 27,
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TapLe 27.—Ezample of calculaled values for modulus of ruplure
Ipocgimen 2 by 4 inches, Modulus of rupture of green control specimens 5,000 pounds per Squarg i

Moisture content of successive slices counting from top of the bean are given in column 3. Dlsmb‘xt 48
of meisture assuned to he symmetrical about horizontal cenier line of seetion]

o ,;

M oment of
inertia of -y I
U I two sym- | Moisture | Modulus or
Fhickness of slico metrically | content rupture
located
slices
Lbs. per
Per cent $¢. in.
1 5T 1 | e S i S S S A 1, 878 13.8 7: 18
] O S SN S PR L S ey 1. 643 16. 5 6, 500
G T R R e SRCS RS oo R 2. 646 18.0 6, 000
[y 7 TR O s~ LIS e S o 1. 896 23. 0 5,170
PG e s R b Sk 1,971 29, 0 5, 000
5 AR S 1,833 39.4 5,000
Bl S e

62,810 10.667= »,xOO—(dl( ulated value of modulus of rupturn

As may be observed from Figures 39, 40, and 41, the cnlcuhted '
and actual values for chestnut agree closelv in only a few instances,
(This was found to be true for other species also.) Purthermore
the calculated value, though in most cases above the actual, is not
consistently so, and apparontlv there is no correlation betwoen the
actual and caleulated values. Hence, there seems to be little chanee
that this type of calculation could be made the basis for predicting
the strength of a p(u‘uallv seasoned piece or of reducing to some
standard moisture condition results of tests on such a piece.

Also the demonstrated fact of the differing eflect of partial seasoning
on different species indicates that no one t\ pe of formula for nml\mv
sueh computations would be found applicable to all species and that
consequently, methods of computing the strength of pieces of w ood
of & 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 MOISTURE

The tests of the strength of specimens with moisture nonuniformly
distributed lead to the iollo“ ing conclusions:

A partially seasoned piece of wood whose average moisture content
1s above the fiber-saturation-point value may or may not be stronger
and may conceivably be weaker than the same piece in the green
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 parallel
to grain decreases but slowly as deformation is increased beyond that
at which maximum stress occurs. However, the characteristics that
determine whether or not wood of a species will be increased by such
partial seasoning are not completely known. Consequently, it is not
possible to cl:msﬁv species in this respect except from the results of
tests. Chestnut specimens were appreciably strengthened by partial
seasoning that did not reduce the average moisture “content below the
fiber-s turation- -point value; loblolly pine similarly seasoned was on
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the average no stronger than when green. Douglas fir rectangular
and tamarack pole specimens showed some increase but less than
chestnut. Available data are insufficient to indicate the effect of
gimilar seasoning on shortleaf pine.

Timber partially seasoned to an average moisture content below
the fiber-saturation-point value may or may not have higher strength
than would be expected from the average moisture content. In the
tests described, pole specimens of tamarack and chestnut and rectan-
gular specimens of chestnut, shortleaf pine, and Douglas fir were

~usually higher in strength than would be expected from the average

molsture content, whereas the results for pole specimens of shortleaf
pine were lower than would be expected. Available data are insuffi-
clent to indicate the effect of such seasoning on loblolly pine.

Because of difference in the behavior of different species when
partially and nonuniformly seasoned, there is little hope of being able
to derive adjustment formulas applicable to results of tests on par-
tially seasoned wood. No attempt should be made to adjust data
derived from tests of partially and nonuniformly seasoned timber.

Material for tests intended to afford a comparison between species
in the form of such products as poles or between treated and un-
treated timber should be conditioned to equilibrium under exposure
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 TIMBER
CONTAINING DEFECTS

It has been emphasized that the tests of Groups 1 and 2 discussed
earlier in this bulletin were made on small specimens free from defects
and that the changes in strength shown and the methods of moisture-
- strength adjustment set up apply only to such material. Larger
& Dieces free from defects and structural timbers with the defects

i commonly found therein differ distinctly from small, clear specimens
- with respect to strength-moisture relations.
~ . The drying of small, clear specimens produces comparatively large
§ INCreases in many strength properties because the wood fibers and
 other small elements of the structure are greatly increased in strength.
¢ Although in larger pieces and in pieces with such defects as knots,
£ CToss grain, and shakes, similar increase in the strength of the fibers
3 takes place it is not fully effective in increasing the strength of the
g Plece as g whole because drying almost invariably produces checks,
¢ Particularly in pieces containing the pith of the tree, and also intensifies
. 1he effects of previously existing defects. The reason for this is found
Iélr;}'m way moisture moves and in the way shrinkage takes place during
ing,

: Wlth a given change of moisture content below the fiber-saturation
. Pomnt, the shrinkage of a piece of wood or the tendency to shrink
stnfgf according to the three principal directions with respect to the
E tion ]U}“e- The tendency to shrink is greatest in the tangential direc-

k cion” ess radially, and, except in abnormal material, such as compres-
£ "1 wood,” is negligible longitudinally or along the grain.

0 =
& . Compr
= mrcmnfer!e

e‘fg"»‘“ wood consists characteristically of annual rings abnormally widened over a part of their
B 1 & Ting hme' Iln this widened portion, the sumnier wood constitutes a large proportion of the width of
struet, o U}A,"he difference hetween spring wood and summer wood is less marked than in wood of normsl
8de of ear Ompression woord oceurs only in coniferous species and is formed principally on the lower
Wosming trees and the underside of limbs.  In addition to abnormal longitudinal shrinkage, compres-
m(’perties S characlerized by specific gravity abuve normal and by a deficiency in certain strength
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The width of flat-grained or slash-sawn boards ig principally tangey. | i
tial to the annual rings, and it is cormmon observation that such bogyq
shrink more in drying and undergo greater changes in width with Sub?' f
sequent fluctuations of moisture content than do edge-grained
quarter-sawn boards, whose width is radial. Owing to this same gj;. §
ference the circumference of a pole or log tends to be decreased by 2 4
greater percentage in drying than does the diameter, and stretchip,
or checking is necessary to accommodate the circumference to th,
diameter. The same is true of sawed timbers that include the pith of/§
the tree. Ordinarily, the wood is incapable of the necessary stretching 4
and consequently drying is accompanied by checking. 'S

The drying of any piece of wood takes place from the outside, iy
consequence of which the outer portion acquires a tendency to shrink |
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. 2

Under a given drying condition moisture moves at different rateg §
in the principal structural directions. Movement is most rapid lon- |
gitudinally and least tangentially, with that in the radial direction
intermediate. An illustration of the effect of the more rapid longi-
tudinal movement is afforded by the checks that form at the ends of
lumber and timber during drying unless precautions are taken to |
retard drying from the ends. As a result of the rapid longitudina]
movement, the material at and near the ends of the piece soon reaches |
a moisture content that demands shrinkage, but as shrinkage is
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 and |
shrinkage in the different directions and of the fact that the outer
portions of any piece ordinarily reach a moisture content that demands
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 resist
shearing stress parallel to the grain. Checking reduces the strength in
longitudinal compression by separating the fibers and thus causes the
loss of some of their mutual support against buckling. Deecrease in
adherence of fibers also lessens the tensile strength.

Shrinkage stresses and the resulting checking are at a minimum
in small, clear pieces that are carefully dried. Ordinarly the larger
the piece the more severe is the checking that takes place, and,
consequently, large pieces, even when free from knots or cross grain
so that the checks are parallel to the length, gain less strength in
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 such
pieces are enhanced by the fact that the movement of moisture to
the lateral faces of the piece is in part along the length of the fibers
and, consequently, larger differences in moisture content between the
surface and the interior occur. Since longitudinal compression and
tension stresses have components parallel and at right angles to these

18 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 parullel with the length of the piece.
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directions, the gain in fiber strength resulting from loss of moisture
is further offset in such pieces.

These effects cause any lot of sawed timbers to be more variable
in strength when seasoned than when green, and tests of similar
groups of green and seasoned timbers have shown that although
- maximum and average strength values are higher for the seasoned
material, minimum values are not appreciably raised by seasoning.
A degree of cross grain that has little influence on timbers in the
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 the
strength of split or of naturally round timbers, such as poles and
piling. In such pieces no movement of moisture to the surface along
the length of the fibers occurs, and unless the piece is spiral grained,
longitudinal stresses do not have components at right angles to the
E checks. Consequently, round timbers, unless they are spiral grained,
. are considerably increased in strength by seasoning (f) but not so
- greatly as small, clear specimens.

SUMMARY

‘This bulletin brings together data resulting from tests of the effect
of moisture on the strength properties of wood as made by the Forest
Service over a period of 25 years. The data are considered in detail,
. and from them a type formula to express the relation between uni-
fOI'Inly distributed moisture content and various strength properties
15 derived. The application and limitations of this formula in ad-
L Justing test results for differences in moisture content are presented.
. The effect of partial seasoning on the strength of wood and the pitfalls
B which attend any attempt to adjust strength values when the moisture

18 nonuntformly distributed are set forth, as well as the effect of
seasoning on the strength of timbers containing defects.
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