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UNITED STATES DEPARTMENT OF AGRICULTURE
WASHINGTON, D, C.

STRENGTH-MOISTURE RELATIONS FOR
WOOD

By T. R. C. Wiwsox!
Senior Engineer, Foresi Producls Laboratory,® Branch of Research, Forest Service
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Wood in the natural state in the living tree has associated with it
considerable quantities of water, usually sufficient to make it appear
wet. After being converted into lumber or other usable forms or

during the conversion it is commonly dried to o state such that wet-
ness is not evident, although appreciable quantities of water remain,
During subsequent use it may be soaked or otherwise so exposed as to
become obviously wet, or it may be so sheltered that no wetness be-
comes evident. In the latter case, however, since wood is hygro-

! Acknowledgment is made of assistnnee of various Liads received from I. A, Newlin, H. D. Tismann,
R, P, A, Johnson, T, A, Carlson, R, F. Luxford, 1. 3. Markwarit, sl Q. W, ‘Prayer, ait of tie slall of the
Forest Prodncts Laboratory.

? Muintained by the U, 5. Department of Agriculiure st Madison, Wis., in cooparntion with the Ugle
vorsity of Wisconsin,
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scopic, its moigture condition varies with fluctuations in the tempera-
ture and the humidity, or dampness, of the air.

When the moisture content is below a certain limit changes in its
value are accompanied by changes in many of the properties and
characteristics of the wood. Dimensions and numerous strength
properties are also affected.

Wood fibers are increased in strength by drving, and a piece of wood
in an average air-dry condition may be as much as two and one-half
fimes as strong as & similar piece in the green condition, the ratio
varying with the species, with the distribution of moisture, whether
uniform or nonuniform, and with the strength property considered.
It is obvious then that comparisons amoeng results of strength tests
are likely to be greatly in error unless the moisture condition of test
mateial is known in each case and allowance made for any difierences
that may exist.

The purpose of this bulletin is to discuss the relations between the
Tnoisture content and the strength propertics of small, clear specimens
of wood, to outline the development of formulas that may be used in
adjusting strepgth values for difierences in moisture content, and to
make clear the applicability and limitations of these formulas.  Other
phases of moisture-strength relations are also discussed.

The relation of the moisture in wood to its strength properties has
been discussed in two preceding publications, neither of whieh is now
available for distribution, namely, Ferest Service Bulletin 70 (12) 2
and Torest Circular 108 (8). This bulletin reviews the prinecipsl
information presented in these publications and in addition gives the
results of subsequent studies and tests.

The changes in strength and other properties of wood with changes
in moisture can not be thoroughly understood without some knowleg ge
of how moisture is held in wood, how wood dries, and bow 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 motsture content is to weigh a
piece of wood in its original condition and again after heating it at the
temperature of boiling water (212° ¥, or 100° C.) until the weight be-
comes practically constant. The original weight minus the final
weight 15 taken as the meisture 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 mechenical tests and is considered to be sufficiently accurate
for the purposes discussed in this bulletin.®

3 Halic pumbers in parentheses refer to Literature Cited, p. 88, .

s Varylng amounts of resin are present in the wood of mimersus eoniferons specins.  Tha heartwonod of
many apecies containg Infiltrated substances, ofien strongly coloted, in varying ameounts. Anong ontive
spocies redwood, various cedurs, Ospee-oronge. and Llnek locust are conspicuous in this respect. The
presence of such materials o rhnorinal amaoants appreciably alfects the aceuracy of the computed pereent-
age moisturs coptent, Huen of the axtrancous moloricls us are evaneralel in deying the wood ere counted
as moisture and tend to make the moistyre conteat too kigh; sueh s reinain after dryini are counted as
wood nnd by inereasing the weight ou whicl the pereentage s tmyset] tead 40 make the wolsture content ton
low. None of the materiai from whieh data are presented In this bulletin was ahnormal with respect to
the smonnt of resip or other fnftltrated suhstanees present.
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The relation between the weights obtained may be expressed as

foliows:
Wo—Wf=Wa (1)

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

In equation (1} Wag is the moisture content in the same units as the
origimﬁ and final weights. If, for example, weighings were made in
pounds, the moisture content could be stated as We pounds. Such a
statement would, however, have little significance as it would not
specify the quantity of wood with which the We 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 ss a percentage.
Either the original or the final weight might be employed as the base
of the percentage. Accepted practice in stating the moisture content
of wood ®is to use the final weight as the base of percentages snd to
express the result as folflows:

Per cent moisture content

xf_ 1nn B G Wo—T¥f Wo )

3=1007 10057, or 100(1.;.;; 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
hase of the percentage is preferred because it results in percentages
whose relationships are very simple. For example, if 120 units by
weight of wood has associated with it 60 units of water, the moisture
content is 50 per cent, snd removal of 30 units, or one-half, of the
water reduces the moisture conteni to 25 per cent, or one-hnlf its
former value. The use of the original weight, that is, the weight of
the wood and water together, as s 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
heartwood of some coniferous species, such as Douglas fir ® and the
southern yellow pines, the moisture content is normally very low
(from 25 to 50 per cent) whercas in the sapwood it is much higher
{from 100 to 120 per cent or more). In some hardwood species the
moisture content is very low both in heartwood and in sapwood.
For example, the white ashes average about 40 to 50 per cent moisture
content, Some other species, including both conifers and hardwoods,
have high moisture content in sll parts of the tree.

When a piece of wood is subjected to prolonged so aking in water, it
eventually acquires o very high moisture content, at least in the cuter
poriions, which are most accessible to the aclion of the water. The

5In stating the moisture vonlentof wood puip, the practice of the ehemnist In defining selntions is followed,
sud the weight of tie combinalien of weod pulp un] water is used ws the base of percentuges, for exsmple,

. i’
por genl moisture conlont of wood pulp erqnols 100 o

£ The standard names employed by the U, 5. Forest Svevieo for lymber aud for Lhe Lreps fromt swhiel: if {s
et are used throupbout this bulletia (£},
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moisture content in such portions is probably limited only by the
space available. That absorption of water by the heartwood of
many species is comparatively slow, particularly in pieces that have
not been checked in drying, s evident from the observed fact that
logs and piling submerged In water for several years are not filled
with water throughout.

Figure 1 shows the relation between the equilibrium moisture
content of Sitka spruce and the temperature and relative humidity
of the air.

For example, if a piece of Sitka spruce is exposed in air maintained
at a temperature of 80° ¥, with relative humidity of 30 per cen} it
will attain a moisture content of 6 per cent end will remain at this
moisture content as long as this temperature and this relative humid-
ity are maintained. Six per cent is then the equilibrium moisture
content for Sitka spruce in air ot 80° and 30 per cent relative humidity.
Figure 1 shows that the equilibrium moisture content value increases
with increase in relative humidity and with decrease in tempersture
of the atmosphere. Experiments have shown that at ordinary
temperatures and st relative humidities between 20 and 80 per cent,
the different species of wood do not differ much with respect to
equilibrium moisture content vealues,

After o piece of green wood has been subjected to natural atmos-
pheric conditions for some time the moisture content at tho surface
comes into equilibrivm with the current temperature and humidity
and thereafter fluctuates with changes in these factors. The equi-
Hbrium 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, until
finally the center attains a moisture content such that no further
drying talkes place. How soon such a condition is regched depends
on the size of the plece as well a5 on climatic conditions. If the
piece of wood is quite laige, such as 2 12 by 12 inch by 16-foot timber,
several years may be required.

By meaus of kiln or other artificial drying the moisture content
of wood may be reduced to any desired value, BSubsequent to such
drying the moisture content tends to come into equilibrium with the
atmospheric conditions to which the wood is exposed. There is
some evidence, however, thai the equilibrium moisture content may
be lowered slightly by drying the wood to & 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, sllows moisture te exist in two states; as “bound’”’
or “imbibed” m.isture, absorbed within the substance of the cell
walls, and as “free” water, filling or partially filling the cavities
within the eells. Both states obtain in wei 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-SATURATICN POINT

The theory of the fiber-saturation point was first evelved (12) in
connection with wood to explain certain phenomensa of meisture-
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strength and moisture-shrinkage relations. The saturation point of
wood fibers may be defined theoretically as the state in which the
cell walls are saturated throughout but the cavities of the fibers are
entirely free from moisture. However, exactly such a state is seldom
a}.taine&l, except possibly by isolated fibers or by very small fragments
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 affected,

Figure 2—Drowing of a highly magnifled hlock of hardwood measuring about one-
fortielh jnoh vertically: #, ‘Transverse surface; rr, rodinl suriaee; {9, tangential sur-
tace; o, vessel or pore; Y, woodfibers; wr, wood rays; ¢n, apnual ring

and » change takes places in the relation between other physical
properties and moisture content. Presumably also if the moisture
could be kept uniformly distributed in & piece of wood during drying,
the piece as & whele 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
in advance of others. Consequently, changes in properties of a piece
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of wood cccur before the averago moisture content has reached the
fiber-sgturation point value. Because of this fact the true fiber-
safuration point moisture content is rot 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

r fwrvrd

FIGURE 3.—Drawing of a highly roagnified blork of softwood meastring about ope-fortieth
ineh vertieally: #, Transverse sorfave; rr, radisl surlnes; iy, tangential surface; ar, annonl
ring; sm, sumnter wood; sp, spring wood; fr, tracbeids, or flbers; frd, horizontsl Tusin
duet; frer, fusiform wood ray; wr, wood roys

consisted of a series of tests conducted by H, D. Tiemann in 1903
and 1804. Furopean investigators had previously tested wood in
various stages of scasoning and had demonsirated the fact of increase
in strength with loss of moisture. However, the existence of the
fiber-saturation point had not been recognized, and the fiber-satura-
tion-point theory as applied to strength properties and shrinkage was
first announced in Forest Serviee Bulletin 70 (12), which presented




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

the results of the Forest Service tests. Some typical moisture-
strangth curves as originally derived from these early tests are repro-
duced in Figure 4.

If the moisture is quite nonuniformly distributed in a piece of wood,
the outer shell may be well below the fiber-saturation point while the
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inner part still contains {free water. The moisture-sirength curve for
specimens with moisture nopuniformly 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 cbscure the fiber-
saturation point. Some earlier investigators mistook such curves, an
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exgmple 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 strongth properties, different
species, and, to some extent, different picces 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 fastors by whiels the
strength value at one moisture content should be multiplied te ges
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Fi1GURE 5.—TNelation between modulus nf ruptire snd moisiure content for chestout speci-
mons with moisture uniformly and oonunifarmly distributed

the strength value at some other moisture content. The reduction
factors were taken from curves averaging the relation between mois-
ture content and the respective strength properties as found from
tests. The possibility of representing the relation between strength
values and moisture content by mathematical formulas was not
investigated at that time. Subscquent study of the same and other
available date has led to two types of strength-moisture adjustient
formulas designated as “straight-line’ and “exponential.”

STRAIGHT-LINE FORMULAS

The first sys tematic attempt at representing strength-moisture
relations mathematically was the derivation of formulas of a straight-
line type. From inspection of such strength-moisture eurves as are
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shown in. Figure 6, it is seen that a comparatively short portion of
the curve, such as that between 8 and 12 per cent moisture, does not
deviate greatly from a straight-dine. In devising a straight-line
formula for adjusting to 12 per cent moisture, it was assumed that
short: portions of a moisture-strength curve to the left and right of

12 per cent moisture could be represented by straight lines whose
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curves originatly drawn to represent the dversgs stremgih-moisture relations. Data are frora
Tables 18 snd 18 of Forest Service Bulletio 70 (12

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

6(S— @)

Sw=jgop TE @)
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Su=2=0 1 g

Where S$=strength value as obtained from tests at moisture content
of M per cent, G=strength value ss obtained from tests of matched
material in the green condition, and ), =strength value adjusted to
12 per cent moisture content. TFormulas {3) and (4) are for use with
values of M below and above 12 per cent, respectively.

Similar straight-line formulss for adjusting strength values to 15
per cent moisbure were also devised.

EXPONEMNTIAL FORMULA

It is obvious from Figure 6 that formulas of the straight-line type
can be only roughly approximate and that il their applications are
not limited to very small moisture diffcrences comparatively large
errors in adjusted values are probable. Need for more accurats
adjustments arising in conncction with a series of tests made some
years ago led teo a carefnl analysis of the data available at that time.
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 te all
species and to all strength propertics. In all the sets of strength-
moisture data reviewed, it was found that within certain lmits the
relation between the logarithm of the strength value and the moisture
content could be quite accurately represented by s straight line. In
Figure 7, the curves 7 from Figuve 6 and two additional ones are repro-

duced with the strength values plotted to & logarithmic scale on the
verticel axis and the percentage of moisture content plotted to a
uniform, or arithmetic, seale on the horizontal axis.

The general equation of o straight line in such a plot is

Log S=log §,— K3,
which is equivalent to
S=8,- 1075

Where § and M are corresponding strength and moisture-content
values within the limits of applicability of the equation, S, is the
strength value that will obtain at zere moisture if the equation is
valid to that point, and K is an experimentally determined constant,
or parameter,

The agreement between the exponential formula and the experi-
mental deta is found to be quite good in a large number of instances,
and $his fact suggests that this type of relation may be a close approxi-
mation to the fundamental law of the effect of moisture on strength
properties and that the deviations of experimentally obtained values
from this law may be largely due to experimental errors. Among the
causes of deviation arc nonuniform distribution of moisture in test
specimens, the disturbing influence of varying amounis of resin or
other infiltrated substances in certain species, and particularly the
vaniability of wood and the consequent Impossibility of obtaining for

i The plotted points in FighresGand 7 do not representactus] test rosulls but the corves originally dorived
from oxperimentel duln, As will bo shown tuter, roconsiderntion of tho seme duta bas resulied in differont
curves Lo reywrasend Lo stegpeth-moisture relntion,
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test at several different moisture-content values specimens that are
exactly alike in all particulars except moisture content.

Since moisture content a}ll:»pears in formula (6) as an exponent, the
squation is referred to as the exponential strength-moisture formula.
Formula (6) is presumed to apply for values of M within part of the
renge between zero and the intersection of the inclined and horizontal
lines in such a diagram as Figure 7. . Since as is shown later this inter-
section does not coincide with the fiber-saturation peint as previously
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defined, a separate name for it is desirable, and it will be called the
“intersection point.” M, will then designate the moisture content
ot the intersection point and S, the strength value at that point, that
is, the strength value for green wood, Then, since §, and A, define
n, ﬁoént on the inclined line which is represented by equations (5)
and (6},

bl
m

8,=8,-107F", (7}
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and dividing (6) by (7),

L%:wwf»-m ®)

Log S=log 8, + KM ,— M) (9)
The form of equations (5) and (9) shows that if the logarithms of

experimentally determined values of S, or of the ratio Sﬁ’ are plotted

B

over the corresponding values of M, the conformity of the resulling
points to a straight line will messure the agrecment of the experi-
mental data with the exponential formula. Also, if & horizontal line
representing the strength of green material and an inclined line aver-
aging the points representing materisl ab lower moisture-content
values be drawn the intersection of these lines will determine af,,
and the slope of the inclined line will represent . The value of X
is numerieally equal to the slope but of opposite algebraic sign. Thus
X is positive and the slope negative for properties that increase with
decrease of moisture content,

DATA FROM TESTS OF WQOD ﬁ’i.l’}‘ gARIOUS MGISTURE-CONTENT
YALUE

The several series of tests thet afford data for study of strength-
motsture relations are divided for description snd 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 2 means of representing strength-moisture
relations. Species and propertics nobt previously studied were
included.

The data from tests of both groups are presented in diagrams in
each of which the strength values to a logarithmic scale are plotted
above the corresponding moisture-content valucs to an arithmetic
scale; the strengih wvaluwe for green or soaked control specimens is
represented by a horizontal line. In plotting, & different zero ol the
logarithmic scale is used for ench series of polnts.

GROU? 1. EARLY FOREST SERVICE TESTS

The following quotations from Forest Serviece Circular 108 (18,
p- 67, 10-11) give pertinent informeiion concerning Group 1 tests:

The selection of test speeimens and t'.¢ir proper treatment to sortre the desirecd
conditions constituted the chiel part of the preblem, and required much more
time and attention than the Lests thonselves.

The specimens were earefully eut and placed in series, so that cach series con-
sisted of & number of specimens, eub cither from the same strip of wood or from
adjzcent strips in the log or plank, having practically the same straight grain,
and free from defeets.  Each specimen in a series was brought to a dilferent
moisture degree in such o manner that the moisture was uniformly distributed.
From 7 to 16 of such series of specimens were made for each species of wood
and each kind of test.

Tests were made in hending, compression parallel to erain, shearing parallel
to grain, and compression ab right angles to grain.  The sizes of the speeimens
used were 2 by 2 by 40 inches for hending with a span of 36 inches; 2 by 2 by 834
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and 2 by 2 by 12 inches for compression paralicl fo grain and at right angles to
grain, respeetively; and 2 by 2 by 8 inches for shearing tests in the case of Jong-
leaf pine, red spruce, and chestnut. Bmaller sizes were used in the subsequent
teats upon loblolly pine, red gum, Douglas fir, Norway pine, and tamarack.

The results of the tests were plotted on eross-section paper, and graphically
averaged by drawing & separate curve for each serics. These scries curves were
then averaged for the average curve of the speeies.

The compressian tests parallel to grain gave the most uniform and reliable
resuits, and therefore formed the chiel subject of the study. Bending tests were
made upon tie first three species, and also enough upon the next three to estab-
Jish the fact that the law derived fram compression tests applies also to
beams. * * *

The moisture was determined by cutting & 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 expresset
as & per cent of this dry weight and represents the “moisture per cent’ at which
the tost was made. Other disks were also taken to determine the distribution
of moisture. Experiments were made to determine the amount of moisture still
remaining in the disk after drying in the manner just described by further drying
in veeuum, tlhe average result of which showed that about 0.7 per cent of moisture
remaired when the disks were dried by the ordinary method. The amount of
volatile oils and other matber which eseaped in drying the disks was found fo
he negligible.

* * * * * * *

The best way to deterinine the fiber-satyration point is by aclual tests of the
strength of very small specimens.  Compression fests similar fo Lhe moisture-
strength tests werc made for thie purpose upen series of very small specimens—
from 1 to 14 inches long and from half an inch to 1 square inch in cross section.
1t is hebter to use such small picees for these fests bheeause they may be braught
mere accurately to the desired maisture condition, and with more uniform is-
tribution of moisture, and also because greater uniformity may thus be obtained
in the structure of the specimens of ench series.

As shown by the preceding quotations, Group 1 included special
tests of small specimens for the determination of the fiber-soturation
point and tests of larger specimens for finding the average effect of
moisture on strength.  Fiber-saturation points alse 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.

TaBLE 1.—Dala pertaining te Figure &

Nuambier
of snect-
rmmsl _:lwmgv v
. . tested . value Vior | Value
Kind of test at egch Property contral | of K
mois- . SIHECIimons
iure
conteal
%}nc}u}us of elRstieiby o e oo 1, 836, 000 | 0. 042
. . Afodulus of rupture_ . . B, H40 L0210
Static heading .ocerooeanens b Fibor stress at elastie limit_ - 4,920 0248
Work to elastie limit_.. 073 Ui
%[gdulus af elas%icit:.r_]...ﬁ_,. U - 1,227,000 .Oégg
: - iber stress at clastic limit.. .- —- 3,515 R
Compression parallel {a geain. 6 A s{uyimumn croshing strengtli.. . 14,6051 L0257
Work to elnstie limit . 510 (4B
F3 (T T 7 1 Avernge af radial amd wangential shea 415 L0157
Slross,

1 Units of inch-pounds por cubic inch for worls to elastic limil; ponnds per sguare ineh for albers,
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Figugre L—Sireppth-moisturs relations for chestnuf, specimens 2 by 2 inches, Dats ars
fcom Tabies 4, T, and 11 of Forest Serviea Bulletln 70 ({2}, Toinks marked §and ¢ rejrosent
sosked and groen specimens, respectively, Moisture content values were us follows: Soaked

minimum 113, avorugo 135

values, whi
SPUCHIECDS,

et eent; green mminfmum 100, avoerage 123 per cont.

Conirol

ch Bre rcprcsentﬂg by horizontsl lines, are the average Between spaked and grocn

For detailed dats see Table 4
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TasLE 2.—Date periaining lo Figure 9

Number

of speci-
T.me"nf‘ Al\'c : &

- cste value 1 for

Kind of test at each control

maois-

ture

specimens
coutent

Shear .o eean PR Avernge of radial and tangential shearing
gtress.
Stress at defermation of:

Compression  perpendicular 2
to grain.

Work to clestic limit .
Marcimum erushing strength .

Moduius of closticity . _
Compressicn paralled to grain.
| Fiher stress ot elastic limil

1 Units of inch-po

: unds per cuhic inch for work te elasiie limil; pounds per square ineh for others.
t Epecimons 12 inches long loaded over the coater 4 inches of tha length,

T4BLE 3.—Datla periatning to Figure 10

Number
of speed-
INeNs
tested
ot each
muis-
tura
content

Pounds per
mquare inch
. Modulus of elasticity . oo.oL - 000
Static bending Modnlus of rupture
Fiber stress ot clastic Hmi
Modulus of elasticity.. ...
Compressiou parellel 1o grain. {Flber stress at elustiv limit,
Afaximam erushing strongth

Averge of rdinl and tangentisl shepring
stross,

TasLe 4.—Dala periaining lo Figure 11

Numhbor

af speegi-

t?(igf! An}'emfga

5 value for-

Kind of test at cach control

mpls- specimons

ture

captent

Peunds per
rattare Inch
1, 068, 000
Fiber stress st elustie limit_ 3, 570
Modulvg of rupture_... . &, 270
Maodulus of elustieity .
Compression parallel to grain . Flher stress at clastic limit,
Marimum ershiog sbrength oo .
Averipe of radial sod tangential shearing

Modulus of elastivity
Stotle bending

stross,
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TABLE 3.~ Drnta periaining to Figure 1.2

11
Mazimum | Aaxitnum
Reforencs lotter load lorgreen| Value of &7 0 Reference lobber| load for preen] Volue of K
specimen specinmen
Popnds Pounds
1, 600 0. 024 . 2,050 G197
1, 50 . 36 P 3 -Digs
2, 650 . M3 R4k
TasLE 6.—Data pertaining to Figure 13
AVErage
maximum | <
Bperits Size of speeimens jond for m}? of
Brecn Spee-
itncus
Pounds
Lobloly pine . e aaad] Ty 1 by 1t inehes. ooeeee i cmmmamvaana-- 2,080 0.0247
Longical pineo_..._ 3 by 33 br il inches. .. . 4,00 ity
Ted 5Pruee. - oo e m e A e L4150 Lane

Points labeled “green " in these figures represent specimens tested ab
approximately the moisture content thev had when frst prepared. In
numerous instances 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. £1.)

GROUP 2. TESTS MADE AT THE FOREST PRODUCTS LABORATORY
MATERLIAL

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 Iarbor, Wesh.—Two 6-foot logs from
each of four trees and three G6-foot logs from a ffth trec were selecied.
The logs were taken from various positions in the trec, the height
varying from 18 to 80 fect. Top diamcters were from 22 io 41 inches.
The number of annual rings showing on the end of a log was from 243
to 340,

Douglas fir from near Gray's arbor, Wash.—Two G-foot logs from
each of five {rees wers selected.  OUne log from each was taken abous
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 o log was from 475 to 700.

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

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

In tests to determine the effect of any one variable, such as moisture,
it is obviously desirable that the specimens of a series be carefully
matched; that is, that they differ as little as possible with respect to
variables other than ihe single one whose effect is to be determined.
In the tests of Group 1 vhis result was sought through individual
matching of specimens, and euch serics consisted of specimens
obtained as nearly as possible from contiguous positions within the
same group of annual growth layers,

In 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 8-foot
logs 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 sots.
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
inake the average quality of the material in the seversl moisture-
content sets approximately the same and hence afforded excellent
group matching among the several sets as a whole and reasonably
good matching among ths subsets derived from any one tree. In
cther 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 {actors other than the differences in
moisture content would be averaged out.

Material from several trees of cach 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
species were from the same source,

DRYING AN TESTING

In the Group 2 tests all specimens of & 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 propertics. The entire charge was first dried to
approxinmately 25 per cent moisture content and so conditioned that
in so far as possible the molsture was uniformly distributed in each
piece and the stock free from drying or shrinkage stresscs. Kiln
conditions were then regulated to prevent further change of moisture
content and the specimens of one set withdrawn a few at a time,
machined to the desired standard size and form, and returned to the
Jiln where they remained until necded for test when they were again
removed from the kiln a few a6 o thme, placed in air-tight containers
and cooled to normal temperature, and the tests made. When the
testing of one set of specimens had been completed the remainder of
the charge was similarly dried and conditioned to the next lower mois-
Lure content, when another set of specimens was withdrawn and tested.
This was repeated until the last set had been tested. Check deter-
minations showed that no significant change in moisture content or
its distribution ocenurred duriug the short period required for the final
removal from the kiln. and the testing.
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All spectmens were 2 by 2 inches in cross section and tests were
made in sccordance with standard Forest Service methods (2).

Data from the Group 2 tests are shown in Figures 14 to 25 and
Tables 7 to 16. These figures and tables are more fully described in
the discussion of the data. (P. 38.)

TasLE 7.—Dala pertaining lo Figure 14

Avernprs
wohue b for
green
specimens

King of test FPraperiy

Maximuom drop. e ..

Fiber stress al elastic Hwijt_

Muodulas of elrsticity

Wark to elnslic Mt

bIndulus of elnsticity,

Work Lo maximam fond ...

Moduit s of rupture

Tiber stress nd elnstic limit

Werk to elnstie limit

Average of radia) and tangontin shearing
SLTess,

Compression parailel to grain Maxinitm crushing strenpth

Comnpression perpendicalar to geain_ .| Flber stress ui elastic it

Lluches for mazimum dropy fncl pounds per eable ineh for work vaiues; povnds per squars lnch for
others, B

TarLE 8.— Detailed date pertaining to Figure 15

Heferenea | Specifle | Average
letter gravity '} valuo

|elwlel by

=

f Averago vatue for all specimens tesied.  Dased on waight ond volume when oven dry. The aversge
specific gravity based oa weight wheo oven dry ond volume when greon wis $.875 for ali speeimens tostad
in the gresn condilion.

TapLe 9.—Dalg periaining fo Figure 17

Average valiles for
PFOBD Spreimans

BEaximumn
crushing
sirength

Spepific
grovity ?

Lbg. per 8. in

0414 F:
. 35
L3
L3835

1 Paszad oo volume when green gnd wolght when oveo dry,
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Fi6URE 17.—Sitka spruce: Relation of maximum erushing strength in compression parallel to
grain to moisture conlont. Specimens grouped gerording Lo specifie gravily: A, Group of hiphest
spectic gravily; &, group of nexl lower specific gravity; €, groun of next lower speeille gravicy:
D, group of lowest spocific gravity. Figures near right-hand border are moisture-eontent values
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nembers of specimens averaged. Por detoiled dato sve Table §
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LOGARITHM OF MODULUS OF RUPTURE
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LOSARTIHM OF SIRENGTH PROPERTY
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TasLE 10.—Daia pertaining io Figure 181

Reforence
iolter

Aversza
valug

5
3

o

Ly, per 89 in,
3

6,

355
00
780

5o

a6,

200

¥ Avaragoe specific gravity for each tres is given in Table 8.

TapLe 11.—Dala periaining lo Figure 13

King of test

Froporty |

Avernge
value i
for a
spesimens

Compression paraliel to grain .
Compression perpendiowinr to grain. |

Work to maximum lond._
Moduius uf elnsticily
Medulos of mipture_
Fiber slross at clastie
Work to clastic lmit
DhInximum drop. -

I'itier stress ufb ¢ln,

Work to elastic limit

o
Averape of radint and
Stress,
Maximum crushing strength
Fiber stress ut elestio ok ..

! Work values in incli-pounds por cubie inch; grop In inghes; others in pounds per sguare ioch,

Tabue 12.Dale perteining to Figure 20

Reference

Shwecifie
lettar

gravity !

Averngo

veiue

Lha. per

. fa,
3, f¥0

 Avernge value for glf specimens tesied. Dased on weight and voluma
specific gravity bosed on weight when oven dry and volume

in tho green condition,

when oven dry, The nverago

hen green was G.442 for all spacituens testad

TanLe 18.— Delailed data pertaining to Figure 21 |

Raeference
latter

Averaza
vhiug

1 Average specific gravity for ench treo Js glven in Table 8,
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TapLE 14.-—Data pertaining to Figure 23

Average
Kind of test Froperty [:ralugel“

speelmans

Linpoet Bendiog Maximum drop__
%od}tﬂtﬂs al e!:lsl.icit.i; ;

e ork to mayimum long
Static bending Fiber stress al elastic 1
Mlptinlos ef rupture
Avoerage of radinl and taw
Compression (wrpendicalar to grai Fibor stress at elastic lmlt
Compression porallel to grain Maximm crushing strength

1 Drop iz inches; work volues in inch-pounds per cubic inch; others in peunds per square inch,

TanLe 15.—Dala pertaining to Figure 24

1 R Average I ' Averaga
{Reference] value for i teference] value for
Tetter reen Tree number letter green
spocimens specimens

T'ree number

b | < T, K 3 WO s cmnmannmnnn- ) 2,970
. Nodooo 20

Average 2, 800

TapLe 18— Dala perlaining lo Figure 25

Avernge
valug 4 lor
Ereen
sprecimens

Kind of test Property

Avernge of radial and tanpential shearimg 1, 250
SLTESS.
Aodulus af elasticity 1. 215, 000
Modulus of raptore. . . 8,135
Fiber stress al elastle limit_ . 4, Mo
Work ta elastic imit, . ... .80
Work to maximum lond. L, 18
[%‘I_gdulus of clnsl].ici!._v_‘__ i ;
iher siress ol elastiv limi
Impact bending Work to elustic limit
Muximum drop ... ..
rompresgion porallel to grain ... .| Maxlmum crushing strenglh
(Comipression perpendicular ta grain____| 1'iber siress ak elastic limit

. I]}'\'ork volues 'n inch-pounds per cubic ineh; masimutn rop in inches; others In poinds per square
inch,

DISCUSSION OF DATA AND COMPARISON WITH EXPONENTIAL
FORMULA

The particular form (p. 13} in which the data are shown in Figures
% to 25 was chosen hecause it seems from carcful 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 fermulas of the expo-
nential type become straight lines. The data are presented in
considerable detail in order 1o show just how good the representation is.

A vertical percentage scale has been placed on most of the din-
grams in. addition to the logarithmic scale. This vertical scale
applies at any place on the sheet, and the percentage deviation of &
plotted point from the line drawn to averagoe the scries 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 cach series are plotted with respect to o 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 ectually plotted are logarithms of the

ratios SSM where § and S, are as defined in connection with equations
]
(5) to (9).

DATA FROM GROUP 2 TESTS

Inasmuch as the tests of Group 2 were made with speecial refer-
ence to comparison with the cxponential 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 tha
the values of three constants, or parameters, are required o fi$ this
equation to & particular group of fest 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 paramcters are A7 q» the moisture content at the
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.

Inspeotion of any of the plots, such as Figure 14, shows that if the
mnclined lines that average the several series of plotted points are
drawn to their intersections with the horizontal linos representing the
strength values for green material, the several intersections will be
at differcnt values of 37, In other words, a variety of values of A,
will be indicated even for propertics derived from the same test,
such as fiber stress at elastic Jimit, modulus of rupture, modulus of
elasticity, work to elastic limit, and work to masimum icad, all of
which are determined from static bending tests. Although it is
possible that the value of A4, is not the same for all properties, the
variety of values of B at the apparent interseciion points is explain-
uble on the basis of lack of perfoct matching between groups of speci-
mens tesied at different moisture-content values, this deficieney of
matching probably having a different effect on differont strength
propertics. Jiad the matching of specimens actually averaged ous
(p. 23} the effect of ali factors other than moisture confent and if the
assumed exponential law holds true, all the plotied points of a series
would lic on a straight line. The fact that the plotted points do not
follow a straight linc or a smooth curve indicatos that the relations
between strength values are influenced by lactors other than that of
differences in the moisture contont of the test specimens.

When allowsnce is made for the lack of perfect matching among
the several moisture-content sets, it is possible to derive from the
data on cach species & value of A, that is sceceptable for all of the
strength properties.®

Values of AL, for Sitka spruce, Douglas fir, yeliow birch, and white
ash were determined from the strength data shown in Figures 14, 19,
23, and 25 by a least-squares computation. In making this compu-
tation points representing the sets of specimens tested at the lowest
moisture content were omitted because the tendency, observed in
some instences, for these points to fail below the inclined lines aver-
aging other points of the same sorios suggested cither that drying to

* Convenlencs in L use of formulys for waisturesirengil wijusiment, s Is shown later, makes a single
valuo of 3, for sl properiies of a species desirabie,
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so low a moisture content bad resulted in injury to the strength
properties or that the assumed siraight-line relation between per-
centage of moisture content and the logarithm of the strength prop-
erty would not hold for very low moisture-content values. Data from
the sets of specimens tested at the highest moisture content below the
green condition were also omitted beonuse, in spite of the care taln
in conditioning specimens, it has not been possible to bring about in
this set the desired wniformity of distribution of moisture between
parts of the same specimen and between different specimens. These
two classes of points represent moisture-content values that are out-
side the range to which chief interest atiaches in connection with
moisture-strength adjustments. The M, vertical and the seversal
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 plotted
points, exclusive of those omitted for reasons just stated, and of the
points at the intersections of the horizontal lines with the M, vertical
& minimum except that location of M, at fractional values of mois-
ture-content percentages was not considered. The same procedure
was followed in locating the A, verticals and fitting the inclined lines
to the data on strength properiies in Figures 19, 28, and 25.

In Figures 15, 18, 20, 21, and 24 are presented dats on maximum
crushing strength for individual trees of Douglas fir, Sitke spruce, and
vellow 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 suflicient to afford reliable gverages.

The inclined lines in these disgrams (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 A, 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. Bach of these figures shows a comparatively large
veriation in strength values for green specimens and a somewhat
larger variation for specimens at moisture-content vatues below A,
This indicates that the major portion of the variation in strength at
gny moisture content value below A, is due to varistion in the in-
herent strength of the wood, the remainder being the result of varia-
tions in the effect of drying.

Tt 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 velues
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-
gravity valaes and were divided into four subgroups 4, B, ¢, 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 ecrushing strength and moisture
content, as well as the individual {est values are plotted in Figure 17.
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The inclined lines shown in this figure have been fitted to tho sub-
group averages by least-squares computations, assuming the green
values to obtain at 27 per cent moisture, which is the value of A o
previously determined for Sitka spruce.

All the data for specimens below 25 per cent moisture content wers
used becsuse in this instence 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 3 » volue s 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 velue. It
remsins true of each part of Figure 17, however, as of Figure 16,
that the variation of strength st moisture-content values below M 18
greater than the variation in strength of green material, indicating
that part of the variability at moisture-content values below A » 18
due to variability in the effect of drying,

DATA FROM GROUP I TESTS

The data from Group 1 tests are shown in Figures 8 to 13. The
M, vertical and the inclined lines in Figure 8 (giongieaf 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 interescction point as advocated in the
previously quoted excerpts (p. 13) because Figure'8 (2 by 2 inch
specimens) Includes date for a variety of moisture-content values
between zero and the intersection point, whercas the smaller speci-
mens (fig. 13) were testcd only at values near the fiber-saturation
point and at comparatively low moisture-content values.

Data on loblolly pine are available only {or the small specimens.
(Iig. 13.) These were tested at moisture-content values near the
fiber-saturation point and at low moisture-contend values. Taking
only those points representing s moisture content below 20 PEr cens,
the least-squares computation indicates a value of nearly 22 per cent
for A,. However, the points just below 20 per cent may be raised
slightly by nonuniform drying of specimens, snd this would tend to
increase the computed value of A » Turthermore, 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
Figure 8 indicates 21 per cent ag the best value for longleaf, this
vaiue is taken for loblolly pine also. Information {rom shrinkage
tests presented lateris further evidence of the similarity of longleaf and
IobIOIII)y pines with respect to moisture content st theintersection point,

In determining a value of 3 ,{or red spruce, principal reliance was
placed on the data on maximum crushing strength (figs. 9, 10, and
13) and on fiber stress at elastic limit in compression parallel to grain.
(Figs. 9 and 10.} These data indicate a value of 27 per cent for 4 ,—
the samo value as found forSitka spruce, to which red spruce is very
similar in many other properties. (A value of 30 per cent for M, of
red spruce is indicated by Pigure 7. This figure, however, shows
points taken from the curves originally drawn to represent the data,
whereas the value of 27 per cent has been determined from a study
of the actual test data as plotted in Figures 9, 10, and 13.)
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The date on maximum crushing strength (fig. 11 for 2 by 2 inch
specimens and fig. 12 for smaller specimens} were used in determining
M, for chestnut, and 2 value of 24 per cent was found.

ADDITIONAL DATA

Tests, additional to those of Groups 1 snd 2, are presenied in
Figures 26 and 27. Figure 26 is data on maxinum crushing strength in
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TIGURE 26,~—Creenheart: Reltion of maximum erushing strearth in compression norallel to eraln
to moisture contont. Snecimens were 1 by 1 by 234 inches. Numernls st poinls are numbers of
tests aversged. Tha averaps results eurve Ineludes data from speeimens with specific gravity
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compression parallel to the grain derived {rom tests on 1 by 1 by 2% inch
specimens of greenheart {Nectandra rodisei). 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 ultimmate shear stress as found from torsion tests of Sitkaspruce (! 4).

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 arve available.
Data on 22 mechanical properties and 9 species of wood are inciuded.

Tn general, it may be said that the agreement of experimental date
with the exponential formule is sufficiently good to justify the belief
that with the proper values of K and M, this formuls will represent
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the relation between moisture content, over a considerable part of the
renge between zero end the fiber-saturation-point value and any
mechanical property for any species of wood very accurately.®

It1s evident from the dats presented that both & 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 purameters
and to compare values of 4, with fiber-saturation-point moisture-
content and similar values as derived from other experimental data.
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FloURE 27.—Bitkn spruce: Relation of praperties abtgined from Eorsion tests to moisture content.
Earch plotted point represents three Lests. Vafues of K {or modulus of rigidity, shear stress at
cinstie limit, and wtimale shear stress arg 0.0082, 0.0184, and 0,0105, respectivejy

Values of M, for the species included in Figures 8 to 27 and of X
for several properties of these species are assembeled in Table 17.19
» 15 seen to vary with the species, the renge shown being from 20
to 27 per cent moisture. As accurate adjustment of test results for
differences in moisture content {p. 66) requires accurate velues for

» Some method by which such values can be found withont an
elaborate series of mecheanical tests is ohviously very desirable.

¥ It is interesling 1o note in this eonnection that for moisture coplent values below the fiber-saturziion
point ithe specific wlectrical corductanee of wond confarms to o sfmilar lnvw. (®, 57.)

10 Table 17 includes informution en Iour species ndditional to those previons)y dispussed. The vrives lsted
for theso four species wers derivod from datn taken frow average curves consiructed by the originul tnvesti-
gators, the original test data not being nvailabls {4, &, 1)
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moisture on the sirength properties of wood
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METHODS OF FINDING A,

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

ESTIMATION OF Af, FROM SPECIES C;ll.;s:l‘l:&sCTERlSﬂCS AND FROM MECHANICAL

Inspection of Table 17 indicates that Af, is not_definitely corre-
Inted with other tabulated characteristics of the species or of different
series of specimens of the same species. For instance, no systematic
relation to specific gravity or to the strength of the wood is apparent.
Neither is there any indication that coniferous swoods have value of
A, 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 & species.

However, listing the species {rom Table 17 according to decreasing
values of moisture content at the intersection point brings out some
interesting relationships. The list is as follows:

Species Spacics
Western larch White ash
Western hemlock Chestnut
Sitka spruce Douglas fir
Red spruce Norway pine
Ycllow bireh 7 | Tamarack

Loblolly pine
Longleal pine
Greenheart

FExcept 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-
tinn points or intersection points.

The data on maximum crushing strepgth of Sitka spruce have
heen studied to determine whether they indicate a relation between
Af, 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 3f,=27 per cent. If no assumption is
mede as to the value of 37, and straight lines are fitted to the sub-
group averages for moisture-content values below 24 per cent, these
lines intersect the horizontals representing the stremgih of green
wood as follows: A at 25.3 per cent; B at 26.0 per cent; (' at 27.4 per
cent; and DD at 27.4 per cent moisture content. These dats afford &
slight indication that 3{, is Jower 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 M, and
specific gravity.
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As has been mentioned, the principzl difficulty in getting accurate
information on moisture-strength phenomene is that of obtaining
close matching between specimens or groups of specimens for test at
different moisture-content values. This makes necessary the testing
of & 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 counld
be applied to a specimen in the green condition and to the same speei-
men following its conditioning to successively lower moisture-content
values, thus eliminating the matching problem and reducing the
pumber of specimens reguired. Mechanical properties that ean 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
sgmce were used. Unfortunately, determinations were not made on
these specimens while they were green. Conse uently, it is not
possible from the results to find values of A7, to be compared with
those derived from other tests so as to evaluate modulus of elasticity
determinations as a means of locating the interscction point, Tx-
perience with the tests made indicates that more than ordinary care
1n the selection, preparation, and conditioning of the specimens, and
more than ordinary accuracy in messuring 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 sucecessively lower moisture-content values are apparently
worthy of further investigation 23 & means of locating the inter-
section peint. Tlowe®er, since Af, may vary with differant pieces of
the samie species, it would be unsafe to rely on tests of a single spaci-
men or of a {ew specimens.

I dependence is o be put on tesis of a single mechanical property
for determining the intersection point, maximum crushin strength in
compression parallel to grain would be the first choice %ecausc 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
uncontrolied factors. It should be noted, however, that maximum
crushing strength taken alone would have fixed the intersection points
for each of the four species included in Group 2 at slightly lower
moisture-content values than are indicated by all the properties taken
together.  Specimens for this test can be of small size, and hence
good matching can be obtained. In any such tests a considerable
number of specimens for test at each of several degrees of moisture
content are necessary. A number of series of specimens should be so
sclected as to cover reasonably well the range in the quality of the
wood of the specics.

ESTIMATION OF 3, FROM SHRINKAGE MEASUREMENTS

In connection with the tests of Group 2 very careful measurements
were made of the shrinkage of specimens taken from the same logs as
those for mechanieal tests, These specimens were each weighed and
measured in the green condition and then placed in & room in which
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o relative humidity of about 90 per cent was maintained, where they
were weighed and measured at frequent intervals unti! equilibrinm
was attained. Weights and mensurements were similarly made after
suceessive transfers to 60 per cent and to 30 per cent bumidity rooms.
Finally the specimens were weighed and measured (after they had
been dried to constant weight at 100° . The specimens were 1
inch thick by 4 inches wide by 1 inch along the grain, the width being
radial or tangeniial according to the direction of the shrinkage to be
measured. Both radial and fangential mensurements were made on
an additionsl series of specimens of yellow birch 2 by 2 inches In cross
section and one-fourth inch along fhe grain. The computed shrink-
age and moisture-content values are shown In Figures 28 to 31, in-
clusive. These graphs show thal in most instances measurable
shrinkage oceurred at a moisture content greater than the intersection-
point value. Inlocating thein clined lines in these figures, only points
representing decreasing moisture content have been considered; that
is, points such as those numbered 10 in Figure 28, which represent
moisture-content and shrinkage determinations made when the
specimens had regsined moisture after huving been dried to a lower
moisture content, have been distegarded. Except the one at zero
moisture content, points representing decreasing moisture-confent
values below 16 per cont are very ciose 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 cont moisture contient. The points selected are
the only ones available for this purpose, the *two near 12 per cent
moisture are n most instances almost exactly in ling 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 Figuves 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 ab different moisture-content values.) The
interscction points as determined from the several sets of shrinkage-
moisture data vary over o fairly wide range for each species. Heart-
wood and sapwood appear to differ, but neither consistently indicates
higher intersection points. Hence, these data aflord no basis for a
generalization as to & comparison between hesrtwood and sapwood
with respect to moisture content at the intersection paint. On the
contrary, tsngential shrinkage messurements consistently indicsie

1 Tt has beer demanstrated Lhat Lhe elinnpe in dimensions of wood of some hardwood species in drying
from the green state to a low maisture conlenl i grently intluenced by the reiative huniidity ta which the
wood is stbjected, For exmiaple, twich RS much decrense in cross-Sectionn] aroa ooeurred in oak speei-
mens dried a6 Bigh relative limiditles as in mnatched speelmens dried to ihie sane mneisture content gt
preciically the same lemperature bt zt mueh lower bumidities. Stmilar resnits have Lien ghserved in
tha drying of somo olher sinrdwnmls, Apparenily, the shrinkaxe of inost spitwoad, or conifergns, species
fa influenved but Hitle by the onditions under witieh arying takes pluce.  Wimt affect the bumidity main-
tnined during drying lins en the intersoeiion pointy Iz plots of shrinkege-rmolature dats bus set been Inves-
tigatad,
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higher values than do radial., This might be supposed to be due to
the fact that measurements of shrinkage in the two dircctions were
made on different specimens.”? However, as shown by € and I of
Figure 30, the same comparison obtains for tangential and radial
messurements made on identical specimens of yellow birch. 1In
additional series of shrinkage measurements (p. 54) it was quite con-
sistently true that tangential shrinkage measurements indicated
igher values than did radial.

Table 18 lists the values of moisture content at intersection points
as found from the shrinkage data in Figures 28 to 31 and for com-
parison the average values found from mechanical tests. The value
from mechanical tests of Sitka spruce is higher than that from
shrinksage, whereas tho reverse is true for the other three speciles.
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 nob coincide with the value
of 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 esthmating values of M, for use in desling
with data on mechanical properties of species for which M, has not
been deiermined.

LapiLb 18— Values of M, from mechanical lesls and pereentage of motsiure at

tnlersection point from shrinkage measurements on the sane species

Pereenteps of snoistare xi nterseelion point—from shrinkago
HIEMSUTCIERS

{.‘;;3;“;%? Tungential shrinkago Rachind slirinkage Toamgon-
A, from tnl and
mechani-|
cul tests | gpopi
mens af
berrt-
wootd

Specimens
of mixed
heari wood

Speci- | sn [ Spect
mens of | spepi- heart-
sapwool § mens

Sitka spruce...._._ ...
Touglas fir

Yellow Bireh....__.. .
Whiteast ... .

Table 19 lists intersection point-moisture content values obtained
from other shrinkage-moisture data. Each speciss is represented in
this table by shrinkage and moisture messurements on specimens 1 by
4 by 1 inches in dimension. Although these shrinkage determina-
tions were carried out with less care and refinement than those repre-
sented in Table 18, the values given are believed to be reasonahly
relisble as determinations of the intersection point moisture from
shrinkage data. Values in Tables 18 and 19 for species common to
the two tables sgree quite well, the greatest difference being about
3 per cent for white ash.

1 In grder to get the width more neariy tanyential, the tavgentinl specimeny must ordinarily be taken
further from fhe pith of the tren than the radiol,

84111°—32——4
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FIGURE 25.—S5itka sproce: Rosults of skrinkape measuroments on specimens | by 4 by 1 inches:
A, Tangentis] sirinkuge bazed an 7 hearowood speciniens; I, tangonlinl shrinkago based on 11
sapwond spocitnens; €, Watgentiol shrinkage, -1 and &8 comblined; &, radinl shirinkage based on 7
hearlwood spocimons #, radial shrinkage bised on 11 specimens of mixed heartwaod and sap-
wood pverspeing about 30 per eent eapweod; o, tadinl shrinkuge, £ and £ eombioed, £, O and
@ combined., Puoiuts are numbered in the vrder 1o which mensurements were taken
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Fictae M—Douglns fir: Tesolis of shrinknge mensuroments on speciinens 1 by 4 by 1 {nehes:
-1, Tanpential shrinkage bused on 10 heartwond spoeinens: 12, tanpentinl shirinkape bascd oo 20
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G eombined, Points aro sembered in the order in wiieh mcssurements were taken
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FIGURE 31.—Whits ash: Resuils of shripkege measurentents on specimens 1 by 4 by § Inches:
Tangential shrinkage besed on # heartwaod spevimens; A, tangential shrinkage based on 8 sap-
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TaBLE 19.-—Per cenl moisture ol inferseclion glomt as found from shrinkape meas-
urements on specimens I by 4 by 1 inches

tAvorages of values tonnd {rom radial and tsngentinl shrinknges)

Moisture
cantent
Common and hotanicnl naices of specias at inter-
seelion
[ointk

Number | Per cent
Apple {(Malussp.)... 3 32
Ash, white (Frazinus americana} -
THirch, yellow (Betuls hutes)
Rlackwond {Avicennis nitids).
Rustic {THpholis salicifolin)
Buttonwood (Conocarpus erecta). .
Cedar, red (JUDIPOIUE 8D.) v e oa oo ocmmmnnn
Cyprass, southern (Taxodium distichum)
Douglas fir, (Pseudotsugy taxifolln). ...
Fig, golden (Ficus anrsa}

Noble (Abies nobilis)

Californie red (Ables magnifica)..
Gumbe limbg (Bursera simarotha). -
Qutn, red (Liquldambar styraeiflus)
Hemlock, western (Tstiga boterophyila).-
Inkwood {(Fxothea paniculata) .
Trenwood, black (KEmgiodendron ferrewim)
Ehaye (Ehayn 5P} oo cimmeas cmemoas
Mabogany, Central American (Swieteniu sp.) .
Mangrove (Rhizophora mangle)

MMapla sugar (Acer sacchatum)
lt\)rakst!c (SiderosFion fuatidissimun)

ak;
Live (Quercus virginiana)
Hod group (Quercus sp.j._
;gmdisu tres (Simargubn glaucn)..
ina:
Norwny (Pinus resinosa)
&and (Pious clausa)
Siash (Pinus caribass)
Western white (Pinus monticpla) ..
WNorthern whits (Pinus strohus). -
Flum, pigeon (Coceplobis laurifolia)..
Poisenwood (Metopinm toxiferum).
Popler, 7ellow {Liriedemdron tulipifera)
Spruee, 3itka (Picea sitebensis)
Redwood (Sequoin serpporvirens)
Wealnit, Llack (Juglans nigra}
Sropper, red (BEugenia ennfusa)

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
atisined. The relative humidity was then reduced to about 30 per
cent and the specimens dried to equilibrium, after which they were
dried at o temperature of 210° and a relative humidity approaching
zero. Weights 4nd measurements were taken periodically during
each of the first two stages of the drying and at the end of cach of the
three stages. Although the work was not done with the specific
object of determining the intersection point, study of the data has
indieated 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 ol
Table 19. It may be further noted, however, that there are no very
great discrepancies among Tebles 18, 19, and 20 with respect to
species that are common to two or to all three tables.
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Taste 20.—Percenlage of moisture af intersection paint as found from shrinkage
measurements on specimens % by 6?6 by 8 inches

{Averages of values found from radia! and tangsmtial shilnkages)

Maisturo
content
Comuton and bofanical nantes of species at fnter-
section
point

Per cent
Medsture
Cypress, soothern {Taxodium distichum)
Dauglas fir (Psendotsuga taxifolia)
Fir, white {4 bies coneolor) -
Hentlock, westarn (Tsugs haterophylla)
Larch, western (Larix gecidentalis)
Pins:
Lableliy 1
Longleaf |
Shartleaf ! -
Bugar (Pinps lambartiana)
Western wlhite (Pinus monticeln)
Westorn yellow (Pious pondeross
Bpruce, Sitka {Picea sitchensis)
Redwood (Sequoia sempervirens)

RREERBEBRER HREnm

! The grouping of southern yollow pine speeiriens into Inblolly, longleat, and shartlenf was done on the
bagis of ihe general appenranca of the wood £5 no definile identiflcation was possible,

FIBER-SATURATION POINTS FROM ELECTRICAL CONDUCTIVITY AND MOISTURE
EQUILIBRIUM MEASUREMENTS
Physical properties and relations other than shrinkage that have
been used in determining the moisture content at which a change of
relation takes place include studies of electrical conductivity and
studles of the moisture content of the wood in equilibrium with 100
per cent relative humidity.

-4
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F1gurE 32.~Relaifon hetween the moisture content of radwood nnd its specific clectricsl conductance

Figure 32 exhibits the relation found between the moisture content
of redwood and its specific electrical conductance (Z6). The point of
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departure of the data from the straight-line relation shown for low
values of moisture contfient is assumed to be the fiber-saturation point
{abou$ 29.5 per cent in this instance}.

The moisture content of wood in equilibrium with 100 per cent
reletive humidity has never been sccurately determined because of
the tremendous effect of slizht changes in temperature but from the
extrapolation of data taken at lower relative humidities, the equilib-
rium moisture content at 100 per cent can be estimated as has been
done for Sitlka spruce in Figure 1. Values obinined in this way are
found to sgree quite closely with fiber-saturation points obtained
from electrical-conductivity experiments. The available fiber-satura-
tion-point values for different species as given by the equilibrium
moisture-content and electrical-conductivity methods are included
in Tables 21 and 22 and are seen to be consistently bigher and to
spread over a much smaller range than the intersection-point values
indicated by data on shrinkage and mechanical properties. The
greatest difference is in redwood, for which the electrieal-conductivity
method gives 2 value for the fiber-saturation point of about 30 per
cent, whereas the Intersection-point values obtained from two series
of shrinkage measurements are, as shown by Tables 19 and 20, 20
and 21 per cent. 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 ceni, Also the elecirical conductivity
method gave 30% per cent for Douglas fir, whereas the mechanical
tests indicate o value of 24 per cent for A4, of this species.

TasLE 21, —Fiber-saiuration potnis of Sitke spruce and redwood al room lempera-
ture as determined by relaiive humidity-moisture equilibrium and specific clectrical
conduclance-moisture conleni relutions and interscclion poind as determined from
moisture-sirength ond moeishure-shrinkage relations

Fiker-sahiration or
inlersection noint

Melhod
Bitkn

spruce Redwood

Per cert | Perconi
woisfure | mvigture
Relntive humidily-moisiure content eqailibrivm 30.5
Eleetricnl conductivity _ 2.0
Birenzth tesis, .G
Shrinikage Mensursmonis 224

| 8ome recantly avnilable dota on the relation of slrenclh properiies of red=wood Lo Tls mmoist urecontent
indicato o value of M, of about 2 per cent.

TaBLE 22.-—Fiber-saturation points of woeod af 24° {o 27° (. as determined by
clecirical conduclivily

i . m Fiber-satu-
Sneeies of weed {hearfwood spreimons) Originyl condition of woot rat;olg
poin

Per cent
wnolsture

Do Alephel axtraeted _______
SHiia spruge... Rosonked oiter drying.. ..
Alrska eeflar .

ByEEy

mERoeD

‘Western hemlack
Western yellpw pi
California red fir..
Dauptas fir
Yellow poplur

AR DSt @D @I

D3T3 G 2 A3
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These comparisons suggest that the intersection points in such
plots of moisture-strength and moisture-shrinkage data as are shown
herein are not true fiber-saturation points of the respective species.
However, it has been shown that a straight-line relation exists between
percentage moisture, within o range somewhat below the inter-
section point or the fiber-saturation point, and the logarithm of the
strength property. Failure of the intersection point to coincide
with the true fiber-saturation point does not vitiate this relation nor
render invalid its application in adjusting strength values for dif-
fercnces in moisture content.

SOME FURTHER CONSIDERATIONS PERTAINING TO STRENGTH-
MOISTURE RELATIONS

Throughout the preceding discussion, the hypothesis that varia-
tions in moisture content have no effect on strength properties so long
as 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
on page 6. 1t has been suggested, however, that changes in moisture
content above the fiber-saturation-point value may produce surface
tension of the water in partially &lled 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
possibly 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 occurs at lond and support points when the wood
has & very high moisture content than when its moisture content is
lower but above the fiber-saturation-point value, Similar offects have
been observed in the testing of wood heavily impregnated with creo-
sote. Observation that buckling failures in the steam bending of wood
are more commeon when the moisture content is very great affords
further evidence of the action of hydraulic pressure within the ceil
cavities. Since, as is indicated by Figure 1, the fiber-saturation-point
moisture content decreases as the temperature increases, the heating
of the wood to near the boiling-point temperature, as is ordinarily
done in steam bending, may eause some of the water that is “imbibed”
or “bound’’ at lower temperatures to be released and to he added to
the previously existing “free” water within the cavities. Alse the
bending operation causes comparatively large deformations; fre-
quently as much as 10 or 12 per cent and In extreme cases as much as
25 per cent or more. Consequently, hydraulic pressure may be seb
up within the cell cavities even when these cavities are not filled with
water at the beginning of the operation.

Increase in the strength of wood with decrease in moisture content
may be considered to be the resultant of two factors: (1) Actual
sirengthening and stiffening of the elements of the wood structure;
{2) increase in the compactness of the wood structure because of the
shrinkage that accompanies loss of moisture. The effects of these two
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factors are combined in the data considered hercin. No satisfactory
method of separating these effects has been found.

Experiments have indicated that the specific gravity of wood sub-
stance, that is, the material of which the cell walls are composed,
varies but little among several species of wood (3, 9). Consequently,
differences in specific gravity of wood substance would be expecied
to have but little effect on the amount of moisture at the fiber-satur-
ation peint and would probably have no ellect on the percentaze of
moisture at that point or on the increase in strength brought about
by loss of moisture. Furthermore, as {ar as is known, the differences
among species with respect to chemieal composition are apparently
not sufficient to account for any very wide variations in percentage of
moisture at Lhe fiber-saturation peint or in the increase in strength
produced in drying.

The data of Tables 21 and 22 indicate that there are no wide
variations in fiber-saturation-point moisture content as determined
by electrical-conduetivity and moisture-equilibrium methods.  Diz-
erepancies between fiber-saturation-paint values os determined by
these two methods and the interscetion-point values from strength
tests are possibiv due to the efiect of the size and arrangement of
elements of the wood structure on the interseciion point.  An indi-
cation of & relation between structure and iniersection-point moisturs
content has been discussed on page 46. Table 23, which is based
on data from Table 17, allords an ~ -ication of relation belween the
structure of the wood and the computed ratio of strength at zero
motsture 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 paralteled by the ratio for
modulus of rupture. Yellow birch, a dilfuse porous hardwood heads
the list. Next come five coniferous specics, followed by two ring-
porous hardwoods. Greenhearl, an exotic species of wvery high
specific gravity, is last. Except far ved spruce, there is but little
variation among the coniferous species with respect to the ratios
listed, in spite of the fact that longleaf yine, loblolly piue, and
Douglas {ir, which have very distinct smmmer wood, and Sitka
spruce, which has much less distinet sumuner weod, are meluded.
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 [ast two columns.

TapLe 28.—Compuled rativs of strengih af cero moisture cordent to strength in the
grecn condilions

Ratis of strength at
zeriy moksture contonl
to strepgth in the
green condiliop

.\iﬂf‘_i“?“m i Moduius of
crushing |} ruptur
strengeh ¢ P

=1
8

Groun I: Yellow birch
CGrouap 1i;

Hed spruce ... .

Langlen! PIBS . et i

Drougias fir. .

Sitka spruce

Lohiolly pina
Ciroup

Chestpirt, o

White BRb e e o —am e mm e e e e esrmaraaes.
Groap 1V OTeenboRIt oo mimncamro o m e aa i e sesm—————

o du kg e
-] =]

58

I Y sl

€




STRENGTH-MOISTUERE RELATIONS FOR WOOD 59

YARIABILITY OF X AND TABLE OF ADDITIONAL VALUES

Inspection of Table 17 suggests that K is less variable than the
sirength values. For exampie, constdering data from compression-
parellel-to-grain tests on individual trees of Douglas fir, the highest
and lowest values of maximum erushing strength of green material
are 4,150 and 3,330 pounds per square inch, respectively, giving
a 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 & ratio of
1.13 to 1. Also consideration of the values of maximum crushing
strength ond 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
probable that among aversges for different species, the value of K
for any strength property is less variable than the strength property
itself. Other data indicate, however, that a similar situation may
not obtain with respect to different lots of material of the same species.
At any rate, 1t has been found that strength properties of a species
vary over & considerable range, their values being different in different
trees and in different parts of the same frees.  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-
ent specific-gravity classes of wood of the same species, aflords 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-glzravity class of this species is

distinctly lower and (2) that practically the same value of K applies
to the four specific-graviiy classes of vellow birch.

The Sitkaspruceindividual-tree valuesof specific gravity and of K for
maximum crushing strength and for modulus of rupture as shown in
Table 17 afford on indication that K increases as specific gravity
decreases.  Values given in the same table for Douglas fir and yellow
birch indicate that K for modulus of rupture increases as the gpecific
gravily increnses, whereas no correlation between A for maximum
crushing strength of Douglas fir and i{s specific gravity is indicated.
In none of these instances, however, is the change in I{ with change
in specific gravity consistent, and no close correlation is indicated.

Additional data for the determinations of values of X are aflorded
by resuits of a standard scries of strength tests on American species
that have heen made at the Forest Products Laboratory (6, 7). In
this serics lests were made on green and seasoned specimens from
similar locations in the same {rees. Trom these tests, values of K
ean be derived for those species for which A4, hos been determined.
Such values are listed in Table 24 for several properties of several
species,
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The method of computing the values of K listed in Table 24 will be
evident from examples presented later. (Examples 1-A and 1-B,
p- 69.) The computed values are shown in detail rather than by
averages alone in order to afford further information on the veriability
of K. It appears [rom inspection that K for any one species and
property varies through a considerable range. Two cnuses of the
variation exhibited are: (1) K eactually varies for different trees and
different lots of material; (2) specimens tested in the seasoned condi-
tion did not exactly mateh the green specimens. It is impossible to
determine how much of the variation in computed values is due to
cach of these causes. In Table 24 the kinds of tests are arranged
approximately in the order of the number of specimens. The largest
number of specimens were fested in compression parallel to grain,
about one-half as many in static bending, about one-fourth as many
in compression perpendiculat to grain and hardness, and, on an aver-
age, a yet smaller number in impact bending and shear. Inspection
indicates that the tabulated values of K are less variable for those
properties represented by the larger number of tests and that the
variability increases as the number of tests decreases. This sugzests
that if green and seasoned specimens were in all cases perfectly
matclied the variability in values of K would be considerably reduced.
The lack of perfect matching is o compensating factor probably caus-
ing the values to be too high ss often as too low so that its effect on
average values is probably quite small.

USE OF THE EXPONENTIAL FORMULA IN THE ADJUSTMENT OF
STRENGTH VALULS

The followimg methods of adjusting strength walues for differences
in moisture content are based on the exponential formula which im-
plies a straight-line relation b tween the percentage moisture content
and the logarithmn of the strength property.  All problems of udjust-
ment arve covered by two cases as follows: :

Case 1.—Strength values derived from malched specimens lested at two
difiecrent moisturc-content values are known, and the value ab some third
moisture-content; value is desirvec,

Case 2—The strenpth value at only one moisturc-content value is known,
and that at o scoond is desired.

Formulas for use in either of these cases can readily be derived {rom
equatic us already given (0) 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 hy graphical methods on semilog-
arithmic paper 8 or specially prepared disgrams. The use of graphi-
cel methods and of the correspending formulas can best be explained
by examples under each case.

EXAMPLES OF CASE ]
EXAMILE 1—4

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

1 Bemilopurithmie puper hins n sorics of vertical Hues unifornily spneed snd s scrles of horizontal lines
spricead aoveriding Lo the logoarithms of nunibers,
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to grain ss 2,600 and 5,770 pounds per square inch in the green condi-
tion nnd at 8.9 per cené moisfure, respectively. What would have
been the maximum crushing strength if tests had been made at 12 per
cent moisture? The solution is shown in the lower part of Figuroe 33,
where 5,770 is plotted at 8.9 per cent moisture and 2,600 at 27 per
cent, which as shown hy Table 17, is the value of M, [or 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:

M, — M,

Log Sa = lOg Sl + m (log Sy — klg Sl) (10)

Where Sy and M, nre one pair of corresponding strength and moisture-
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FinrrE 33 —CGraphienl solution of Examples 1-A el |t

content values as {ound [rom test, S; and I, are another pair, and
S, is the strength value adjusted to moisture content 3. In this
example §,=2,600, M, =27, 8§,=5770, M,=8.9, Jf,=12.0, and the
solution gives S; = 5,030 pounds per square inch.

Formula (10) is derived as {ollows. Equation 9 may by permutation
of subscripts be written:

Log S:=log §,+ K (M ,— M)
IJOg S:;=].0g S_{ +K (M1 - .‘143)

Subtracting (8) from (z) and solving—
_ log Si—iog 5

K= i‘/{l_ﬂfz
84111°—32 5
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aml equation (101 results when this vulue of A s substituted in
The munerieal computation by formnhy (100 Js as followa:
baog 5,770 37612
Log 2.600 3. 4150
Laog 5,770 11:5_{ 2600 0, 34062
(1.3402 1270 Kb 0, 01901
Fag 2,600 34150
natar 27.0 0 120 1h 2585
Loge 2,600 - 00101 154 37015 Jog A0

and 5,030 pennds persquae ined i the ndjosted value, which does not
dilfer significantly fram the 5,020 vead fram the graph.

Xl o B

Tests of matehed mroups of white wslt specimens gave the Tollow g
values Tor modulus of rupture: 8,880 ponnds per square inch v the
arcen condition (hy Table 17 0, 24 per eeni) anel 12500 pteds
per square ineh ol T35 per cent nuwiisture,

What is the corresponding vulue of modulos of ruptize ot B0 ey
cent moisture content?  The soltion B shown by the vpper pair
points aud Hne in Figure 33 and is <imilar to that o crample 1y,
except that in the present example adjustment s te beoanade o
meisture eontent lower than that at whieh the seasoned specina o~
wore testod and 1he Boe joining the points must he extended v ordes
to meet the vertieal vepresenting 10 per cent muizture: also the value
of M, ix 24 nstead of 27 per vent ws dun exwmple -4 The salue

“hown #t 1his interseetion §s wbout 11300 pounds per square el
The wurperies] computstion by formolo (10 3= as Jollows:

Lo 12,5300 ISTHY

Lag N8N Aotrisg

Loz 125000 log S.ssf 1R

01455 124.0--13.% BUE

Vaog RAN0 Ho04Ng
(10148 - 1240 10,00 2044
[rg SN0 - 00146 - 110 $OIAEN lep 1420

andl 14.220 paunds per square huch i the value sdjusted to 10 per ee
meisture content.
EAAMPLI OF CASE 2

[ IR Y L

A specimen of lapgleal pine at 4.8 per eent moishire content wag
found from test to huve @ mndulus of rupture of 13,500 pounds per
square el What wonld have been_ the modulus of raptwre il the
test had been made al 12 per cont moisture?  Tn this case no fests of
matehed green specimens are available, mud in order o mnke the
adjustment w value of R is required. The aversge value o2 A for
modulus of raptire of longleal pine of 0.0258 as given in Table 24
will be used, The graplical solution is as follows: 13500 is plottad
at 9.8 per vent moisture in Figure 34, The neat sfep s 1o driw
theotgh this point a Jine whose inelination to the horizon, Ial s ogual
to the volue of &, Data for doing this is afforded by Plaure 35,
which nre shewn Tor varimi= values of K, vatues of 75 oaltiplying
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factor corresponding to » horizontal distance equal to 30 per cent on
the scale of moisture content. For a value of K of 0.0259, the graph
of Figure 35 gives a value of 6.0 for Z. Then in Figure 34, 1,000 is
plotted at 30 per cent and 6,000, which is equal to six times 1,000,
1s plotted at 0 per cent moisture. The line connecting these two
oints has the desired inclination. A line is drawn parallel to this
ine and through the point first plotted in Figure 34. From this line
the modulus of rupture adjustcclJ to any moisture content below the
intersection point can be read. The reading for 12 per cent moisture
is about 11,800 pounds per square inch.

This procedure is a graphical solution of the following formuln:

LOg S‘z = l()g Sl _‘I{ (Jar_, — -‘Jl) {I H ]

Where 8, and MM, are the pair of corresponding strength and molsture
content vulues as found from test and 8, is the strength value adjusted
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to the maisture content . Lo this example, 8= 13,500, M, =9.8,
M =12.0, I{ was taken ns 0.0259 and the graphical solution gives S,
= 11,830 pounds per square inch. Formula (11) is obtained by chang-
ing subscripts and arrangement of terms in equation (9).
The numerical computation of example 2 by formula (11) is as

follows:

Log 13,500=__.

0.0250<(12.0—9.8) =

Log 13,500 —2.2>0.0259= __ _ . 0733 =log 11,540

and 11,840 pounds per square inch is the adjusted value,

The principle of the graphicul solution of cuse 1 is to plot the two
known strength values over their corresponding moisture-contens
values on semilogarithmic paper, and from the line connecting these




68 TECLUNICAL BULLETIN 282, U. 8. DEPT. OF AGRICULTURE

points read the strength value corresponding to a third moisiure
content. When one of the moisture-content values is above the
intersection-point valie, the corresponding strength value is to be
plotted at the intersection point.

Tn case 2 the principle is to plot the one known strength value
at the corresponding moisture content and through this point to
draw # line with the mclination defined by un assumed ov estinated
vatue of . Then the strength value for a second moisture content
1s read [rom this line.

Tt is now evident (hat the prineipal difference between the fwo
cases is that in case | the slope of the line, which is the value ™ of X,
is determined from the data of ihe problem itself, wherens In cuse 2
the approprinte vulue of K has to be estimated from other dala.
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SPECIAL DIAGRAM POR USE IN MAKING ADJUSTMENTS

The methods applied in examnples 1-A; 1-B, and 2 afford illustra-
tions of the principles involved in making adjustments by the expo-
nential fovmula. However, such adjustments can be hapdied even
more simply by the use of special dingrams, such as Figure 35, The
use of this dingrnm ean be lustrated hy applving it lo the previous
examples,

EXAMPLES OF THE USE OF FIGURE 36
EXAMPLE 1A

Tesis of Sitka spruce in the green condition amxd ab 8.8 per cent
moisture content gave values for maximum crushing strength of
2,600 and 5,770 pounds per syuare inch, respectively.  The Intersec-
tlon-point moisture-content valve 3f, Tov Sitka spruce is 27 per ceal.
What woukl have heen the strength value if tests had been made at
12 per cent molsture? '

are viulues of B,

) Phe tigrares underseored in the compiiations of examples 1-A end 1-8 (. 64)
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The ratio K of the known strength values is 2.21, which equals
5,770 The difference between the moisture-coutent values given

.1, whizh equals 27.0-8.9, and the higher moisture content
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(27 per cent) minus that to which adjustient is to he made (12 per
cent) i1s 15 per cent. The R of 2.21 applies then to a moisture differ-
ence of 18.1, and bhe value of R for a moisture difference of 15 is to be
found:

_ Starting with 2.21 at vhe left-hand margin of Figure 36 and follow-
g horizontally to the vertical represeuting 18.1 per cent moisture
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difierenice, the value of A (0.019) is fourid on one of the converging
lines. Following this line {o its interseetion with the vectical through
15 per cent and thence horzontally to the left-hand margin, an
adjusted 22 of 1.93 isvead and 1.93:¢2,600 = 5,020 pounds per square
inch, which is the strength valne sdjusted (o 12 per cont moisture.

EXAMPLY | o1

Tests of matehed gronps of white ash specimens in the green condi-
tion and at 13.8 per cent moisture gnve vahwes of wodulus of rupture
of 8,886 and 12,500 pounds per square ieh, respeclively, The
value of AL, Tor white ash 35 24 per cenl. What is he value of modulus
of rupture corresponding to a molsture content of 10 per cent?

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

9
18?;:5%%}’ and applies to a molsture difference of 10.2 por cent (24-13.8).

1
The difference between the 34, valne snd the moisture cantent tn
which adjustment s to be made is 14 per conl (24-10). Following
hortzontally from 147 at the lelt-hand marein (o the vertical through
10.2 per ceal, thence in (he direetion of the converging Lnes to the
vertical through 14 per cent, and then horizontally to the lelt margin
the value of K for a moisture difference of 14 is rewd as about 1.61.
Then 1.81 X §,880 = 14,300, which is the strength value in pounds
per square mch adjusted o 10 per cont moisture.

EXAMPLE ¥

A specimen of longleal pine tested af 4.8 per cent muaisture confem
had & moduvlus of rupture of 13,500 pounds per square inch. 11
the value of K 1s estimated as 0.026, what is the value of modulus
of rupture of this specimen adjusted to 12 per cent moisture content?

Adjustment is to be made Troin 0.8 per coent to 12 per cont; that is,
for & moisture difference of 2.2 per cont.  Starting with 2.2 per eent
at the bottom of Figure 36 and following upward to the line vepre-
senting J{'=0.026, then harizonially {o the leli-hand margin, 2 vahie
of 1.14 1s found for . Since the adjustment is to o higher moisture
content, the adjusted value will he Jower than the original, Conse-
quently, the original strepg(h value must be divided by £, and
13,500+ 1.14 = 11,844, the value in pounds per square inch of modulos
ol rupture adjusted to 12 per ¢ent moisture, I adjustinent had
heen to a moisture coutent lower by 2.2 per cent than that at whieh
the test wus made, as Trom 14.2 10 12,0, the rafio of 1.14 would have
been used us o multiplier.

EFFECT ON ADJUSTED VALUES OF ERRORS IN ESTIMATING A AND 31,

Adjustment of strength values for differences in moisture content
requires values of K ar £7,. As values of these parameters have been
found Jor vuly a few species, it is necessary in nmany cases o estimate
the value of ane or the other of them. Also K, amd probably A,
varies for different specimens of a species, and the known values of
these paramelers may nol be exactly corvect for the test values to
be ndjusted. Cunsequently, a consideration ol the effect of ervars in
estimates of K and Af, on the sccurney of the adjusted strengtl
values is pertinent.
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EFFECT OF ERROR IN X

It can be shown that the effect of an error in estimatinc 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 differcnce 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 X to he
used in adjusting for a difference of 5 per cent in moisture content is
found as follows: Starting with 0.01 at the bottom (fg. 37), follow
upward to the inclined line representing a difference of 5 per cent in
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Flavar 37 —Reletion of error in adjusted strengbh vploe do ecror {n assumed value of 7

moisture content, then horizentally to the left, where values of about
+12 and — 11 per cent are read. This means that the error of 8.01
in the assumed value of X would cause a strength value obtained by
adjusting for a moisture-content difference of 5 per cent to be about
12 per cent higher or 11 per cent lower than the {rue value. Whether
the adjusted is higher or lower than the true value depends on whether
adjustment is made to & higher or to a lower moisture content and on
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whether the assumed value of A 18 too large or too small according
to the following seheme:

Error in : i
Firor in

assmoed Al tmmpent il Lo adjnsted

value

lirher maisire eonent
Tower sl Ure conlet
Uigher moisttire content .
Ferweer 1odsfure cantent

Obviously, the errar v an wssumed value of Al aever hnewn,
1t is often p(athlc however, tn estimate how mueh the assuued
value may be in error. und Figure 37 alfords 1 means of computing
the effect of the estiinuted error.

EYFECY OF FKUUOWH BN 3,

The effeet of an error in eetinting the value of 37, ta be used in
ease 1 problems can not be pietured =o simply because it depends on
severn] Tactors. 1 ean. however. he expressed by an equation which
indicates how the crvar and these <everal other factors affoct Lhe
result.  This equation = developed as follows:

Tet Sy = a strength valne a< fownd from tests at moisture content /.
8, = the strength value for maiched green material,
.U', the true value of the pereent moistureat the interseetion point,
,‘.;-‘_’L. = pafimate of A,

S. the strength value eorvesponding o sompe moisinre content 3,
less than M, is to be found.
Changing subseripis in {t.]llllll(rll 1101 snd sub=tiruting for tlog &, -

log &,1 i~ equivalent, log —,;,‘T:

Computed value of log S, Joe 5, ¢ ::," :; log 5.;;

similarly,
N . . Y I U b’,
irize vadue of lug 85 Tog &) :”;» ‘fl <
Then
Computed vahue of log N rene value of Jog 8
computed value of 5.

- ] T e e ST

[A]
: true value of S,

M. AL, MNL S
(qu —T7, prnln)l““Ij
_GLm Al Bl S,
=0, =Ly 7. =1 Ve,

compuied value o 8,
trae value of S
; o (M- M M M
where A= o= ATy

=\ lag i—:;-l—-
r
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Eqguation (12) shows that the error in the computed value of log
8, and henee the percentage error in the adjusted value Sy, is greater:

(1) The greater i= M,—Af,. the error in the assumed value of
moisture eontent at the interseetion point.

(2) The greater is M.~ A1, the difference in moisture content for
which adjustment is made.

(3) The preater is -L:‘.---; the mereuse 1n the strength value produced

> i
by dryving (o the moikture content 3/,

(4) The Jess is M. the moisture content at the interseetion point.

(5 The less s A7, 0 (hat is, the eloser the moisture confont
My s to the intersection-point value.

Frequently 12 per cent muoisture is taken s o standard to which
to adjust values resulting from tests of sensoned woed.  Aleo if M,
for the particular species is not known from moechanical tests and no
shrinkage or other data fron which to estimate M, are available, the
hest estimante 1= probably the average of Lnown values, whieh is shout
24 per cent.  In Firare 38 are plotled values of the quantiey 1 of
rguntion (13Y foe 3/ 2400/, 12, 44 2 10 I8 per cent, and 3/, 20
to 28 per eent. This gruph simiplifies esthates of (he Timits of aeeu-
rary when 3 bs taken ws 24 per cent in making adjustnments to 12
per cent mnisiure,

I cousiderving Figure 35 it nst be remmernbered that the error is

. . A
mensured, not by A alone, bhut by the product of .U and loy ;.1- Henee,
' s
although 4 ineremses munerically ws 3, fnerenses abuve 12 per cent,
1

ot al the same Gme deerea~c=,  On the other hand, us 1, decreases

r
L

-~
heloww 12 per cent, hoth L1 and Hirrense,
! N

EXAMPLES QF THE EFFECT OF ERRORS IN BSTIMATED VALUYES OF
M, AND K ON THE ACCURACY OF ADJUSTED VALUES

FRFECT OF GREON I A,

Duited States Departmenr of Aevienliure Bulletin A56 17 aives the
maximun vrushing strength of halsam {ir ws 2,400 and 5,640 pouids
per square inete i the green condition and at 4.8 per cont maisture,
respectively. 1N the strength is adjusted 1o 12 per cout moisture,
using 3. the assimed or estimated value of 3, as 24 per cont, and
the true value of 3f, i between 20 per cent and 25 per cent, what
are the linits of error in the adjusted value?

S 6,640, 5, 2400 and Tug ke g G010 0.442
Sy 0,640, N s 3, I T, S 0F 55y = U442
Frop Figure 38,
for M s
Sdetoas g Ar,
S et
Then
GOSN ~* (412 43 - log .10
(.06Y g4z O.0206 Tow 0,03

and the estimate is that 8. the value of maxboum erushing strength
adjusted o 12 per cent moisture with 24 per cont n~ the weumed value
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of the moisture content af the intersection point will be between 93
and 110 per cent of the true value if the true intersection point mois-
ture content is not less than 20 uor greater than 23 per cent.

As another example, United States Department of Agricutture Bul-
letin 586 (7) gives 2,060 and 3,400 pounds as the maximum crushing
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FoURE 38— lart for estimuting eifect oo adjusied strenpth valua resulting from veear fn estlimsl-
ing tlhe intersevtion-point woisture coptens {3

strength of alpine fir green and at 15.9 pér cent. Here 3, =3,400;
S,=2,060.
Log St 3400

83, ~ 20600217
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From Figure 38 {or 3/, =15.9
A=0.4000 8, =20
016 i M =28
~ 0489 K 0.217 - —0.106 =log 0.78
N.16 X 4.217 = {1035 =1og 1.08
and Sy, the value of maximom erushing strength adjusted to 12 per
eent moisture, i¢ estimated as being between 78 and 108 per cent of
the true value il the {rue interseetion point i net less (han 20 nor
greater than 28 per cent muoisture.  Inather words, under (his eoudi-
tion --22 per cent wned 5§ per cent wre the linit of error in S,

SFFECT OF BEREGNK I% o

It is interesting to vampare the estitnates of error of solution of
these two examples with errors that might result if an esiimated or
assumed vahee of 20 vather than of 3F, were vaed. The besi estimate
ol a value of A for such use Is the grand average of the values ziven
in Table 24 for maxinmum erushing strength or about 0.025 and Trom
a consideration of the range of averagne values in Tabie 24, 7t s pati-
mated that the tree valie of A {or an individual species might diilfer
from this grand average by ws el as = 0.000, For suech an error
in &, Firwre 37 indienies ervors in the adjusted vahies of about = 16
or — 14 per cent for the lirst example and - S ov - 75 per cont for the
second,  Ordinanly, the error in the estimated value of A probably
would not exceed 0007, and the ervar of adjusted value would be
corresponclingly less. Also sinee A is smaller for most other proper-
ties the crror in applying o general aversge value of A to some par-
ticular species will be less for other properties than for sanximunm
erushing strength.

The errors in the illustrations siven in thisund the preceding seetion
are uboutl as large as are likely to veenr. amd in mest Instances 30 will
be possible (o extimate the value off A or 3/, with such acenmey that
error in the adjusted value of & strength property will he wneli Jess,

LIMITATIONS OF ADJUSTMENT METHODS

The preceding diseussion of the errors that may ocenr in making
moisture-strength adjustients has been presenied to eunbie those
making such adjustments 1o estimate what errors may be ineurred
and thereby to appraise the aeetiraey of au adjusied valve. 1w fo
be remembered that the adjustinent methads are applicable only o
rexufl= un specimens in which the moistare s very newrly uniforih
distributed.  Such disteibition does not ordinavily obtain in picees
whose average maisture content i~ near the inferseetion-poing vale,
adl the adjustment of (est results obtained ot moisture-coutent
valuer between ahoul 15 or 16 per cent aned U interseetion-pain
volues is subjeet fo errors of considerable magnitude.

The adjustment methods have been dertved from wood 1o whieh
ne abnormal smounis of restn or other infiltrated substanees wore
present, and eaufion needs (o be exerclsed fn applying them to wood
containing exceptional amounis of such subgraneces. "The effect of
moisfure on the =irength properties of wowd that comains abnorinal
amounts of regin has not been thoroughly investigntod.  Such tests
as have bheen made on material of this charzeter indicate Uit
strengib-moisture relations are erratic.  This may be due to tnaceu-
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recies in moisture determinations in such instances. If the amount
of moisture held in the wood substance could be determined aceuw-
rately such material might display as definite strength-moisture rela-
tions as wood without resin or with only normal amowunis of resin.
[t hns been found that in some species that contain lirge amounts of
other infiltrated substanees, these substances have the effeet of raising
the strength of green wood without cxerting a corresponding effect
on dry moterial. Consequently, such wood ix increased in strength
by drying less than is woed thaf does not contain such substances.

Although the methods of adjustinent outhined are Lelieved w be
the best that is now possible to devige, they sheuid i used with ~are
and judgment and with & full realization <1 the possibility ol crvor,
It is evident that in all cases the risk of error Ix least when the dilfer-
ence between the moisture-content values from and to whicl adjust-
ment is made is small. Necessity for adjustments for any but
comparatively small differences in moisture content can oprdinacdy he
avoided by eare in conditioning speeimens for test.  Usually seasoning
to » moisture content not far (rom 12 per cent can be veadity accom-
plished either by natural (air) or artificial (kiln or conditioning
chamber) drying, and 12 per cent is suggested as a standard moistare
content at which to test seasoned specimens,

In tosts, such as way be made for the determination of the effect of
a preservative, fireproofing, or other treatment, it is advisable to
season both conirol und treated speeimens to equilibrium under
atmospheric conditions simnlating those that will ebtain in serviee.
In this wav the need, in analyzing results to determine the effect of
the treatment, for adjustments, other than for small differences in
maisture contetrl, will be aveided. [Furthermore, the treatment may
so modify the hygroscopicity of the wood that control and treated
specimens will not come to equilibrium at the same moisture eontent.
aned 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
hetween moisture content and strength properties in pieces of woodl
that are free [rom defects and in which the mwoisture is practically
uniformly distributed. The methods of adjustment developed are
applicable to such picces only and not fo pleces contaming defe¢ts
or to pieces in which the molsture 1s nonuniformly disteibuted, that
is, pieces in which a moistnre gradient of considerable magnitude
exists.  Two Bmportant phases of strength-moisture relations i wood
remain for considerstion. These are the instunces when (1) the
moisture content is nonunifarmly disteibuted and considerable mois-
ture gradient exists between the interior and exterior parss of the cross
section, and (2) when the piece rontains such defects us knots, cross
grain, shakes, or chechs,

THE BFFECT OF NONUNIFORMLY DISTRINUTED MOISTURE ON THE STRENGTH OF
WOODEN MEMBERS

When s piece of wood is held fur & long period under nearly con-
stant conditions ol atmospheric temperabure and humidity, alf parts
of 1t reach approximate cquilibriwmn, and only smul variations in
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moisture content between parts obtain. Normally, however, wood is
not held under constant conditions, and usuntly drving is carried out
in such a wanner s to produce moisture gradients of considerable
magnitude during the time the piece is approaching equilibrinm.  The
resulis of tests on chestnut spectriens with moisture non uniformly
distributed ave iltustrated in Figure 5. In this instance, the offect
of the greater dryness of the outer paris of the specimens resulted in g
strength-moisture curve well above that for specimens with mojsture
uniformiy distrihuted.  As may be scen from Figure 3, the strengih
of specumens with a nonuniforuily distributed moisture contont of
42 pey cent was as great as that of speeimoens with unndformnly dis-
tributed moisture content of 18 per cont, and for specimens with
nonunilorm  moisture content avernging about 253 pier cond fhe
strongth was as great as for thosa having o uniformiy distributed
motsture confent of 14 per conl.  Thal wood tested ia g prerfially
seasoned condition and displaving lurge 1hoisiure eradienis does nol
alhways vield resulis similar {o these i~ demonstinted by o recent
investigntion,

The specific objeet of this iny estigation was o obinin hdormation
applicable to values from tosis of purtially andd anonuntformly seasonoed
wood.  Suech information would prove valeable <inee preseryative
and other treatments of timber froquently diy the surface (o 1 low
moisture conlent and leave the moistiure content procees<ively higher
toward the center of the pioce.  Conelnsions conevrming the offeel of
snch trestments on strength properties of wood eonld be rogehed vory
quickly if specimeas could be fested soon alter trentiment and the
results so adjusted us (o be comparable (o these from conirol spoet-
mens. Again, telephone poles of diiferent speetes and different groups
ol poles of the same species have boen tested nt varions stages of
seasaning.  The data frony (hese tests would be of much grenler
ntility 37 they cauld be adjusted to o strietiy cosuparable hasts,

The tests of the effeet of partial seasonine wore made on paole and
rectangnfar (2 hy 4 inches in eross seetion) spectinens. The species
of woud were chestnut, Douglas iv, loblolly pine. shortioal piie, and
funracels,

Statie-bending and ramipression-paraliel-to-grain tests were made
on partially dey and on mntelied groen control specimens, The 2 by
4 Inch specimens for test in the partially seasoned eondition were Jaee-
pared in 3 by o ineh size, and the wide Fices wore conted wilh o Hrepa -
ration {o retard drving =0 that (he principa] deving wonld take place
from the narrow faces.  When the specimens had been dried Tor the
requistie period of the one-hulf inely was remeoyod flomt cach of their
wide faces and the tosts made. This vesulted By tont speciniens 2 by 4
jnches in cross seetion whose nioi~tuie conlent was nearly nndorm
aerose the widrh or narrow dimension but s nried from o COnIpa-
tively fow value at cvels narrow face o a higher value af the micledte
The pole specimens for test in the partially ceasoned condition weps
dried in such n way as o produce n camparatively Jow moistipe
content al the surlface, increasing to o higher s alue xt the conter.

The inore important of the date on 2 by 4 ineh specitens of ehesi-
nut and loblolly pine sre presented in Figure- 39 to 43, inctusive.
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In each ol these diagrams, the ratios of the strength of a partially
sensoned specimen to the strength of its own green contral specimen
are plotted over the average moistine content ol the partially seasoned
specimen. There is also shown [or comparison & moisture-strengtl
curve for uniformly seasoned pieces. Where suitable data on speci-
mens from the same logs as the partiaily seasoned specimens were
available, they were used in establishing the moisture-strength curve
for uniformly seasoned specimnens.
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The duta demonstrate thal the strengths of differend species are
differently nffected by partinl seusouing, as muy be seen [rom a com-
parison between chestnut and loblolly pine.  Figures 39, 40, and 41
show the results of tests on chestnut. The (act that in these din-
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grams the points are consistently well above the moisture-strength
curve for uniformly seasoned specimens demonstrates that the
speeimens with moisture nonuniformly disiributed were much higher
in strength than they would have Leen had the moisture content
averaged the same but heen uniformly distributed in the cross
section, and confirm with respect to chestnut the results shown in
TFigure 5.

Figures 42 and 43 present similar data for loblolly pine and show
that specimens with an average moisture content above the fiber-
saturation point have, on an average, received no inerease in strength
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from partial drying, some specimens having heen strengthened and
others weakened.

The restlts demonstrate a contrast between chestnut and loblolly
pine with respect to the eflect of partial seasoning.  The other species
tested are intermediate. This difference with respect to the eflect
of partial seasoning is due to varintions in the way adjscent layers
differing in moisture content acl together when strained in com-
pression. The cooperation of these layers depends on their stress-
strain relations.

Two types of behavior of woud under compressive stress and strain,
either in pure compression or in bending, are as follows:
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Type A.—Maximum stress is reached at comparatively small
deformation, and the stress decresses rapidly with small additional
deformation; the strain, or delormation, soon hecoming localized at n
single point or in a small region. When loeal failure has once
oceurred, not enough stress can be sustained to cause the forma-
tion of vther failures. This type of behavior is more common in
dry wood than in green and more common in coniferous species than
in hardwoods. Its extreme is exemplified by very dry wood, iIn
which maximum stress is reached at a small deformation and sudden
and complete failure occurs immediately,
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Tyre B.—Maximum stress does not oecur unti) » comparatively
lurge deformation has taken place, stress decreases bul slowly with
further increase in deformation, deformation continues to be well
distributed longitudinally for a time bui finally hecomes loenlized
at R number of points, and nwmerous failures appenr simultaneously
ov In close suecession belore there is an appreciable decrease in stress.
This type of behavior is more common in green wood (han in dry and
more commor in hardwoods than in conifers. Tt is exhibited by both
green and air-dry wood of such species as hickory and reaches its
extreme in hickory that has been obtained from near the base al
some trees. Distributed rather than locslized Inilure 1s character-
istic of matertal in which the stress is maintained very nearly at its
maximum value through » considerable range ol struin or delormaltion.
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Fuvite 43 —Nesults of Hie deterininaifon of maxhmun crushing strengtl of ne sniformly se-
sanol 2 by 4 ineh spectmens of Indlolly pine. The solied eireles represent <pocinens in were
intanded o Be partizlly seasoned witli comnpuratively low moistire conlent ol e surfice
but were ol to hiove moisture-gontent walites nbove e ilersvelion-poind salnge (linstgl-
out,  Hee Table 26 for datn o meistore disiefbution

The stress-strain relation corresponding to ivpe A behavior is
illusirated by the disgram for air-dry Joblolly pine as shown in Figure
44, while that for type B is illustrated by the diagrams for green
loblolly pine and lor green and sir-dry chestuul. The diagrams in
this figure were taken Irom setunl tests and are typiesl with respect
to the shupe of the stress-strain cwrves bul not with respect to the
relutive amounts of deformation at maximum stress.

B¥I 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 suceessive layers of a nonunifoymly seasoned picce may develop
their maximum or nearly their maximum stress 4t the same defleetion.
This is obvicusly true for picees loaded in compression parallel to
grain.  How it may also be true of beams can be seen from the fact




STRENGTH-MOISTURE RELATIONS FOR WOOD 83

that when tension failure oceurs in o beam the neutral plane has moved
downward and the deformation not only at the upper surface but fov a
considerable distance below it comes into the range within which the
stress is maintained at very pearly its maximum. Such a nonuni-
formly seasoned piece would carry 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 nonnniformly seasoned picee loaded in compression parallel
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 A-pRY
tvpe B for green or wet
wood toward type A #ip-omy
with decrease in mois-
ture content, the stress
m the drier top layer
of & partially seasoned
beam may in test pass
its maximom and cde-
crease greatly before
the layers below 1t at-
tain o high stress. The
resultis that the layers
of different degrecs of
dryness successively SeRAt

l‘euch t-h (’il‘ m:zximum FiizvrRE A4~5hapy of siress-strain digrams for grecn aml aics
stress ﬁ.ﬂd f“lil I‘Il(l dry Ioblolly plue and chestnnt umler compressive stress
ali, o

Arrows indicate first visible mihre
the benm may be no
stronger or may be acbually weaker than if 1t were thoroughly green.

Diffevent types of behavior of nonuniformly seasoned pieces in con-
pression parallel to grain arve illustrated by loblolly pine (fig. 43) and
chestnut {fig. 41), respectively. Figure 43 indicates that, on an
average, loblolly pine wns not increased in strength by partial season-
ing. Figure 41 shows, ou the contrary, that chestnut was incrensed
in strength although in only 3 cases out of 13 was the actual strength
value as high as it would have been had each purt carried the load
(caleulnted value) corresponding to its moisture content.

Tigures 39 and 40 show certain calculated values in addition to
actual results from bending tests. These values were obtained by
multiplying the moment of inertin of each of the parts of the heam
whose moisture eonfent was separately determined into the estimated
strength value {modulus of rupture or fiber stress at elastic limit) at
that moisture content and dividing the sum of these produets by the
moment of inertin of the entire section. A sample computation is
shown in Table 27,

1ALDLLY PINE CHEFINUT
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Tasws 27.—Ezample of calculaled ralues for modulus of ruplure

{Epecimen 2 hy 4 inches. Modintus of rupture of green contral specimens 5,07 § ounds per syunre ingh.
Moistore contentof sucessive sliees cognting from top of the heam sre given fa eylumn 3. Distribudion
of moisture assureed to b svmmeirical nhout harizontal center line of seetion]

Afnment of >
inertia of . Modul / Mﬂrel:?tri!:fm
o3 rrenis f ] o two sym- | Moisture | Modulus of] 0000 _
Tirickness of slive motrically | content rupture “i’l'll‘d"s'f:;'d
loeated raplure
slices
Lba. per
Per cend Ay in,

1.576 1.8 7,150 13, +30
1. 43 18. 5 4, 3 JUIR )
2, B46 19. ¢ 4, 00U 15, BE
1. 805 AN 5. 170 8, BOC
1471 w0 o, 000G (i, 358
1. 333 20, 4% 5,000 (i, td
| [ O E IR )

G2 A0 10567 =5adn=calewdated valoe aof modulas of ruplure.

As may be observed from Figures 39, 40, and 41, the caleulated
and actual values for chestnut agree closely in only & few instances.
(This was found to be frue for other species also.) Furthermore,
the caleulated value, though in most cases above the actual, is not
consistently so, and apparcntly there is no correlation hetween the
actual and caleulnted values. Hence, there seems to be little chance
that this type of caleulation could be made the basis for predieting
the strength of a partially seusoned piece or of reducing to some
standnrd moisture condition resulls of tests on such a plece.

Also the demonstrated fact of the diflering effect of partial seasoning
ou different species indicales fhat no oue type of formula for making
such computations would be found applicable (o all species and that,
consequently, methods of computing the strength of picces of wood
of n species when in a partially se-->ned condition can be found, if
ot all, only after very extended ex; ..ments on that species.
CONCLUSIONS FROM THE TESTS OF WOODEN MEMBERS HAVING NONUNIFORBMLY

DISTRIBUTED MOISTURE

The tests of the strength of specimens with moisture nonuniformly
distributed lead to the {ollowing conclusions:

A partially seasoned piece of wood whose average moisture rontent
is above the filer-saturation-point value may or may not be stronger
and may conceivably be weaker than the same plece 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
speeies nost likely to he increased in strength are those in which,
regerdless of the degree of dryness, the stress in compression parallel
to grain decreases but slowly as deformation is incrensed hevond that
at which maximum stress oceurs. However, the characteristics that
determine whether or not woeod of a species will be increased by such
partial seasoning are not completely known. Consequently, it is not
possible to classify species in this respeet except from the results of
tests,  Chestnut specimens were appreciably strengthened by partial
seasoning that did not reduce the average moisture content below the
fiher-saturation-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 ineresse but less than
chestnut. Available data are insufficient to indicate the effeel of
similar seasoning on shortleaf pine.

Timber partially seasoned fo an average molsture content below
the fiber-saturation-point value mav or may not have b igher strength
than would be expacted from the average moisture content., In the
tests described, pole specimens of tamarack and chestnut and roctan.
gular specimens ol chestnut, shortleaf pine, and Douglas fir were
usually higher in strength than would be expected from the average
moisture content, whereas the results for pole specimens of shortleaf
pine were lower than would be expected.  Available data are insuffi-
cient to indicate the effect of such seasoning on Joblolly pine.

Because of difference in the hehavior of diffierent species when
partially and nonuniformiy sessoned, there is Little ho pe of being ahle
to derive adjustment formulas applicable to results of tests on par-
tislly seasoned wood. No attempt should be made to adjust data
derived from tests of partially and nonuniformiy seasoned timber.

- Material for tests intended to afford a comparisen hetween species

m 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 nnnecessary.

MOISTURE ANE ITS RELATION TO THE STRENGTH OF WOOD AND TIMBER
CONTAINING DEFECTS

Iy 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 moistare.
strength adjustment set up apply only to such material. Larger
pieces free from defects and structural tinbers with the defects
commonty found therein differ distinetly from small, elear specimens
with respeet to strength-moisture relations.

The drying of sinall, clear specimens produces comparalively Inrge
increases in many strength properties hecause the wood fibors and
other small elements of the structure are greatly incrensed in strength.
Although in larger pieces and in pieces with such dofects as knots,
cross grain, and shakes, similar increase in tho strength of the fiberg
takes place it is not fully effective in increasing the strength of the
piece as a whole because drving almost invariably produces checks,
particularly in pieces containing the pith of the trec, and also intensifies
the effects of previously existing defects. The reason for this is found
in the way moistuie moves and in the way shrinkage takes place during
drying,

With « given change of moistare content below the fiber-saturation
point, the shrinkage of a piece of wood or the tendeney to shrink
differs according to the three prineipal directions with respect to the
strncture. The tendency to shrink is greatest in the tangential diree-
tion, less radially, and, except in abnormal material, such as compres-
ston wood,” is negligible Jongitudinally or » long the g,

® Compression wond consists churrncteristically of annusl rings abyprmnily widened over a parl of their
citquinference.  Io this widened puction, the sulumer wood constibites n lnfye npropirtion of Lhe widih of
the ring, bot the difference betwoen spring wood 2nd sununer waod is ess marked that in woot of normnl
strocinre. Compression wantl ercurs anly in coniferous specles and I8 farmed priocipally on the lower
side of lenning tress seed Lhe undarside of iinbs.  Tn addition to ahnormal longiludinal shrinkage, compros-
sion woad Is cligrncterized hy spreffie pravie ¥ nhove norini amd by a defleleney in certain strength
projeriies.
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The width of flat-grained or slash-sawn boards is principally tangen-
tia! to the annual rings, and it is common observation that such boards
shrink more in drying and undergo greater changes in width with sub-
sequent fluctuntions of moisture content than do edge-grained or
quarter-sawn boards, whose width is radial. Owing to this same dif-
ference the circumference of a pole or log tends to be decreased by a
oreater percentage in drving than does the diameter, and stretching
or checking is necessary to accommodate the circumference to the
diameter. The same is true of sawed timbers that include the pith of
the tree. Ordinarily, the wood is incapeble of the necessary stretching,
and consequently drying is sccompanied by checking.

The drying of any piece of wood takes place from the outside, in
consequence of which the outer portion acquires a tendeney 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.

Under n given drying condition molsture moves at different rates
in the principal structural directions. Movement is most rapid lon-
gitudinally and least tangentinlly, with that in the radial direction
intermediate. An illustration of the ellect of the more rapid longi-
tudinal movement is afforded by the checks that form at the ends of
lumber a::d timber during drying unless precautions are taken to
retard drying from the ends. As a result of the rapid longitudinal
movement, the material at and nenr the ends of the piece soon reaches
a moisture content that demands shrinkage, hut as shrinkage is
resisted by the adjacent portions that have not reached sueh a mois-
ture condition checking occurs at the ends of the piece.

The combined efect of the differences in moisture novement and
shrinkage in the different directions and of the fact that the outer
portions of any piece ordinarily reach o moisture content that demands
shrinkage in advance of the interior is to stress the wood in cowm-
pression and tension across the grain, The tension stresses cuuso
checking and increase the extent of any shakes that may be preaent.
Checking and extension. of shakes reduce the area available to resist
shearing stross parallel to the grain.  Checking reduces thestrenglhin
longitudinal compression by separating the fibers and thus eauses the
loss of some of their mutual support against buckling. Decrease in
sdherence 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. Ordinarily the larger
the piece the more severe is the checking that takes place, and,
consequently, large pieces, even when free from knots or cross grain
so that the checks are parallel to the length, gain less strength in
drying than do small specimens. The checks in the pleces having
koots ' and cross or spiral grain extend in dirvections inclined to tho
length of the piece. Also shrinkage stresses and checking i such
pieces are enhanced by the fact that the movement of mowsture 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 patallel and at right angles o theso

it Tho wenkening effeet of knols in either grean or sensoned Limbers is dus largely to ihe it that tha fibers

within and sgrrounding 1hem rre not pasallet with the longth of tho plece,
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directions, the gain in fiber strength resulting from loss of moisture
is further offset m such pieces.

These effects cause any lot of sawed timbers to be more variable
n strength when seasoned than when green, aud tests of similar
groups of green and seasoped timbers have shown that although
maximum and average strength values are higher for the seasoned
material, minimum values are not appreciably raised by secasoning.
A degree of cross grain that has little influence on timbers in the
green condition may, because of the formation of checks, greatly
affeet a sensoned timber.

The stafements ol the preceding puragraph apply to sawed timbers.
Checking and Lhe stressos 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 oceurs, and unless the piece 1s spiral grained,
longitudinal stresses do not have compouents at right anples to the
checks,  Consequently, round timbers, unless they are spiral grained,
are considerably increased in strength hy seasoning (/) but not so
greatly as small, clear specimens.

SUMMARY

This bulletin brings together datu resulting from tests of the effect
of moisture on the strength propertics of wood as made by the Forest
Service over n period of 25 years. The data ase considered in detail,
and from them a type formuls to express the relation hetween uni-
formly distributed muoisture content and various strength properties

is derived. The application and limitations of this formuls in ad-
justing test results for differences in moisture content are presented.
The effect of partial seasoning on the strengih of wood and the pitfalls
which attend any attempt to adjust strength values when the moisture
v nonuniformly distributed arve set torth, as well as the effeet of
seasoning on the strength of timbers contnining defects.
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