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INTRODUCTION

ood is one of the important commercial woods of the United
1€ combination of desirable qualities, including relatively
o anical properties, medium weight, low shrinkage, ease of
22 and high resistance to decay enables redwood to meet the

Ment . . . o
pents of many special as well as ordinary uses, thus giving
utility valye,

edement i oy '
h?ggt‘fl‘agl'ﬂge of the egoperation and assistanee of the California Redwood
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0.0f that g 'y articularly that of the Pacific Lumber Co. and the Union Lum-
Btudy l'ende{ Ide Leopold, formerly of the Forest Service. The valuable assist-
A, K’JEh‘neruf\? hy the fohowing members of the Forest Service: J, A, Newlin,
29Mia, Fopegt | x. Pillow, of the Forest Produets Laboratory, and C. L. Hiil,
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8d by the by the Save-the-Redwoods League.
DiVorgity «p .o Department of Agriculture at Madison, Wis., in cooperation
- ¥ of Wisconsin,
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The redwood, as found in the virgin stands, is one of the }, &
trees of the world. It is long-lived, reaching an age of 130(}&‘?_
or more, and commonly attains a diameter of 5 to 10 ft;et Y
height of over 250 feet. (Pls. 1to 3.) Because of its grea
tree yields a high percentage of clear lumber.

The natural range of redwood is confined to a relatively
belt of northern California, extending about 500 mileg a,lgna
coast and from 10 to 30 miles inland, and in addition thepe ;
small area of some commercial importance south of San Fyyp,;
Redwood grows at elevations ranging from sea level to ahoy 3

t size,
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FreurE 1.—Commercially important range of redwood

feet. The commercially important range of redwood is about 3®
miles in length, as indicated by the shaded area in Figure 1. Ti
redwood region is characterized by abundant atmospheric moistuf§
throughout most of the year (3).?

Redwood (Sequoia sempervirens (Lambert) Endlicher) shoul
not be confused with big tree (S. washingtoniana (Winslow) Su
worth), a closely related but distinct species whose range is conting
to the west side of the Sierra Nevada Mountains at elevations frdl
5,000 to 8,500 feet. In general, the big tree is of larger diamel@

8 Italic numbers in parentheses refer to Literature Cited, p. 48.
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CTEEd-Goun EISCOVERED 1N CHLIFDRNIL

1T78-BECLARATION OF (NDEFENDERCE

144 BUS LaNDED

REDWOOD TREES ARE LONG LIVED, FREQUENTLY REACHING AN AGE OF
1,300 YEARS OR MORE

The section shown is from a tree 864 years old.
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THE STRENGTH AND RELATED PROPERTIES OF REDWOOD 3

P attains a greater age than the redwood but is not now of com-
Sercial importance (13).

' The stand of virgin redwood was estimated in 1920 at about 72,-
§000,000,000 feet, board measure (Z4), and the annual cut since then
Pliss been about 500,000,000 board feet. Although the exhaustion of
Pirgin stands is not to be shortly anticipated, some operators have
Piiven and are giving thought to reproduction on cut-over areas,
Find are looking forward to continued production from second-
P irowth stands.  Since most second-growth redwood has ample grow-
B ng space in its early years, the wood put on in early life is of more
P rapid growth, weaker, and contains more knots than the virgin-
§ orowth redwood that has grown slower under normal forest compe-
P iition throughout its entire life. Economic considerations will no
P doubt require that the second-growth stands of redwood be cut be-
§fore the competition within the stand is sufficient to result in the
 formation of wood comparable to that of virgin growth.

PURPOSE

.. The purpose of this bulletin is to present information on the physi-
ieal and mechanical properties of redwood. Such information is of
Palue to architects, engineers, manufacturers, lumbermen, and others
requiring detailed information on the properties of redwooed. In
addition, it should be of aid to foresters contemplating management
plans for reforestation by affording a comparison of the properties
- of second-growth redwood produced under widely different growth
f conditions with those of virgin-growth material.

5 NATURE OF STUDIES

I . The information on redwood presented in this bulletin resulted
E from an intensive sampling in the field of trees from different sites
B ind localities for specific gravity, and from selected typical logs
.- .Vthat were sent to the Forest Products Laboratory for comprehensive
§ Strength tests. Hence the study is discussed under two divisions;
4 Namely, (1) specific-gravity survey and (2) strength and related
B Properties,
§  The specific gravity survey consisted of determining the specific
§ 8ravity of specimens taken from the pith to the circumference and at
F [tervals from the butt to the top of each of a number of redwood
F frees from different sites and localities. -
E The study of properties consisted of standard strength tests on
. ;:?nall, clear specimens of virgin-growth and second-growth redwood
¢ 'om Humboldt and Mendocino Counties, Calif. In addition, in-
- Ofmation was obtained on shrinkage, the abnormal wood known as

5

ﬁompression.wood, the distribution of moisture within the tree, the
- §Ct of moisture on the strength of the wood, and the influence of
- SWbstances naturally present in the wood, called extractives (p. 21).

SPECIFIC GRAVITY SURVEY

SmThQ specific gravity (p. 46) determinations were made on many
'reau Specimens from each of 56 virgin-growth and 42 second-growth
8. The trees were selected in ditferent localities from sites (p. 46)
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that covered the range of growth conditions. The site ¢] e |
virgin redwood were determined 1n accordance with acece ? Sge‘ A
cultural practice by the total height development of thepde Sy
t.rees. The average height of the dominant trees on Site T —
feet and over; on Site II, 211 to 250 feet; on Site 11T 171‘Was
feet; on Site IV, 131 to 170 feet; and on Site V, 130 feet and % A
With second-growth redwood the site classes were based oy tlllmv
and height development of the dominant and codominant tre ¢
Of the second-growth trees from Mendocino County, three Weres
open stands, which permitted unrestricted crown developmenet.
others were from normally well-stocked stands. (Pl 4.) Ty,
ogld—égrowth trees from Humboldt County were all from thee
stand.

1|Y.
SPECIFIC GRAVITY AND VARIATION i

' Table 1 gives the average results of the specific gravity deterp;
tions for virgin-growth redwood, and affords a means of COmpal
material from different sites in Humboldt and Mendocino Couﬂ?
Table 2 presents the average results of the specific gravity determ
tions of virgin-growth and of second-growth redwood Without
gard to source of material.

TasLe 1.—Results of specific gravity determinations, by lots from different s,
of virgin-growth redwood

Probable variation
< . | Average | . -
Place of growth Lot No. Sxtle\I((:)lass Trees %ggls specific | Individual Individyg*
: gravity 1| ftree from rspﬁclmenv
average m"—;‘g&"er-'
(]
Number | Number Per cent Per cent
Humboldt County. ... 3 I 5 452 0. 365 8. 16 0.0
Bl s 3 I 4 312 . 364 6. 90 2 o
Dot 3 I 4 168 -375 3,92 o3
DO RS TER 3 II1 6 567 . 364 8.30 12,15
D0s e 3 et 5 399 . 356 9.00 L840
Do 3 v 5 339 .357 5.47 o
Total or average......f-—————.._. IV 29 2,237 . 363 5.99 1}5&7
Mendocino County___ ... 2 II 5 467 . 388 2.95 0.9
[ J 2 IT 2 174 P {11 T [FR——— 1.9
DO e 1 IIT 5 357 . 380 7.20 L1775
DD i s £ 2 II1 5 302 . 373 4.33 9500
DO0iim ommmmm o mm ER A e 1 IV 5 234 . 374 L1561 9.8
N 2 IV 5 275 .415 2.97 1078
Total or average . .| ---ccoo- II-1v 27 1, 809 . 387 5.00 10,9 &

1 Based on the weight of the oven-dry wood and the volume when green.

TABLE 2—Results of specific gravity determinations of virgin-growth and
second-growth redwood

Probable variaticn ¢f— !
Average e g
Type of growth Trees Sg:ﬁ;' specific | Individual Igle];ﬁggl b

gravity ! | tree from feom

average average

Number | Number Per cent Per cent
NTeE I roWElL o oo sy ‘ 56 4,046 0.374 5. 54 10.67 =
Second growth, closely grown. ..o oo.ooooao- 31 720 . 356 4.10 8.17 &
Second growth, openly grown._ ... oooooaoaman 11 267 .318 4,93 7.98 &

t Based on the weight of the oven-dry wood and the volume when green.
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i REDWoOODSs GROW TO GREAT HEIGHTS, MANY EXCEEDING 250 FEET
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THE STRENGTH AND RELATED PROPERTIES OF REDWOOD 159

The last two columns of Tables 1 and 2 are, respectively, percentage
. figures on the estimated probable variation in specific gravity of an
| individual tree as a whole from the corresponding average, and of an
- individual specimen of a tree from the same average. The prob-
L able variation is a value such that there is an even chance that
- a random specimen will not be above or below the average by more
- than this amount. For example, the figure 10.67 per cent, given in
: Table 2 as the probable variation in specific gravity of an individual
_specimen of virgin-grown redwood, means that there is 1 chance in
4 that a small specimen selected at random will have a specific
- gravity of less than 0.334, that is, 0.374— (0.1067 X 0.374) ; 2 chances
¢ n 4 that it will be between 0.334 and 0.414, and 1 chance in 4 that
P it will be greater than 0.414. Expressed in another way, about
¢ one-half of the specimens from the virgin-growth redwood had a
 specific gravity between 0.334 and 0.414, the other half being divided
i about equally above and below these limits.
. The estimated probable variation in specific gravity of an in-
E dividual virgin-growth redwood tree from the average of all trees
E examined for the species was 5.54 per cent.
¢ The estimated probable variation in specific gravity for an in-
- dividual tree and for an individual specimen of second-growth red-
- wood was less than for virgin growth. (Table 2.) This may, per-
L haps, be accounted for by the smaller size of the second-growth
 trees and the likelihood that because of their younger age they had
. ot encountered the range of growth conditions experienced by the
B Virgin-growth trees. In addition, the greater amount of extractives
£ 1 the virgin-growth redwood was also a contributory factor.

t  Although definite information is presented on the variability of
. redwood, it should be noted that variability is not a characteristic
' of redwood alone but is common to all woods, and in fact all ma-
| terial. Tt is important to recognize in the manufacture, grading,
 Stasoning, and selection of wood for different uses that all species
 exhibit variations in the properties of individual pieces, but it
L 1S even more important to know something of the extent of these
 "ariations. The information presented on the magnitude of varia-
L on 1n the properties of redwood, therefore, should be of particular
LValle in the utilization of this species, since by a careful selection
:an(} classification of material of different characteristics and prop-
§ trties, the variability of wood, which is usually regarded as a

ability, can, within limits, be made an asset. For example, the
£ .0se redwood is preferable for structural timbers, whereas the

._ﬂ‘ ter weight, slow-growth redwood is preferable for such purposes
8 battern stock.

SPECIFIC GRAVITY AS AFFECTED BY DISTANCE FROM PITH

iI“a.I‘ge differences were observed in the specific gravity of redwood
Owtn cross sections of the tree at any given height. In some virgin-
o trees, at a given height, a gradual decrease in specific gravity
rred n the heartwood from the pith toward the circumterence,
ttl(f C%rs an incz-gase toork place, whereas in others there was l;)ut
ngth ange. (Fig.2.) Toward the upper end of the merchantable

9, however, the wood near the circumference was generally

gt t;gm_wgight than at the pith. (Iig.8.) The sapwood through-
virgin-growth trees was consistently lighter in weight than
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the adjoining heartwood, apparently because of the higher COntey
of extractives in the heartwood. The highest and lowest specig, |
gravities of small specimens found in a single tree of virgin gl‘Owt.‘g -
were 0.5018 and 0.210, respectively, both samples coming from thy @
butt cut. ;

SPECIFIC GRAVITY AS AFFECTED BY HEIGHT IN TREE

The wood at the base of the redwood trees (stump height) w,, ]
found to be higher in specific gravity than that farther up the sgep, |
(Fig. 4.) The decrease in specific gravity with increasing heigh; §
in tree for virgin redwood was fairly rapid over the lower half g |
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FIGURE 2.—Variation of specific gravity with distance from the pith for three differ-
ent virgin-growth redwood trees at a height of 20 to 30 feet above the ground,
showing (4) increase in gpecific gravity with distance from pith for greater part
of diameter (B) little or no change, and (Q) decrease. Each curve is distinguished
bythfull and dotted lines representing specimens taken from opposite sides of the
pi

the merchantable length and more gradual toward the top. The §
average difference in specific gravity of butt and top logs was about &
15 per cent, which is sufficient to permit a judicious selection of ma-
terial in manufacture to meet better the use requirements of serv-|
ice. For example, structural material that is cut from the lower §
logs of virgin-growth redwood will, for given defect limitations, §
average higher 1n strength than that cut from logs higher in the tree. §

SPECIFIC GRAVITY VARIATION AMONG TREES

In addition to the variation of wood from different parts of the
same tree, redwood, like wood of other species, showed a considerable §
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| difference in specific gravity among different trees. The greatest
B observed difference in average specific gravity between individual
B irees of virgin-growth redwood from a single site was 25 per cent,
‘F  which was based on the heaviest tree (fig. 5), whereas the greatest

D
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" "
]”g‘m 3.—Variation in specific gravity with distance from the pith for different
€ights in a selected virgin-growth redwood tree. The sharply downward trend
it the outer part of the curyes is due to the lower specific gravity of the sap-
Wwood as compared with the adjoining heartwood. The two curves for each height
= istinguished by full and dotted lines represent specimens taken from opposite
Sdes of the pith :

fe

’;dlﬁel‘e—nce between individual trees throughout the entire range
i 23 only 30 per cent. The two trees representing these extremes
T8 from the same county. The data indicate that growth condi-

EOs as affecting individual trees within a site and perhaps in-
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herent differences in strains or types of trees are: of gpg.
importance in causing variations in virgin-growth redwood thea
geographical location within the normal range.

SPECIFIC GRAVITY AS AFFECTED BY SITE CLASSIFICATION

No definite relation was apparent between the conditions und:"
which the redwood trees were grown, as indicated by the site classifd

/80 —
Q
160}—
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® — SECOND GROWTH
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® — SECOND GROWTH
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O— VIRGIN GROWTH
N /20—~ 56 TREES WL
]
Wy
¥
/00—
Yy
Yy
N
80—
%
N
S’ 60—
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X
“0o}—
20—
0 l | ] ] ]
o./ o.2 O3 O.<f

SPECIFIC GRAVITY (BASED ON THE WE/IGHT OF
THE OVEN-DRV WOOD AND THE VOLUME WHEN GREEN)

Ficurp 4.—Variation in specific gravity with height in tree for virgih-growth and
second-growth redwood. Curves are the average for all trees of each type studied

cation number (p. 4), and the specific gravity of the wood. The
average specific gravity values of all the virgin-growth redwood
trees from Humboldt County were 0.871, 0.870, 0.367, and 0.361 for §
Sites I, IT, TII, IV, and from Mendocino County 0.387, 0.384, and
0.394 for Sites II, ITI, IV, respectively. (Fig.6.) If thesitequality
class is a factor in influencing the specific gravity of redwood, the in-
fluence on the material sampled was so small that it is obscured by
other factors. For example, the extent to which a tree is crowded has
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a marked influence on the character of the wood produced, as shown
by the fact that in the second-growth redwood the closely grown
small-crowned trees were approximately 10 per cent higher in aver-
b age specific gravity than the large-crowned openly grown trees (11).

SPECIFIC GRAVITY AS RELATED TO REGION OF GROWTH

. The influence of region of growth on the specific-gravity and
| strength properties, dlthough known to be of appreciable signifi-

/80

HUMBOLOT COUNTY
o ’ N
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140 (—

N
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|

100p—
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|

HEIEHT IN TREE (FEET)
o
)
|

A
o
I

20—

o l | l

0./ 0.2 0.3 o4 ‘05
SPECIFIC GRAVITY (BASED ON THE WEISHT

OF THE ovewn ~ORY WOOD AND THE VOLUME WHEN GREEN)

Figurg 5.—Maximum range in the average specific gravity at various heights of

individya] virgin-growth i i i
£ redwood trees from single sites in Mendocino and
umboldt Couﬁtieg g. § .

5 Ci;%cefm some species, is often overestimated. However, producers
grosvtlrequently recognized some difference in properties of virgin-
boldtll redwood from the two principal producing regions, Hum-

eitd alI_ld Mendocmo.Counties. The virgin-growth redwood from
L of o 308(71110 County which was studied had an average specific gravity

" aboyt o that from Humboldt County 0.363, the difference being
B indivig per cent. (Table 1.) Because of the large differences in
. Vidual pieces from the same tree the average difference in specific
106001°—32____o
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gravity between counties gives no assurance that in smal] g,
lighter or heavier material will be obtained from one (’-Ounty

from. the other. It would appear, however, from the infopm
presented here that large shipments of virgin-growth redwooq |
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FicUrRE 6.—Average specific gravity of individual virgin-growth rcdwood trees by
site classes for Humboldt and Mendocino Counties. The full curve represents the
average specific gravity of all trees for each site for Humboldt County and the
dotted curve for Mendocino County. A site classified as I has dominant trees
%511%3;1% or over; Site II, 211 to 250 feet ; Site III, 171 to 210 feet; Site IV, 131
0 eet

ber from Mendocino County would average slightly higher in specific

gravity than those from Humboldt County. .
There was no significant difference in the average specific gravity

of second-growth redwood from Humboldt and Mendocino Counties.
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SPECIFIC GRAVITY AS RELATED TO RATE OF GROWTH

Figure 7 shows the relation between specific gravity and rate of
growth in the heartwood. Rate of growth is represented by the
number of annual rings per inch; the greater the number of rings
per inch, the slower the growth rate. (PL 5.)

In general, the highest specific gravity is found in redwood having
between 9 and 30 rings per inch. Low specific gravity is most com-
monly associated with exceptionally fast and exceedingly slow
growth (4). Very slow growth often occurs in the outer portion of
mature virgin trees.

Virgin-growth redwood from Humboldt County was found to be
lighter in weight for the same rate of growth than that from Men-
docino County. Second-growth redwood, on the other hand, showed
practically the same relation between rate of growth and specific
gravity in one county as in the other.
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FIGuRE 7.—Relation between specific gravity and rate of growth of the heartwood
of redwood

EFFECT OF SPECIFIC GRAVITY ON THE UTILITY OF SECOND-GROWTH REDWOOD

The average specific gravity of second-growth redwood was less
than that of virgin-growth material. The closely grown second-
growth trees were about 5 per cent lower and the openly grown
second-growth trees about 15 per cent lower in average specific
gravity than the virgin growth. (Fig. 8.)

he significance of these differences naturally depends on the ulti-
Mate use of the wood, and it is obviously difficult to predict trends
I consumption to arrive at the use requirements of the future.
onsidering the tree from the standpoint of structural timber, and
0 some extent of lumber, the advantage of wood of closely grown
Material over that from the openly spaced reproduction is apparent.
Aside from the higher specific gravity of the clear wood of virgin-
growth redwood, 1% is of course evident that young second-growth
rees, because of the prevalence of limbs, can not he expected to
i}:ﬁ 'Sol high a grade of timber or lumber as the virgin-growth
rial.
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DESCRIPTION OF TEST MATERIAL AND METHOD OF TESTING poy!
STRENGTH, O

The- trees used for the strength tests were selected in the wq
as to be representative of the average and the range in g
gravity of redwood, as previously determined by the specific
survey. (P. 8.) Logs from trees selected in this mann

Ods 80
Pecifig
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40} !
i
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0 ] l | l | |
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SPECIFIC GRAVITY BASED ON THE WE/IGHT
OF THE OVEN-DRY WOOD AND THE VOLUME WHEN GREEN) |

FicUrE 8.—Variation in average specific gravity by counties and height in tree for |
virgin-growth and second-growth redwood

strength data considered more representative of redwood as a species;
than that from the same number of logs taken at random. Both!
virgin-growth and second-growth material from Humboldt and§
Mendocino counties were included in the strength study. The logs:
were shipped in a green condition to the Forest Products Laboratory]
where they were cut into small, clear specimens for testing.

A complete series of standard strength and related tests (7) wasg
made on the redwood in both the green and air-dry condition. The
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4, Closely grown second

-growth redwood. B, Openly grown second-growth redwood.
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tests included specific gravity, shrinkage, static bending, impact
L bending, compression parallel to grain, compression perpendicular
. to grain, tension perpendicular to grain, hardness, and toughness.

RESULTS OF STRENGTH TESTS ON VIRGIN-GROWTH REDWOOD

Tables 3 and 4 present the average results of strength tests on
- small, clear specimens of virgin-growth redwood. Table 3, in ad-
- dition to presenting comparative strength values for redwood, in-
. cludes strength figures for a number of other commercial softwoods
. of the United States with which comparison may be desired. The
strength figures are expressed as percentages, redwood being taken
. as 100 per cent. The comparative strength figures for redwood in
- Table 3 are obtained by making certain combinations of the me-
b chanical properties given in Table 4. The .comparative strength
figures are based on tests of bofh green and air-dried wood, and
“consequently represent a combination of moisture conditions. A
scomplete discussion of the method of determining the comparative
sstrength figures, together with the data on other species, is given in
United States Department of Agriculture Technical Bulletin 158
(8). Because the values for redwood given in the footnote of Table
8 are based on more comprehensive tests, they supersede those given
“In Technical Bulletin 158 (8),
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Table 4 presents values for redwood in a green and air-dry op .8
tion, based on tests of small, clear specimens (7). The Value;ld;
Table 4 are comparable to the values for other species given in Upjtoq:
States Department of Agriculture Bulletin 556 (9) and are useq ':.
engineers and architects for calculating the load-carrying capaeit'
of wood, and in arriving at safe working stresses (8) for structy, y 4
timbers containing defects. a

RESULTS OF STRENGTH TESTS ON SECOND-GROWTH RED‘WOQD

There is comparatively little second-growth redwood, and frop, 4
commercial standpoint it is of practically no importance at the pres_ ¢
ent time. The detailed strength values for second-growth have g
therefore been presented in the Appendix. The second-growth req. &
wood used for the strength tests was classified according to whethey
it was from dense stands or from openly grown stands. The seconq. 4
growth redwood from the dense stands was somewhat lower in wejght-
and strength than the virgin-growth redwood, but, like Virgin;'»-‘
growth redwood, had relatively high strength values for its weight, |

Relatively few second-growth redwood trees from open stands are %
to be found. Those tested were lighter than either virgin-growt),
redwood or second-growth redwood from dense stands, and were
also lower in some important strength properties than would be |
expected from their weight.

FACTORS AFFECTING THE PROPERTIES AND USES OF REDWOOD

Since second-growth redwood is not of commercial importance at
the present time, the following discussion of preperties and uses is
concerned chiefly with virgin-growth redwood.

RELATION BETWEEN SPECIFIC GRAVITY AND STRENGTH

Strength studies on many species of wood have shown that thereis &
a definite relation between the specific gravity of wood (oven dry) =
and its several strength properties (Z0). In general, the higher 3§
the weight of the dry wood, the greater is the strength. This rela-
tion of weight and strength holds among the different species of
wood and also among individual boards of any one species.

Frequently a given species is characteristically high or low in dif-
ferent prO})erties as compared with other species of the same specific
gravity. It is rare that any species is, for its weight, exceptional in
all of its strength properties.

The weight-strength relations for individual boards of any one
species are often different from the weight-strength relations based
on a number of different species. Curves illustrating the relation-
ship between specific gravity and a number of strength properties of
virgin-growth redwood in a green condition, based on values of indi-
vidual tests, are shown in Figures 9 to 11. While there is a general
relation between specific gravity and strength, there is still consider-
able deviation of individual values from the curve best representing
the plotted points. In the curves illustrated, side hardness increases
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most rapidly with an increase in specific gravity, maximum crushing
strength next, and modulus of rupture least rapidly.*

Tt may be noted that when a property increases rapidly with
specific gravity, as, for example, hardness, a small difference in
specific gravity accounts for a relatively large difference in that
property. Thus in redwood, if one board is twice as high as another
in specific gravity, it would be expected to have not twice, but four

7,000
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5,000 |—

4,000 [—

3,060 |—

2,000 —

MAKIM UM CRUSHING STRENETH (POUNOS PLER SQUARE INCH)
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0.2 0.3 o.4 o5
. SPECIFIC GRAVITY (BASED ON THE WEIGHT
OF THE OVEN-DRY WOOD AND THE VOLUME WHEN GREEN)

B . "
IGURE 9.—Relation of maximum crushing strength of green virgin-growth redwood
to specific gravity

0.6

Mes the hardness, as this property varies as the square of the
Pecific gravity,

N bending ‘strength, crushing strength, and hardness, the values
v 2m-growth redwood are somewhat higher for the specific
>"aVity than would be expected from the average behavior of other

4Th 5
Bide he %quations, for specific gravity-strength curves for green redwood are as follows:
: 3 —‘;2,,780 GZ%; maximum crushing strength=22700 G™; and modulus of rup-
G35 Among different species the power of G for these properties has been
Song = 1.00, and 1.25, respectively; @ in all cases representing the specific
1 dry, based on volume when green.
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species, while the values for shock resistance as measured by total
"’-L

work in static bending and height of drop in impact bend; 4
somewhat lower, (P. 43.) o Ng arg

RELATION BETWEEN MOISTURE AND STRENGTH

Small, clear pieces of wood in drying from the green cop
usually increase in most strength properties after reaching the g},
saturation point. ~ (P. 43.) The amount of the increase depelfr»
upon the extent of the drying, the property under consideratio
and the species. Though redwood increases in many strength"pr0 i
erties during seasoning, the increase is less than for most specig) i
A few properties, particularly those indicative of shock resistanc:
as measured by total work in static bending and height of gpon.
show for redwood, as for numerous other species, an actual decreggq
due to seasoning. :

dition

S3TRENGTH AS RELATED TO HEIGHT IN TREE

In many species, the wood from near the ground is heavier anq
in some strength properties, particularly shock resistance, excels |
that from higher in the tree. However, this was not so in virgin.
growth redwood as the butt cuts, although of slightly higher specific
gravity than the next adjoining logs, were actually somewhat lower
in many strength properties. The top logs were appreciably lighter &
and consistently lower in strength than the butt cuts or materia]
directly above the butt. In other words, the strongest virgin-growth
redwood, all properties considered, comes from just above the butt
cuts. (P. 39.) k-

MOISTURE DISTRIBUTION WITHIN THE TREE

Al s e TR O AR

o o T 5

All living trees contain moisture, a considerable proportion of
which must usually be removed from the lumber or other products |
by seasoning to condition it for service. The amount of moisture
found in the tree varies greatly among different species, and often |
in different parts of the same tree (6). Figure 12 illustrates the %
average distribution of moisture for the heartwood and the sapwood #
throughout the height in tree, and is based on data from 43 virgin-
growth redwood trees.

It is evident from Figure 12 that the sapwood is appreciably higher
in moisture content than the heartwood, and tends to increase slightly
in moisture with height in tree. The heartwood, on the other hand,
decreases rapidly in moisture content (p. 45) from a value of about
150 per cent at the stump of an average individual tree to about 60 =
per cent at mid-height, and then maintains this condition fairly uni- )
formly to the top of the merchantable length. At the base of the tree
the moisture content of the heartwood increased appreciably from the
pith outward, but at a height of 60 feet or more it became more
uniform throughout the cross section. :

Although Figure 12, which is based on averages, shows very uni- ’

form and consistent relations, individual trees may differ consider-
ably from these values in the amount and distribution of moisture.

The relatively high moisture content of the heartwood, particularly
in the butt cuts, necessitates the removal of large quantities of water
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in seasoning. This, together with the fact that the moisture moves
much more slowly from the heartwood than from the sapwood, ac-
counts for the relatively slow drying of material from the butt logs.
The difference in moisture content between the butt and upper cuts
emphasizes the desirability of avoiding in commercial kiln drying
the mixing of both classes of stock.
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PROPERTIES AS AFFECTED BY EXTRACTIVES

- . The wooq of many species contains considerable quantities of com-
'x?x Substances, such as resins, gums, oils, and other so-called extrac-

- ass’ Mmany of which impart to the wood special characteristics or
& o © an important commercial value. The amount of extractives
s duently varies greatly within a single tree. In the virgin-growth
E Wood trees examined, the greatest range in the heartwood extrac-
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tives within a single tree was from about 5 to 28 per cent, Wheroal
the sapwood extractive content varied from about 4 to 8 per "
based on the weight of the oven-dry wood. Second-growth I‘edw
showed a smaller variation. In virgin-growth redwood the }f
water extractives averaged about 10 to 15 per cent for the heartwo
whereas in the sapwood the extractive content was only about g ’
per cent. The extractives in the heartwood of redwood are redgig,
which accounts for the distinctive color of the wood. Extractiyes
affect the strength properties of redwood, the amount of the effo
depending on the amount and distribution of extractives present, tha
moisture condition of the wood, and the particular strength Prop,erf
under consideration (7). Of the properties studied, the compreg
sive strength parallel to the grain and the bending strength appeg,&
to be increased by the presence of extractives; the compressiye
strength to a greater extent. On the other hand, shock resistance!
under some conditions appears actually to be decreased. ;
Considering the effect of extractives, it seems very probable that
they are largely responsible for certain strength properties of red.s
wood being relatively high while others are lower than would be
expected from the specific gravity of the wood; and for the some.
what lower than normal increase in strength with seasoning, although
for more important properties the strength when dry is higher thap |
the weight-strength relations would indicate. The relatively low &
shrinkage and high resistance to decay of redwood are also probably

due to extractives.

0d.

RADIAL AND TANGENTIAL SHRINKAGE

For practically all uses, the characteristic shrinking and swelling
of wood with moisture changes are undesirable, although the degree |
of shrinkage permissible differs greatly in different uses. The rela- |
tively low shrinkage of the heartwood across the grain commends
redwood for uses where this property is important. Measurements-
on virgin-growth redwood gave values of average shrinkage as shown
in Table 5.

|
:

TABLE 5.—Shrinkage of virgin-growth redwood from the green to the oven-dry
condition, in percentage, based on dimensions when green

Shrinkage Heartwood | Sapwood
{

Badinl o e s e s s 2.4 3.2
Pargential. oo i e e 4.0 52 ]
Volumetrie .. sovunaannssemmeansan BT lazasarss 1

The shrinkage from the green condition to an air-dry condition of
approximately 12 per cent moisture would be about one-half of that
given.

The sapwood of both virgin-growth and second-growth redwood
shrinks considerably more than the heartwood, but since virgin-
growth redwood has only a narrow band of sapwood, most of which
1s removed in manufacture, the shrinkage of the heartwood is the
more important. The radial and tangential shrinkage of the sap-




THE STRENGTH AND RELATED PROPERTIES OF REDWOOD 23

wood of virgin-growth redwood corresponds very closely with that
to be expected from the specific gravity or weight, whereas the heart-
wood shrinks only about 65 per cent as much as would be expected
from its specific gravity. :

Since the heartwood and sapwood are from all appearances struc-
turally the same, and the primary difference between heartwood and
sapwood is extractives, it would seem that the extractives are the
cause of the relatively low shrinkage of the heartwood. Certain
sugars injected into wood will materially reduce the shrinkage, and
it is possible that extractives in redwood act in a similar manner in
reducing shrinkage.

COMPRESSION WOOD AND ENDWISE SHRINKAGE

Compression wood, which is found in redwood and other softwoods,
is an abnormal growth frequently occurring on the underside of lean-
ing trees and limbs of the various softwood (coniferous) species. It
is denser and harder than the normal wood, is characterized by wide
annual-growth rings, and includes what appears to be an excessive
summer-wood growth. The contrast in color between spring wood
and summer wood is usually less in compression wood than in normal
wood. (Pl 6.)

Of the 56 virgin-growth trees examined in the specific gravity sur-
vey (p. 3), 62 per cent contained some compression wood. However,
out of a total of 4,046 specimens 2 by 2 inches square, cut from the 56
virgin trees, only -3.7 per cent contained compression wood; that is,
when compression wood was present it usually made up but a very
small proportion of the total volume of the trees.

The endwise, or longitudinal, shrinkage in the normal wood of
practically all species including redwood is so small as to be relatively
unimportant. Compression wood, however, has an endwise shrink-
age so great as to materially affect its use. The maximum endwise
shrinkage in compression wood in the redwood studied was 1.6 per
cent from a green to an oven-dry condition, an equivalent of slightly
over 3 inches in a 16-foot board if it were oven dried from a green
condition (5). '

That the bulk of redwood does not shrink excessively along the
grain is shown in Table 6, in which are given, for both virgin-growth
and second-growth, the percentage of the total number of specimens

alling within narrow shrinkage classes. This table shows that out
of 438 specimens of virgin-growth redwood, 85.8 per cent shrank less
I than 0.2 per cent along the grain in drying from the green to the
§ Ooven-dry condition. In drying to an air-dry condition of about 12

- Per cent moisture content, only about one-half as much shrinkage
Wwould oceur.




24 TECHNICAL BULLETIN 305, U. S. DEPT. OF AGRICULTURy,

TABLE 6.—IFrequency distribution of longitudinal shrinkage of redwoog

Second growtn
Virgin growth ? 3
('losely grown 3 0 ;
Shrinkage class ! penly groy,
In class In class
In class and In class and In clasg
below below
[
Per cent | Per cent | Per cent | Per cent | Per cent
0 to 0.04 percent..curccn mnesmammasmmmmss 3.8 3.8 20. 2 20.2 4.3
0.05t00.09 percent_ _________________._..__ 25.6 29.4 7.1 27.3 18.1
0.10to0.14 percent . __ _________.__________ 40. 4 69. 8 26. 5 53.8 12.9
0.15t0 0.19 percent__ . ________ .. ________. 16.0 85.8 10.7 64.5 20.7
0.20t00.24 percent . ______.____________.._ 4.5 90.3 19.1 83.6 4.6
025t00.29percent_ __._____ . __________ 3.2 93.5 2.2 85.8 6.0
030to0.34percent_______________________ 1.6 95.1 4.1 89.9 5.3
0.35t00.39 percent_________ ... __._.__. 1.4 96. 5 1.9 91.8 6.0
040to0.44percent__ .- . .. ___________ ] 97.0 1.6 93.4 1.7
0.45t0049 percent. . ___ ... .9 97.9 1.4 94.8 2.6
0.60 $6/0.54 pericent. ..« oo commmmsumums -5 98.4 1.4 96. 2 1.7
0.55 10'0.59 pericent ..o smmmmmmmm il 99. 1 1.6 97.8 1.7
0.60to 0.64 percent . .. ... ... .9 100.0 0.0 97.8 .9
0.65t00.69 percent_ _ ___ el +3 98. 1 1.7
0.70t00.79 percent - ______ || 6 98.7 .9
080to0.89 percent________.__________.___ | e e T .8 99.5 .9
090to 099 percent oo seeeo|ieE e -0 100.0 |escsmpumndsing

1 The average shrinkage per specimen was 0.145 per cent for virgin growth, 0.165 for closely grm
growth, and 0. 219 for openly grown second growth. : 3
2 Based on 438 specimens. .

¥ Based on 366 specimens.

4 Based on 116 specimens. 5
.

Where compression wood is present in the same board with normal
wood, the unequal endwise shrinkage in the two parts causes bowing
and crooking, which is usually a more serious disadvantage than |
direct shortening. Material containing pronounced compression
weod is undesirable for practically all lumber uses and should be ¢

rejected.

COMPARISON OF THE STRENGTH OF COMPRESSION WOOD AND NORMAL REDWO00D

Strength tests were made both on normal redwood and on pro-
nounced compression wood from the same trees. (Table 7))
Although the compression wood averaged about 35 per cent higher
in specific gravity than the normal wood, it was actually lower 1n a
number of strength properties, being decidedly lower in stiffness.
In those properties in which it did excel normal wood it was in most
cases but little better. Weight for weight, it was much inferior to
normal wood in all properties studied. . 3

TABLE 7.—Ratio of strength of compression wood to normal wood for virgin-
growth redwood

Ratio of compression
wood to normal wood
Property

Green Air dry

Per cent Per cent
Speclficgraviby L. cciscuisio s sinsiasenni s e 135 133

Static bending:
Modulus of rupture__._____._____. 102 87
Modulus of elasticity_._. 62 63
Work to maximum load. 92 108
Compression parallel to grai 117 101
TP OUEIIIBEEL - oo comswescmsmimmm i i e 5 6 1 4 S S 84 100

1 Based on the weight of the oven-dry wood and volume when green.
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SUMMARY

- The redwood studied was higher in such properties as bending
strength, crushing strength, and hardness than would be expected
from its specific gravity, while in shock resistance it was usually
somewhat lower.

Redwood in the form of small specimens increased in strength in
drying, although the relative increase was less than for most species.
A few properties, particularly those indicative of shock-resisting
ability frequently showed a decrease due to drying.
~ The virgin-growth redwood from Mendocino County was somewhat
. stronger than that from Humboldt County, but the differences in
. most strength propeérties were not so great as would be expected from
. the differences in weight.

‘8  The strongest virgin-growth redwood, all properties considered,

¢ came from just above the butt log.

®  The moisture in the heartwood of the virgin-growth redwood
. studied varied from an average of about 140 to 175 per cent at the
b ‘stump of individual trees, to about 60 per cent at mid height, beyond
i which point it remained almost uniform throughout the rest of the
. tree. The moisture in the sapwood averaged over 200 per cent
. throughout the entire height of the tree.

The extractives in the wood affected the strength of the redwood
studied, increasing such properties as bending strength and com-
pressive strength, while shock resistance under some conditions was
actually decreased.

The shrinkage across the grain of the heartwood of the redwood
studied was relatively low. The low shrinkage appeared to be due
primarily to the extractives in the heartwood, as the sapwood, which
had a lower extractive content, was considerably higher in shrinkage.
. Occasional pieces of redwood, like those of other softwood species,
contained compression wood in varying degrees. Compression wood
has a much higher endwise shrinkage than normal wood and is also
deficient m strength for its weight and therefore boards containing
much of it should be discarded for most lumber uses.

APPENDIX
DETAILED DATA FROM THE SPECIFIC GRAVITY SURVEY

COLLECTION OF SAMPLES

pa%‘gelsammes cqllected in the _speciﬁc gravity survey consisted of whole or

i 2%; Cross sections taken at different heights from each of 27 virgin-growth

-t Second-growth trees from Mendocino County and from 29 virgin-growth

: ,apoXiSecond-growth trqes from ‘Humbo}dt County, Calif. From these sections,

mater; Iiﬂately 4,000 specific gravity specimens were taken for the virgin-growth

e or 31 ‘-‘11 and 1,500 for the second-growth. The second-growth trees consisted
Closely grown and 11 openly grown trees.

METHOD

jsecl,)t?é'ltllalfsections including the pith and a little more than half the cross
f Thege SUi _the log were obtained from the virgin-growth trees. (Fig. 13.)
S Wero q‘ei_tlons were approximately 6 inches in length (along the grain), and
3 Sawed out at average heights of 4, 23, 60, 104, 148, and 188 feet above

- the 2 e MeaLs O . ; :
& Sround, (Pig, 14.) Specific gravity specimens approximately 2 by 2 by 6
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inches in size were cut from these partial sections from bark to hayy
diametrical line. The specific gravity determinations, based on gl‘eeﬂ aloy
and oven-dry weight, were made at temporary field headquarters, Th. Vol
mens were then sent to the Forest Products Laboratory where specifio “
determinations, based on oven-dry volume and grayig
weight, were made.

The sections from the second-growth redwood
trees comprised the entire cross section of the log
and were taken at heights of approximately 2,
14, 37, and 62 feet above the ground. Specific
gravity specimens about 2 by 2 by 6 inches in
size were taken through the pith from bark to bark.

The second-growth redwood sections were sent
to the Forest Products Laboratory to have their
specific gravity determined. The sections from
the second-growth trees were cut 1 to 134 feet in
length to make it possible, despite some loss of
moisture from the ends during transit, to obtain
green material for the specific gravity tests.

The specific gravity determinations were made
by the immersion method (I1). Volumetric-
shrinkage measurements from the green to the
oven-dry condition were also obtained as a part
of this ptrocedure.

148 FEET

104 FEET

RESULTS

Table 8 gives values of the probable varia-
tion in the specific gravity of virgin-growth
redwood in individual specimens by trees, sites,

i s : 60 FEET
lots, and counties and in individual trees with

AVERAGE HEIEMT OF SECTION ABOVE GROUND

MM

77—\
IR NREGESNNN AR NN NN AN
S

23 Feer MAlA

Filcuerr 14.—Diagram

Ficure 13.—Diagram showing method of ing position of
taking specific gravity specimens from taken at various
bark to bark across tree sections heights

similar grouping. Table 8 also shows the effect on specific gravity and
its variation when pieces containing compression wood are rejected. In addi-
tion, it permits a comparison of redwood from the whole tree with that from
the second log.
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The figures for probable variation are expressed in bercentageg f
responding average specific gravities to simplify comparisons, In -
the probable variation of an individual specimen from the averageeit]eu
formula was used, which assumes a normal distribution, ag follows? i

2
Probable variation =0.6745V%)_

Where v=residual between average specific gravity and each obg
n=total number of specimens. ,

In calculating the probable variation of an individual tree from

of the different tree groupings, correction was made for size of

erveq v,

the ay
Samp
multiplying the probable variation by pom Y where n equals numbe'

samples (12).

DETAILED DATA ON STRENGTH AND ASSOCIATED PROPERTIES OF BEDWO{;
SELECTION OF TREES ¥OR STRENGTH TESTS i

Specific gravity determinations were made in the field on about three ‘;
the number of trees required for the strength tests. The specific gravity ,
minations for each tree were confined to specimens from a section taken ,‘,.:'
20 feet above the ground. The specimens were cut consecutively from hyp
to bark through the pith. This method gave results regarded as representptivs
of the tree, and only those trees which best represented the range and ave f
specific gravity of the species, as determined by the specific gravity Suryg
(p. 3), were selected for the strength tests.

All logs chosen were from freshly cut trees and had the bark intact., fi s
common practice in the redwoods to peel the logs and then burn over the log, :
area or else first burn and then peel. Either method results in a large redue
of moisture in the logs, and the logs no longer remain representative of gre
stock. As green material is essential for the strength tests, the logs for this
purpose couid not be selected at the time of the usual logging operations hyt
were cut and transported from the woods in advance of the main cut, A
full and complete description of the trees and sites was also desired, and it w
possible to obtain this only by working shead of the regular logging operationg,

The selection of second-growth trees was based on gpecific gravity determing-
tions made on increment borings obtained in the usual manner. As second- o f
growth redwood is not now being cut commercially, the increment-boring method.
eliminated the necessity of cutting and sampling more second-growth than would ¥
actually be used for test purposes. E

STRENGTH OF REDWOOD

Table 9 presents actual test results for virgin-growth and second-growth reg-
wood, together with a percentage figure representing the relation of these actnal
results to the value which would be expected for the species on the basis of the
specific gravity-strength equation for the corresponding property. The equation
value was obtained by substituting the specific gravity of redwood in the pre- *
viously established general forinulas expressing the relation of specific gravity
to strength as determined by tests on 166 species (8). The percentage figures
given are useful in considering the degree to which redwood differs, weight
for weight, from the general average trend of other species. /

Table 10 gives data on the mechanical properties of virgin-growth redwood by =4
counties ; Table 11 data on the mechanical properties of virgin-growth redwood
as related to height in tree.




STRENGTH AND RELATED PROPERTIES OF REDWOOD 35

THE

i|‘l} '

'81599 sseupasy pue ‘uresd o3 Jenorpuedied worsserdurod ‘Surpueq joedur ‘Suipuag 0138)S JO 03BIOAY 4
*(8) seroeds 9971 Jo 59899 TO POsBQ sUOENDO A peuTUIIBIep B A31ARIT oydeds Surpuodselioo Jo seroads 8 jo pojdedxe A[[BULIOW SenyBA 0] SBN[BA )58] JO O11BY ¢
'PUNOI3 873 6A0QE 159] 91 03 § U0 [BLI3JBUI JO] BI8 POOMDPAI 1] M0IF-DU0SS UO SBTI[EA 1507 OUJ, ¢
"PUNOI3 8Y] 8A0QE 430] §¢ 0} 0F WOJJ [BLISJBUL 10] 8J8 POOMPAI [1MO0IF-UISIIA UO SONJEA 150) O],
z6° 601 FO0°'T | 9°¢1 66" 881 80°'T | I°%1 IT°T | 8°L1 ¥6° G108 e e sayouy |*° " -ean[re] 939(durod Fusned dox
00T LT L6° ¢'g 06° 9°¢ 98°'T | €T §6'1 |67 €T |88 | yout o1qna Jed spunod-youy (T JTUI] DT)SEI 09 MI0 AL
16" 3101 ST | 8LP'T €T | 0991 00°T | 8¥8 5T | 8811 L | 01 L T yauy arenbs ted spunod Qoo't |7 AQ1D1ISB[P JO SNMPO A
86" 08 ‘9 80°1 | 080°6 FOT | 080T | 9T°T | 098°C 2T | 083°4 8L | 08818 |[TTTmmmmmmes yout axenbs Iad spunog [ JITII] D1ISBA 18 SSAIIS 19q [T
....... 1080 |77777TT| 480 |TTTTTTTIS0F0 [TTTTTTU[ 26370 |TTTUTTT| PEETO |TTTTTUT| €600 [T Toomommmmoommmtmem oo eme e ot 14 RI3 DhI0Rd g
| :(reurmrey punod-0¢) Surpusq josdwy
................ 9. |89 Lo |98 LT %9 26° | €01 06" | 171 R I e . L
S1'1 LY LT 48 0°T |69 ¥%B'L |16 et |19 ZO°T 1 BT T L e et PBO] WINTIIXBUL 07 Y10 A
971 L8°T 6T | 05°1T 6F°'T | L0 FL'T | 89°0 ee’'T | 8470 6T (811 “TTTTT T yout orqn a8d spunod-gouy (TtUTTTUoocoo JIUIT] OTSBI8 0] NIOM
88" 29L SI'T | 3BIT 0BT |098'T |¥8° | ZH9 62T |200‘T |81 |QLT [T gout exenbs ted spunod ‘T [~ A1D1)SEB[ JO SUMPOTAL
31T 09% ‘9 0z'1 | 01€'8 6T | 00101 | %Z'T |009F 88T | 0909 SET (| 00952 (FSSTReEm R e asR ey 0 Wil el i et ean3dnd Jo snnpoAT
ST'T | 0629 |1 |04p°¢ |BE'T |086'0 |91 |0S4‘C |[OF'T |095'e |€9'T |088% [~~~ gouy exsnbs Jod spunog |~---"T" JIUII] D11SB[A 18 $5044S I9QT.[
....... 80E°0 |TTTTTTT| 0S80 |TTTTTTTI 90VC0 [TTTTTTTI L6870 |TTTTTTTL TSR0 [TTTTTTT 8880 [T et oS me st - S 00148 DYORd
:3urpueq 213819
....... 021 e L1 A e el 1% 4 Fasseool 0BT e g e B ) R Lo - O R s - L D RN T () g
....................................................... 0% Ve I 2 4 L TTTTTTTTTTTTTTTTTTTTTTTTOpTT T T T T pooslabay—[epuesus I,
...................................................... 0°¢ s o 8 TTTTTTTI8°9 s e el i ¢ 10XV <R - R T
....................................................... 91 i 5 Tl ve T T Op T T T T T T T T T DOOMTER L —[BI PR
....................................................... 9°C Tl 6T T T8 e e e ) TTTTTTmrTmm e poosdes—eIpey
....................................................... €9 (i I B R = 1 1 41 (V28 13
i 1edeyuLIgy
....... | ] e e e e 1174 O i 40 I s M 60 TITTTTTTTTTTTTTTTTOUINOA AIP-TRAQ
...... 1£°0 tettlego Tl oR0 T 6670 Pt 8e 10 T 680 y POIS9) ST ewm[o A
Ajraead ogroadg
....... £ I T 68 T E FEEEE T 6eg four Jad sSuryy
....... 9 Siisianns I ) § il 1 TTTTTI 8 R 1 § TSRS0I T,
- 8 pue 8 pus RAMEN
8 pue . 8 pue . { &5 ) 8 PUE 2 8 pue 4 {1 &5° } oN 70T
sen[ea son[BA seneA senyeA
189 1897 seneA 1893 1891 senea
¢ ON®Y| pug oy [t %Y puewoyy | | asey [ O1EH| pue oy £ OM9Y | pus woy e um%p
-d110se(T -duasey [t 7Y | pue won -d11080(T -drose ¢ °M88| pue won
~d1mseq ~dLaoseqx
uao01s A[medo | umols A19sor) umoId Amedo | mmois £1eso[n mun £yredold pus worydroseq
34013 puooey U1M0I8 UISIIA 314013 puodeg 314013 UISIIA
pelIp-11y ol

8210008 42910 JO $782] fiq PaoLPUL 8D fipavilb 93109ds fiq Pajoadxs fjjvurion

sanpa 0} SAMIDA 9§91 JO §0DAL PUD ‘POONPIL , YJNOLE-PUOIIS PUD  YINOLL-ULLLQ PIVAD-LID DPUD UL [O SOMIDY YIOUI.4]S-189,[—€ TITVT,




\ - .
W1an04f JO 3110001 0} PIIDISL 8D  POOIPIL 3 0UB-urBana [0 SOFIUTTOLY TOOYWIr sz vomerr s

<
us} uo perjdde peol yr4 usds [OU-8 UB ISA0 DO)Se] ‘s@
a3t T qour 0T £q 8¢ £ suouroed
1990TIBIP S9J JIBU-0U0 09 [[8] YOUI-HH¥'0 B pequIe Opncwwﬁ_dg .Umom w
"ATUO 8 PUB L $107T ¢

‘i3rd atp) 159189 @0") [B1ITLS

g e P TR @ [feoe [
g ——fim e gp  [oofem [T R — T i 7 AN i s e S —
& T ——t _‘ ....... | 4/, G P— MWM ....... | %6 e o O [ T R T OW--.-. ,....i.!-”“HHHHH-’.-‘OM@.SNZN
: sec s M [ — 5 X — 6" |- s o spnadony |-+ P
w JTTITT|eeef9  |TTTTTTTlozelOT TTTTTT 080701 \TTTTTTT i | 066 L |77 oo IS S WS e
m .................. 0z 0 |- o B g e ‘-@mw-@--- SR 21 ¢ wmmn..z._mm. lod spunog |7t yjdusais a[rsue) Eﬂﬂ.ﬁwwﬂﬂmﬂo,ﬂ
ﬂm-ﬁ mm.ﬁ wo -ﬂ «mﬁ \. s Ii"llI||l|||||ill|hoﬂnﬂh’m§n moog
g B |& W1 | oL | 8 69T | 991 68°T | 8.1 TR | T i e N W i e o] e T
S TSRS T AT G L R —————— R — i
iy T | e 7 N B
e el o " 80T | 41 UIDIA JO ouy Jod Spunog - |* I e
 fTe i ot 0 ot | om ze1 | %2 62T |0sgs | 10°T |1p | oToTtTTtooTiooososmomms----gpees- ™ sin3o00
3 &1 108 021 | %y s |0 2£°T | 662 €T | 098 207 ey [T | A B e e
SR : T | 06¥ 1 1o0s 121 | THE T | wop . [ToTtTTTrTimoTmoeeees O~ |- ommm e eana
....... 19°T .| 0gL 28T | 008 w1 | 88 g 21 [ o6 SRR M——— e
2 IRl LN e M8y Bt e il B WA R P T g
| _ ToUEE nam b e O e oL B0 | R fyaes oy Sadg
. 2T | 011 : G bowigll oy il AN uchell IR T . B
o il s o Wmm Mw omﬁ €T | ¥ 08T | 062 Z8° 9% e emwocw.ﬂdm
R\ E R E B EE S e s e i
i ¢ lgry  [Reeestassmsmnesees it sl e e Gt
s o 91 +| 986 m 6 | o%6 2y s il .:::----:....-----.ﬁ-..m_mamwww
o By 20T | 980 16; | g8 8I'T | 289 PIT | 922 B e [resssmessmmessemoas i S
TR Ql | 28" zT | £0L PIT | 06L 0% s [Treesesmwse—oameeese - o
= €6 | 96" | 196 011 | I8¢ $1°T | g0z L S — repiey
o T 19 18T | gg9 691 | 898 991 | ¥ig 9" i Il A R ..---.-H-EE%
. we o lee e R n o ms el Foroomemns mspueg |y oty
o - o . . . T e |||||||--c:t...-n..n:b‘.un.:whm Q.q 100d
£ . ” T [ 092T | eTT |o0sS'Te |67 | B . ) . g e el od uooic
D op B e m e n g S |8 ey e
....... 9 ST |08 Gg” $LFe | 02T | 028'1 : ; ! ‘es |7 R | . .
o oose | 551 To |01 e Bt | et L ) m—— - rduer)s dury UINUIINE ]/
: s o7t 7 oot (01 |oosT T GFL 5 |-+ tpw ass o spiveq |y 3w 30 o B
14813 ogadg
2 — . ruredd o} [erresed uoisseld
mnu - wm%> i www%b ol f sen{BA senfea . —
= : pue uoy | °eY | pue mony Sy | ONTH | prg tory | OB o e
I I 1569 pue oy | OHPYU
> dL1989 ([ -dunse(r | O | pus u s el s
= I .w:.sm %M_ -droseq -duoseq | M8 | pus wony
o umoid Amad( | wao01d A18S0[D . | msois & R
S SmedQ | maoid £esor) wun A919doad pus worydiiose
B 144018 Pu029g [1M0I8 WBNA | S
1BIA 32013 puoosg 3M0I3 UISIIA
paLID-I1V | —

ANUIFUOD—"972 ] .
PONUI} U0 —"972 ‘POOMPIL YiMosbi-prosas pun yimosb-urbira parip-110 pup UsaLb fo sanpoa yibusiis-isa [ —'6 1AV,

36




37

THE STRENGTH AND RELATED PROPERTIES OF REDWOOD

‘Ao £ 307 ¢

*§989] ssaupaeq pus ‘uread o4 ernorpuedied worsserdmos ‘Burpueq jordurl ‘Surpusq 919818 JO 0SBI0AY ¢
*DUTIOLB 9A0QB.108] 2§ 09 0Z TOJ] [B1I97BUL 10} 048 SOT[BA 1S9.], |

PLT £18 086 00°1 €29 28 e youl exenbs jad spunog |"TTTTTTTTTTToTmooo EIT O11SEB[9 18 SSR.118 12qLy
0°1 6880 CI% 0 S0°'1 §LE0 ¢ee0 |7 e e i “="A91Aua3 agpedg
. . . . . S N =S SRS T (AU ursad 0] remorpuadied norssaadmo)
01’1 9.7 1 0£9 T ¢ 601 @y 1 0981 ¢ "---.-.-:‘1----1-‘-m.u.ﬂ.mm..m.ﬁ_.ﬂmm.,m.mn.mmﬁ._.mmn 1 O A110195%[9 JO SNMPOT
60°T 096 ¢ 06% 9 y0°1 o1r 'y 06z ¥ R o A 1130AIS BUNSNI0 WUNITXBIAL
501 029 ‘7 098 ¥ ¢ 801 089 ‘¢ 088°¢ ¢ _ yout saenbs Jad spunog W] DIISBID 18 (10848 JUTSTLI)
60 T 98¢ 0 61% 0 011 19€°0 RE ) R R R R | RS R A g =y, Aqrav.d oyiosdg
. . . ) B O | S T ruresd o perrered uorsseado)
901 €81 €61 60°1 0°02 812 seyouy -==m-m-s o) 9gepduwod Susnss dorcg
ST'T ¢ . 6°¢ ; e1'T 0°¢ ¥ .m. e - JouLardne 1od spunod-youy UL DISE[D 0] HI0 M
¢0'1 gz9 1 00L'1 £0°T 688 .H 167 1 T youl azenbs Jed spunod 0QO‘T |~TTTTTTTTTITT T A7TOTISEID JO SNMPOTAT
80T 078 6 009 °01 60T 038 ‘8 1] €3 T qour 9xenbs 1od spunog |~ TUTTToTTToooTo AITHI] 211SB[3 18 $89498 19QTd
011 888 0 L3870 0T 6.8 °0 /1520 o 5 e e A11a®18 ogpadg
— g 0'6 W G gpp | eemasescsess U S e N—— H(emmEg prnod-og) unizmﬁ joeduiy
...................... (B30 10/
LT 79 @l 01 VL O (2 pBOL Ssﬁiﬁgw wp Mhomﬂ
2’1 N ¥z 2 821 70T €8T s det ) & 11 13d spunod-youy |~ JIUIT] O11SBTe 0] HIOAA
%01 e L 09¢ 1 001 gLl 1t 8 . TG0, SN 1o mmﬁ_wa L . | 4.6 L1 SR SR L
LR R g i i G N A 2m3dia Jo sn[npoiy
: | ’ 080 ‘¢ yout exenbs 18d spunog UL D1S8[8 18 888138 Jag1 g
0T 680 81% 0 60T 0.0 SR 0 R N T M T PR S E I R n g e e S e Kq1awad ogeds .
...................................................................... (durpueq a1w1g
............. 1 — ) 031 301 JU90 IO | TS S m o uquod INSION
.................................... | 06° J 4 LBE e | it e ¢ V6 P B 10 S RHETR G fog R N
.......................... | 98 99 8SF¥e e il e €106 P (o o o R la e =R
B I A (. ¢ €T LB N AT e e L e POOMIIBI—[BIPRY
.................................... 901 18 Y T DT T T T T T T T T T T e o T poosmdes—[RIpeE Yy
66 | 89 L9 |t U813 UOYM SUOISTOWIP JO JUSD 19 |~~~ "7 77T m e SUINOA TI]
............................ s mo.ﬁ 1351 v 0 e 10 10 ) (3.1 fmwm_www.ﬁ?:w
§0°L 68°0 [t 80T 0L8°0 v 0 e i e e e e A ; 97897 S, mﬁa_.ob
. el o e (A1awaE oygedy
8T 14 144 et jetd £e 0 e i yaul 1ed s3uny
..... i 6 e 4 8 . UL O . .
8 L bus g 8 i e I e e T e e L R S ON 0T
Ljunop £junon
jploquimy | £30nod Lyunoy | ipoqung | Ajuno) £ano)
0] 00D | 9PIOQWINH |0UDOPUSIAL| 0} OUIGOD | }P[OUNH [OUIOOPULIA
SUB Al 0198y -UOAL O11BY uan £31edoxd pue wonpdiaose
POLIP-I1V uenIn

\ﬁ%\o{% ko ES&Q& 01 %P&Sm& sV n%cogm& \5 39&-:&&5 ko hmstw&e&& Nausﬁsébws& u&.?&s‘ﬁlcﬂ Eemﬂu




g
=
|
=)
O
=
4>
<
=
(=]
1
Py
3]
A
w
=)
5’
=)
o
2z
=
A
E|
=)
)
|
<
O
P~
e
o
(&
=
=

38

11d o] 9se1esu 60%] [eruedue) wo pordde peo] i usds Goul-g UB I9A0 PO1Se]

‘sogour 01 Aq 8¢ £q 8¢ suotIoady ¢

*1690UIEID §91 JIBY-0UO 0] [[¥q YIUI-FF5°0 © POQUIS 0] Paarnbal PEory 5

"Ajuo £ 30 ¢
20T 129 7°€9e LT°T 'aL 6°2L8¢ S T e kA ov ............................................... 08BIOAY
10°T €9 C9Le 82T 9°26 $8ITe |77 T gy [ e et e e e e [erjuasue,
€01 6 8% 9°09¢ 66 " 219 L4 T s nwﬁﬂoo% Jzed mcasoa YOUT ([P masnse it e mneaaas it e sy, TeIpey
71 98¢0 €070 e €01 820 $6£°0 ¢ e T I e - i e | G b A714818 ogoad;

¢ 1SSeUTANOT,
60 ‘T 059 ‘6 002 ‘01 80°1T 001 ‘8 008 ‘6 pRpERRst ESss——— -==--gout eaenbs 1od spunog |[~=~"" PR e ~q18ue.9§ 9[ISUL) WIn AL
. uyeld ou 1e1reasd uosuaJ,
eI 8ET 991 88° 8L1 M - [P Salsa T I e TR ov .......... S Al T - RN 38I0AY
80T V1 861 £8° PLL 20 I (SRR . e e e [e1juedus,T,
ST'T 08T 291 Z6 - 81 0LL © Emmmmenemess S Y3pIa Jo gour Jod qumom e e e e R R S S G s BIpBY
1038ABI[D
901 99% c6¥ 0T Q0% ey 0 |eTrreeemeems T AR | () il R iy “==-lerjuedue) PUT [BIPBI 03BIOAY
€0°T 9% Ly 20°1T 8I¥ Ry R BT amys e e S S SR [erjuesuey,
80°T .y 809 90T T6e 91y W (EETEOTTmentemmoes R G OpT R v et e s Eﬁ:ﬁ
[49¢ 282 078 00°'1T 699 0 I [t s N 121000 S ok xS o e s
901 , £68°0 e17 0 GI'L 188°0 geen T = R S e R R SR PR SR T A Aravad oﬁum
v :SSOUPIBH
601 982 9¥2 ¥6° 9% 87C e s el Tt T ) R TR NS omEo><
€0°'T 782 74 36" 8¥%C e | e ¢ | R L e s 1erjyusdusy,
LT 812 872 96 6.2 2T AT | ey s e S S e aaa 1eiped
‘uread 09 rernorpusdied UOISTIT,
TT°T 968 z66 66" 608 8L, |77ttt . e L e b s 08BIOAY
11 €88 986 00°T 918 0z8 e TTmmmeemmmmmes e L e e e i [erjuesue y,
01T 606 000 ‘1 8" %08 QL e S o Sl i R | s Rk ki e L [erpey
¢ :qj3ueijs 3urieeyy
£yunop £3ano)
apoquny | £3uno) Ajuno) | jproqunyg | Ajuno)d £3unop
0] OUDOP | JP[OQUNE] |OUOPUSIAI| 03 OUD0D | IPIOqUNH |OUIO0DPUSIA
~Uay OBy ~UOTAl 0138y man £y30doxd pus uoppdrioset
PouIp-1IY uesIn -

PONUNIUOD—Y 1040 [0 fig1fn0o0] 07 PagDia.L SD POONPIL YIMOLL-ULBLIA [0 §213u2d04d 1DOWUDYIIUL O6DUBAYT— QT TILV,




39

THE STRENGTH AND RELATED PROPERTIES OF REDWOOD

*punoasd 9A0QB 109] Z¢ 07 0F TIOI} 910/ S30[ PUOILS 8T, 1

101 183 (14 66" 1.2 897 i ¥z 20z 6" 2L felerd T peRRETrasnas el ) g b e Sl s et a8ul0AY
30°T S¥e [Slerd 66" $4T 295 66" 162 626 201 28T 187 pEsnammssnsTR e Tk e . [Elruasne,
16" 632 €22 86" 882 €83 8" 812 181 18" 268 g  |eeeemeessasscrester o2l ' R R IR [BIpEY
‘upedd o) wmaipusdasd wosuay,
86" 088 898 96" €92 63 76" 768 178 20°1 992 ZRL  |ThrEaaET i i ¢ o T R PFRIAY
76 78% €28 6 GLL 9L 66" 068 Z88 0I°1 862 ge8 |EEEEEE e T SRS 270 S S eSS S O T,
10°T 8.8 £33 86 162 eeL 68" G68 008 6" PLL 8G) (PR TTTTTTTeTTTTI G s B R [eipRy
‘980ens Jurieayy
38" 008 129 28" 028 oz 90T 718 298 96" £1¢ 0y | yauy aaenbs 1od spunog =TT JIUI]] ATISR[D B SSBIIS I9( T
6" %680 | 68270 | €6° eLE°0 | 9¥E0 | FO°T 20F'0 | 81%0 | 00T i U T | e e e | A1auid oyoodg
.EEM [s5} .E.EEUE@F&@Q SC?IEQEOO
$8° 080T | 9821 | 98- 63%'T | 023°T | 06° 28T | ggv‘T | e8” g Rl B0 <L M| Cltcigaiens yaut exsnbs Jod spunod 00T |~ """ T AI01ISW]9 O SO[MPO
06" 080‘9 | OFF's | 48" 050% | 0876 | 00T |09 |0%€'9 | %6 e T O L2 e i [35U)S SUIYSTLIO TIUITXB AL
18" 089% | 018°¢ | 6L° 009‘¢ | 0¥8°C | 98" 0Z0‘s | 0ze'y | 98° 088 & || 048'g j[Fro—semeasEs our a1snbs Jad SpUNOG |-~Jrualf S1358[9 98 3TUSIS sunsTi)
26" 8820 | 8980 | 26" P9E0 | FEE0 [ FO°T %0 |02F0 | 10°L 61870 | 68ED [ S S e e eSS TS e £91a%18 ogpedg
ruredd o3 [arpeaed uorsseaduro)
18" 781 661 6L" 0°02 8¢I 18" 00z | g1 c6 " 072 }0°1 EEsseseseansistaaanenany seyouy |~---- exnye) 9jerdulod sutsnes dei
601 £g, 9°g 06 0°¢ 1'% 6" z°¢ 0°¢g 201 0°'¢ 1%, (fyesmesery yaur 01qnd 18d SpUNOA-YoUT |~ =~~~ """ ImII[ 91)SB[e 07 JI0 M
98- 0%9°T | 00F'T | 38" 89T | LEIT | 68° 96L°T | G69°T | 06° 6% T | 0621 |~T777"""yaul8yenbs 1ad spunod o)°L |~TTTT""TTTC - A3101)sR[@ JO SHMPOIAL
86" 059% |08F6 | 18" 0Lv's | OvE‘L | 167 0¥66 | 0S0‘6 | 86" 01Z's | o19'g |m—==s=mrein your eaenbs od spunog |~-----0C JIW] D1ISB(A 18 $S81)S 13q1 L
26" ¥68°0 | 29870 | 16° 288°0 | 8%€0 | €0°I TI7°0 ||| 2250 ['00°T. || 00F0 | 20%*0 |[reewsosnnmasdpesinsmasnenmmn i n Sy st cn AR Aq1avad ogwoedg
(Bwwey punod-g¢) Suipusy jovdury
aL” $'8 ¥9 18" ¥el 9°L 18" €6 z8 26" 1701 OFT o1 RS %10} HI0M.
cR” 99 9°¢ 0" gL 8°¢ e8” 0°L 8°¢ 66" Lk N - TTTTTTs e RS i AR, PROY WNIITXBUL 0] Y10 A
" 64T | BLT ¥6 " 16°0 160 |SO°T 08T |68°T 60°'T 6670 80T | gour oiqnod Jod spunod-youy [~---o--mooo-e- ITHT] O11SB[O 03 310 AL
¥y €281 | OII°T |28 YOT'T | 846 06" 00% 1 | 992 L | L8 8T | 060°‘T | your axenbs xed spunod goo‘T [T £31013882 JO SUMPOIAL
88" 0996 | 0858 | L8° 0s1‘2 | 0229 | ¢6° 00L0T | OTF6 | ¥6° A 4 O A [+ ¢ R e 9Ingdni Jo SNPOTAL
06 0LF‘9 | 018‘g | 68" 0eF'y | 0z6'e | 86" 08909 | 03%) | 86" 089% | 038y | “yaui exenbs Jed spunog |---o-ooe TOII] OTISBIO 18 SS9118 18T
6" $68°0 | 190 | @6° 08¢0 |0¢€0 |20°T 6050 | L1¥0 | 00°T e L I | T e e e B Aq1aw18 ogroadg
r—— e FuTpueq 91®lg
el BT 48 09" (1)88 99 s [ 4 021 28’1 0z1 23 D Jag [~ S SEs s ———— 1UFUGD INYSTOTAL
01’1 12 78 €01 ¢ €8 %0 |83 13 160 | 62 AN el R (o i R e T your aod s§uryy
........ 01 01 s 118 01 rresesllg g s g SRR L B R e e L B EE R T R
........ 8 pue 4 g pue Jf~=""==="| g pus 2| 8 PUB ZJ""=""""7| g pus | 8 PUBR """ g PUB A @ PUB pfT e i s s e e e S S S s s e s o m e s emn o= SGO N 10T
s8o1 s3o1. sSor s301
puoaes | s3of -s807 | puo9ods | s3o0f s3o[ | puooes | s301 s30[ | puooas | s3o[ . s3of
03 doy | puodseg| doyg, | 01 doj |puoodg| dog |03113InQ|pucoeg| jng |03 9Inq | puoosg| ng
orgey oney oneyg oney
= an £318doad pue uondrroseqq
PoLIP-ITY [IEERES) poLIp-ITY 89y
1 8801 puooes pue doj Jo uosireduio) 1 §30] puooss pus 33nq Jo uosureduro)

2043 W 24019y 03

,wwﬁ %.h

Mﬁ

.ooﬁmxﬁ. ﬁbec,xh-g h.ha ue

w&tn&u&& 200pD YOS Uk .E.a.@aﬂl Hﬁ Hﬂﬂﬂh




=
a5
w
—
=)
@)
b
o]
&)
<
=
)
=
[N
=
a
0
=
5’
=
o
Z
jsal
w
[ia|
=)
0
A
-
-
]
z
s
@)
=
(o]

40

‘gad ew) Jseqmeu 00wy repuedus) uo porjdds speol Y usds goul-g uB I9A0 DPO)Se] ‘seuoul 01 Aq 8¢ AqQ 8¢ suemddy ¢
*1999TIBIP S11 J[BY-0UO 0} [[8q UYLUI-FF5'0 B pPequio 03 pedinbad peor ¢

6L° 969 8'9% 8L° 8% 98¢ 96 ° 0°0L L9 g6 " L8 €'g8 |TTTTTTTTmTTmTTmmoemmmmmmmmm op~-TT T AR T ==---e8BIRAY
1L: C'TL g'gg L 8°¢6 G TL 56" | €98 | 8°64. 68" L°TIT [ 1°66 |~~7--oo-romomommmmemmmmmommeen Lo [8]3usdus,J,
18" 1Ly 08¢ a8’ 689 0°9% 20°1 188 L¥g 90T L°89 gLl9 |7ttt womads Jod spunod-gauy |~vTTToTToToor oo oo oo TBIPBY
6 ° 9860 | €980 |67 G8E'0 | €980 | FOT 0r0 |8I%0 | 20°'T 668°0 | BOP'0 |TTTTTTTTTTTT T s T m e e m e £31a%13 oEummm
. ¢ iSseUyEnoJ,
08" 01801 | 0828 | 06° org's | 0TF'S | L6° 086 ‘01 | 099 ‘01 | £8° 008‘6 | 060°g |"TTTTTToC goul exenbs Jad spunog |~TTTTT TI8UeI)S O[ISUA] WNTIINBIY
§ ‘ureds o) [e[resed uosudJ,
01’1 it 891 201 oLl L1 66 ° 0%1 681 07T |1 177 T T L 9FBI0AY
11 161 89T 901 291 L1 80T Syl 951 011 L8T L S I [epjuedua g,
01 ST 31 66" 881 181 06" 9¢l (448 ¥6° G8I 77 S A qIpIA Jo gouf Jed spunog |"TTTTrTTTT T s E_wmm
108BABIID
16" 9%y 90% 88" 18¢ (4¢3 €80T 88% £09 80°'T | 00F b N e R e s s (1) et N [e1juesus]) puUB [UIPRI AFBIOAY
6" 54 10% 98" 968 076 601 GLy L6V 01 ot¥ 152 S R ) e - 2 [BIjusdUR L,
06" yey (484 16" 8LE ave 20°'T 109 60G 60 T 068 o A ) ] e S S T [e1p8Yy
£6° 9L LOL 16° 989 88¥ 00T 08L G8L 90T 869 0L L e e puj
16° ¥66°0 | 0980 | 96° ¥9¢0 |60 | 0T 0I%'0 | ¢190 [(TO°T psc2 R VR -1 | A A31a818 ogToadg
¢ ‘SEOUPIBE
s3o[ s3og s8oy s301
puooes | s3ol sgor | puooes | sSof sdoy | puooes| s3o] sjor | puooes | s3of s301
03 dog |puoodg| dog, | o3doy [puoseg| dog, |033Inq|puodeg| g |031ng |puoosg| ng
onsy orey oney oney |
= man £118doad pue uonyduosag
POLIp-IIY usely) poLIp-IIY usalp

sgol puooes pus doj Jo uosBAWO))

sgo[ puodes pug 11nq jo uosueduo)

PONUIIUO)—2aa.4 UL 2YO12Y 0 DPoIDIBL §D POOWNPIL YINO0LO- U430 JO 8212400048 1DUDYIIUL 20DL30T— TT EILV],




THE STRENGTH AND RELATED PROPERTIES OF REDWOOD 41

VARIABILITY IN THE STRENGTH OF REDWOOD

" mTable 12 lists the probable variation values of the specific gravity and several
| strength properties of virgin-growth and the second-growth redwood from second
- logs, representing material 8 to 30 feet above the ground. These values were
- caleulated by the usual formula, as given on page 34.

TapLE 12.—Percentage probable variation® in sirength end related properties of
an individual redwood specimen from the corresponding average

Second-growth redwood 3
Virgin - growth
redeOOdz (dl(é)?;: Closel (lot | Openl (lot
Nos. 6, 7, an osely grown (lo penly grown (lo
Property Nos. 7 and 8) Nos. 7 and 8)
Green | Air-dry 4| Green |Air-dry4| Green |Air-dry4
' Specific gravity, based on green or air-dry 4
41117 01 [ A 8.7 8.1 7.0 6.9 10.5 10.3
Shrinkage:
Radial. e /5o | —— 34, 0 fesnmuansam
Tangential ____._____.__ 16,0 |ooooooa 17,0 reamins
] Volumetric 1 53 | I 1052 Lisncgaanse
- Btatic bending:
Fiber stress at elastic limit____________ : 10.8 10. 8 20.8 17.2
Modulus of rupture. ..o ] 9.4 11.4 17.4 16. 1
Modulus of elasticity__. i 16. 4 15.9 18.3 18.3
Work to elastic limit A 17.6 14.8 28.8 20.7
Work to maximum load.__ ... _____ . 0 20.3 24.9 258.3 3L.3
Impact bending:
Fiber stress at elastic limit_.._________ i1.4 14.3 10.0 13.2 13.8 18.4
Work to elastic limit __________________ 14.6 25.8 14.4 23.1 17.9 25.5
Maximum drop (50-pound hammer) . . 14. 2 18.2 18.4 26. 1 28.1 3.2
Compression parallel to grain:
Fiber stress at elastic tmit____________ 16.2 16.7 14.0 16.3 23.4 24.5
Maximum crushing strength_._______. 12.9 12.6 10.1 10. 1 19.2 16.3
Compression perpendicular to grain:
Fiber stress at elastic Hmit_...___..____ 22.2 20. 8 14.5 15.4 32.5 20.8
ardness:
Bnd..o s 12.6 11.7 9.3 7.4 19.5 17.0
Radial and tangential ________________ 15.8 15.7 11.2 13.0 18.1 21.2
RAdia) 0017 oo nuc e mmmsaonanl 15.3 16.1 2.0 13.5 18.7 21.8
Tangential only_ ... ..o.._..._._____. 16.0 15.2 9.8 119 16.8 19.0
Shear:
Radia] and tangential ____.___________ 11.6 17.6 7.8 9.2 16.1 17.4
Radial only...._______________________ 1.3 18.2 8.9 8.9 13.9 15.9
Tangential only_ ____.______..__________ 11.9 16.7 5.2 9.3 15.1 15.9
oughness: )
Radial and tangential 35.4 29.0 32.8 35.1 37.1 29.1
Radial only.____________________ 27, 4 23.1 24.1 39.1 36. 4 25.9
Tepiingential only.. ... ... 50.3 26.0 30.0 20.7 36.0 29.9
ension parallel to grain...._..___________ 14.6 19.3 8.3 18.7 20.5 17.8

: grObable variation of the entire trees is about 1 to 2 per cent higher than shown here.
: SDec;men taken 20 to 30 feet above the ground
ADGCImen taken 8 to 16 feet above the ground
verage moisture content of air-dry material varied from 1014 to 12 per cent for different tests.

The Dercentage probable variation of specific gravity is lower than that
- ;)nfa;iny of the strength properties. Such properties as modulus of rupture,
- tion ;num crushing stre.ngth, and hardness hgwe a pqrcentage proba_ble varia-
Tonk r(;m one to two times that of the_spec:ﬁc_ gravity. Shock‘ resistance as
! impauth[d byj work to maximum load in static ber}dmg, maximun drop in
R cont Ctr‘ bending and ’_cou.ghnes.q are usually most variabie, o_ften having a per-
j lage probable variation four times that of specific gravity.

lr‘lce the probable variation values in Table 12 are based on samples from
fcest;etclfnd logs only,_t_he,v are somewhat lower (probably about 1 to 2 per
_ the tan would obtain for samples representing the entire t.ree.s. TFor example,
SPeci; abI.e gives a value of 17 per Cf:nt, the prol_oable variation of a random
i ien from entire trees, or the species average, is probably 18 to 19 per cent.

EXPLANATION OF TEEMS AND METHODS EMPLOYED

i nef:""fdfy.—Air-dry is a very general term and may mean any degree of dry-
3 cli;l;atrom about 6 per cent moisture, which may be obtained in very dry
: €3, to over 30 per cent moisture, as in timber dried to reduce its shipping
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weight. The degree of dryness which will be atiained in timber de
the species, size, and the conditions under which the material ig

SLALE — INCHES and time of drying |
Compression pargig o
grain—In  the Co
" sion parallel to graj
2 2 by 2 by 8 inch },
is compressed iy
rectien of its 1ep
(Fig. 15.)  Deforgii]
1s measured betweey :
collars attacheq 6 inchess
apart on the specimey, )
Compression Derpendip.
wlar io grain—Jn
compre;ssion pel‘pendieulag'
to grain test, a block 2 by
2 inches in erosg SeCtioy'
and 6 inches long jg mg
apon its side and Dressyra.
applied to it through 4
nietal plate 2 incheg wide
laid across the center gf
the piecce and at right
angles to its lengty
(Fig. 16.) Hence hui
one-third of the surfaee jg |
directly subjected to eom.
pression. The  strengtp
value obtained in this tegt
is the fiber stress at elastic limit. It represents the maximum stress at righ
angles to the grain that can be applied to the timber without injury, It is

0 1+ 2 3 4 56 method of pil

Freore 15.—Diagrammatic sketch of compressometer and
method of conducting compression-paraliel-to-grain test

e i
~

=4

] 1 1 1 [l i

SCALE =~ [NCHES

Fieurm 16.—Diagrammatic sketch of method of conducting compression-perpen-
dicular-to-grain test

iii 0 1 23 4 5 ¢

important in computing the bearing area for beams, stringers, and joists, and
in comparing species for railroad ties.




THE STRENGTH AND RELATED PROPERTIES OF REDWOOD 43

Blastic limit.—The elastic limit is that point where the distortion ceases to
pe in proportion to the load. For example, if a beam deflects one-sixteenth of
an inch with a 50-pound load, it will deflect one-eighth of an inch with 100
pounds, and so on, each additional load of 50 pounds causing an additional
deflection of one-sixteenth of an inch until the “ elastic limit” is reached, after
which the deflections increase more rapidly than the increase in load. The
elastic limit is subject to the personal equation in its determination and for
this reason can not be evaluated precisely.

Buatractives.—Extractives, as the word is here used, are defined as that por-
tion of the wood that will dissolve when the wood is placed in an inert solvent.
They are known, for example, as cold-water, hot-water, or alcohol-soluble ex-
tractives, the name depending upon the solvent used.

Fiver stress of clastic limit—Fiber stress at elastie limit is the stress ob-
tained in a timber by loading it to its elastic limit. It is the greatest stress
the timber will take ;
under a given loading
and return to its former
position. Fiber stress at
elastic limit in impact
bending is approximately
double the fiber stress
at elastic limit in static
bending. 'This is an ex-
pression of the fact that
a small beam, if sud-
denly strained, bends ap-
proximately twice as far
to the elastic limit as
when loaded slowly.
(See also elastic limit,
above.)

Fiber - saoturation
point.—Green wood usu-
ally contains “ absorbed
water within the cell
walls and “free” water
In the cell cavities. In
| drying, the water in the
cell cavities is the first
to be evaporated. The
fiber-saturation point is
that point at which no
water exists in the cell
cavities of the timber,
but at which the cell
walls are still saturated
With moisture. The 9 ! ¥ 2
fber-saturation point va- ~saaF-rmonEs
Hes with the species.

e ordinary proportion FI1GURE 1f.—Diagramm%’ggdlslléggeléegE method of conducting

of moisture at the fiber-
Saturation point is from 22 to 30 per cent of the dry weight of the wood.
f‘Gf'een.——Greou is the condition of timber with respect to moisture as taken
T0m the living tree. Immediately upon being sawed from the tree, lumber
tﬁgi-ns to lose moisture and otherwise change its condition. The rapidity of
: €5¢ changes is deftermined by such factors as the species, humidity, heat,
and circulation of air.
0.4 f_‘@nesx.—l—lurdnc;ss is teste:-d by measuring the loaq required to embed a
-th _1‘11(:}1 h_al] to one-half its diameter in the wood. (Fig. 17.) The hardness
o 13 lapphed to end, radial, and tangential surfaces of the timber. End hard-
ar?} ”ﬂ HN‘BHHF greater than s_ide hardness. The quality represented by the
s nesg ngureﬁ is important in woods for paving blocks, railroad ties, furni-
1‘3,_51_11(] flooring.
'mxfigh t of ci.'mp_—Heig_'ht of drop relates to impact bending and is the distance
o \‘\;hmh a hammer ig dropped to produce failure of a standard-sized speci-
Lt represents a quality important in articles that are occasionally stressed
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under a shock beyond their elastic limit, such as handles anqg imp] :
parts. CInggg
Impact bending.—Impact bending tests are made on béams to determin
resistance to rapidly applied loads. Beams 2 by 2 by 30 inches are use u
this test on a 28-inch span. A 50-pound hammer is dropped upon the %di
at the center of the span, first from a height of 1 inch, next 2 incheg “‘._
. on up to 10 inches, then increasing 2 inches at a time until complete fail
\ occurs. The deflections of the specimen are recorded on a revolving dl‘um
“ a pointer attached to the hammer. This pointer also records the DOSiti
the specimen assumes after the shock. Thus data are obtained for determin-
the various properties of the wood when subjected to shock. ;

o /1 2 3 4
| SN S DO —
JCALE ~INCHES

Ficure 18.—Diagrammatic sketch of method of conducting shear-parallel-to-
grain test, with details of test specimen

Maximum crushing strength.—The maximum crushing strength in compres-
sion parallel to grain is the maximum ability of a short block to sustain a
slowly applied load. It is obtained by dividing the maximum load obtained
in the test by the area of cross section of the block. This property is important
in estimating the strength of short columns.

Mechanical properties—Mechanical properties are the properties of wood
which enable it to resist deformaticns, loads, shocks, or forces. Thus the
ability to resist shearing forces is a mechanical property of timber.

Modulus of elasticity—Modulus of elasticity is the ratio of stress per unit
area to corresponding strain per unit length, the distortion or strain being
within the elastic limit. It is a measure of the stiffness or rigidity of a mate-
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' yial. In the case of a beam, modulus of elasticity is a measure of its resistance
to deflection. Deflection under a given load varies inversely as the modulus
~ of elasticity ; that is, a beam with a high modulus deflects but little. Modulus
of elasticity is of value in computing the deflections of joists, beams, and
stringers, and in computing safe loads for long columns. The values given
~ are derived from the static-bending test, but are applicable to both beams and
. long columns. Numerically, the modulus of elasticity of a material is the
, force in pounds required to stretch a sample of that material with a cross-
sectional area of 1 square inch to double its length, on the assumption that
the fibers would not be stressed beyond their elastic limit. Rubber has a
very low modulus of elasticity, while that of steel is very high.
. Modulus of rupture—Modulus of rupture is the computed fiber stress in the
| outermost fibers of a beam at the maximum load and js a measure of the
~ ability of a beam to support a slowly applied load for a very short time.
. The formula by which modulus of rupture is computed is the same as that
. for computing the fiber stress at elastic limit, the maximum load being sub-
. stituted for the elastic-limit load. The assumptions on which this formula
~ are based hold only up to the elastic limit; hence modulus of rupture is not
- a true fiber stress. It is, however, a universally accepted term, and the values
t are quite comparable for various species and sizes of timber. It is a definite

0 4 8 (74
L }

L 1

SCALE — [NCHES

Ficune 19.—Diagrammatic sketch of method of conducting static-bending test

3 gg;ﬁ’;}l!&’. and the personal factor does not enter to any great extent into
Elasticu}g it. It is consequently not so subject to error as the fiber stress at
4 sent h lltl)illt, gmd for that reason is used more than any other value to repre-
e Mo; ;3 ‘endlng s:trengt_‘h. of wootl.
5 “‘fﬁ ié?e content.—Moisture content is the weight of water contained in
Shea?f » eXpressed as a percentug.e of the weight of the oven-dry wood.
force t. ingy st-re-::zg_m ;um_‘allel r_o grain—The shqaring test is made by applying
- ﬂheam? a2 by 2‘ inch lip pr{;,]ecting from the_51de of a block. (Fig. 18.) The
i diVi(ledgb stress is the maximum torc_e required to shear off the projection
B 2rain i ¥ the area of the plane of r‘:’n_lure. Shear_ing strength parallel to the
E upon ‘11»] 2} measure of the ;1!)1111:‘}? of ‘nmber to.res1st the slipping of one part
g egreé i? leir along the grain. Eaheﬂr_mg stres§ is produced to a greater or less
hown, 11‘ Illllut‘s.t uses of timber. It is most important in beams, where it is
St t{;fe-l_ orizontal shear, the strt:ss tending to cause the upper half of the
Kings = SHde upon the lower. It is also important in the design of various
] hi‘;_of timber joints.
helow”&ﬂm? (f-om, the _;;-recn!m an oven-dry condition.—When wood is dried
cmltiEUese uhbt.er-saturatfun 1101-111: (see _deﬁnitipn, p. _43), shrinkage begins and
L timbep W ntil the moisture is all driven off. Shrinkage @long the length of
. S very small. Shrinkage in directions at right angles to the grain is
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very much greater. Radial shrinkage is about three-fifths as great ag tangent
shrinkage. Shrinkage in volume is, of course, the resultant of shirinkagegy :j-:
the fibers and in the radial and tangential directions. However, Shrinkaa ong
volume and radial and tangential shrinkages were independently detemg]-e 1
in the series of tests reported on in this bulletin. All shrinkage Valueg ’."
here are expressed in percentages of the original or green dimensionsgl‘
represent total shrinkage to a zero moisture condition. Shrinkage to 5y o8
dry condition of about 12 per cent moisture is sometimes more and gop ctin s
less than half the total shrinkage. Radial shrinkage is the measure of t
change in width of a quarter-sawed or edge-grained board. Tangential ghyje
age is the measure of the change in width of a flat-sawed board. 183
Site—A site is an area considered with respect to its forest producing poye.
ag influenced by climate, altitude, soil, slope, aspect, and other local inﬂuenﬂ:
conditions, ;

v

ol 0 ! 2

|
SCALE—INCHES

Fiourp 20.—Diagrammatic sketch of method of conducting tension-perpendicular-
to-grain test, with details of test specimen

Specific gravity.—Specific gravity is the weight of any given substance
divided by the weight of an equal volume of pure water at its greatest density.
The weight of wood in a given volume changes with the shrinkage and swelling
caused by changes in moisture. Consequently, specific gravity is an indefinite §
quantity unless the circumstances under which it is determined are specified.
All specific gravity figures given in this bulletin are based on the weight of
the wood when oven dry. The moisture condition at which the volume was
determined is stated in each instance.

Statio bending—The static-bending test is made on beams to determine the
resistance to slowly applied loads. A 2 by 2 by 30 inch beam is used on g 28-inch
span. Loading is applied at the center of the span and at a constant rate of
deflection until the beam fails. (TFig. 19.) Readings of load and deflection are
taken simultaneously. The values derived from this test are applicable to
beams of different size by the use of a formula, except for the defects that occur
in the larger sizes. :
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. Strain.—~The deformation or distortion produced by a stress or force is
L known as strain.
. Qtress—Stress is distributed force. Fiber stress is the distributed force
 tending to compress, tear apart, or change the relative position of the wood
- fibers. Stress is measured by the force per unit area. Thus a shori column
£ 9 inches square (4 square inches) and supporting a load of 2,000 pounds
will be under a stress or fiber stress of 500 pounds per square inch,
- Tangentiol—Tangential means tangent to or parallel to the curves of the
L annual rings in a cross section. Thus a tangential surface is a surface perpen-
dicular to the radius of a tree.
. Tension perpendicular to grain.—The tension-perpendicular-to-grain tests are
~made on specimens 2 inches square and 23 inches long, the tension area being
1by 2 inches. 'The tension force is applied perpendicular to the grain. (Fig. 20.)
The values are of use in estimating the resistance of timber to the splitting
actions of bolts and other fastenings.

Total work.—Total work in static bending, like work to maximum load, is
-2 measure of toughness or shock resistance under bending stresses. In the

3

Ficurn 21.—Diagrammatic sketch of For%st Products Laboratery toughness testing
machine

{Siiaﬂndayd test specimen total work represents the work absorbed to a 6-inch
vTectmn Or until the beam fails to support a load of 200 pounds.
eﬂuq{'mess test—The toughness test is made on small beams to determine

he {e:slbs(tanccj to a rapidly applied lead. The standard specimens for use in

1ﬂade$ft are % hy % by 10 inches, supported over an &-inch span. They are

Epeeﬁw at tlAl@"cunte{' by means of a tup and a stirrup that slips over t_;he

bperaltxen. (g, 21.) The _F’O}‘@-st Products Laboratory toughness machine

i th(}iﬁ ﬂIn the pendulum principle, but it differs essentially from other types

aroﬁnh the load is applied to the specimen by means of a cable fastened

‘ Dw?a drum mounted on the axis of the pendulum.

mlderlé ess—Toughness in wood is the ability to absorb energy or work

oad,

Wurkm\zﬁ} to elastic li.rn_.-i.z.‘-.-——Work to elastic limit in bending is a measure of the
4 elaqtlmh- a beam is able to resist or the shock which it can absorb up to
Sastice limit,

 the gg‘;ﬂliﬂ”‘"”i-fi-iii‘i'm-‘rc-m_ loed—Work to maximum load in static bending represents

b Derman Aky of the timber te absorb shock with a slight permanent or semi-

. “ient deformation and with some injury to the timber. Wood, especially
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in small sizes, can be bent somewhat bevond its elastic limit with onyy
injury if the load is removed at once, Work to maximum load is a Iunea

of the combined strength and toughmess of a material under bending Stres
Superiority in this quality is the characteristic which makes hickory bgs
than ash, and oak better than longleaf pine, for such uses as handleg b
vehicle parts. A

Radiel—Radial means extending outward from a center or an axis, p
a radial surface in a tree is one extending from the pith of the tree outw
such as the wide faces of a quarter-sawed board,

Rings—Rings are those circular markings around the center of a tree g
tion that are produced by the contrast between spring wood and summep wggﬂ'
One ring, known as an annual ring, consists of a layer of spring wooq gpq+
a layer of summer wood. g
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