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THE PHYSICAL AND MECHANICAL PROPERTIES
OF EUCALYPTUS CAMALDULENSIS DEHN.

By

M. CHUDNOFF

I. INTRODUCTION

This report is one of a series being prepared on the properties and
utilization potential of home-grown timbers. The lack of information on
the technical properties of fast-growing Eucalyptus camaldulensis Dehn.
(=E. rostrata Schlecht.) at various stages of maturity has been a
serious deterrent in planning the most rational use of this timber. A
more complete understanding of the mechanical properties and their
relation to certain physical characteristics, together with a knowledge of
the chemical composition and pulping potentials, are essential for estab-
lishing a long-term forest management and forest utilization program.

More diversified and extensive use of this wood can be contemplated
as more information is made available, particularly concerning response
to various seasoning methods. As eucalypts in general, and this species
in particular, are refractory, we are less concerned with determining
representative averages of the various pertinent properties by statistical
sampling than with determining the variability within the stem or between
sites, and whether or not this variability need be considered in log
break-down methods and seasoning programs for particular uses.

II.. GROSS AND MICROSCOPIC FEATURES OF THE WOOD

Gross Features: Sapwood whitish to pale brown; heartwood light
to dark reddish-brown; wood without characteristic odor or taste; grain
varying from moderately straight to interlocked forming an attractive
ribbon grain when quarter sawn. Growth zones present but not always
distinct. '
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Minute Features: Diffuse-porous. Pores mostly solitary, occasion-
ally in multiples of 2-3 with a distinct to indistinct oblique arrangement;
medium sized, maximum tangential diameter 175 microns; numerous but
not crowded. Vessels in heartwood with thin-walled tyloses and gummy
deposits; spiral thickenings absent; pits alternate, vestured, medium
sized, 7 to 10 microns; perforations simple, mostly horizontal. Paren-
chyma diffuse and loosely vasicentric. Rays weakly heterogenous, upright
cells in low marginal tiers and interspersed with the procumbent cells;
one to two, occasionally three cells wide; up to 25 cells high;. approxi-
mately 20 per mm measured tangentially on a tangential section; ray-
vessel pitting medium to coarse, up to 10-12 microns, pit outline circular
to oval. Vasicentric tracheids present. Fibers with numerous large
distinctly bordered - pits; walls thin to very thick. Vertical traumatic
gum-ducts frequently present and occluded with a dark reddish-brown
gum (kino).

It is of interest to note that though Lewin and Reibenbach (21) did
not detect the presence of starch in the material sampled for chemical
analyses, and therefore concluded that E. camaldulensis is probably
resistant to powder post beetle attack, we observed almost complete
occlusion with starch grains of the lumina of ray and wood parenchyma
in sapwood material collected throughout the year. Presence of starch
was also noted by Fahn (13) during the evaluation of cambial activity.
However, in this same work, Fahn reported the presence of spiral thick-
enings in the vessel elements; these were neither observed in any of our
material nor described for this genus by Metcalf and Chalk (25).

III. MECHANICAL PROPERTIES

SELECTION AND PREPARATION OF TEST MATERIAL

Nine trees, authenticated by herbarium material, were selected from
two sites: one near Kefar Sirkin and the other in the vicinity of Hadera.
The Kefar Sirkin trees were growing in a single row along a railroad
track, and the Hadera trees were from a wide shelterbelt. All of the
trees were 18 to 20 year-old vigorous coppice growth with an average
growth rate of 1.5 rings per centimeter. Relevant data on soil and climate
" are shown in Table 1.

In general, the methods outlined in A.S.T.M. standards for testing



TABLE 1.
SITE DESCRIPTION
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Kefar Sirkin Brown-red sandy 50 543 7.1 31.9 50
soil on Quaternary
alluvium  °
Hadera Brown-grey clay 25 618 88 30.1 55

loan on Quater-
nary alluvium

*Ramfall is confined essentially to the months December to March.

small clear specimens of timber (1) for preparation of test bolts, marking
of test sticks, and end and side matching for testing green and seasoned
material, were followed. However, due to seasoning irregularities pe-
culiar to eucalypts and the size and quality of the logs available, some
modifications were made. Kefar Sirkin trees (trees No. 1, 2,4, 9 and 11)
were felled in May 1959 and butt logs of nominal two meter length to
yield @ and b bolts were obtained. Mid-length diameters outside bark
varied between 35 and 40 centimeters. Within ten days of felling, the
logs were split on a head saw and the half round cants were converted
" into 30 mm thick boards on a gang saw. Each board was marked to
indicate its log number and its position in the log. Immediately after
sawing, the boards were stacked in a fully automatic experimental dry
kiln -and dried to an average moisture content of 12 percent The
schedule was as follows: :

Equilibrium

Moisture Dry bulb Wet bulb ‘ Relative moisture
content ‘ temp,- , i temp. humidity confent
% °C °C % %
Gr—45 . .37 36 1 96 22
45-35 37 35 9 19
35-30 37 34 82 16
. 30-25. 44 ) 38 . 71 : 12
25-15 49 40 ' 60 10

15-12 54 43 50 8




At an average moisture content of 30 percent, the charge was
steamed at atmospheric pressure for 8 hours to remove collapse. At the
end of the run, the conventional procedure for equalizing and stress
relief was applied. Total time in the kiln was 28 days.

The boards were then marked and machined to yield sticks in the
North-South axis only. Sticks designated for testing in the green condi-
tion ‘were bundled and submerged in water, for four consecutive months,
for soaking to a moisture content of not less than 40 percent.

Hadera trees were felled in January 1960, and butt logs of nominal
two meter length to yield @ and b bolts were obtained from trees No. 12,
20, 22 and 33. In addition, ¢ and d bolts were obtained from trees No.
12 and 33, and e and [ bolts from tree No. 33. Within one week
after felling, the logs were converted to 30 mm thick boards in the same
way as the Kefar Sirkin logs. To avoid the need for resoaking after
conversion to sticks, side or edge matching of North-South boards were
made for comparing the various strength properties in the green and
seasoned condition. Boards designated for conversion into green test
material were immediately submerged and stored in water until testing.
Boards designated for testing in the seasoned condition were kiln dried
according to the schedule used for the Kefar Sirkin material.

METHODS OF INVESTIGATION

After machining the boards or. rough sticks to 2 x 2 cm, the sticks
were marked to yield the following test specimens: static bending —
one from each pair of sticks; compression parallel to the grain:— one
from each stick; toughness — two from each pair of sticks; hardness —
one from each pair of sticks; shear — two from each palr of sticks;
cleavage —two from each pair of sticks; and tension perpendlcular
to the grain — two from each pair of sticks.

The test specimens were based on the “Monnin” system using the
2-cm standard according to British specifications (8). Deviations, if
any, from this standard are noted below. An Amsler 4,000 kg capacity
universal wood testing machine type 4 DBZF 120 was used. The loading
system is hand-operated, but the rate of loading can be controlled within
the desired limits by timing the movement of the loading ram.

A brief description of each test and the properties evaluated is
given below. ‘



Static Bending: Center loaded beam, 30 cm long, over a 28 cm
span. Load applied to the radial face (growth rings parallel to the
direction of loading). Bearing block and rolling supports have a 28 mm
radius. Rate of loading is 1 mm per minute. The rate of loading was
calculated to give a rate of fiber strain equivalent to that of the 2-inch
standard. Load-deflection curves were plotied for all beams until the
specimen failed to support a load of ten kilograms. Fiber stress at the
proportional limit, modulus of rupture, modulus of elasticity, work to
proportional limit, work to maximum load, as well as all other evalu-
ations given below were calculated by formulas as given in the AS.TM.
standard (1).

Toughness: A 2x 2 x 28 cm beam, center loaded over a 24 cm span,
is ruptured by a pendulum impact as incorporated in the Amsler machine.
One specimen is loaded on the radial face, and its matched pair on the
tangential face. Readings are obtained in kilogram-meters directly from
a sliding scale.

Compression Parallel to the Grain: A 2x2x8 cm specimen was
used, and the load applied by a spherically-seated compression tool.
Rate of loading was 0.2 mm per minute, based on a strain of 0.003 cm
per centimeter of specimen length. Stress-strain curves were not plotted,
only the maximum crushing strength being determined.

Janka Hardness: The load required to inbed a steel ball, with a
diameter of 11.28 mm, to one half its diameter was recorded. Penetrations
were made only on radial and tangential faces of specimens having di-
mensions of 2 x 2 x 8 cm. Rate of loading was 6 mm per minute.

Shear Parallel to the Grain: Test specimens having the dimensions
2x2x2 cm were loaded on a radial and tangential face. The shearing
tool was an adaptation of that specified in the British standard (8). Rate
of loading was 0.6 mm per minute. The shearing strength per square
centimeter is determined from the maximum load.

Cleavage: A 2x2 cm “Monnin” type specimen having an overall
length of 45 mm was loaded at a rate of 2 mm per minute to failure.
A radial and a matched tangential face were tested. The load per
centimeter width was calculated.

Tension Perpendicular to the Grain: A 2x2 cm “Monnin” type
specimen having an overall length of 70 mm was loaded at a rate of
2 mm per minute to failure. The strength in tension perpendicular to

9



T A B

STRENGTH PROPERTIES OF Eucalyptus camaldulensis

Specific Gravity Static
o.d. wt. and
Moisture ’
Location Tree no. content Fiber Modulus of
gr. ad. od. sfz;sz- ¢ lasticit
vol. vol. wvol. af P.L..  rupture elasticity
% kg/ecm?  kg/em?  kg/cm?
Kefar Sirkin 1 691 777  .808 12 830 1240 123,500
47 395 715 80,900
2 .680 770 831 12 640 1250 123,500
55 467 835 94,500
4 650 741 772 12 770 1210 124,000
50 477 840 96,400
9 732 788 828 12 600 860 93,000
42 376 687 70,100
11 725 780 828 12 620 980 98,500
45 430 750 81,300
Average 696 771 813 12 692 1110 112,500
’ 48 430 765 84,500
Hadera 12 638 710 755 12 580 950 92,500
76 400 705 83,000
20 633 767 .804 12 820 1330 134,000
79 572 880 97,500
22 688 775 828 12 775 1220 118,000
72 600 930 108,000
33 580 .650 .705 12 640 1080 - 103,000
97 487 735 85,000
Average 630 725 773 12 705 1140 112,000
81 515 810 * 93,500
Grand average 665 .750 .795 12 700 1125 112,500
Standard deviation .061 129 191 18,500
Coeflicient of variation %, 9 18.50 17 16.50
Grand average , 63 470 785 88,500
Standard deviation 88 116 16,000

Coeﬂicig\nt of variation 9, - 1925 14.75 18




L

E

2

GROWN IN ISRAEL (ALL LOGS a and b BOLTS)

13.50

15.25

Bending Co‘n.zpres-
ston ) Tension
parallel Toughness Sid
Work to to grain  work per  Shear PErPen-  Cleavage iae
max. specimen dicular hardness
max. crush. to grain

DL load total strength kg por om
cm—kg/cm? kg/cm? m~kg kg/cm? kg/cm?® width kg
312 1.06 3.10 645 2.8 170 33 28 720
107 93 222 340 2.6 124 31 17 475
186 1.68 4.23 645 34 203 41 25 690
128 1,10 298 380 34 131 35 18 491
263 1.31 3.25 650 3.0 175 29 22 660
31 98 2.63 368 2.8 126 34 19 465
195 .54 1.66 570 1.5 220 31 24 795
.110 64 231 347 2.3 173 32 24 640
218 .80 2.07 560 2.7 197 30 22 760
Jd28 .61 270 382 2.9 157 34 22 613
235 1.08 2.86 615 2.7 195 33 24 725
120 .85 255 365 2.8 143 33 20 535
209 97 200 530 2.2 230 30 22 715
108 .85 274 343 3.8 141 28 19 545
286 137 370 710 3.1 245 a1 31 720
.188 1.12 3.48 415 4.0 136 32 20 480
291 1.37 354 670 2.7 240 37 27 780
186 1.40 3.46 422 39 140 32 17 490
220 1.20 2.70 595 2.2 216 39 24 660
158 1.04 280 345 34 118 27 17 440
251 1.23 2.99 625 2.6 230 37 26 720
160 1.10 3.10 380 3.8 133 31 18 490
242 1.14 292 620 2.6 210 35 25 725
069 47 1.05 84 .9 28 7 6 98
28.50 41 .36 13.50 35.50 13.25 19.50 22.50 13.50
138 96 2.80 370 32 138 32 19 515
036 .35 .63 50 9 21 4 3 90
26 37 22.50 27 12.50 15.75 - 17.50




the grain was calculated from the maximum load and the area of the
minimum section. :

Immediately after each test, all or part of each specimen was used
to determine the moisture content at time of test. The specific gravity,
based on the green or seasoned volume and the oven-dry weight, was
also determined from all beam and column test specimens. No controls
were available for maintaining a constant temperature at the time of test,
and room temperatures varied between 15 and 30°C.

RESULTS

Average results of each tree, averages for the two sites, and the co-
efficients of variation and the standard deviations for individual measure-
ments from all of the trees are listed in Table 2. Since moisture content
at the time of test of the seasoned material was not exactly 12 percent,
but varied by approximately + 3 percent, adjustments were made using
the equation derived by Wilson (39) for moisture content-strength rela-
tions. Statistical tests for seasoned material show that differences between
the two sites are not significant for all strength properties evaluated.
However, the same analysis for green material shows that all properties
differ significantly except modulus of rupture, shear, and maximum
crushing strength. Specifically, we find that fiber stress to the proportional
limit, work to proportional limit, total work, toughness and tension per-
pendicular to the grain, differ significantly at the 0.1 percent level of
probability; work to maximum load and cleavage differences are signi-
ficant at the 1 percent probability level; modulus of elasticity and hard-
ness differences are significant at the 5 percent level.

These results strongly indicate that drying green wood to a relatively
low moisture content, and then resoaking to a moisture content above the
fiber saturation point will not, in most cases, give strength values similar
to those of green wood tested in the original wet condition. Not only
is there a loss in resilience, as noted by Koehler and Thelen (19) and
Wangaard (35), but there even may be a slight but significant increase
in hardness, cleavage, and tension perpendicular to the grain. These dis-
crepancies may be attributed, at least in part, to Urquhart and Williams’
(34) explanation for the hysteresis loop in adsorption-desorption curves.
It is suggested that upon drying and resoaking, part of the secondary
valence bonds of the hydroxyl groups of the cellulose molecules have
become mutually satisfied and are not freed for water adsorption. Water
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bound to the free hydroxyl groups could, in our case, act as a plasticizing
agent, which modifies the various mechanical properties, particularly
resilience.

Drying and resoaking to obtain matched green material may be
necessary to obtain satisfactory end and side matching of sticks, required
in the A.S.T.M. standard (1) when evaluating woods with refractory
seasoning properties, but the dry-green strength ratios may not be truly
representative. The side or edge matching of boards, as used for the
Hadera material, though not conforming to the above standard, appears
to be a more suitable procedure.

A comparison of the dry-green strength ratios of E. camaldulensis
from Kefar Sirkin, Hadera, Australia (32), averages of 113 hardwoods
grown in the United States (24), and averages of South American
hardwoods (37) is presented in Table 3. The Kefar Sirkin values com-
pare quite favorably with the Australian and the North and South
American data in orders of magnitude, in most cases even more so than
the Hadera values. Thus, though there are discrepancies in procedure
and results, as reviewed above, it appears to be justified to include the
green strength values obtained from the Kefar Sirkin material.

TABLE 3
AVERAGE STRENGTH RATIOS IN DRYING FROM A GREEN CONDITION TO 12 PERCENT
MOISTURE CONTENT

2 2 2 &
g 2 8 . 8
<8 2 L @a g
Strength 3 < .§ 3 _:u ;50 4 . 23
property TR S o g = >3 &< 8
v Ey EE v3 oB
8 3 3 8 [ &S
M) °3 © 32 3T %%
mx o omE om< <& <@
Fiber stress at P.L. 1.60 1.37 1.52 1.80 1.52
Mod. of rupture 1.45 1.41 - 1.61 1.59 1.44
Mod. of elasticity 1.33 1.20 1.38 1.31 1.16
Work to P.L. 1.95 1.57° — 2.49 1.98
Work to max. load 1.27 1.12 — 1.05 1.42
Total work 1.12 97 — — —
Toughness 97 .69 79 — —
Max. crushing strength 1.68 1.64 1.76 1.95 1.63
Shear 1.36 1.73 1.61 1.43 1.24
Tension perpendicular to grain 1.00 1.19 — 1.20 .86
Side hardness 1.36 1.47 1.57 1.33 1.17
Cleavage 1.20 1.44 1.27 - .85




‘TABLE 4
AVERAGE STRENGTH PROPERTIES AT VARIOUS HEIGHTS

Static Bending = .

Specific Gravity o < & 8
od. wt. and g Modulus of Work to =04 2 3 .
¥ A § B 2l Tr g 2
Tree and € % Qg S m 39 3 .
bolt no. S a ' .m MW w8 L 8.2 3 m
. . s 8 > PL %% fotal FEX L& F 2T g 3
¥ % 0% & 2% &r Bt ERBES . 9% Ty &
s D <Y K] ﬂ S 33 =35 m. [ W %) I} m e w W. o
g ¥ 03 2 B3 &y &% kremt  Sof o8 £ 82 &5 3
S & S = Re B3 e cm~kg/cm O KA ¥ 58 O2 &
33 a and b .580 650 .705 12 640 1080 103,000 .220 1.20 2.70 . 595 22 216 39 24 660
97 487 735 85,000 .158 1.04 2.80 345 34 118 27 - 17 440
c and d 620 705 772 12 680 965 100,800 .258 .86 2.14 570 2.1 210 45 27 670
86 462 760 92,000 .133 1.07 298 380 4.0 129 30 19 460
e and f ©.600 678 .732 12 720 1190 129,000 .220 1.34 328 580 2.5 210 39 23 —
’ 89 490 695 90,000 .150 .54 244 357 31 125 23 17 450
12 a and b 638 710 755 12 580 945 92,500 .198 91 241 530 22 235 32 23 720
76 400 705 83,000 .108 .85 274 343 38 141 28 19 545
cand d 632 702 755 12 630 945 98,000 .228 96 248 545 26 250 38 20 700
80 3545 820 94,000 .178 1.03 282 395 3.7 145 29 20 500




Table 4 lists the seasoned and green strength values at various
heights for two trees from Hadera. The analyses of variance show that
differences due to height are not significant. Thus, values shown in Table
2 for @ and b bolts only, can also be representative of butt log lengths
of at least six meters. :

Variations in strength properties from pith to bark, however, are
considerable. Fig. 1 shows a series of curves representing several green
strength properties of cross-sections of the a and b bolts of the four
Hadera trees. Except for maximum crushing strength parallel to the
grain, variations in specific gravity do not account for all of the differ-
ences observed. If the various strength values are adjusted for differences
in specific gravity, using the formula developed by the U.S. Forest
Products Laboratory (2), a central core having low resistance to bending
and impact persists. This condition, described by Dadswell and Lang-
lands as “brittle heart”, is believed to be caused by compression failures
in the living tree; the central core of “brittle heart” expands in area as
the tree increases in diameter (12). The “brittle heart” zone of our
material is not only low in all strength properties and specific gravity,
but also has a very high total volumetric shrinkage (collapse plus normal
shrinkage) from the green to the oven-dry condition. Total volumetric
shrinkage in the core can be as high as 30 percent as compared to a low
of 10 percent in the outer heartwood zone.

The sapwood zone has a lower specific gravity than the adjacent
heartwood zone, and in all cases the strength properties are similarly
lower in value. The development of heartwood with the deposition of
extractives accounts for these differences. In general, increases in
strength due to extractives amount to 2 to 4 percent, except for modulus
of elasticity which increases by 6.5 percent. Increases in strength as the
result of infiltration of extractives have been noted for several American
woods by Luxford (22).

DISCUSSION

In Table 5, various strength properties of plantation-grown E. ca-
maldulensis from six countries are given in addition to values obtained
from natural growth in Australia. To make these comparisons as valid
as possible, all strength values based on the 2-inch standard have been
adjusted to the 2-cm standard by the use of combined ratios of strength
means presented by Armstrong (4).

15
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Fig. 1. Variation of green str'ength properties_ from pith to bark.
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All strength values obtained at our laboratory compare very favor-
ably with those representing Australian timber except for side hardness.

. Though the specific gravity of the wood from both sources is almost
. identical, the Australian wood has a side hardness about 30 percent
. higher. It was believed that a possible explanation for this discrepancy
. could be attributed to differences in growth rate. To check this assump-

tion two trees growing on sand dunes near Hadera were felled and tested
in the green condition. The growth rates of these were about half of
those of the Hadera trees (3 rings per centimeter as compared to 1.5

" rings respectively). The specific gravity for the sand dune and Hadera

trees was identical (0.63), and the side hardness of the former was 504
kilograms as compared to 490 kilograms for the latter. These variations
in growth rate, at least at the levels measured in our experiments, do not
modify the hardness values. The hot water solubility of the Hadera
wood is about one fourth of that of the Australian timber (4.3% and
15.2% respectively (20, 21). The large differences in extractives could
result in higher hardness values as shown in Fig. 1, but should also result
in a higher maximum crushing strength parallel to the grain (24); but
this is not so, for the local and Australian values are almost identical.

The results given in Table 5 for Israel material tested by the
Technion were obtained from bolts having a diameter of not more than
24 cm: Similarly, the logs tested in Turkey had diameters not exceeding
22 cm. Though not stated, it is believed that the logs evaluated in Spain
also had very small diameters. The modulus of rupture and maximum
crushing strength from these three sources are quite similar, though
there are large differences in specific gravity based on the weight and
volume at 12 percent moisture content. Strength properties of material
from the United States, South Africa, Italy, Australia, and Israel (Ilanot)
are very similar, except for side hardness, as already noted. The very
large range of specific gravity (air-dry weight and volume) from 0.51
to 0.97 is not, we believe, due to differences in site conditions, but rather
to size of trees sampled and test methods used. Very small diameter
logs will usually give much lower density values than more mature wood.
Also, the use of air-dry weight and volumeé to calculate the specific
gravity of highly collapse-prone woods, such as eucalypts, is not
reliable and should be avoided. If large, more mature timber is evalu-
ated, there do not appear to be any marked differences in the mechanical
properties of natural or planted E. camaldulensis, even though growing
continents apart. There may be additional exceptions to this similarity,

18 : , i
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besides hardness, but either data are insufficient or, as for toughness
evaluations, it is not possible to adjust results from different test methods.

i

In Table 6, local E. camaldulensis is compared with other hard-
woods having a similar density, the values for eucalypt being considered
as 100 percent. The average for these hardwoods is about 10" percent
higher in side hardness; cleavage, maximum crushing strength, work
to maximum load, and bending strength are higher by about 15 per-
cent;. and stiffness is superior by 30 percent. In shear parallel to the
grain, the mean hardwood value is lower by about 20 percent. These dev-
iations from the “normal” can be partially attributed to the interlocked
gram that is prevalent in our material. The lower strength-weight ratios
of the eucalypt are not critical for most uses, and should not be considered
?s detrimental when developing a utilization program for this species.

: - IV. PHYSICAL PROPERTIES

SELECTION OF MATERIAL AND METHODS OF INVESTIGATION

At the same, time that trees were felled at Hadera to obtain material
for evaluatlon of the mechanical properties, three trees (No. 12, 18, 24)
were selected to determine the total volumetric shrinkage, specific gravity,
and moisture content variations, if any, from bark to pith at various
height levels in the tree. Immediately after felling, a reference line was
marked along the full tree length, and cross-sectional disks, not less
than 20 centimeters in thickness, were obtained from several heights.
After sectioning, the disks were packed in wet sacks and stored until
evaluated (not more than 48 hours). Table 7 presents data on section
diameters, percent bark, and percent heartwood of section areas.

A strip 7 cm wide was laid out through the diameter of each section,
and specimens 2.5 cm wide in the radial direction were removed in
series. Each strip was oriented in the same direction according to the
reference line marked in the field. Specimens were then trimmed along
the graln to a final length of 4 cm. Thus each test specimen had a nominal
7 cm width in the tangential direction, 2.5 cm thickness in the radial
direction, and 4 cm length along the grain.

Green volumes and weights were determined immediately after ma-
chining. The specimens were then air-seasoned for two months to a
moisture content of approximately 16 percent, and volumes and weights
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were again measured. The specimens were then over-dried for 48 hours
at 105°C, and the moisture-free volumes and weights determined.
Volumetric measurements were made by water displacement. From this
series of measurements, it is possible to calculate the specific gravity
(based on the green volume and the oven-dry weight), the initial green
moisture content, the air-seasoned moisture content, the volumetric
shrinkage from the green to the oven-dry condition, the volumetric
shrinkage from the green to the air-dry condition, the intersection point,
the void volume, and the maximum moisture content. This information
was obtained from each of 217 specimens representing the three trees.

TABLE 7
DIAMETERS OF CROSS-SECTIONAL DISCS AND PERCENT AREAS OF BARK AND HEARTWOOD
: AT VARIOUS HEIGHTS )

hle)itsll';' ¢ Diameter Diamefer Diamefer
Tree no ab gve outside - inside of Percent* Percent**
. ground bark bark heartwood bark heartwood
m . cm cm cm
24 1.0 43.0 39.4 31.0 15.9 62
3.0 320 30.0 22.0 12.1 54
5.0 29.0 27.6 19.0 10.3 48
7.0 27.5 26.1 17.0 10.5 43
9.0 22.0 20.8 13.5 9.2 41
12.0 19.5 18.5 10.0 10.0 29
12 1.5 54.0 49.0 41.0 17.6 70
3.5 44.8 41.8 35.5 12.9 71
5.5 42.0 39.2 32.5 13.7 - 69
8.5 37.5 35.5 28.0 10.0 62
11.0 29.0 274 200 - 10.6 53
13.0 27.5 25.9 18.5 - 10.2 51
18 1.0 39.0 354 31.0 17.1 76
3.0 34.0 31.6 28.0 14.7 79
5.0 32.5 30.5 26.5 12.1 76
7.0 28.7 26.9 23.0 13.3 73
9.0 27.5 25.7 22.0 16.0 76
11.0 22.3 20.9 16.6 11.3 62
13.0 21.3 19.9 16.5 11.8 68

*based on total cross-sectional area

**based on bark-free cross-sectional area
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Fig. 2. Variafion of specific gravity from pith to bark at various heights,
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RESULTS

Specific Gravity : In Fig. 2, curves are presented to show the var-
jation of specific gravity from the pith to the bark- at five height levels
(unless otherwise noted specific gravity refers to that based on the green
volume and oven-dry weight). The figure shows that at the one meter
height, there is a central core of low density, an outer zone of high
density, and again a sapwood zone of low density due to a minimum of
extractives. These variations through the cross-section become less
extreme towards the top, being almost uniform at the 13 meter level.
In Fig. 6, curves were fitted statistically to the combined data from the
three trees to show the variation of specific gravity with height within
four zones. Zone “A” is 2.5 cin from the bark (sapwood only), zone
“C” 7.5 cm from the bark, zone “D” and zone “E” 10 and 12.5 cm from
the bark respectively. Zone “B” is not included, as most of this material
comprises both sapwood and heartwood. By using the xylem-phloem
margin as a reference, we are assured that within reasonable limits each
zone, from the base to the upper part of the tree, represents wood of the
same period of cambial activity and the same degree of maturity. For
each curve, the correlation coefficient (r) and the regression coefficient (b)
are shown.

In the sapwood zone, the increase of specific gravity with height is
highly signficant, whereas in all the heartwood zones there are no signi-
ficant changes with height. The discrepancy is probably due to an
unequal deposition of extractives along the tree length during the con-.
version of sapwood to heartwood. Zavarin (40) and Nikitin (29) report
a decrease in heartwood extractives, from the base to the top of the tree,.
for incense cedar and oak. Cold water solubility determinations were
made of our zone “C” material, and significant decreases of extractives
were found with increases in tree height, i.e. about 9 percent at the one
meter height and 5 percent at the 13 meter level. The fact that the
specific gravity is constant along the full tree length within any particular
heartwood growth zone, at least to a 13 meter height, confirms our
previous findings with material used for. the mechanical tests.

Moisture Content: Data presented in Fig. 3 represent the moisture
content distribution in the standing tree (all moisture content calculations
are based on the oven-dry weight). At the one meter height, there is a
central core of high moisture content, an outer heartwood zone of low
moisture content, and a sapwood zone of high moisture content. These
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Fig. 3. Variation of moisture content from pith to bark at various heights.
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variations between inner and outer heartwood are most pronounced at
the base of the tree, and least at the 13 meter level. A comparison with
the specific gravity curves in Fig. 2 shows that the moisture content varies
inversely with specific gravity at all levels. As for the specific gravity
data, curves are shown in Fig. 7 to indicate the relationship between
moisture content and height. In all zones, except zone “D”, there is a
significant decrease in moisture content with height, but the correlation
coefficients are significant only for zones “A” and “C”.

Curro (10) measured the variations in moisture content and specific
gravity of E. camaldulensis cultivated in Italy and reports an increase
in specific gravity and a decrease in moisture content with height; for
combined height levels, there is a decrease in moisture content and -an
increase in specific gravity from the pith to the bark. Though the signi-’
ficance of these variations was not determined, the trends are identical
to those found in this study. .

Ratio Moisture Content to Maximum Moisiure Content: The maxi-
mum moisture content potential of each specimen was calculated by the
formula: :

1- specific gravity
1.53

- - 100
specific gravity

Max. Moisture Content (%)=

The assumed specific gravity of wood substance as determined by water
displacement is 1.53 (23}.

From Figs. 2 and 3, it appears that the moisture content variations
are essentially a function of specific gravity and are not due to some
peculiar physiological requirements. This is more apparent when the
ratios of moisture content to the maximum moisture content, expressed
as percentages, are plotted as shown in Fig. 4. These percentages of
saturation are fairly uniform from pith to bark, and only at the 7 and 13
meter height levels are there marked differences between the sapwood
and adjacent heartwood ratios. In tree No. 12, at the 5 meter level, there
is an unusual drop in moisture content to 60 percent of maximum, which
is probably due to some physiological trauma not detected in the test
material. The relationship between this ratio and height is shown in
Fig. 7. The percentage of saturation in the sapwood zone is constant
with height, whereas there are highly significant decreases in the “C”
and “D” zones and a significant decrease in the “E” zone.
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The percentages of saturation for all heartwood material ranged
from 74 to 94 percent (except for the aberration in tree No. 12), aver-
aging about 83 percent. The green heartwood moisture content is a very
close function of specific gravity or void volume, as demonstrated
in Fig. 8. The average moisture content at each specific gravity level
has been plotted, and a smooth curve fitted. The calculated maximum
moisture content is also plotted. Within the specific gravity range of 0.51
to 0.72, the ratio of moisture content to maximum moisture content is
nearly constant at 0.83. Though there are wide variations in moisture
content, particularly at the one meter level, the percentages of saturation
are almost identical, with 83 percent of the available void volume being
filled with water. The specific gravity-moisture content relatidriship for
sapwood will be presented in a future report.

Volumetric Shrinkage: Total volumetric shrinkages (collapse plus
normal shrinkage) from the initial green condition to the oven-dry con-
dition, at various locations from pith to bark, and at the several
height levels, are shown in Fig. 5. At the one meter level the central
core has a very high total shrinkage, the outer heartwood has a low
shrinkage, and the sapwood zone has a high shrinkage. These differences
are at a2 minimum at the 13 meter level. In Fig. 6 the relationship be-
tween height and total volumetric shrinkage is shown for the various
zones. The sapwood zone has a significant decrease in shrinkage with
height, whereas in all the other zones the regression and correlation
coefficients are not significant.

Since only the sapwood zone shows both a significant increase in
specific gravity with height, and a decrease in total volumetric shrinkage
with height, there appears to be a definite relationship between density
and collapse (collapse-free wood would tend to increase in shrinkage
with increase in density). That collapse may increase with decrease in
density is shown by Bisset and Ellwood (6) in their study on early
and latewood shrinkage of growth rings of collapse-prone Eucalyptus
regnans. Pankevicius (30) reports a decrease in total shrinkage with
height for both sapwood and heartwood of E. regnans and E. gigantea,

but no data are given on the specific gravity variation of the test material
used. -

Normal Shrinkage and Gollapse=--Though no direct measurements
were made to distinguish between true shrinkage and collapse by recondi-
tioning techniques (15), excellent estimates can be made. The intersection
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Fig, 7. Variation of moisture content and percentage of saturation with height.
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Fig. 8. Specific gravity-moisture content relationship (heartwood).
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point (fiber saturation point) was calculated for each specimen by the
formula:

Intersection = air-dry M.C. (%) x shrinkage from green to oven-dry (%)

point shrinkage from air-dry to oven-dry (%)

This formula is based on the assumption that shrinkage and moisture
content are linear below the intersection point. Though there is a slight
departure from this linearity at very low moisture contents, the errors
induced by this deviation are very small (16). For most tropical and
temperate zone timbers, the intersection point will vary between 20 to
35 percent. If collapse is present, the intersection point, as determined
by shrinkage measurements, will be abnormally high. Collapse as low
as three percent, can result in a calculated intersection point as high as
50 percent. On this basis, every specimen that had an intersection point
not higher than 35 percent, was considered to be collapse-free. Fifty
specimens from tree No. 12 indicated true collapse-free volumetric
shrinkage; tree No. 18 had 3 specimens, and tree No. 24 had 2 specimens
that were collapse-free. In all cases, the collapse-free material was found
only in the outer heartwood zone. From the numerous measurements
available from tree No. 12, it was possible to estimate true volumetric
shrinkage from the green to the oven-dry condition to be 10.5 percent,
and the shrinkage to 12 percent moisture content to be 6.3 percent. The
average specific gravity of this material is 0.65, and the intersection
point is 30.0 percent.
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The relationship -between volumetric shrinkage and specific- gravity
has been derived by the U.S. Forest Products Laboratory for North
American woods (28) to be:

Volumetric shrinkage = 28.0 x specific grav1ty

The constant 28.0 represents the intersectiori or fiber saturation
p;omt if corrected for the compression of absorbed water, this value
should be approximately 30 to 31 percent (31).

i By using the constant of 18.0, as shown below, to approximate
volumetric shrinkage, we do not wish to imply that, in our case, this
low value represents the intersection point as well., From our measure-
ments of tree No. 12 and other trees, volumetric shrinkage varied between
14.0 and 22.0 times the specific gravity with an average value of about
18.0. Wangaard (36) found, for some tropical timbers, that the vo-
lumetric shrinkage was considerably less than that of timber grown in the
United States, i.e. approximately three-fifths as high as that suggested
for North American wood, or about 17.0 times the specific gravity.

By using this estimate for normal volumetric -shrinkage,- we can
calculate collapse-free shrinkage values for our data and also determine
the percent of collapse, if any, in each specimen. The specific gravity
data shown in Fig. 2 multiplied by 18.0 will indicate the true shrinkage.
The difference between the calculated shrinkage and the total volumetric
shrinkage in Fig. 5 would be equivalent to the percent collapse. The
maximum collapse observed was 20 percent in the inner heartwood zone
of tree No. 18. It must be stressed that this indirect method to determine
collapse is ‘an approximation only, _but sufficiently accurate for the
purposes of this study.

It is the general practice in the U.S. and Australia -(1) to use volumet-
ric shrinkage specimens that are .2”x2”x6", and tangential and radial
shrinkage data are obtained from material 1” x 4” x 1” (the 4" dimension
is in' the radial ‘or tangential direction being measured). Kelsey and
Kingston (16, 17, 18) have shown that the error will be small if a single
specimen, 1” x1” x4” in length, is used to determine radial, tangential,
longitudinal, and- volumetric ‘shrinkages, and that results will be com-
parable, for most.purposes, with those obtained by the standard test
methods. In view of these findings, we believe that our departure from
. standard shrinkage specimen sizes is not likely to be misleading, partic-
. ularly when, in this phase of our review, we are interested in demon-
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strating the variability of shrinkage from pith to bark at various height
levels using test material having identical initial green dimensions.

Fig. 9. Relation between total volumetric shrinkage and specific gravity
of heartwood.
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Previously, we concluded that sapwood collapse may increase with
decrease in specific gravity. In Fig. 9, the relationship between total
volumetric shrinkage of heartwood to specific gravity is shown (only
average values for each specific gravity level are plotted). There is a
sharp decrease in shrinkage with increase in specific gravity up to about
0.64. Above this value, there is a gradual increase in shrinkage with
increase in density that almost fits the relationship 18.0 x specific gravity, '
which indicates that this higher density material is probably free of
collapse. If this curve is extrapolated, as shown by the broken line, we
can compare normal shrinkage with the measured total shrinkage; the
difference between these two curves at any specific gravity level within
this range is the amount of collapse which occurred. The very high
percentages of collapse occurring in the very permeable sapwood material
and the large differences in degree of collapse between inner and outer
heartwood, though the void volumes occupied by air are identical, suggest
that the conventionally accepted theory explaining the collapse pheno-
menon requires reviewing.

In addition to the volumetric shrinkage data reviewed above, volu-
metric, radial and tangential measurements were made on representative
material from the Hadera and Kefar Sirkin trees used in the tests to
evaluate the mechanical properties. Nominal dimensions of the green
test specimens were 7, 2.5 and 2.5 cm in the radial, tangential and
longitudinal direction respectively. Again, these are not standard
shrinkage specimens but, as indicated above, this departure probably
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will cause very small errors, if any. Except for tree No. 12, collapse-
free shrinkage data were obtainable only from the Kefar Sirkin
trees. This is not due to the fact that the Kefar Sirkin trees were not
susceptible to collapse, but rather because of the drying and wetting
treatment given to the wood. Chudnoff (9) demonstrated that drying,
resoaking, and redrying of E. camgldulensis sapwood will result in
collapse-free shrinkage during the second drying cycle. Such a treatment
was given the Kefar Sirkin material, and from Table 8 it appears that this
method is applicable to heartwood as well. The average specific gravity
of this sampling is 0.70, which is the average reported for the Australian
E. camaldulensis, and the radial and tangential shrinkages to 12 percent
moisture - content are almost identical to those-reported by -Greenhill
(15) for the same species. After reconditioning (collapse-free), the
Australian values are 4.5 and 2.6 percent for tangential and radial shrink-
age respectively.

TABLE 8 »
COLLAPSE-FREE SHRINKAGE VALUES OF E. camaldulensis
Shrinkage hrinkage ¢
Specific Sf%argi'o S or;’;n:agfu ° Intersection
Tree no. gravity - point
gr-vol—  rad. ftan. wvol. rad. fan. wvol,
“od. % % % % % % %
12 .65 20 42 6.3 3.5 7.5 105 30.0
1 .70 40 50 89 63 8.0 14.1 335
2 .69 32 63 9.6 52 102 155 314
4 .63 28 45 72 4.6 7.6 123 29.5
9 .76 28 32 6.4 5.2 6.1 120 25.8
11 75 29 43 6.4 4.6 7.0 10.6 30.7
Average .70 30 46 7.7 4.9 7.7 129 300

Giordano (14) reports volumetric shrinkages, including collapse,
to the oven-dry condition of up to 32 percent, while our observed maxi-
mum was 30 percent. Relatively low density wood, grown in Turkey,
is reported by Toker (33) to have a total shrinkage from the green to the
oven-dry condition of 4.0 and 8.6 percent in the radial and tangential
direction respectively, and a volumetric shrinkage of 12.7 percent. The
calculated intersection point was 31.6 percent. This closely agrees with.
our values as shown in Table 8.
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11.

12.

V. CONCLUSIONS AND SUMMARY

Though there are considerable differences in site conditions and
growth rates, the various mechanical and physical properties of local
E. camaldulensis are almost identical to those of the Australian
timber.

There is as much, if not greater, variability within trees or between
trees on the same site than there is between sites.

The dry-green strength ratios of the local wood are comparable, in
orders of magnitude, to those in North and South American timbers.

At various tree heights, within the same growth zones, the me-
chanical properties do not vary significantly.

Variations in the mechanical properties from the pith to the bark are
very pronounced in the butt logs. A central “brittle heart” zone,
comprising about 15 percent of the cross-sectional area, has very
low strength properties.

All sapwood strength properties are lower than those of adjacent
heartwood by about 2 to 6.5 percent.

Except for shearing strength parallel to the grain, E. camaldulensis
is weaker, in all strength properties, than the mean values for other
hardwoods of the same density.

At the base of the tree, the central heartwood core is low in specific’
gravity and high in moisture content and total volumetric shrinkage.

As compared to the adjacent heartwood, the sapwood is low in

specific gravity and high in moisture content and total volumetric
shrinkage.

-The percentages of saturation, i.e. ratios of moisture content to

maximum moisture content, are fairly uniform from the pith to the

bark.

There is a decrease in specific gravity with height in the sapwood
zone, but not in the several heartwood zones. This difference in
behavior between sapwood and heartwood is due to unequal de-
position of extractives from the base to the top of the tree.

There is a decrease in moisture content with height in all zones.
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19.

The percentage of saturation is constant with height in the sapwood
zone, but there are significant decreases in the heartwood zones.

In the standing tree, regardless of large specific gravity variations,
about 83 percent of the heartwood void volume is filled with water.

Volumetric shrinkage from the green to the oven-dry condition is
about three-fifths as large as that of North American woods of the

same density.

In the sapwood zone, there is a significant decrease in total shrinkage
with height. In the heartwood zones, shrinkage does not vary signi-
ficantly with height.

Collapse-free radial, tangential, and volumetric shrinkage values
closely agree with those measured in Turkey and Australia.

Collapse varied from O to 20 percent (volumetric), being most
severe in the central heartwood core.

Collapse tends to decrease with increase in specific gravity.
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