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By Franz Kollmann
SUMMARY

The changes in the mechanical properties of wood with
temperature are of importance from the biological as well
as the technical point of view. Systematic experiments
were therefore undertaken with special reference to the
effect of gross specific weight (specific weight inclusive
of pores) and the moisture content of wood. It was found
that the modulus of elasticity of wood at room temperature
and frozen at -8° is practically the same. At lower freez-
ing temperatures the drop in Young's modulus with the mois-
ture content is less than at +20°. (See fig. 7.)

There is a linear relationship between the compression
strength and the temperature of anhydrous wood which re-
mains above +160°. {(See figs. 10 to 12.) The slope of the
straight lines is directly proportional to the gross spe-
cific weight of the wood (fig. 13). In connection with
these tests it was also shown that swelling of wood in
liguid air does not occur; the linear heat expansion for
fir between -190° and +20° was also computed.

The effect of moisture on the compression strength of
frozen wood was accurately explored. The curve (fig. 17)
has two peaks: one at the boundary between pure surface
absorption and capillary condensation, the other at the
high moisture content at which a connected "ice lattice"
first begins to form in the frozen wood. Theory and ex-
periment are in good agreement in this respect. The de-
crease in strength by maximum moisture content is derived
from the pressure-temperature chart of ice (fig. 18).

*"Die mechanischen Eigenschaften verschieden feuchter
Hdlzer im Temperaturbereich von -200 bis +200° ¢."
VDI-Forschungsheft 403, XI Bd., July-August 1940,
p‘:pn 1”18.
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The compression strength of 18 species of wood was
tested in relation to gross specific weight (figs. 20 to
25), which included test series for kiln-drying state,
for about 10 percent moisture content and for complete
water saturation and +20° and -42° temperatures. Special
importance is attached to the curve of water saturated,
frozen wood (fig. 25) because the rhase diagram of ice
itself is affected by its aspect.:

The flexural strength of frozen wood was secured on
several water-saturated frozen samples. It is about twice
as nigh as the bending strength of the water-saturated
wood at room temperature. According to the fracture of a
frozen pine sample (fig. 29), the stress distribution is
similar to that of wood at room temperature and departs
considerably from Navier's rectilinear distribution.

Lastly, the impact strength of frozen laminated wood
was investigated, which plainly revealed a decrease with
the moisture content in the hygroscopic zone (fig. 20).

& new method employing a piezoelectric indicator was de-
veloped.

IFTRODUCTION

The purpose of the present study was to gain a com-
prehensive insight into the relationship existing between
elasticity, static and dynamic strength properties under
prolonged low temperatures, and varyingly wet and compact
wood. The scope included the modulus of elasticity in
bending, the compression strength parallel to the fiber
as representative of the static strength properties and,
to a limited extent, the bending strength and the ultimate
impact energy as characteristic for the dyhamic strength,
The test series dealing with the effect of the gross sp e~
cific weight included the most dissimilar kinds of wood,
from especially light to heavy tropical woods, while the
study of moisture content and temperature centered around
domestic fir and beech. Obviously only wood without flaws
and of uniform growth was emnloyed. Beech was selected as
wood with scattered pores in which free water can distrib-
ute itself much more evenly than in wood with annular
pores, such as ash, Laminated beech wood, TBu 20, was
employed extensively in the study.
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Young'!s modulus and thé'hifimate"impact strength were
tested on 2 by 2 by 3C centimeter specimen The span of
24 centimeters (between supports): conformed to the German
Standard DVM 2189 in the impact bending test, but was
less than 15 times the height of the specimen in the bend-
ing test and so fell outside the scope of DVK 2180. This
discrepancy was accepted for the reason that Young's mod-
uluns and the breaking strength under impact could be meas-
ured on one and the same specimen. The effect of the
shearing forces existing in short columns on the elastic
behavior during the bending test was allowed for by a
mean shear factor f = 17qa, 1in addition to the strain
factor a. The compression tests were made with carefully
manufactured prisms of 2 by 2 by 3 centimeters, that is,
right angled with annual rings or laminations, the two
cross section edges parallel as far as possible. The test
specimens had the minimum dimensions permissible under the
DVM 2185 standard specifications.

The most important factor of the entire undertaking
was an adequate refrigerating plant. It consisted of an
electrically operated automatic low-temperature refriger-
ator of the Alfred Teves Company, Frankfort on the Main,
for temperatures from -5° to -50°9. (See fig. 1.) The
Logert of 0.5 by 0.5 by 0.5 = 0.126 cubic meter was gur-
rounded on all four sides by cooling coils. A thermostat
kept the temperature correct to within *1°, Two compres-
sors driven by two electric motors of 1.5 combined horse-
power served as a refrigerating machine. Two refrigerant
cireuits were connected in cascade cycle, using methyl
chloride as refrigerant on the high-pressure side, and
provane on the low-pressure side. The ice derosit due to
the moisture of the inflowing air when the refrigerator
was opened was, of course, inevitable. 4s this appeared
to intrcduce errors and uncertainties, especially on wood
of low moisture content, all samples were enclosed in
hermetrically sealed cylinders or weighing %oitles during
‘ the cooling. It is suspected that this lengthene the time
| necessary for cooling the test speciméns, alcnough no def-
inite statement is as yet warranted.,  Even the uss ¢f the
Fourier differential e;uﬂtlo', which at high tempsratures

. yields very good ‘eSVi s \1eierences 8 and 7), waz édenied
for lack of prroved data on the heat pronertles of wood at
low temperatures. Therefore the temperatures were meas-

. ured on the inside o‘ a'small wooaen "biloek during the cool-
ing in the refrl&erator., The curve obta:ned is shown in
figure 2. ~The equalizing tgmperafure of -38° was reached
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after @everal houre« To be completely sure, in the subse-
guent tests, that the state of inertia had been actually
reached and particularly that the moisture in the wood was
actually completely frozen, a storage period of at least
48 hours, but frequently up to one week, was decided upon.

This would seem to have macde the tests a long drawn-
out affair, but it had been established in preliminary
tests that only one compression sample could be tested at
one time on the machine and that longer technical pause
was necessary because it had been supposed from the very
beginning that the frozen wood must be tested between
pressure plates with likewise correspondingly low temper-
atures. So tne 7.9 kilogram steel base plate on which the
specimen rests in the crushing test, as well as the ball
bearing mounted pressure plate (3.1 kg) bolted on the 10-
ton Mohr-Federhaff universal testing machine were removed
before each test and cooled off to the same teuperature
as the wood At the beginning it was hoped that tests
could be made of at least several compression specimens
in a row by speeding up the test procedure, but it was
found that the heat from the testing machine raised the
temperature of the stecl plates surprisingly fast above
and below the frozen wood specimens. Pigure 3 gives some
insight into the temperature change on the plate below the
wood. During the very first test - although it lasted
only 1% minutes - the temperature already rose from an
originally e 0.8 &0 =8ul”. On placing the second block,
cooled to exactly the same low temperature as the first,
the temperature remained the same so long as no load was
applied, but as soon as the pressure was applied, the heat
content of the testing machine became quickly active and
the temperature rose from -=5.1° at the beginning to +0.8°
at the end of the compression test. 1In the succeeding
tests the temperature of both steel plates gradually ap-
proached room temperature of about T L

Now it is very instructive to plot the compression
strength determined in these tests as variable of the mean
temperature below the block. (See fig. 4.) The compres-
sion strength of frozen wood is intimately related to the
temperature surrounding the test, and a temperature rise,
small by itself, is accompanied by a considerable decrease
in the compression strength, The explanation for this is
that each temperature increase produces melting of the
frozen water in the wood or at least favors it; that the
presgsure: increase of itself acts in this direction is, of
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course, anticipated. . Lastly, the mechanical energy per-
formed in the wood because of the compression, releases
heat, and ice is returned again to its normal phases in
the wood, in colloidally bound (but nevertheless con-
densed in fines®t columns between the micelles) or free
liguid water. With both processes a reduction in strength
compared to the frozen state is positively associated.

In order to obviate these disturbances, the following
preventative measures were taken: First, only one sample
was crushed at one time between the cooled plates, after
woich the latter were put back in the refrigerator for no
less than one hour. Next, a cooled layer of heat-resistant
material - a 2.5-millimeter-thick masonite-~extra-hard plate -
was placed between the test specimen and the base plate,
the temperature of which adapted itself more quickly to
. that of the machine because of its longer connection with
the table; lastly, a ring of fiber protective plate of 12-
centimeter outside diameter, 4-centimeter inside diameter,
and 18 centimeters high - previously soaked in water and
frozen - enveloped the sample during the test, In addi-
tion to that, the measurements were made by two men at ac-
celerated speed and on a well-defined schedule, Gloves
wero used throughout the tests.

1, MODULUS OF ELASTICITY OF FROZEN WOOD

The ‘modulus of elasticity was established by Zeiss
dial micrometer to within 0,0l-millimeter accuracy from
the load-deflection diagram.- the load being raised at
.the rate of 5 kilograms up to 40 kilograms., The rigorous
validity of Hooke's law in the chosen load range is shown
in figure 5, The steeper deflection curve was recorded
for 24-centimeter, the flatter one for 30-centimeter span
(between supports). For spans | 2 15 h (h = height of
section), the shear forces exert no further effect on the
elastic behavior. -Here, then, the modulus of elasticity
E follows the equation

: e D S By
Ll L ) (1)
£

o’

il

with P denoting the load (kg), | the span (30 cm), b
the width of the specimen (2 cm), h its height (2 em),
and £ the deflection related to P (in em)%
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A larinated svecimen (Tbu 20), stressed parallel to
the planes of the ply (fig. 5), afforded E = 143,700 kg/
cm®, according to this equation,

For short, prismatic columns, that is, short spans, it
e

2t

E = ]
fblL

0425(1°/8%) + 5.1 (2)
o

according to R, Baumann (reference 2) on the, prev1ou§&y
stated assumption, that the mean shear modulus

is applied. G e

Elsewhere, the writer has proved (reference 7). that
equation (2) affords an unusually good allowance for the
shear stress effect in ash wood, The departure of E by a
24-centimeter span, as computed by equation (2), amounted
to a mere 0.9 percent as compared to that obtained for a
30-centimeter span with eguation (1). This agreement even
holds for laminated wood, where the validity B = 17 o
was in nowise predictable beforehand, Figure 5 shows the
deflection of the same laminated picce for a 24~ccntimeter
gpans - The modulus of eclasticlily, computed From HBhig Line
with eguation (2), amounted to 147,800 Rg/cm®., The dis-
crepancy of +2,85 percent was therefore sufficiently small
for a material such as wood,

A uniformly distributed moisture across the entire
gsection is particularly important for the bending test.
Since the highest tensile and compressive stresses occur
in the neutral axis, they should not present any substan-
tial difference in their elasticity and strength charac-
teristics from the deeper layers, The important fact that
overdrying of the outside layers when drying wood, in-
creases the bending strength considerably when compared
to that of wood of equal but at the same time of uniformly
distributecd moisture over the section, has been known for
a long time (reference 8), Conversely, wetting of the
outer layers causes a decrease in elasticity modulus and
bending strength, and this fact had to be taken into ac-
count in the freezing tests. This meant the use only of
such samples as had been storcd for a suitable period in
humidificrs and thus brought to a moisture content without
gradient over tho cross section, Such samples werec amply
available in bcech plywood aftcr 9 months' storago in hu-
midifiers, _
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O0f these, one. sample taken from a humidifier, with a
relative air moisture ‘.= 75 percent. and constant temper-
ature of t = 20° {corresponding to a hygroscopic wood
moisture of around 12. percent) was placed without glass
bottle in the refrigerator set at -50° after the modulus of
elasticity at room temperature had first been deternmined,
Mihlen wthellglastile ity , after 0.5, A5, 2.5y and b Heurs, | was
rocorded again on the same sample, (See fig. 6, curve b.)
After about 3 hours the state of inertia was reached and
the modulus of elasticity rose about 18,5 percent over the
initiad valwe.  But a thin coat of .i'ce Tfiormedion the Wood
as a resul¥y of the freezing of condensed water; hence the
conclusion suggested itself that the rise in modulus of
elagticity takes place in a different manner if,%during
the cooling process, the wood is protected against such
occurronces., A sccond test, in which a new sample from
the same humidificr with ® = 75 percent was first tecsted
for clasticity modulus and then placed in a hermetically
sealed glass cylinder in the refrigerator, confirmed it
(curve b, fig, 6)., In spite of the greater imertia of the
glass container, the equalization was reached after 1 hour -
proof that the prolonged changes in modulus of elasticity
on the first sample were, aside from the internal cooling,
attributable to surface icing., The specimen was weighed
on a steelyard balance after removal from the glass con-
tainer., The weight remained the same for the first three
hours but showed some increase after five hours - probadbly
a result of the glass having absorbed a little moisture,
This test point was thercforc rejected. The rise in mod-
ulus of elasticity solely through cooling amounted to 12.2
percent at the humidity in question, The error resulting
from failure to protect the specimens against moisture is
around 50 percent, even by the not-especially-low moisture
content of the wood itself.  On further dried-out samples
it ‘wonld, of course, be still greater,

The subsequent tests were then made with specimens
cooled in glass cylinders, All specimens stemmed from
onc plywood pancl, hence they were of uniform material
charactcristics. ot .

Bven 80, i} was impossidble to prevent scattering alto-
geithersibut in,.order to minimize its effect on the Fesh da-
ta, three samples of each test series were tested at each
modlsture content and tihec results averaged,. The first fest
serics was dedicatcd to tunc dct ermination of the moedulus of
clasticity of thc laminatcd specimens with difforcent mois-
ture content at +20° room temperature (lowest curve, fige 7)e
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The curve resembles that found for different kinds of solid
wood (reference 6). A second test series with specimens
frozen at -8° surprisingly revealed the moduli of elastici-
ty of these specimens to De practically the same as at

room temperature. The points are shown in figure 7, How-
ever, the result can be explained as follows: The modulus
of. clasticity of ice parallel to the frozen area is 95,000
kg/cm®, and 112,000 kg/cm? at right angles to it, accord-
ing to Kech (referencc 9), Data rogarding the type of
stress and temperaturc arc not givean, Hoss' data from
bending tosts (referencc 10) arc givon in table I,

Incompletc as these data are, they nevertheless mani-
festiithht the modulus of elasticity of ice can, in erder
of magnitude, approach that of laminated wood.

TABLE I

Modulus of Blasticity of Ice
(from bending tests, L = length, B = width, D = thickness)

Modulus of

Temperature State of Test Piece elasticity
kg /cm?
0 to =1 Principal axis parallel to L 182,000
-2 to =6 | eemmmemmme 40 gmmmmmm - L 59,000
O to =1 | —ceemmee———— dOe-mmmm B 383,000
-1 to =5 | ememmmme———- dogmmrmmm e B 418,000
-1 to =5 | - A0 gmmmmmm e D 254,000
-1 to =3 Coarse grain 285,000
O to =3 Fine grain ‘ 226 000

Probable value for arbitrary ice (obtained in

different manner by averaging) 276,000

liore definite statements are out of the question, es-
pecially since nothing is known regarding the icing in
the wood, that is, the plane of layer, grain size, etc.
It is, of coursc, important that thc thermal expansion
factors of icec and wood are fairly close to each other, so
that the ice adhering to the micelles of the wood fibers
does not reduce its content more than the wood when the
tempecraturc drops. Negative prcssures or tensile stresses
on the micelle structure do not occur. On rocks, where
the cubic expansion is one-tenth lower than on ice, such
negative pressures are inevitable and interpreted as con-
tridoutory cause of the weathering pnenomena (reference y
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From the foregoing bending tests at —8°, it can be rightly
concluded that at this temperature the modulus of elastic-
ity of the frozen colloidal water in the wood cannot be
radically different from that of wood. Regarding the elas-
tic behavior of wood itself at sinking temperature, noth-
ing was known for the time being. Two test series on spec-
imens cooled at -30° and -50° gave the curves also shown

in figure 7, These curves, at 0 percent moidture, hawve
about the same starting point but then break apart; tho de-
crecasc in modulus of elasticity with tho moisture content
becoming less as tho tomperaturc becomes lower. Then the
computation of thg proportional increase in modulus of
clasticity at =50  with rospoct to wood at room tempecra-
ture, followed by coordination of thesc values to the recl-
ative moisturc contents yiclds, apart from a breakaway at
13,4 percent moisture, a straight line through the point

of origin (fig. 8). This proves that the comparative rise
in modulus of elasticity of wood cooled to low tempera-
ture relative to wood at room temperature or at not abnor-
mally low temperatures is solely bound up with property
changes of the swelling water frozen in the wood.

From this it is concluded that the modulus of elas-
ticity of the ice in wood below -8° becomes gradually
higher than that of the wood and therefore gains in sig-
nificance for the elastic strains, This significance
must, according to the foregoing agreement, be so much
greater as the temperature of the ice is lowor and the
more ice that is contained in the wood, ‘On the elastic
behavior of wood itself, the temperature drop in the ques-
tioned range has no effect or only a slight offect, This
is provably explained by the fact that the elastic behav-
ior of wood is governed by the microscopic fibers, particu-
larly the intergrowth of the supporting fibers in decidu-
ous wood (the tracheids in conifers), These biologically
induced conditions are scarcely changed by the cooling,.

A simple consideration, howover, dictates that pronounced
tecmperature cffocts are a natural result in strength tests
where %the breaking stress is dependent upon the intermal
cohesion and hence, on given conditions of the submicro-
scopic structure because heroc the volume reduction on
cooling must exprcss'itsolf in greater intcrnal adhesive
powor. This problem is analyzcd in the neoxt section,

At the conclusion of the measurcments the proportion-
al rTige of modulus of olastiicity of building Gimber of
difforent moisturc contents at cooling from room tempera-
ture to -35° was dlso established (table II),
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Modulws of Blavsticity wof Different Xinds of Wood
GliehdD® and «35°

Gross Moisture Modulus of elasticity B

' specific content at +20° at =s5P
Species weight T

g/cm® percent kg/cm? kg /cm?

Beech bl 950 133,200 140,500

Cal* 200 L) 90,200 100,000

Aeh » B 9 e 116,200 128,400

i «4355 (eis) 9%7.,0GC0 99,000

*Fibers run irregularly.

2., EFF

LrJ

CT O0F TEMPERATURE Oﬁ COVE ION, STRENGTH, AND
HEAT EXPAY bl .

As the temperature rises, the resistance to form .

changes of every solid or liguid substance - coastant in
structure and composition - decreases in conformity with a

we“eral law of temperature goveraning the mechanical behav-
ior of bodlies (reforonce 12/,

For motal, theo proof has becern adduced by comprohcnsion
teates Mo dllustrate: copper, magnesium, cadmium, btin
manifest a steady and, to a largec extont, linvar deersaso,
while in iron and nickel - probably due to the presence of
transformation points ~ the decrease is less uniform., No
systematic studies are known for wood except for a few
short articles (rcferences 13 and 14), Tho loss of strongth
above about +120° has, of course, been stressed at times
but this was always ascribed to C*GKlCdl - never to phys-~
ical - causes (refercnce 15). Since the vory first com-
prossive tosts on red-beech wood disclosed that wood cooled
tg ~00%, even in a complotel" anhydrous state, had a sub-

stantially higher compr ive strength than wooi at room
temperature, the +eroera+ ure effect was explored through-
out the rarx ;e from about 2100 %o +2°O The -190° tem- X

perature was produced with liguid air kcpt in a Dewar ves-
secl in order %o prevent cvaporation of nitrogen as much

as possible, But even then, a gradual enrichment of oxygen
was unavoidable as found fgom the increasing density of the
liguid air (ef,.landolt-Bormstein, 5, Aufl,, Bd. I, $.277).
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Technical difficulties were also involved in the task of
assuring safe cooling of wood in liguid air without ab-
sorbing some of 1it, This problem seemed important since
it was not known whether a swelling occurs inf the ligquid
air, under which the cohesian decrcases as a result of on-
largzed micelle distances and so acts against the. tempcra-
ture effegt. The test pieces therefore were fused in very
thin glass capsules and buried for several hours in liguid
air, To assure proper heat transfer within these glass
containers, copper chips around the wood acted as cold
conductors. Thec points secured for -190° werc sufficiont-
v accurate on the straight iine, which was anticipated
according to the tecsts at somewhat highcr tompecratures.
The scatter is, of course, greator at this low tcmperature
than at the highoer tempcratures, dut it might be attribut-
ed to uwnavoidable test errors (cspocially to ‘the ‘cooling
losscs), Admittedly, iﬁ s mlot ssible thooretically, to
reach higher valucs if the compresvﬂon test itself is made
in the neighborhood of - 90°, The proof was adduced as
follows: A compression piece was dipped direct in liquid
air and cooled off in it. Previous to the test, the spec-
imen (fir Fo. 31) weighed 5,163 grams, with a volume of
11,16 em3; in the liquid air it absorbed about 1,74 grams,
so its weight, after the cooling, amounted to about 6.9
grams, More accurate data were impossible since, in spite
of the gquickest possible removal and weighing on a semi-
automatic chomical balance, some liguid air evaporated
and falgsified the result of the weighing, However, this
was not very important for the subsequent estimate and
conclusions. At the cited temperature, the liguid air al-
ready consisted largely of liguid oxygen; its specifie
gravity was about 1.12 g/cm3; that is, 1.74 grams had a

H‘

e

volume of 1.95 cm®., 'If this liquid amount had been ab-
sorbed intermicellarly through swelling, the content of the
wood samplc would have had to increase by approximately

1.95 X 100 = 37 .5 percent

_ As a matter of fact, the immersed wood not only failed
to disclose any increase in volume but on the contrary,
disclosed a reduction in volume, Rad141;y, the kiln-dried
block measured 12.46 millimeters at room temperature (20°)
as against 19.38 millimeters after removal from the iLilguid
air - thus being contracted 0.41 percent, Tangentially, it
measured 19.10 before testing, and 19,01 after the liquid-
air treatment - a contraction amounting to 0,42 perceant.
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The previously cited large amount of liquid air therefore
could not have penetrated the micelles, as they were not
driven apart but rather brought closer together by the
cooling; henece the liguid air must have been absorbed
capillarily. Theoreotically this 1s easily possiblo in the
prescnce of the largec proportion of pores in the employed
fir wood - amounting to 1 - (0,426/1,50) = 0,716 for a
gross specific weight (with pores) of 0.426 g/cm5 and a net
specific weight (pores subtracted) of 1,50 g/cm®. With
12,02 cr®volume, the wood block could absorb 12,02 X 0,716
1el2 . =.9.64 grams of liguld air by complete f£illing of all
cell cavities, The comparatively rapid absorption of lig-
uid air is also comprehensible since the viscosity of lig-
wid air (Landolt-Bornstein, 5., Aufl, Bd, I, S, 184) amounts
to m = 0,001858 g/cms (physical scale) at around 183,5°,
while the viscosity of water at 20° (m = 0.,01006 g/cms) is
about 5,7 times as high,

These figures for the linear dimensional changes
transverse to the fiber can also be applied to an apprais-
al of the mean coefficient of expansion between +20° and
S ABRGe. IU.18

-

Boe Uy (1.3 B (0L - 5ad] (3a)

Rl > )
v = v

1, (g - tq)

Inasmuch as the contraction radially and tangentially was
about equal to the annual rings, only one case need be
analyzed, Radially, we get 11, = 19,38 mm, 1, = 19,46 mn,
t, = =190° and t, = +20°,  hence

s L 2938 4 19,46

i ~ = 0.0000196
gl R T &

Reference 4 gquotes 0,0000341 to 0,0000584 for the
linear expansion of fir and pine at right angles to the
fiber at ordinary temperatures, Our own observation fits
into the general picture, that the exzpansion coefficients
of so0lid bodies increase, as a rule, with rising tompera-
ture, The thceoretical conncctions, admittedly, arc vory
complicated for anisotropic bodics. For nonregular crys-
tals (wood may be figured to the rhombic crystal system in
elastic behavior), the expansion coefficients depend pri-
marily upon the size of the elasticity moduli - in the
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sense of Voigt's crystal physics in the principal direc-
tions - and on the thermic pressure coefficients and their
changeability with temperature. The latter are approximate-
ly proportional to simple Debye atomic heat functions (refer-
ence 18), Some very unusual phenomena can occur through al-

ternations of the effects:,

An intermediate point between the liquid air tempera-
ture and the lowest tomperature attainablec in the refrig-
erator was eotabllshed by means of dry ice (- g2° )e Temper-
atures above +20° were produced in a thermostatically con-
trolled Heraeus drier., The plotting of all test.poiniks
for completely anhydrous fir wood afforded a rectilinear
relationship (fig, 9) between compressive strength o and
temperature t, which can be expressed by

Taue G,y - 0 L s (4a)
e, for. %y = 0 and t, = &
o't:o“o-nt (4b)
Therefore, figure 9 discloses, for example, oy = 1050
Helem™ for t = -100° and o, = 850 ka/em? .fam B
* 09, hence, n = 2 for the above equation, Accordingly,

it af pids: w0y = 850 - (2 X 220) = 410 kgfem® fo¥ t =

+220 . This strength is exactly the same as obtained in
the tests,

Since it is not feasible to draw general conclusions
from tests on one species of conifer, further measurements
of the temperature effect on the compressive strength were
garried on with kiln-dried and air-dried red boech, lami-
nated beech, and balsa wood (figs. 10 and 11), It was
found that, without exception, a rectilinear tompcrature-
comprossive strength relationship cexists, that at above
+160° a morc-than- proportional drop takes placc (laminated
wood ‘is inferior to solid wood in this respect), that the
scatter of the test values is greatest at the lowest tem-
peratures, and that the proportional strength decreasc in-
croasos with increasing gross specific weight Ty OFf the
woods The lagt-citod fact becomes particularly plain if
all curves are combinod in onc graph (fig, 12). The pitch
of the straight lines is so much steceper as the specific
weight of wood is higher, Thus, when the test values for
n (= tan o in an egually divided net) are computed from
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equation (4b) and the corresponding figures from figure
12 , it e Eound  tha th pf sl dlrectily proportional sto: the
gross specific weight r, of the wood (fig. 13). The
gcatters ditiseld ig: surprisingly small. It is

B = 4,76 ¥, i (5)
which, written in equation (4b), gives

Oy = Op - 4476 vy ¢ (4c)
The constant 4,76 has the dimension (cm/°C), which is
rcadily secured, '

Lastly, it remained to be proved at what upper temper-
atures - and, if necessary, after what interaction in time
rate of these temperaturcs -~ the reversible physical tem-
perature cffoct is accompanicd or cxccedecd by a nonrover-
sible chemical disintcgration, Chemical changes in wood
are, in general, according to literature, said to occur
above 120°, although the chemical decomposition of any ap-
preciable speed does not occur below 250° (reference 17),
Only ilarschallek (recference 18) pointed out that a tomper-
aturc of +160° results in a slight increase in compressive
strength rather than a decrease,

| For our own experiments, prisms of usual sizes for
compression tests were machined from fir, red beech, and

| plywood - kiln-dried at 100° and tested after cooling;

‘ other prisms were heated for one, two, and four hours ecach,
at 160° and 200° in the drier, followed by cooling to room
temperature in the desiccator over phosphorus = (P, 05), and

‘ crushed, The results (figs. 14 to 16) clearly show that a

temperature of 180° causes no change whatever in compres-

‘ sive strength of fir or bcech., On laminated wood the syn-
thetic resin content, of course, resulted in a slight loss

| of about 3 percent after four hours at 160°, At 200° a

‘ disintegration of the wood constituents is inevitable after
a prolonged period, as evidenced by a marked brownness of

‘ the wood,.

ﬂ 3, COLPRESSIVE STRENGTH OF FROZENW WOOD

‘ a) Effect of Moisture Content

‘ Por the tests, a specially uniform growth of red beech
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with.a mean gross spécific weight of 0,696 g/cm®, kiln-
dried, was available, Specimens for the compression tests
in the hygroscopic zone were cut to 2 by 2 by 3 cm from
pieces directly out of the humidifier. Damp wood, that is,
wood with a content of free water, was obtained by socaking
the blocks in water prepared in a vessel under negative
pressure, To produce the changes due to freezing, the
specimens of the first test series were crushed at room
tecmperature. The rate of loading was. intontionally choscn
highcer than the DIN standard DVY 2185 because on the subso-
quent frozen spocimens tho shortest possible compression
process is essontial, In this connoction it may bo stated
thot the specificd DIN standard DVM 2185 of 200 to 300 kg/
cm® min as rate of loading is a little low, This is equal-
ly ovident in the specifications for airplanes and glidors
(cd. December 1939), which give 400 kg/cm®min for ash and
pine, 350 kg/cm2min for linden and all other conifers, and
8CO kg/cm min for laminated wood in compressive tests, To
be sure, the specifications state that the rate of loading
per minute should not cxceed theo compressive strongth in
kg/cma of the particular wood, Since tho breaking strongth
of unfrozen wood drops to around 300 kg/cm?® with the mois-
ture content, compliance with the latter requirement of

the design specifications for aircraft would dictate the
upper load rating of tho 2185 standard, . v &1~ fpazon Tool

For the frozen wood - with compressive strecngth as
high as 1400 kg/ecm®, according to the tests - this would
entail a tost period of from .4 to 5 nminutes, and that would
have becn too.long in spite of all proventative moasures
against inadmissible heating. Furthermore, tho marked

"plasticity of ice ncar tho zcro point (references 19 and

20) nay causc errors in ncasurements if the. tests are pro-
longed, Since the compressive strength of frozen wood is
very high, the rate of loading can be raised without in-
fringing upon the aircraft-design specifications, A timing
of the loading rate to fit the occasionally supposed com-
pressive strength is, on the other hand, impossible for
various reasons, Hcncoe, a coastant test speed of around
800 kg/cm®min was decided upon, This probably involves a
slight increasein comvressive strength (references 21 and
22), but the rise should be fairly equivalent in propor-
tion on the specimens of various moisture comntonts and
difforont cooling.

The compression tecst data on beech with different
moisturc content at room tompcrature and aftecr frcozing at
-42° arec given in figure 17, The curve for the wood at




16 NACA Tgochnical Mecmorandum No., 984

normal temperatures has a completely normal aspect, The
strength dscrease of red beech is almost linear, Other
woods also manifest this fact, while for still other spe-
etes - sueh.as fin: - the curyve is cenuvex in the region of
little moisture content, up to the kiln-~dried state,

The equation for the relation of compressive strength
of beech at room temperature, with moisture u within
range of O to 20 percent, reads:

o, =0, -n (u, - ul) (5)

Putting o0, = 450 kg/em@ for wu, = 20 percent and o, =

1100 kg/em® for wu = O percent, affords n = 32,5; that
is, the compressive strength of red beech decreases pecr

1 percont moisture-contont increasc by 32.5 kg/cmg, and
vice versa, This absolute cstimate is substantially morec
accurate than the usual conversion. in the testing of mato-
rials (cf. DIN DVM 2185), where a 5-percent decrease or
increase in the compressive strength of wood per 1 percent
moisture increase or decrease serves as a basis, This
method is useful only in a very narrow range of moisture
content, In the kiln-dricd state and for very low moisture
contents, the proportional changcec in comprossive strength
is substantially less than 5 percent per 1 percent of mois-
thre variation. In our casgse, for lnstaneo, a molsture rise
from O to 1 percoent afforded a decreoase of 0,05 X 1100 =

55 kg/em2, while as proved in the foregoing, only 32.5 kg/
cm® should really be subtractod. The error amounts to
noarly +70 porcent. 3Betwecen 19 and 20 percent, on the
other hand, tho empirical formula would give 0,05 X 482,5 =
24,2 kg/cm2; or the considerable error of around 25 por-
cont, ovon though it acts in the opposite sense, 4 com-
pletely oxact 5-percont incroase or decroeasc per 1 percont
of moisture change is afforded only by a moisture, at the
boginning of which a 5-porceont strongth change per l-percent
moisture change amounts to 32.5 kg/cm2., This happens from
650 kg/cm2 on; that is, by about 13 percent moisture con-
tent,

The compressive strength of the frozen prisms is shown
in figure 17, The kiln-dried wood has a much greater
strength at low temperatures than at room temperature, The
next test on a prism with 3,62 percent moisture content re-
vealed an even higher compressive strongth; then a uniform
decrecasc, the curve running approximately parallel to that
for room tempcrature, This parallelism continued even be-
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yond the fiber-saturation region - that is, in the presence
of free, liquid water up to about 40 percent moisture con-
tent, Then the strength increased again, to be followed

by a second decreasec at maximum-moisture content in the
vicinity of the saturation point of the wood,

In spite of the unusual aspect of the curve, it can
be physically explained and brought in accord with other
observations. The necessity of the different starting
point has been pointed out before, Since there is no wa-
ter in the wood and a change of state of aggregation of
other chemical constituents at the temperature in question
is excluded, the difference cannot be other than physical,
This is dictated by the general temperature law for solid
bodies and traces back to a lattice change as a result of
the temperature drop., The amount of strength discrepancy
is, as already stated, proportional to the tcmperature
differcnce. With equation (4c) we get for ~42° from the
strength of rod becech, with w, = 0.696 g/cm® at +20° in

height of o = 1100 kg/cm®, a M"cold strcngth“ of

O_,, = 1100 - 4,76 x 0,696 (-42 ~20) & 1805 kg/cm

as against 1355 kg/cm2 actually observed.

The first small quantities of hygroscopic moisture
are avidly absorbed dy the cellulose frame of the wood by
virtue of the powerfully active surface forces and are
precipitated on the inner surface, This absorption con-
winges wantil “the inner surface’ is covered with & layer of
water of molecular thickness. If the swelling, that is,
the absorption of colloidal water in the wood continues,
the surface absorption changes %o capillary condensation,
where the interspaces between the cellulose micelles fill
with submicroscopic fluid columns, The boundary can bo
mathomatically definocd as follows: Tho limiting moisture
W aifis ]

w=0c¢d (Tp/Vg) lOO (percent) (6)

where O isg the innor surfacce (em?/1 cm® cellulose), ¢
the cellulose portior of the wood, & the thickness of the

molecule of the absorbed fluid (ecm), Yy the speocific
weight of absorbed fluid (g/cm®) and Yy the nct specific

wnlrnt of" "tho cclluloco. Thls approximates (refcrence 6)
0=6x10° to 10%x10°(cm?/em®), ¢ = 0.57 (for red beech,
according to C., G. Schwalbec and E, Bcckcrl. 5 = gK10™™ (em)
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(according to Landolt-Bgrnstein), Tg = 1.0 (g/cms) for wa-
ter, and WH = La80 (g/cms).

With these figures, we get:

6 8/ -9 1
V=165 X 16 ton. A0 .16 &0.67 X9 %10 % 15 % B0

= (0.024 to 0,040) x 100

The extreme moisture content at which minimum water
columns form between the micelles, therefore, ranges from
2e4 to 4,0 percent, averaging 3.2 percent for beech wood.

Above iOO the surface absorption of water stipulates
a decrease of strength at the cellulose micelles because
the micelle distances become greater; hence the mutual ad-
hesive powers of the micelles which, in turn, bring about
the cohesion, become less.  But below jOo, this procoss is
counteracited by .stiffening of the. migelloc bond due to, the
icing. That break phenomena are initiated on bodies with
cellulose frame by micelle slippage is common knowledge
(references 23 and 24)., Icing acts against this slippage,
and 1f the analysis proceeds from the kiln-dried state,
this effect will be so much greater as the stiffening ice
film of the inner surface of the wood becomes denser, A
limiting value must positively be reached at the point
where the entire inner surface is precisely covered with a
continuous, but the thinnest possible ice film, This point
corresponds to the proviously estimated moisture limit be-
twecen surface absorption and capillary condensation. Fur-
ther accretion of ice will not enhance the cohesion be-
cawse ico itsolf has.a very low spocific strengths On the
contrary, the strength then decreases, corresponding to
the increased micelle spacing as a result of the progres—
sive swellling, The adhesive forces exerted by the micelles
on each other depend solely on their spacing, roegardless
of whether these are increascd by interspacod fluid water
or ice, Strictly speaking, the rate of increase in spac-
ing on changing from water to ice should, of course, raise
a little at a certain moisture content because the specif-
L wiolhimiey of "ice’ oaxcecds that of 'watier, «‘Butiithe cfifielct is
gol slight that it cannet be proved ian the tegt, It is ob-
vioug that this parallclism of moisture and strength curves
of wood at room temperature. and frozen, must positively
continuo as far as the fiber saturation region, Below this
region, that is, on admittance of free liguid water in the
. coarser capillaries, the strength no longer changes
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for temperatures above freezing point, since the swelling
processes are terminated,

But if the capillary water turns to ice, the effect
can be very dissimilar, depending upon the moisturc con-
tent, In the. first region - that is, up to about 40 per-—
cent - the curves for frozen and unfrozen wood are still
parallel; the rising icc content affcocts the strength no
more than the rising content of fluid water. Further sat-
uration gradually fills coarser capillaries completely
with water. Then, if these replete cells congeal, their
strength must p031t1velj rise, as that of a hose which,
filled with water, can practically take up no crusnlng
pressure dut is well able to 49 so if its contents are
frozen., Above 40 moisture content the compressive
strength of the frozen wood thus rises again gradually, and
approximately reaches the compr essive strength of the
frozen wood, with only 15 percent moisture content, How
it coulld be imagined that this strength rise continues so
long as the content of capillary water increascs; this
would be up to the highest possible moisture contont Up,xs

which dopends upon the volumc of the pores

Vg, r Do ‘

Sl U5F T YUM;;_ " (7)
where SP is the wood moisturc content at fiber satura-
tion p01nt (= 0.28 for tho cxplorod red beech), Yy the
nct spocific weight of theo wood (= 1,50 L/cm s o, Vgy il

gspocific weight of capillary wator (= 1.0 g/em3), and  r,
the gross specific weight of the wood in the kiln-dricd
state (= 0,696 g/em®, in our cxample).:

Hence we get for the cxplored wood,

- » 0,804 "

(6]

)]

X
=

But con51dcra07y below this moisturc content, a point

where a kind of cohcrcant icc lattice begins to form is
adroady rcached, The proceoss is somewhat as follows: When
fhis deal s, averaging 31 pcrccnt in recd-boéch wood. (refer-
encc 25), are.completely filled ¥ith ico, such a lattico
ocecurs; that is, connoccted icc filaments pervade the entire

* o ' ; . @
FSP = fiber saturation point,.
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volume of the wood, hence reach from pressure plate to
pressure plate and thus actively participate in the force
transfer, On the particular red-beech wood it defines a
moisture content of about

coll, portion
1

o
A0 5. = 0,28 + =23l =~ o g3
FSF 0.696

fo) -

At 83 percent moisture content the ice lattice in the ex-
plored red beech therefore participates in the transfer of
the pressure and, being less plastic than the unusually
deformable wood at such high moisture, it is more stroangly
attracted than the wood - hence high pressures are exerted
on the ice.,. These can also be estimated when referring
the maximum compressive stress reached at the particular
point, to the surface portion of the ice at.the cross sec-
tion of the wood (that is, the cell portion). We get (see

the test point at w = 0,86 in fig, 17) %ﬁgi ~ 3160 kg/
cm2, But the ice in the wood starts to melt.at a much
lower pressure, This is explained as follows: The capil-

lary water in the wood was frozen at normal-atmosphere
pressuro, nence ice modification I was formed, The esqui-
librium curve betwecn this arnisotropic crystal phase and
the isotropic fluid phase in the pressure-tempcraturc
chart, according to Tammann (rofercnce 26) and Bridgcman
(roference 27) is shown in figure 18, The melting point
is seen to be so much lower as the pressure is higher; for
2200 kg/cm®, it lies at around -22°, But our own tests
have proved that the temperature of the compression speci-
mens rises during the compression test, To illustrate: In
figure 3, the mean temperature under a block during the
first test - i.e.,, with freshly cooled plates, amourted to
about -14°; but a 1500 kg/cm? pressure is enough to make
ice I melt at this tempecrature,

FProm all these facts, it is concluded that the above-
described formation of a coherent icc lattice in the wood
must lecad to melting of the ice during the compressive
stress., The consequence of this melting is a drop in the
compressive strength, as reflected on the curve in figure
17, for the frozen wood. The drop occurs at a moisturc
contont of about 85 perceant, Thecory and test data are
thus in good agrccment, The physically unusual relation-
ship between compressive strength of frozen wood and phasec
diagram of the ice is discusscd olsewhore, The frcezing-
point decrease associated with the pressure rise also
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stands out because of the sudden appearance of liguid water
despite the low temperatures, The process during the
stress is as follows A%t first the ice lattice takes .up
the principal stress; in spite of the low compressive
strongth of the ice itself, it is possible because the lat-
tice is solidly imbedded in the wood mass, The compressi-
bility of ice (reference 9) at low pressure is K = l.2 X

e cmg/kg; but, according to the discussed connections
betwecen pressure and melting point of icec I, the latter
liguifies on exceeding a corresponding temperature. Then
the wood with its low strength and great plasticity, as a
result of the maximum micelle spacing due %o swelling, and
of the suppression of the reinforcing effect of the ice
(since it melts), can again be made to share in the support.
The deformation of the wood therefore proceceds very rapidly
and after a comparatively small compression, a still un-
damaged, unmelted piece of the ice later comes into action
agoin, This play is repeated in all its details, and the
result must be a decrease in compressive strength,

421
v

i

¢ rise in comprossive strength due
om tac tochnical and physiologi-
oportional increasc itself is
very informative (fig,., 19). The curve plotted from the
test data has two hyperbolically ascending branches up to
the fiber saturation point; a point of discontinuity lies
at the previously discussed extreme moisture content, where
the surface absorption at the cellulose micelles is ended.
Above this saturation point, the curve of the proportional
strength increase is similar to that of the compressive
strength of the frozen wood., Since the compressive
strength of wood at a temperature above 0° remains con-
stant in this zone, the proportional strength incroase
must be proportional to tho strongth itself. It gshould be
rememborod that, according to carlior exporicnces, the
strength increasc was not associated with ice formation
but with a temperature drop. General data about a certain
strength increase of frozen wood witaout consideration of
the temperature are therefore just as worthless - yes,
defective - as the tests in which moisture content and
gross specific weight of the wood had not been accurately
determined, The -42° freezing tcmperature, on which the
teosts illustrated in figurc 17 have boen based, lies inm
thec neighborhood of the lowest tcmperatures to which wood
in a living tree is exposed, It also should be a signifi-
cant temperature for wooden parts of buildings and air-
crafte At slightly lower temperature, the temperature of-

Ehis brings us to
to ceoling and freoozing
el peint ‘of view, The

q K ot
o tw'd th
el T 1
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fect is less - hence the strength increase is lower, Thus,
the proportional strength increases plotted in figure 19
may be considered as upper-limit values, whereby the mois-
ture contents anticipated in the mean under different cir-
cumstances must be kept in mind, On airplane parts it
should range from 13 to 15 percent. The compressive
strength increase in this zone amounts to about 60 to 67
percent, On wood used for antenna towers, scaffolding,
platforms for ski jumping, centering, bridges, etc,, the
strength increases range from 80 to 120 percent, This ap-
plies, of course, to red beaoch only; other spocies of wood
have different gross spocific weights and must be troated
accordingly, as explained farther on., Red-beech trunks,
in the forest, have an average moisture content of 65 per-
cent; freezing of ‘hic water content at the quoted temper-
ature results in a mpressive-strength increasec of about
80 spexicenitn, « From ﬁno biological anglec, the compressive
strength is not as important, of course, as the clasticity
modulus, for a tree loaded down with snow is usually
strossed in buckling, that is, the first Buler case is in-
volved; one cnd (root svoc z) becing restrained, the other
(treetop) free, Discounting in first approximation the
variable inertia moment of the trunk, the buckling load is
proportional to the elasticity modnlus, (C£. bl e Ths.)
Moreover, freezing of the entire cross socction is likely
to be very rare, During the unusually sovere winter of
1939-40, the author obscrved freshly felled pine trunks of
from 30- to 40-centimoter diamoter in Upper Bavaria, with
up to 6~centimoter (only) ice coatings in the coenter zoncs

b) Effect of Gross Specific Weight
=3

The different gross specific weights of kiln-dried
wood.depend, as Drev1ou~13 pointed out, solely on the pore
proportion ¢, 8ince the net specific weight of the cell-
wall substance of all wood is the same - whether deciduous
or coniferous, and irrespective of habitat. Thus, from
the theoretical point of view, the compressive strength Ty

gross weight r, must De obtainable
cngth O,y of a poreless wood
i 1,50 g/cm3:

of wood with specif
from the compressiv
prism with net spec

0. = A1,z e) Ogy = OpY ro/'Y = 1y To (8)

The compressive strength is therefore exactly proportional
to the gross specific weight, In practice, this holds
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true only approximately, due to disturbing influences such
as chemical constituents which, while raising the sgpecific
weight, do not increase the strength (for instance, res-
ins) or to influences promoting compressive strength (i.e.,
comparatively high lignin content) (reference 28), or other
anatomic peculiarities., The latter act chiefly on the
shearing strength which, in the unidirectional stress coan-
dition, is -~ aside from the compressive strength - of great
importance for the break formation, Figure 20 reproduces
the rclation of a number of kiln-dried woods at room tem-
perature, along with thec scatter in consideration of the
very dissimilar ftest material, The following speciocs weore
represented:

Ealsa ro 0.082 to 0,139 g/cm®
Umbrella tree 1, <176 to G188 alen®
Albizzia o = +235 50 2T SNEAY

/|l

Pir e .388 to .427 g/cm3
Alder i .440 to .472 g/em3
Poplar ro = 443 to w468 glem®
Willow Te = o448 to 867 &fen®
Pine Te = <458 to LABEg/oms
Limba Po = 402 to EDE0 R
Maple ro = w517 Een B8 Bfén”
Walnut T, = 534 %o SHE0 TR
Ash To = «550 to .61 g/em®
Oak o = «686 Lo SABE EBiES
Red beech re = «679%0,  SROBIEY S
PO Besch - 1, = 775 to RIDTRjGN
Boxwood Ty = «864 to 889 gfcm®
Lignun vitae ro = 14268 to l.268 SiEm"
Lignostone ro = 1,322 to 143460, &fGa™

The test points were equalized by a straight line con-
formable to the method of least squares of error, With
117 expressed in g/cmz, it zave for kilan-dried wood at. t =

O .
+200, g
0, = 1640 ry (kg/cm®) eiie)
Putting T, = 1,50 g/cm?®, we get O,y = 2430 kg/em®; that

ig, the compressive strength of an ideal wood without pores,
This figure is closely approached by lignostone, according
to figure 20, :
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Next, the enumerated kinds of wood were tested in
compression at room tempcrature (three pieces of each in
every tecst scries) at approximately 10 porcent moisturc
content and water-saturated, The maximum moisture in the
water-saturated state was computed first according to equa-
tion (7), and then reproduced as accurately as possible by
repeated soaking by low-pressurc method on a Pfeiffer high-
powver vacuum pump., The results are showm in figures 21
and 22, Incidentally, we poimt beforehand to the parabola
Unax = £(r,) in figure 25, The highest moisture contents

resulting from the repeated soaking are, as a rule, very
close to the theoretical 1imit valuc; only a few, such as
walnut, white beech, boxwood and, particularly, lignostone,
which is manufactured from red beech under high-pressuro
pressing, had more or loss inforior water content, From
the measurements, the following relations bctweon compres-
sive strength and gross weight woro evolved:

.

Ogp = 1078 T3 (10)
=500 s 1 N
&t  t=800 < GdBumax = 442 Ty . (11)
(the. points for lignostone discounted)

These simple equations are not to be considered mere
empirical functions; the constant Iy = @dBu/ru computa-

ble therefrom. has, rather, a very plausible physical rea-
son, The factor originally introduced by Uonnin (refer-
ence 29) and since then having become an indispensable
characteristic for the static strength properties of a ma-
terial relative to light' design, is explained as a colunn
of the particular material and the exact length to produce
crushing under its own weight, The comparison with Reu-
leux'e conceived tearing length, the ratio of tensile
strength to gross weight, which is an informative figure
of merit for fibers and wires, suggests itself. The "stat-
¢ iieure of merit," (I, = UdBu/ru’ where dimensional

equality must be observed and absence of buckling stress
ig, of course, tacitly assumed, is logically termed the
"flattening length.," It affords values in kilometers if
the numerical value of the fraction is divided by 100,
The profound relation of these values with the moisture
content is obvious, The solidification through freezing
also can be plainly explored,
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On cooling to —420, the conhesion increases and the
compressive strength rises, TFigures 23 and 24 illustrate
the test points for wood with u = 0 and w = 10 percent
along with the equalizing straight lines, the equations of
which read:

O3p, = 1946 ¥, (12)
At t = -42

0&310 1558 e (13)
In this connection equation (4c), which exzpresses the rela-
tion of compressive strength to temperature, is indicated,
Combining this egquation with equation (8) gives:

(d4)

g = (R0O0 T AL TEEE )V

0 (o]

where I, is the static quality factor (km), ¢ the tem-
perature (°¢), and r, the gross weight per g/cm® in the
kiln-dried state., The relation shows the extent of change
of the crushing length under the effect of the temperature,

1ncr8331ng on cooling below G~ and decreasing on heating

above 0°, which brings out the relaxation and the increase
of coqes1on yery clearly The introdmection of thel yalus
from cquatiom (9) for :o suggests itself It then affords
an equation for appraising the compressive strength at any

temperature and any gross weight in the kiin-dried state,
Sut in view (ef. fig. 20) of the appreciable scattering in
connection with compressive strength and gross weight on

various woods, equatiom (14) with IO = 16,40 kilometers
is suitable for very rough appraisgals only Computing the

compressive strength of a wood of known gross weight and
securing it by test may disclose a difference of as much
ags 20 percent, On the otner hand, it is repeated that the
errors introduced by converting the strength from one tem-
perature to another with the aid of the discussed relation,
are small, '

In the unfrozen state the compressive strength of
water-saturated wood is practically equal to the lowest
possible compressive strength obtained on exceeding the
maximum swelling value, Therefore, for the compressive
strongth as such, it is immaterial whether the highest
possible moisture is roachked or the water content is lower,
provided it stays on the other side of the maximum swelling
values But:in frozen wood, the conditionscare.entirely




26 NACA Technical HMemorandum No, 984

different. Then the frozen capillary water has a direct
strength-increasing effect because 1t lines and stiffens
the cell cavities, ©Special care was therefore taken on
the pertinent tests to assure the best possible wup,x.

A1l the test points are plotted in figure 256, The follow-
ing oxplanation is appended:

The cequalizing curve does not start at zero point dut
at the compressive strength of ice which, as an extreme
case of strength, must be reached by a2 wood becoming con-
tinuously lighter with a 100-percent pore proportion,
Since the numerical data for the strength of ice is so scat-
tered in literature and not standardized, they are shown
compiled in tabdle III,

The scatter of the strength values is seen to be very
substantial (the tecst procedure certainly has a pronounced
effect); a probable value for the compressive strength of
ice is 45 kxg/ecm?®, Balsa was thelightest wood investigated,
With a gross weight of 0,075 g/cm® in the kiln-dried state,
it consists of 95 percent air ard 5 percent cell-wall sub-
stance, For oach kilogram of solid mattor, it absorbs by
complete saturation from 13 to 13.5 kilograms of water

(= 1300 percent; see 1uy,, in fig, 25). On. the strength

of this it might be assumed that tho compression strength
of such wood could not be radically different from that of
purc ice, But as a matter of fact, it is about ten times
as high, Thig is attributable to the specially beneficial
interaction between the wood structure and the ice. Pre-
sumably, the ice - which, as a result of the employed im-
pregnation method was, morcover, complectely frco of air -
has a much higher compressive strength then than in the
ordinary state, since it is enclosed between the cell
spaces of the wood. Since these cell walls have a compar-
atively very high tearing strength, they certainly lower
the compressibility of the ice. Examination of the other
test points obtained for woods with progressively increas-
ing gross weight and Lence decreasing Uup,y Ppermits some
pertinent observations up to about 0,5 g/c:m:'> gross weight
in the kiln-dried statc. Above this weight the stroangth
values drop abruptly. Its first occurrence was ascribed
to chance or to an error in measurement, and attempts were
made to prevent a repetition by check tests, But the jump
not only persisted but became even more. plain as the num-
ber of test values increased., So the first-obtained curve
for the very light and the light species of wood breaks
off suddenly and the strength of the more compact wood ap-
pears in a curve of lower location,




TABLE III

Strength of Ice

Type of ice Compressive strength Tensile strength
and 3 Source
stress kg/cm 2 at % ke/cm® at t°
Parallel To H&tte: Des Ingenieurs
at right natural 75 -11 70 %o 175 <% Taschenbuch, 26. Aufl.
angles Surface 130 Berlin. W. Ernst &
Sohm, 1936, S. 890.
Test piece of Romanovicz, H., and
distilled water Honigmann, B. J. M,
or of finely B480 to 42 tg 544l =8 14.8 to 17.0 to 24.8; -8 Zug- und Druckfes-
powdered ice with tigkeit von Eis -
distilled water Forsch. Ing.-Wes.,
Bd. 3 (1932), S. 90.
Ice of water- *
soaked snow 34 ~3+5 746 *to 2.7 tosl PN e 2B Haefeli, R., 1939 (19)
Ice of non-
distilled water - -- 2.6 1o 5.7 to 112} . <3.5
Natural icicles - - 9.5 to 12.5 t0 390 ]+ 3.5
Milky ice 40 to 80 -5 to -9 50 to 120 -5 to -9 | Bautechnisches Labora-
torium der T. H.
Clear ice 30 to 100 Munchen (briefliche

*Reference 12
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On the basis of the cited phase diagram for ice, an
explanation for this peculiar behavior is indicated, The
"ice lattice” in the wood is so much more compact and has
so much greater total cross section as the weight of the
wood is lighter - that is, the more water per unit volume
it contains when completely saturatcd, And since at the
same time the highest loads ‘are comparatively small, the
lightest woods in ice show compressiwe stresses of from
600 to 800 kg/cm®, As the gross weight rises, the ice
portion becomes less, hence the ice lattice becomes contin-
uously finer, Then, when it is observed that it results
in steadily rising stresses, it may be assumed that it con-
tributes substantially toward the absorption of the pres-
sure, By a gross weight in the kiln-dried state of around
0.5 g/em®, stresses of at least 1000 kg/cm® are reached.

For becch wood with r = 0.896 g/cmS, a theoretical com-

pressive stress in ice of morc than 3000 kg/cm2 had been
computed earlicr in thc report. Now to cach pressure (fig,
18) a melting point can be coordinated which is located as
much lower as the pressure is higher, To illustrate: For
1000 kg/cn® the melting point defines -9°, for 1500 kg/
cn2, about -14°, It was stated elsevhere that the mean
temperature under thc test pleces in the compression test
is aigher than the frcczing temperature of the wood in the
refrigerator (fig.<5). By roason of the combined action
of all of these factors, a limit ovolves which, with the
chosen tost procedure and temperaturc ranges for the pres-

ont at T, =055 g/cmz, a linmit at which tho compressivo

strosses in the ice aro sufficient to bring it to melting,
Tais naturally is acconpanicd by an imnmediate decreasc in
the breaking stresses of the frozen wood, since the sur-
rounding wood is softencd again by thec nmelting water,

This fully explains the discontinuous aspect of the curve,
but it remains to provec the thecory by an actual test,

This was acconplished as follows: The neclting point de-
pends upon the pressure and temperature, so if care is
taken to keep the temperature of the pressure plates es-
pecially low and preclude any cold losses, the melting
starts at higher pressurés than it would without these
precautionary measures, With this in mind, several tcsts
were made between pressurec plates cooled in dry ice; as
anticipated, the test points - indicated thus: 5 LE4e,
25 - fell on the continuation of the first curve. The
break was gone., In practice, of course, sucih low tempera-
tures can be reckoned with only in veéry rare cases, . Ordi-
nary freezing temperatures are not sufficient for protect-

ing frozen wood containing much water under compression
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from melting of ice in the wood under increasing stress
and hence againgst loss of strength, The problem of defin-
ing the end point in - -which the curve for water-saturated
wood must terminate by r, = 1,50 g/cm® was also explored,
This was necessary because the measurements on lignostone
(with T, = 1,35 g/cm®) gave entirely wrong figures.

The reason for this (sce fig, 25) was the impossidbility
to bring this wood, even approximately, to a saturation
moisture commensurate with its volume of pores and its mass,
Since the moisture was much below the maximum swelling
valuo, even the strength, naturally, was much too high, A4n

ideal wood with r, = 1,50 g/cm® would contain no micro-

scopic porecs, hence could absorb no free water, but merely
swell colloidally, In this cxtremec case, U, , = Upgp (FSP =
fiber saturation point). Thig holds for the frozon as

well as for the unfrozen .state, A compressive strength

of oy .. = 685 kg/cm®? was then extrapolated for a water-

gl s

saturated wood with r_ = 1,50 g/em® (fig. 22) at room

temperature, According to figure 17, the compressive
strength of frozen beoch on the fiber saturation point in
relation to nonfrozen beech is asg 2:1 at the chosen test
temperatures (+20° and -42°), This, then, affords a the-
oretical end point of around 1330 kg/cm2¢ Connecting

this point with the zero point of the axes system, the

line (- ,~ in fig. 25) illustrates the conncction betwcen
the compres s1ve strength and the kiln-dry weight of wood
frozen at -42° at the maximum swelling value, The depart-
ure of the ordinates of the curves for water-saturated
wood from the straight line of maximum swolling value gives
an indication .of the effect of the frozen free water on

the compressive strength, '

It is misleading to assume that the solidification of
ice is in all cases accompanied by a greater brittleness
(reference 5), If by brittleoness is meant the tendency of
a body to abrupt breaking under the effcct of outside
forces, without prior major form changes, the brittleness
of ice depends to a comparatively greocat extent on the type
and rate of stress as well as on the tempcrature (refer-
ence 20), On the compound body, wood-ice, tho conditions
are cven more complicated, although the illustrated cases
of failure of frozen wator-saturated spccimens indicate
that - at the chosen test conditions - the tenacity and
plastic deformability rather than the brittleness, increase,
Figure 26 shows several crushed balsa pieces, While this
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kind of wood when unfrozen, because of its particular ana-
tomical structure is almost instantaneously crushed flat

on exceeding the dreaking strength, or splintered by suffi-
cient low moisture (i,e., kiln-dried), thec same balsa wood
wator-saturatod and frozon manifests the usuval slippage
planes below 45 -~ that is, in the dircction of the maximum
shearing stresgsses, Denser wood, such as walnut or red
beoch (fig. 27), doform in the compression test, with the
characteristic bulging and flattoning of tcnacious materi-
als (such as brass),

4, THE BENDING STRENGTH OF FROZEY WOOD

Several pieces, used previously in the determination
of Young's modulus for air dryness at room temperature
and -35°, were saturated.with water as far as possible by
vacuun drying, A moisture content of 93 perceant was ob-
tained for beech, 99 percent for ash, but of only 55 per-
cent for pine., Thig, of course, is due to the anatomic
nature - that is, the presence of cells in the cited de-
ciduous trees, and the structure of closed tracheids in
coniferous wood, The water-saturatod samples were then
frozen at -35° and the Youns's modulus secured. It amount-
ed to 132,700 kg/cm?® for beech, 113,000 kg/cm? for oak
(this piece was subsequently rejected because of its
crooked fibers, shown _up at failure), 127,800 kg/cm2 for
ash, and 97,200 kg/cm“ for pine, On comparing these fig-
ures with the values of table II, it is seen that the
pieces which in water content are far above the fibor satu-
ration point, rogain the same stiffness by frcezing that
they vosscss in the air-dried state at room temperature.
Only oak showed a substantial improvement over this state;
here the ice, with its comparatively much higher elasticity
modulus (table I), is more effective.

The subsequent bending tests afforded. oyp = 1314 kg/cm®

for beech, 1080 kg/cm?® for oak, 1366 kg/cm8 for ash, and
960 kg/cm? for pine, These figures are about twice as high
as the bending strength Oypg ©of identical and oquivalent

water-saturated wood at room temperature. Of coursc, this
argument must be applicd with care, since the moisturo
content has no effect on tho bending strongth of unfrozen
wood above the fibor saturation point, but a decidecd ef-
fect on tho strongth of frozon wood. A reclationship simi-
lar to that for the compressive strength (fig. 17) might be
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asgsumed., Then the uniform moisture distribution, so diffi-
cult to achieve in a test, is of prime importance, as mani-
fested by Vorreiter (reference 5), who established the fol-
lowing stages of Dending strength with the moisture con-
tent, or better, with the ice content., For fiipy: frozen at
-140, as follows:

Ice content percent 22 1613 196 212
Bending strength kg/cm? 500 580 720 770

Thuncll's experiments (reforence 30) on Swedish pine
(w =12 ‘percont, =1y ='0.42 g/cms) gavo anoincrcaso in
vending strength of from 760 kg/cm? at +22° to 1033 kg/
& e S1eY ", "or +35,5 porcent, : :

The texture of the break in the frozon bending speci-
mens is fundamentally the same as in the unfromen ones.
The compression zone, in particular, discloses no appreci-
able difference, 3ut in the tension zone, thc room-heatecd
wood with loose fibers and fine splinters breaks, whilc
the frozon spocimens manifest substantially moro compact
wedge- or cven plate-like fracturos, The break is accom-
paniecd almost instantancously by a loud noise (fig. 28).
Unvsual also is the break on the frozon-pinc specimen (fig,
29), with perfcctly smooth trecak of the fibers in tomnsion.
On the particular pinc sample, the distancc of the neutral
f£iber from the tensod neutral axis amounted to about 6 mil-
1inctors (= 32.5 percont of spocinmoen length), from the
compresscd ncutral axis, about 13,5 ni1l idetors (= @780
percent of specimen height)., Hence the stress distribu-
tion nust differ substantially from the linear law, accord-
ing to Navier, in an isotropic bending specimen,

5. IMPACT STRENGTHE OF FROZEN WOOD

'The breaking strength under inpact - doternincd as
uwltinate impact encrgy under thoe pendulum hanmer - im wood
is subject to an unusual amount of scattering. Therefore
the attainment of somewhat reliable data on the effects of
internal or outside influences on the ultimate impact
strength of wood calls for the execution. of elaborate test
sorics and statistical intcrprotation; or, the sclection
of the material must procced along well-defined rulos and
the problem itsclf narrowly restricted, Within the frame-
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work of the present research, the second avenue of attack
was preferred - that is, laminated-wood specimens with
differoent, but perfectly uniformly distridbuted moisture
content in the hygroscopic statoc wero testod for ultimate
impact energy, The results are given in figure 30, At
fiber saturation point, the ultimate impact strength is
only about 58 percent of that of the kiln-dried state, The
scatter was quite small, A further unusual fact is that
the ultimate impact strength of laminated wood apparently
docs not dopend upon the frcozing tomperature; at least,
it could not beo proved for a tost scriocs of 13 spccimens
of laminatcd bcoch wood with an average moisture content
of 7.5 percent and cooled at -505 -4 -30° -209 and -6°,
The average ultimate impact strength of the specimens fro-
zen at -50° is 0,690 mkg/cm® and 0,684 nkg/cm? for those
frozon at ~-6°, On the contrary, Kracmer (refcrenco 31)
cstablished a marked tempeoraturc effect om synthetic resin
products,

From the technical point of view, the ultimate impact
strength is probably the most important property, since it
affords an insight into the behavior of a substance under
dynamic stresses and ~ as first proved by Monnin (refer-
ence 29) - at the same time cnablés to a certain extent a
sumnary appraisal of its clasticity and stotic behavior.
Intensified research is therefore particularly desirable
in this respect, even if the obstacles on wood are great
(reference 22), This is dictated not only by the multi-
plicity of Dbiological and chomical cffects acting on the
ultimate impact eonergy of wood - which, in part can can-
cel, in part intensify, and so bring about the aforemen-
tioned fluctuations in spite of careful sclcocection of test
specimens ~ but also by the somewhat coarse test method
with the Charpy machine, In the standardized impact tost
the cnergy roquired to broak the tost specimen is measured
(nkg) and referred to the specimen cross soction, A more
logical way would bo to rofer the impact enecrgy to the
volume of theo spocimon bectwcen the supports., Of course,
since the impact energy does not increaso in proportion. to
this volume but manifests o minimunm value for a certain
slendeorness ratio (ratio of span to specimon height), and
becomes greater again on shorter as on more slender col-
umns -~ even this method is unable to accord complete satis-
faction (reference 32).

In France, a device for approximate solution of the
bearing reaction during impact testing, has been devoloped,
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It consists essentially of a support designed as small
Brinell hardness indicator, the pressure of the wood spec-
imen in the impact test acting through a steel ball on an
aluminum rod of known hardness. The bearing force is com-
puted from the hardness number and the measured spherical
area of indentation, But how the transmission of this
force is effectuated, within what time, and whether or not
accompanied by.oscillations is, of course, impossible to
ascorbtainin thi's manner, The writerstherefore decided on
a refincd method of ultimate impact testing with the Zeiss
piczoelectric indicator, Based on a drawing of the bear-
ing on the pendulum hammer, the Zeiss-Ikon Co. designed a
pressure element, on which the bearing reaction acts on
the quartz pick-up. A more detailed description of the
test set-up and procedurc is omitted at this time pending
the publication of a detailed report of the new test methe
od-and its application to the dynamic testing of wood.

The present version should thercfore bc considered merely
aie an Jdnteorim, report which, howewars eoven ase, sueh, affords
a new insight into the processes accompanying the ultimate
impact test, Thec becaring impulseos transmitted to a quartz
crystal are transformeod in electric charges which then,
after proper amplification, control a cathode-ray oscillo-
graph, The beam of the oscillograph falls on a strip of
optically sensitive paper revolving at high speed. A4
simunltaneouslv cperating chronograph records time marks with
0,001 s distance. ZFigures 31 to 34 are specimen curves ob-
tained on frozen laminated wood. Fundamentally similar
pictures in a large number were obtained for different
woods &t different moisturec contents, ' They teach the fol-
lowing: The breaking of the wood specimens under the pen-
dulum hammer, at a spced of 4,89 mcters per second on con-
tact with the piece, occurs extremely quick, Tho breaking
stress, characterized by the maximum force transmitted to
the bearing, was reachcd within 0,00076 to 0,00113 second
on the frozen laminated specimeons, Through the striking
hammer tho bar is excited to vidrations. The first im-
pulsec which thc hammer imparts to the bar sets up a roac-
tion in the bearings within an extraordinarily short time
which, on thec average, amounts to about 75 percent of the
subsequently highest bearing force reached., The time in-
terval of this first impact is so short- that it cannot be
measured with the aid of the time marks in the diagrams,
But since a propagation of mechanical waves is involved,
the duration can be mathematically appraised. The speed
of propagation ¢ of the elongation waves in solid bod-
ies follows the equation

¢ = /B[P (15)
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where B is the modulus of elasticity (kg/cm®) and P is
the material density (kg s2/cm%). PFor the explored lami-
nated wood it amounts to

E = 168,000 kg/cm?, P = 8,15 x 107 kg s2/cm?
hence ¢ = 4,5 X 10° ecm/s or ¢ = 4500 m/s at the partic-
ular temperatures and moisture contents, This speed is
equal to the velocity of sound in the laminated wood along
the fiber, The pendulum hammor strikes in the middle of
the speocimen; that is, by a 24-centimeter span to each sup-
port the elongation waves have to travel a distance of 12
: 2% &5
centimobtens, - Qo accomplish this, <Z~g> X 40 = 0,0000245

second arce required,

But by wvirtue of the good elasticity and strength
properties of the wood the hammer is by no means able to
break the pieces immediately but recoils a little at the
first hit, Hammer 2nd test piece form a vibration system,
From the point of view of material mechanics, the damping
in the wood is significant, Danping is the amount of en-
ergy absorbed by the bar itself and obviously is so much
greater as the wood is more tenacious. Even though the
force-time diagrams recorded with the piezoelectric indi-
cator (without knowing at the same time the vibration am-
plitudes which, moreover, would have to be plotted by some
auxiliary means) afford no absolute data on the damping,
they nevertheless give a good comparative picture through
the area below the vibration curve up to the breaking
stress, The behavior of the bars can be very dissimilar,
according to this stress, that is, when the cohesion is
largely overcome, By a completely smooth break, a single
rapid drop of the pressure on the supports would have to
occur, But on wood, it almost always results in splintery
and, partially, even long-fibered breaks, so that certain
residuvary resistances must still be overcome, This appears
in the force-time chart as after-vibrations, This is par-
ticularly plain on wood which is not split in two by the
inpact test (such as good ash or hickory). The ratio of
energy change before and after breaking might also permit
certain deductions, ’

Translation by J. Vanicr,
National Advisory Comnmittee
for Acromnautics,
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Figures 31,32,33,34.- Time rate of

fluctuations
of the bearing force during the ul-
; timate impact test recorded with

Zeiss-Ikon piezo-electric indiecator
material: lamineted TBu 20,u=6.6%.
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Figure 26.- Break patterns of frozen
compression samples of
balsa wood. (W =wu_, )

Figure 27.- Break patterns of Figure 29.- Bending failure of

frozen compression a frozen (3a) and
samples of walnut and red beech a room-heated (3b) pine spec-
wood. (W= U max) imen.

Figure 28.- Break of frozen and room-
heated bending specimens.

la, ash frozen

1b, ash room-heated
2a, beech frozen

2b, beech room-heated




