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(ABSTRACT)

The increasing demand on wood and wood products, and the simultaneously decreasing quality of

wood as a raw material leads to the increasing significance of wood·based composites such as
particleboard or flakeboard. The resulting mechanical and physical properties are to the large ex-

tend dictated by the densification of the wood component. To be able to predict the density of the

material, the behavior of structural elements must be known. A theory developed for rigid plastic

foams was modified and applied to the deformation of wood in transverse compression. A testing

procedure for high strain compression over a range of temperatures was developed. In addition, a

stochastic model for prediction of high strain behavior was developed. Wood of yellow poplar

(Liriodendron tulipüera) was used as the experimental material.
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i
Introduction

The increasing demand on wood and wood products, and sirnultaneously decreasing quality of

wood as a raw material, leads to the application of wood composite materials, such as particleboard

or flakeboard. The mechanical properties of wood composites are to a large extent determined by

the density (Geimer et. al 1985). Density can be controlled during the manufacturing process. Thus

knowing the mechanisms which are responsible for density formation provides the necessary tool
to significantly control the resulting properties of the materials. This approach of tailoring com-

posite materials based on the known properties of its components has been used for the design of
synthetic fiber reinforced composites (Jones 1975, Askhenazi and Ganov 1980, Malmeister et al

1980).

Wood, being a natural material, possesses a rather high variability of properties; as a result, the

situation here is even more difficult than in the case of more uniform synthetic materials (e.g. car-
bon fibers and epoxy matrix). During the production of composite materials, wood is subjected

to high pressure under extreme temperature and moisture content conditions. When the resulting

thickness of the board is achieved, the wood is compressed far beyond the proportional limit and

is highly densified. Thus the process of pressing changes the structure and mechanical properties

of the wood components. The mechanism of flake deformation during the pressing process is basic

information which can be used for the prediction of material properties.
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Wood can be qualitatively compared with the man-made cellular foams, which have similar struc-
l ture. Rather intensive research efforts have been dedicated to the development of theories de-

scribing foam deformation charactexistics (Meinecke, Clark 1973, Gibson el al.l981, Menges and
Knipschild 1982 etc.). Those foam theories gave rather prornising results for wood (Easterling et
al.l982), mainly for lower density species, such as balsa (0chr0ma Iagopus). Ashby et al. (1985)
modelled wood as a system of hexagonal cells. A number of different materials including wood
species of different densities were tested. Although, no analysis of the results was presented, a good

W
qualitative agreement between theory and data was found.
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Objectives

The objectives of the research are:

1. Apply an existing theory developed for foams to explain behavior of wood in transverse com-pression. —
2. Examine the effect of a non·zero expansion coeflicient on the performance of the foam theory.

3. Develop an experimental technique to measure wood behavior under high strain in transverse

compression.

4. Measure the qualitative effect of temperature and moisture content on transverse compression.

5. To use Monte Carlo simulation to predict the transverse compression behavior.
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review

Compression properties of wood

There are not many works dedicated to the study of transverse compression. Most of the research

has been conducted to study the properties up to the proportional limit, whereas little has been

done in high strain regions. Schneeweiss (1961) studied the influence of specimen dimensions on l

yield stress. He found a non-linear relationship between the yield stress and volume of the speci-

men. Since the specimens were large (cubes from 45 mm to 150 mm) it was difficult to retain the
same angle of annual rings. Also, the moisture content was different for each compared dimension

(from 16% to 29.5%). Bodig (1963) studied the influence of the specimen height on modulus of

elasticity (E) and yield stress (ay). Whereas there was no difference between the values of 6,, E
increased with increased height (heights 1, 1.5, 2.0, and 3.0 inches were tested). He explained this
phenomena by the structure of wood assurning non-uniforrn strain distribution. According to this
theory, weak earlywood layers take up most of the deformation and an additional height does not

totally control the overall deforrnation. Thus the strain decreases with the height of the specimen.

If this assumption is valid, then this phenomena should not occur in homogeneous materials.

Bodig (1965) also studied the failure modes in transverse compression by defining progressive failure

Literature review 4
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of cell wall rows as a controlling phenomena. He indicated a buckling type of failure. Kunesh
(1966) studied properties of Douglas Fir (Pseudotsuga menziensiü and Western Hemlock (Tsuga
heterophylla) on 0.5, 1.0, and 2.0 inch thick specimens and different cross-sectional areas (1, 4, and
36 square inch). An increase of E and slight decrease of the proportional limit with increasing
thickness was reported. Easterling et al. (1982) studied the behavior of balsa under high strains.
A foam theory, developed by Gibson et al. (1982) was used to explain high strain behavior. Ashby
et al. (1985) did similar tests as Easterling, but studied several different species. Quite good agree-

ment between theory and experiments was found. Wingate-Hill and Cunningham (1986) and

I
Wingate-Hill and Cirowes (1987) studied the moisture content change of several species during

compression up to 40% strain. However, no stress-strain relationship was presented.

Theories developedfor foams applicable to transverse

compressiorz of wood

Wood can be considered a cellular material composed of a system of cells of different sizes. Di-

mensions of those structural elements are random variables; however, if one is interested in overall

response of the material to the applied load or strain, the whole system can be modeled in terms

of an average cell. This approach was applied by Gibson et al. (1981) who modelled cellular foam

as hexagons. Easterling (1982) and Ashby (1983,1984) have shown the applicability of this theory
‘ to wood. A brief description follows:

A regular hexagon of wall thickness t and side length 1 is used to model an individual cell. Then,

relative density of a cellular material can be expressed as a ratio of the wall area and the total area

of the hexagon (see Figure 1). The linear elastic behavior is assumed to be controlled by the

bending of the cell waH.

Literature review 5
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Figure l. Schematic model of the regular hexagon.
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Under linear elastic behavior a linear stress-strain relationship is understood and terms such as E
can be defined; then, from the simple geometrical calculation and the elastic bearn theory, the

modulus of elasticity can be expressed in terms of the cell wall E, and a relative density.

E = C1 Es Pgel [1]

where

PPrel = K [2]

where:

p = density of the foam

p, = density of the cell wall

Note: Easterling et al (1982) suggested cl = 1.0, because E = E, if p„,= 1.0.

The onset of non—linear elastic behavior is derived from the assumption of the elastic buckling of

the cell wall:

3dy = C2 E: Pre! [3]

Where:

cz = constant

The non—linear elastic behavior is based on the elastic buckling theory, where the first buckling

mode is assumed. This equation is derived in the original work by Gibson et al (1981), where the

elastic buckling of the regular hexagon was used as a model (see Timoshenko, Gere 1961). If elastic

buckling occurs first, and is immediately followed by plastic deformations, the value of the yield
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stress 6, is very close to critical stress resulting from the critical buckling load. Thus, ay can be

determined from Eq. [3]. The non·linear elastic behavior starts at point 1 in Figure 2.

If yieldir1g of the cell wall occurs, then the foam yield stress is a function of a cell wall yield stress

and relative density:

Uy = C3 ay; [4]

where cg is a constant.

If non·linear elastic behavior is assumed to be responsible for further plastic collapse of the cell

wall Eq. [5] can be derived (Ashby et al 1985).

1 _ pl/3
6 = Es Piel [ ]3 [5]1 — (Pre!TT)

. The existing theory assumes that there is no Poisson’s effect on the stress·strain relationship.

However, Papimo, Mescall and Hower (1983) show, that the cross-sectional area change is an im-

portant factor in calculating stress for metallic materials subjected to high strains. Guess and

Ericksen (1983) considered the Poisson’s ratio effect not to be negligible for Kevlar—Epoxy com-

posites with porosity up to 20 %. They also found, that the Poisson’s ratio changes as a function

of the strain. However, no theoretical explanation was given in their work. Casey (1987) measured

the thickness and width change of yellow poplar flakes isolated from compressed flakeboard. A 38

% change in thickness and only 0.48 % change in width (measured after recovery) was reported.
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Literature review 9



Effect of temperature and moisture content on meclzanical

properties of wood

Temperature and moisture content have a signiücant influence on wood properties. The relation-

ships are discussed in many citations in classical wood literature (Kollmann 1952, Skaar 1972,

Panshin and de Zeeuw 1980 , Bodig and Jayne 1982 etc.). Generally, the modulus and strength

of wood decrease with increasing moisture content up to the über saturation point, where curves

describing this relationship became flat. A temperature increase causes a decrease of both elastic

and strength properties. Zadorina and Tschemova (1965) studied the properties of Sibirian larch

(Larzbc spp.) at 8, 15, 20, and 30% moisture content and 20, 50, 80 and l00°C. A 78% decrease in

bending strength from conditions 20°C and 10% moisture content to l0O°C and 10% moisture

content was found. A similar relation was found for shearing strength. A linear relationship be-

tween temperature and those properties was proposed. Schneider (1971) studied properties of pine

sapwood (Pinus spp.) and beechwood (Fagus silvatica) after temperature treatment up to 200°C. ‘

Modulus of elasticity of both species was considerably reduced after heating above 150°C. Similar

results were obtained for crushing strength parallel to the übers. A thermal degradation expressed

as a loss of wood substance was reported to be higher for small specimens. Erinsch and Kulkevitsa

(1981) studied the properties of birch (ßetula spp.) and pine (Pinus spp.) after plasticization in

boiling water and subsequent compression to 50% strain and drying at 20, 105 and 160 °C. No
signiücant influence of post-compression drying temperature on the amount of ’spring-back' was

found for birch. Skhirando et al (1983) conducted a chemical analysis of fiberboards pressed at 9.0,

30.2, and 68.1% moisture content of übers and 190°C. The best mechanical characteristics were
obtained for boards manufactured at 30.2% moisture content of übers. At this moisture content,

lignin contained the fewest number of hydroxylic groups. As a result, this lignin kept its

therrnosetting character and was involved in über bonding. The change of the mechanical proper-

ties can be irreversible depending upon environment conditions and time (Sumi 1978). Östman

Literature review 10
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(1985) tested spruce (Picea spp.) in tension parallel to the grain up to 250°C. Moisture content
varied from 0 to 30% when temperature was below l00°C and 0% for higher temperatures. Both
modulus and strength decreased with increasing temperature for any given moisture content. From
the rate of the decrease of E and strength Östman estimated the glass transition temperature to be

between 200 and 250°C for dry wood. Ganowicz et al. (1980) studied the elastic properties of pine
(Pinus spp.) up to 60°C under different moisture content conditions (0, 15 and 30%). A linear re-

1
lationship between the E in bending and temperature with the correlation coeflicients about R =
-0.90 was found. Melcer (1985) assumed lignin and hemicellulose to be responsible for the change

of the wood properties as a result of imposed temperature and moisture. The glass transition
temperature of cellulose was assumed to be above 230°C and thus its contribution to wood sof-

tening was low. According to this theory the lignin-hemicellulosis matrix can become a viscous

fluid independently of the celluloses behavior. Hillis and Rosza (1985) applied torsion to relate the

torsional stiffness to changing temperature up to 80°C and moisture content 30%. For Pinus

radiata three regions of accelerated rates of change in twist angle under a constant torque were
found. The first softening point was defined at the temperature T = 60-70°C and was attributed to

the hemicelluloses; the second point was at T= 90-1 l0°C and was attributed to lignin. They also

defmed a third point between 70-90°C where the rate of the change of the twist angle decreased.

Differences in glass-transition temperature for wood chemical components were found responsible

for those points. Babicki et al. (1977) found that temperatures up to 50°C did not produce any

signilicant changes in mechanical properties of beech (Fagus spp.) wood heated in water. Scharr

(1986) applied torsion to spruce (Picea spp.) and oak (Quercus spp.) at a temperature range from

20 - 70 ° C and moisture content 6 · 9 %. Temperature had a significant influence on creep com-

pliance in torsion. Khrnelidze (1986) tested pine (Pinus spp.) and larch (Larzbc spp.) in tension and

compression parallel to the fibers at temperatures up to 230°C. It was found that wood behaved
as an elastic material independently of applied temperature.

Ladomersky and Pajtik (1987) considered the slope of the plateau of the stress·strain relationship

(see Figure 2, point 1-2) as a quantitative measure of the degree of plasticization. The influence

of temperature and different chernicals (including water) on transverse compression characteristics

Literature review 11



was studied. However, slope of the plateau region had a high variability (7-33%), possibly because

no density corrections were taken.

Literature review l2



1I

Material and Methods

Test specimens

To study the effect of specimen height on transverse compression, yellow poplar specimens, con-

ditioned to 12% moisture content, were cut with a cross-section of 20x20 mm and heights of 3, 6,

10, 20, 30 and 40 mm. Commercially obtained poly(methyl methacrylate) (PMMA) samples were

cut 20x20 mm in cross-section and 6, 10 and 18 mm high. These two materials represent a non-

isotropic cellular material and a homogeneous, isotropic solid for comparison purposes.

To investigate the influence of temperature and moisture on E and 6,, , specimens 20x20x20 mm

were used. Samples were cut from the mature wood region of a qua.rter-sawn board. This enabled

the suppression of the variability across the diameter. To eliminate the influence of the density,

pairs of radial (RD) and tangential (TG) specimens were randomly assigned to groups. The num-

ber of specimens required was calculated using the following formula (Walpole and Myers 1985):

.. L 2 2¤ — ( A lp) [6]

Where:
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n = number of observations

s = estimated standard deviation

A = error of the observed parameter

a = probability of type I error

ß = probability of type II error

z = value from the standard normal distribution

oz means the probability that the zero hypothesis will be rejected, although it is true. ß represents
the probability that zero hypothesis will be accepted, although it is false (see Walpole and Myers
1985).

Based on the results in the literature (Kollman 1952, Bodig and Jayne 1982) the following values
were assumed:

• s = 8

• A = 12

• oz = 0.05

• ß = 0.05

_ From the standard normal distribution tables and Eq. [6] we obtain 2,,,, = 1.96 , 2,, = 1.65 and

n = 6. Thus 6 replications were used for each group. This implies that for a property having a mean
value of 50 units and 16% variability, the prediction of the population mean based on 6 observa-

tions will be accurate within i12 units (assuming a and ß errors are 5%). A goal of this study is

a qualitative assessment rather than quantitative, therefore, we assume that n= 6 gives sufficient

information.

Material and Methods 14



To test the high strain behavior of thin specimens, flakes of approximately 1 mm in thickness and
20x20 mm in cross-section were cut and conditioned to the required moisture content. To suppress

the density influence on the properties, flakes from different locations within a growth increment
were randomly assigned to groups.

For estimating the density effect on yield stress, specimens of different thickness were cut along a
bar of 20x20 mm cross·section in such a way that there was always different amounts of early and

latewood present. This yielded a wide variation of densities from the same tree. This technique
elirninated the influence of variability in wood structure, but allowed a variation in specimen

thickness.

Note: In this work the density is expressed as a ratio of the dry weight and the wet volume. This

ratio is equivalent to specific gravity using the SI systems of units (Siau 1971). We will use the term
density with units g/cm3.

COl71pl'€SSi0ll GPPGYGÜUS

The compression testing apparatus is shown in Figures 3 and 4. A universal hydraulic testing ma-

chine (MTS) was used for compression tests. Heated platens (4) were firmly attached to the load

cell (1) and machine table (7). The loading block consisted of heated aluminum (4) which was

directly in contact with the specimen. The surface of this plate was ground smooth to within 0.025

mm. A therrnocouple was placed beneath the surface of the heated block to monitor the temper-

Material and Methods 15
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Figure 3. Schematic diagram of compression testing apparatus.
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ature. To get a uniform heat distribution, three heating cartridges were located at the upper surface
of the aluminum block. A steel block (3) was placed between the heated and cooled zone (2).
An aluminum cooling manifold (2) enabled the load cell to remain within the calibrated temper-
ature range. A stiff aluminum arm was placed between the cooling manifold and the load cell. A
linear variable differential transformer (LVDT) was attached to the arm and placed against the
strain measurement reference (8). Thus, the deformation of the load frame was excluded from the

measurement. The horizontal and parallel position of the platens was adjusted with an accuracy

of 0.05 mm.

A clip gage (see Figure 5) was designed to monitor the transverse deformation of the samples. Two

steel arms (3) were soldered to the elastic bronze ribbon (2). A strain gage (1) was bonded to the

tension and compression side. Sharp tips (4) on the ann ends prevented gage slippage on the
specirnen.

An HP 2000 Data Acquisition System was used to collect data. Time intervals between the

readings were automatically adjusted with respect to the stress rate. The calibration curve for the

clip gage is in Figure 6.

Temperature of the platens was electronically controlled with an accuracy il° C and time step 1

second. Two independent temperature control units, one for each plate, were used.

Test procedure

The strain rate was 6% per minute. This rate has been used by many researchers for tests on foams

as well as wood (Easterling et al 1982, Ashby et al 1985). For the height effect study, samples were

tested between 25x25x6 mm steel plates that were ground flat and parallel to within 0.025 mm.

To eliminate the error introduced by the inherent flexure in the testing apparatus, a compression

test was conducted on the steel plates with no specirnen present. The load—deflection relationship

of the testing apparatus was found to be linear. Thus, the deflection attributable to the apparatus

Material and Methods 18
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could be easily subtracted from the overall deflection. This error is not significant for highstrainsbeyond

the proportional limit. However, it introduces a significant error in the measured deflection é
within the elastic region of thin specimens (Wolcott et al 1988).

For tests on yellow poplar 20 mm, cubes at different temperature and MC conditions, no steel

plates were used and specimens were in direct contact with the heated surfaces. As the test time

was approximately 10 minutes, there was a possibility of a moisture content change, especially at
higher temperatures. In order to maintain a non-zero equilibrium moisture content above l00°C

the environment surrounding the specimen must be pressurized. To retard the moisture escape,

specimens were sealed into poly (vinylidene chloride) foil (SARAN Wrap 560) 0.15 mm thick.

Using this procedure a moisture content of 8% at l15°C can be maintained. As higher temper-

atures and moisture content levels require higher pressures, they cannot be reached using this

technique. Before the tests, specimens were equilibriated to the desired temperature and moisture
content, when possible. For the temperature and moisture content of 225°C and 0% MC, dry

specimens were preheated in an oven for 15 minutes at 225°C. A thermocouple was placed in the
center of several specimens to verify that 15 minutes was sufficient time for the center of a 20 mm

specimen to reach 225°C. To prevent heat conduction through the thermocouple wire, silicon
rubber was used to insulate the part of the wire exposed to the heat.

The temperature and moisture combinations studied are shown in Table 2. As no quantitative
I

relationship was sought, combinations where a glass transition temperature region could be ex-

pected were investigated.

The expansion ratio (which is equivalent to the Poisson’s ratio in the densification region) was

measured at 30°C and 12% moisture content on 3, 5, and 20 mm specimens (loaded in the radial

_ direction). Flakes were placed between two 20x20 mm aluminum plates to avoid the contact of the

gage arms with the surface of the heated platens.

Flake behavior at high strains was tested using the same procedure as the 20 mm specirnens. As

the polymer foil deformation can represent a significant error for the thin specimens, an aluminum

foil was used to retard moisture escape. Specimens were wrapped in three layers of 0.05 mm thick

foil. The deformation of the foil was neglected. This procedure was sufficient for temperatures
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below l00°C as no pressurization was necessary. Most of the {lake tests were conducted at 30°C
or 0% MC.
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Results and discussion

Eßect of specimen height

The effect of specimen height was determined using an analysis of variance. A least significance

difference test (LSD) was employed to determine the differences between treatment means at the

99% confidence level.
Despite corrections made for machine flexure, the apparent modulus (Eapp) increased with speci-

men height for both yellow poplar and PMMA (Figure 8). For PMMA samples, Eapp increased

for each specimen height tested. The Eapp of yellow poplar increased with heights less than 6 mm.

No significant difference was noted for Eapp of specimens 12 mm and higher.

In addition to Eapp, the yield stress (6,) and yield strain (ey) were studied for yellow poplar. The

effect of specimen height on ay was statistically significant as determined through analysis of vari-

ance. However, no significant differences were noted among treatment means with the LSD test.

In addition, no trend between the two variables was apparent (Figure 8). Whereas the effect of

height on 6, may be statistically significant, the effect may, in reality, be small enough to ignore.

The percent difference between the extreme treatment means was approximately 15%.
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Similar relationships of E with specimen height have been shown for wood, PMMA, and foams

(Menges and Knipschild 1982). These corroborative findings suggest that this relationship is an

anomaly of the testing technique and not a true material property unique to wood. However, from

the findings above, no statement can be made on the origin of the phenomenon.

Under the higher strains (more than 20%), the tall specimens tend to buckle because of the non-

uniform structure. The growth rings have a finite curvature which results in shear stress and mo-

ment development. As a result, no pure compression stress-state can be achieved and thus there

is a non-uniform deformation. When high strain is imposed the specimen center tends to expand,

whereas the restrained surface remains fixed. This leads to the additional shear and tensile stress

development in the edge zone and consequently cracks occur. The tendency for crack development

was observed even in 3 mm thick specimens (see Figure 9). The collapse of the cell wall can

probably contribute to crack initiation. Electron micrographs were taken from the transverse

surfaces of 20mm cubes and lmm thick flakes. No change was observed on the cube before and

after compression to 6, (see Figure 10). This coincides with the assumption of Gibson (1982) that

the elastic buckling of the cell wall controls yielding of the specimen. Thus Eq. [1] can be used to

express the 6,. In Figure ll a cross-section of the flake compressed to 60% strainiat 0% moisture

content and 125 °C is shown. One can recognize that fracturing of the cell wall occurs. This may

not be the case at higher moisture contents or temperatures, when the cell wall may be highly

plasticized.
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Effect of surface quality arzd load eccerztricity

This effect was discussed in the paper of Wolcott et al (1988). A simple model was proposed, where

surface roughness or non-parallelism are modelled as triangular (Figure 12). Surface quality may

have a significant influence on E. For example, for a specimen with a height of 5 mm, a roughness

of only 0.05 mm gives a 45% drop in E. Due to the natural structure of wood it is apparent that

the influence of the surface quality cannot be eliminated. In Figure 13 the effect of surface

roughness on E for different thicknesses is shown. One can recognize that the trends are similar to

the experimental results presented in Figure 7. The asperities are totally collapsed when the stress

is equal to 6,. Therefore, the 6, exhibited by the specimen is independent of the specimen height

as is seen in the experimental results. This also irnplies that 6, will vary with the inverse of the E.

Thus, if thin specimens or flakes are tested in compression, the values of E and 6, do not reflect the

real material property, however 6, is not affected by the specimen height.

Ejfect of deusity

Density has a significant influence on transverse compression properties. In Figure 14, 6, is plotted
against ps in the radial direction for yellow poplar. This result was obtained from the test described

above, where samples were cut along the bar. When influences such as moisture content or struc-

tural differences are suppressed, there is a high correlation (R2 = 0.99) between those two properties.

This shows a very good agreement with the proposed theory. As E does not have a significant
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Figure 13. Predicted ratio of apparent modulus (Eapp) to actual modulus (E): expressed as a function
of specimen height (h) for different surface roughnesses (r).
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i11fluence on the foam model at high strain (this will be discussed further), the relationshipbetweenp

and E was not studied and results from the literature were employed (Bodig and Jayne1982).The

analysis of variance was used to detect the statistical differences between the densities forindi-vidual
treatments means. Results are summarized in Tables 1 to 5 and Figures15-19.The

asterisk under the values in Tables 1, 3-5 means, that there in no statistical differencebetweenthe
treatments. As the radial and tangential specimens were paired, the rank of the values has the

l

same order for both directions except treatments 2 and 3. There is, however, no significant differ-

ence between the radial and tangential densities.

The total average for all treatments and directions was p,„,= 0.456 g/cm3 with the COV=6 %

which coincides with values reported in the literature for mature wood (Core et al 1978) and is

somewhat higher than the average values taken for the whole tree (Bodig and Jayne 1982, Haygreen

and Bowyer 1982).

Ejfect of the load direction

The influence of the load direction on E and ay for all treatments was studied. A significant dif-

ference between the radial and tangential directions was found for all treatments tested (see Table

2). A t·test on an a = 0.01 level was employed. Mean values of E and ay for the tangential direction

were significantly lower. This is possibly caused by the difference in the wood structure. Rays

running in the radial direction represent longitudinal elements which cause higher stiffness in this
direction (Bodig and Jayne 1982). The influence of the rays probably offsets the fact that in the

radial direction the weaker earlywood Zones deform more (earlywood and latewood are in series)

which would imply less stiffness in the radial direction.
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Table l. LSD test on dilferences between p for radial and tangential direction for yellow poplar 20 mm
cubes (a = 0.05).

I

Radial direction
Treatment 2 5 3 4 7

I p [g/cms] 0.479 0.475 0.468 0.468 0.460 0.437 0.437 0.425
EKKIKÄÄ---

_----ÄÄK-
—---m——Ä

Tangential direction
Treatment 2 3 5 4 7
p [g/cms] 0.480 0.473 0.470 0.468 0.467 0.430 0.429 0.428—Ä_———Ä“--

Asterisks in the line mean that there is no statistical difference between treatments.
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Table 3. LSD test on differences between E for radial and tangential direction for yellow poplar 20 mm
cubes (oz = 0.05).

Radial direction
Treatment 2 6 4 3 6 7
E [MPa] 680 550 537 478 404 376 254 240—“Ä—_--—-

—----ÄÄ--Tangential direction
Treatment 1 3 2 4 5 7
E [Mm} 377 274 250 227 226 143 131 ß

ÜÄ-----
—---mK-

Asterisks in the line mean that there is no statistical difference between treatments.
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E
Table 4. LSD test on differences between normalized moduli for radial and tangential direction for
ye]-lowpoplar 20 mm cubes (a= é:1

RadialdirectionTreatment
4 5 2 3 7 l

E/ps 6659 5755 5242 5108 4506 3951 3133 2380

—--I----u
-u-—-I--

Tangential direction
Treatment 1 4 3 2 5 7

E/p3 3777 2872 2621 2297 2174 1812 1311 1265

—-E----———-m_---

—--——-__-

—-:—_——--

—-----——_Asterisks in the line means that there is no statistical difference between treatments.
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Table 5. LSD test on differences between normalized yield stress for radial and tangential direction for
yellow poplar 20 mm cubes.

Radial direction
Treatment 1 2 4 6 376

/,63 87.4 79.4 77.5 71.2 64.8 57.3 39.7 22.0

_---__---

—--_-----—----__--

Tangential direction
Treatment 1 2 5 376

/p“ 48.8 44.7 44.1 38.8 33.6 32.4 21.7 14.4

—-__-----

—----__--—---__---

Asterisks in the line mean that there is no statistical difference between treatments.
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Figure 16. Modulus for 20 mm yellow poplar cubes in radial direction for the treatments listed in Table
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Figure 17. Modulus for 20 mm yellow poplar cubes in tangential direction for the treatments listed in
Table 2.
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The effect of moisture content and temperature was studied separately for both directions.Resultsare
summarized in Table 2. A least square difference test on means was employed and results

aregivenin Tables 3-5 and Figures 18 and 19. Again, an asterisk under the mean value meansthatthere

is no statistical difference for the tested level. One can recognize that there is an identicaltrendin
the moisture and temperature effect for both directions. It can be also noticed that sometreat-ments

have the same effect. In general, a high moisture content has a similar effect as a high tem-
i

perature (e.g. for E/pi MC=20% and T=60°C gave statistically not different results from the

treatment with MC=0% and T= 225°C). This can be explained by the effect of bound water

which causes the plasticization of the cell wall. Bound water interacts with the secondary linkage

between adjacent polymer molecules and as a result, the wood becomes softer. High temperature

causes greater molecular motion of chemical components in wood which causes further softenning.

The moisture and temperature influence is generally known and has been studied mostly for prop-

erties along the fibers (Kollmann 1969, Bodig and Jayne 1982). Results presented coincide with

findings of other researchers for directions parallel to the fibers.

The influence of different treatments on 6, and modulus is shown ir1 Figures 20 and 21.

Lateral expansion during the compression.

As mentioned in the literature review, there are rather contradictory opinions on the expansion of

materials subjected to high strains. To clarify this problem, several tests on different specirnen

thicknesses were conducted and expansion was measured. Typical relationships arc shown in Fig-

ures 22-25. The solid line represents the stress·strain relationship, whereas the dashed line shows
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the expansion coefficient as a function of strain. In Figure 22 a typical test result for a 20 mm cube
is shown. One can recognize that the expansion ratio is approximately 0.4-0.45 in the linear region, l

which is the value that is usually reported for the Poisson’s ratio. However, after ay was reached,

the rate of the strain in the load direction was much higher than in the lateral direction, which

caused a rapid decrease of the expansion coefficient. Tests on 20mm specimens could not be con-

ducted beyond the strains of 0.2, because of the cracks mentioned earlier.

In Figures 23 and 24 typical curves for 5 mm and 3 mm specimen are shown. A similar shape

asforthe 20 mm specimen can be observed. However, the surface restraint caused a fasterdecreaseand
a lower value of the expansion ratio in the elastic region. For high strains, the value of

theexpansionratio levels off and becomes approximately constant. The initial decrease of the expan· l

sion ratio was most likely caused by the surface roughness of the specimen as well as nonparallel

surfaces. Thus the initial measured deformation in the load direction was too high as a result of the

surface effects. As load increased, the specimen started to deform in the lateral direction. This can

be observed as an increase of the Poisson’s ratio in the linear region. This increase, however could

not take place in thin specimens, because of the strong influence of the surface restraint. The

constant value of the expansion ratio means that there is a proportional relationship between axial

and transverse strain. A curve for a flake is shown in Figure 25. This low value of the expansion

ratio, which remained constant during the entire test period was most likely caused by the surface

restraint, which did not allow the surface of the specimen to deform in the lateral direction. Since

the thickness is very low the whole cross-section is under the influence of the surface restraint and

the resulting deformation is small.

Measurements of the thickness and width of the flakes immediately after opening of the com-

pression apparatus indicate a value of the expansion ratio between 0.1-0.15. This shows that flakes

recover more in the thickness direction. Similar results were obtained for 3 mm radial specimens,

where the post-test expansion ratio was between 0.2 and 0.25, whereas values obtained during

compression testing were below 0.1.
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The situation during the hot pressing of flakeboard, however, may be more complex. At the be- l

girming of the pressing procedure the lateral expansion of a flake can be relatively high, becauseoflow

frictional forces caused by the normal stress. Also, the expansion ratio in the elastic

region(Poisson’sratio) is high. When load increases, the friction increases and results in higherrestrainingforces.

Thus, a decrease in the expansion ratio can be expected. As can be noticed fromFigures22-25,

the load causing the yielding is high enough to suppress the specimen expansion. Therefore, E
if this load is achieved during a hot pressing process, a similar response can be expected, providing Ei
that friction between flakes will not be substantially different from friction of wood on steel.

Based on the observations above, Eq. [5] can be modified to incorporate the width change, which

influences the volume and density change. The expansion change can be incorporated into the

model using a simple approach of volume change. The model is in Figure 26. The lateral expan-

sion in the fiber direction is neglected. Thus, volume change can be expressed as the area change.

The relative density p’,,, after axial strain 6 is:

_ , __ Pre!P rel °'° 1 _ 8
, The lateral expansion causes the increase of the area by the quantity n6 , which expresses the vol-

ume increase due to the expansion. Plates movement causes reduction of the area by 6,62 Since
_u = 6,/62, 6,6, = 62n Then Eq. [5] becomes:

1 ··· Pig 26 = GY [
1 _ ( Pre! )l/3 ] [6]

l - 6 + ps — #62

3ay = EsPrel

Where i
;4 = expansion ratio
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The model in Figure 26 can be improved by assuming that there is no lateral displacement at the

boundary of the specimen which is in contact with the platens (see Figure 27). A parabolic shape

of the displacement is assumed:

1 — Pig? 36 = GY [
1 _ ( Pre!

)l/3Theinfluence of different values of the expansion ratio on the relative density is shown in Figure

28. One can recognize that the non·zero expansion coefficient suppresses the rate of the change
of the relative density. Based on the previous discussion we assume the expansion ratio is not

negligible.
In Figure 29 Eq. [7] is used for prediction of the stress-strain relationship for treatments listed in

Table 2. Average values were taken for the prediction. Differences in curve shapes demonstrate

the influence of the moisture content and temperature. Curves are plotted for constant value of

4 density for all treatments.

. Testing offlakes

The results for flakes tested in the radial and tangential directions are in Table 6. Despite the ran-
dom assignment to groups, there was a significant difference between densities in the tangential

flakes for different treatments. Since the flake thiclmess was smaller than the annual ring thickness,

there is a high variance in the flake density and a larger sample size is required to account for the

differences in the density. Radial flakes, however, were consistent in the density because of ap-
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proximately the same amount af earlywood and latewood present. To suppress the densityinflu·ence,
a statistical comparison of 6, was carried out for the ratio ay/p° . Results for

radialcompression(tangential flakes) are presented in Table 7. One can recognize that as for cubes, there

is no significant difference between several treatments, which irnplies the interaction between tem-

perature and moisture content. The total average density was p = 0.417 g/cm3 with the standard

deviation s = 0.049 g/cm3.
R

Since the value of E calculated from the tests of thin specirnens has no meaning (because of surface

effects), no evaluation was conducted on this quantity. A typical stress-strain curve for a flake is

shown in Figure 25. The low slope in a linear region expresses the influence of the surface quality q
and other factors mentioned earlier.

Foam model applied to thin specimens

Sensitivity study

The sensitivity of the proposed model to different parameters was studied. As wood exhibits a high

variability of properties, knowledge of the influence of different parameters on model behavior helps

to determine which property should be studied closer. The influence of E, relative density (p„,),

6,, and ii on the model was investigated. One parameter was vaxied while the others remained

constant. Based on the literature and previous results, the following constant values were chosen:

·
pre!=•

E = 680 MPa

• 0*, = 9.0 MP3
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Table 7. LSD test on dilferences between normalized yield stress in radial compression of yellow poplarfiakes (cz = 0.05).

Radial direction
Tr<=¤¤¤¤¤¢ 5 256/63 129.0 124.1 92.5 90.4 41.8

Asterisks in t.he line mean that there is no statistical difference between treatments.
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• ,u= 0.1

The influence of E is given in Figure 30. The range of the values tested was 100-800 MPa with 100

MPa steps. One can recognize that E does not have a significant influence on the non·linear part

of the curve. Tl1is is a consequence of the model, because the ay (which is identical to the critical
buclding stress) controls the high strain behavior. The linear region is obviously controlled by the

E (see Figure 30). l

The relative density was varied from 0.1 to 0.5 g/cms. The higher the density the shorter the

pla-teauregion. Since the value of the relative density in the model is to the third power, theinfluenceis

logically high (see Figure31).The

ay (Figure 32) also significantly changes the length of the plateau. Lower ay causes alongerplateau

and higher slope in the densification region, whereas higher ay acts ir1 the opposite direction.

If ay is high, there is a higher stress required to collapse the cell wall and the stress·strain curve be-
comes steeper in the plateau region. For a low ay value, most of the cell walls collapse at a lower

stress and a greater portion of the densification takes place in the plateau region. Thus, the slope

becomes steeper because the relative density approaches unity.

As mentioned earlier, the expansion ratio causes shifting of the stress-strain curve towards high
strains, because the rate of the increase of the relative density decreases with increasing u (Figure

33). There is no large difference between u= 0.0 and ;.t= 0.1, however, neglecting this value can

cause a difference in the prediction. It remains a question, what expansion ratio should be applied

in a real situation (eg. flakeboard manufacturing). Based on our tests, we estimate it to be less than

0.1.

When the high variability of wood properties is taken into account, as well as the fact that those
i

properties are not independent random variables, a high scatter of the stress·strain curves can be

obtained from experirnents. As the density and ay are the most dominant controlling factors and
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E
as there is a strong correlation between them, the shape of the curves can be remarkably different

even within a species. Also, if thin specimens are tested (flakes), the variability in the density and

ay is higher because of different amounts of earlywood and latewood. The influence of these pa-

rameters on the predictive force of the model was studied as a stochastic process.

Quality of the model

To study the predictive quality of the model, theoretical stress·strain diagrams were compared with

the results obtained from flake testing. Each measured point on the experimental curve was com-

pared with the prediction based on Eq.[7]. Values of ,u= 0.05 and p, = 1.5 g/cm3 were taken as

constant in Eq. [7]. The error of the prediction was calculated using the formulas:

N
la (0 - a (ol —

Errorl 100 [6]
°”y,exp(i)

i=l

m |= (1) — ¤ (1)lErr0r2 = ———————l——"”"°’"""" 100 [9]
8y,exp(/·)f=l IWhere: [[

ay_„y(i) = experimental value of ay for i·th point I
ay_,,,„,(i) = predicted value of ay for i-th point E

6y_„y(j) = experimental value of strain at yield stress for j·th point

i
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.•:y_,,„„,(}) = predicted value of strain at yield stress for j-thpointEq.

[8] was used when the slope of the stress-strain curve was less then 1.0, whereas Eq. [9] wasusedwhen

the slope was greater then 1.0. Errors were calculated for each point on theexperimentalcurve.
A typical stress-strain diagram, with prediction, is shown in Figure 34. The portion

pre-dictingthe elastic behavior is based on the results from testing the 20 mm cubes (see Table 2).

Thedashedline running parallel to the x-axis represents the amount of the strain associated with a

thinspecimen.The prediction begins at the yield stress. There Errorl and Error2 are equal to

zero.Errorlrepresents the average vertical shifting and Error2 represents the horizontal shifting of the
i

theoretical curve against the experimental stress-strain relationship.

The results for the 60 specimens tested under conditions described in Table 6 were used for the

comparison. Errorl was 5.6% with a 62.0% coefficient of variation, Error2 was 11.7% with a

58.0% coefficient of variation. These results can be considered as very encouraging with respect to

the initial assumptions made for the model. Except for the value of the density of the cell wall, all

other values were determined by test and used for prediction. The average E value from Table 2

was used for the linear part. As was shown in the sensitivity study, E has negligible influence on the

prediction beyond the yield stress. The possible va.riance in the density of the cell wall may have

a significant effect on the difference between the experiment and prediction. The mean cell wall _

density p, is reported to be from 1.44 to 1.56 g/cms (Panshin and de Zeeuw 1980, Haygreen and

Bowyer 1982). Since the p„, is raised to the third power, a small change in p, causes a relatively

large change in the prediction (see chapter on sensitivity study). For example Errorl = 17.4% and

Error2= 11.8% for p,= 1.54 was suppressed to 8.9% and 3.3% using p,= 1.44. This shows the

large influence of the p, on prediction. As the values reported for the cell wall density are mean

values, the individual measurements can vary even more. However, p, is almost always an un-

known quantity. Thus, the generally accepted value of 1.5 g/cm} is recommended. Another source

of error can by the presence of cracks in the cell wall during 11igh strain deformation, a phenomenon

that is not treated by the model.

Results and discussion 68



¤¤ Ä

NcoH
I I

Q 2"‘ II·*-I 2•··— § i\ :Ä “ = 6 ' 6 I
. \ E 6 Q E- I$-4 °: “' II-. O

*5
¤-· mn
Q1 Ü np-• ä\ 2:) IU "5\ ;s.\
6 ‘*j -I-> -§
bb —-Ä .6 Q 6.

·Lu ä Q Ä
E I §‘“ ä°2 zu
H I

°" — ..-
E$-4:s I ,..
®Q l6E I : 2

I— S I „.,
S in S in S in S U7 S inLD <I" '<t* F7 CO tw ru •— •-•

( E ) S S Q J 15

Results and discussion 69



As mentioned earlier, the coefficient ia Eq. [1] is assumed to be equal to 1.0. Then thecoefficientcz

can be expressed from the known E and 6, as the strain at the yield point. The calculatedvaluesof

cz, as well as E, are given in Table 8. Since E is a function of the moisture content and

tem-peratureconditions, the same is true for E, (see Eq. [1]). However, cz does not have to follow

thesamelogic. A test of differences between cz for different treatments is shown in Table 9. One

canrecognizethat a number of differences were detected. Duncan’s multiple range test (Walpole

1985),however,did not detect any differences except for treatments 3 and 8 for the radial direction and 2

and 8 in the tangential and radial direction together. ln the tangential direction Duncan’s test gave

the same result as Tukey's (LSD) test.

If cz is considered a constant independent of temperature, moisture content and direction, it has

the value of 0.015 with a coefficient of variation 24%. The constant c2 for the radial and tangential

directions was 0.014 and 0.016 with a coefficient of variation 26% and 14%, respectively.E

s é
EI|
E|
E[
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Table 9. LSD test on differences between cz for radial and tangential direction (¤z= 0.05).

Radial direction
Treatment 3 2 6 4 1 7

0.0191 0.0162 0.0137 0.0135 0.0133 0.0129 0.0127 0.0092
—___H1-----—-—_Ä______Ä-

Tangential direction
Treatment 2 6 7 4 31ez

0.0196 0.0183 0.0182 0.0174 0.0157 0.0129 0.0128 0.0114—-__-___K---

Tangential and radial direction
Treatment 2 5 3 7 41ez

0.0175 0.0162 0.0160 0.0156 0.0150 0.0145 0.0131 0.0100
—__Ä__-___--1

QÄXHHÄÄHHÄ—-K__ÄK____-

Asterisks in the line means that there is no statistical difference between treatments.

I
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Model

Wood as a natural material exhibits high variability of properties. This variability is controlled by

many factors starting from the variability between species to the variability within species, trees,

position in the tree, etc. ( Panshin and de Zeeuw, 1980 ). Whereas the variability between species

can be eliminated by defrning properties for each species, the lower sources of variability cannot

be neglected. As has been shown by a number of researchers (Kollmann 1951, Pansl1ir1 and de

Zeeuw 1980, Bodig and Goodman 1972, Bodig nad Jayne 1982) there is a relationship between the

mechanical properties and the density, or between the mechanical properties mutually. In other

words, these properties are not statistically independent random variables. This means that any

particular variable cannot take an arbitrary value, but must be correlated with others. Bodig and

Goodmann (1972) related the elastic properties of different woods to the density. Bodig ar1d Jayne

(1982) report the relationship for strength properties in the following form:

Y = apb [10]
1Where: i

Y = property as a dependentvariablep

= density at dry weight and wet volume {Stochastic Model 73 I



Whereas b is close to 1.0 for E in bending (linear relationship), b = 2.25 was found for 6,. A
,

correlation coefücient R2 = 0.96 for 6, and R2= 0.965 for E were reported. Bendtsen and

Gal1igan(1979) studied the properties in transverse compression for different hardwood and

softwood species. An R2= 0.89 for cywas reported. Although some skewness was found in the

data, a normal model for the analysis was used.

Contrary to these results, Schniewind and Gammond (1978) found very low correlation between

density and mechanical properties for diger pine (Pirzus spp.) (R2=0.05·0.38). However, exper-

iments were performed on green wood and the coefücient of variation of moisture content was be-

tween 23 and 63%. This obviously overlapped the influence of the density despite the fact that

most of the tests were conducted above the über saturation point.

In recent studies of mechanical properties of wood, a log-normal or WeibuH ( Weibull 1955 ) dis-

tribution were applied. However, the normal distribution approach still gives a good prediction for

many applications. In fact, most of the data available are described by the ürst two moments (mean

value and standard deviation) which fully deünes only a normal distribution. Some studies also

indicate no substantial differences between distributions applied to the data (O' Halloran et al 1988).

lt is understood that the normality assumption does not have to fully reüect the reality. However,

it has been shown that a normal distribution gives satisfactory results for the properties discussed

(Bodig and Jayne 1982).

To account for the natural variability, a stochastic model is introduced to simulate the scatter of the

data. Thus, the expected reliability of the prediction can be studied. The simulation procedure can

be used, not only to predict the single specimen behavior, but also to estirnate the parameters for

the population.
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Tlzeoreticalbasisl
The Monte Carlo procedure described by Rubinstein (1981) was used to sirnulate the data and the

stress·strain relationship. A polar method (Knuth 1969) was involved to generate random numbers.

The algorithm is as follows:

1. Generate two sets of independent random numbers U1, U2, and V1, V2

V1 = ZU] — 1 [11]

V2 = 2U2 — 1

V1 and V2 are uniformly distributed between -1 and + 1 (random points unifomily distributed

inside the unit circle). U1 and U2 are distributed between 0 and 1.

2. Calculate a square of the magnitude of the random vector with components V1 and V2

r s=ü+@ pm

if S21 then repeat steps 1 to 2

3. Compute two normally distributed variables

X1 = [13]

X2 [14]

4. To obtain the dependent normally distributed random variables the following formulae are

used:

Y1 = il "l" Sl X1
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X2) [15] i

Where:

E = mean value ( mean estimate )

s = standard deviation

R = correlation coefficient

This procedure can be used to generate any number of correlated normally distributed random

variables (see Knuth 1969). Here we assume that E and ay are positively correlated with the specific

gravity. Thus the procedure can be easily modified to generate the third statistically dependent
variable. The listing of the simulation program is enclosed ir1 Appendix B.

As a result of the simulation procedure, a set of values of E(I), 6, (I) and p(I) is obtained (I is an

I·th variable). For each set a theoretical stress-strain curve can be plotted and a statistical evalu-

ation can be canied out. Thus, if statistical parameters for those three variables are known (mean
I

value, standard deviation and coefficient of correlation) prediction characteristics can be studied.

This enables an estimate of the statistical characteristics describing the response of wood to the

applied strain. Therefore, the average densification stress and densification strain, as well as dis.-

„ tribution characteristics and confidence intervals, can be predicted.
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Monte Carlo simulation f

For the Monte Carlo simulation the following parameters of random variables were taken as inputs: E

Density g/cm’ 0.420 0.050

These values represent the estirnate of parameters for 30°C and 12% moisture content tests. The

correlation coefiicient between the density and 6, was 0.9, and between density and E it was 0.7.

A thousand values of p, 6, and E were generated. Scattergrams for mutual relationships between

variables are shown in Figures 35-37.

The resulting correlation coeflicient for the E-6, relationship was 0.62. The probability density

functions are plotted along with the histograms representing two random variables are in Figures

38-40. A statistical analysis of the means as well as a regression analysis, were performed.

The impact of the variability on the prediction of the transverse compression behavior is illustrated

in Figure 41. The solid line represents the average expected response for 1000 measurements.

The two dashed lines nearest to the solid line represent the 99% confidence interval for the means.

This indicates that if random samples of 1000 replications were drawn from the population, then

99% of the means would lie between these two lines. A single measurement, however, can fall into

a much broader range, which is represented by the two dashed lines furthest from the solid line
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(99% confidence interval for a single measurement). The values for the 99% confidence intervals Ä

are in Table 10. l

The Monte Carlo procedure can be used to simulate the uniformity of the densification across the

density gradient in a flakeboard. One can recognize, that for a given level of stress some flakes will

be highly densiiied, whereas some can still be elastically deformed. Thus this procedure offers, not

only the qualitative image about the high strain deformation mechanism, but also the possibility

of quantifying the expected density gradient. However, the vertical and horizontal flake distrib-

utions should be studied, which is beyond the scope of this work.

I
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1

Table 10. Results from Monte Carlo simulation.

Single Value
Variable N Min Mean Max
Density 1000 0.29 0.42 0.55

E 1000 403 682 961
5.33 8.96 12.59

Mean Value
Variable N Min Mean Max
Density 1000 0.415 0.420 0.423E EK 675 662 EHÄIEK 666 666 EH
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Conclusions ;
n

Compression behavior of small yellow poplar specimens in the transverse direction was studied.

A testing procedure for thin wood specimens was developed and the application of the theory de-

veloped for rigid plastic foams was studied. Based on the analysis of the experimental results, the

following conclusions can be drawn:

l. The modulus of elasticity in transverse compression is dependent upon specimen height and

increases with the specimen height. This is a geometrical phenomenon rather than material.

2. The yielding of wood under transverse compression is most likely caused by initial buckling

of the cell wall and does not show any trend relating to the specimen height.

3. There is a lateral expansion during the high strain deformation. The expansion coefficient

decreases rapidly at the yield point and remains approximately constant. The value of lt is

slightly larger for thicker specimens, presumably because the constraint at the surfaces has an

influence.

4. A modified foam theory gives good agreement with the experimental data for the temperature

and moisture contents studied. Yield stress, density and E must be known as input parameters.
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The model is quite robust against variation in E, but sensitive to p and ay variation. Both 'F
quantities are relatively easy to measure. |

F
F

5. Yield stress and p are random statistically dependent variables. A Monte Carlo procedurecanbe

used to simulate the transverse compression behavior.
g
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Appendix A. Two dimensional model of cellular

material

Here a theory developed by Gibson et al (1982) is presented in abbreviated form. A regular

hexagon is assumed.

The two dimensional model is based on the assumption that a foam can be modelled using an

average cell representing the overall foam response to loading. The derivation is based on the ge-

ometry in Figure 42. The relative density of the hexagon can be expressed as the ratio of the area

of the cell wall and the total area of the hexagon:

2 h I IL. = ._.;..LM,... [A I]P: 2 cosä (h/I + sm 0)

where: h = height of the hexagonsideI

l = length of the hexagon side I

t = thickness of the cellwall6

= angle between the hexagon wall and the horizontal I
p = foam density I
p, = wall density I

I
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I
For a regular hexagon with 8 = 30° and h=l Eq. [A1] becomes: •

..L -L.1..prel" ps

IWhere:p„, = relative density

The linear elastic response is modelled as the elastic bending of the cell wall. Shear deformations

and axial extension or compression is neglected and small deformations are assumed.

If a stress 61 is applied., then from the equilibrium condition the vertical reaction C = 0 (see Figure

43) and the bending moment is:

M = ä P I sin H [A3]

Where:

P=6I(h+l sin6)b [A4]

The cell wall deilects by:

_ PI3 sm 66 _
l2E_,l [A 5]

Strain from the component 6 sin 0 parallel to the direction l is:

6 5,,,6 ¤,(h+1s1n6)b1’s1n62 A6sl - I cos8
—

12EsI cosß [ II

Then the Young’s modulus is:
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°' 1Ei = z‘ [A7] l

For a regular hexagon with 9 = 30°, moduli for directions 1 and 2 are the same. Then from

Eq.[A7]weget:4

P 3 ?[A8]The

elastic buckling of the cell wall allows further large deformations at almost constant load. It

has been observed that the buckling mode is similar to that illustrated in Figure 44 (Gibson et al

1982). Beam BE acts as an Euler column constrained by rotational springs at both ends. For the

critical buckling load we get:

r121c2Es
Per =

__-°§‘— [A9]
I

Where: nz = the end constraint factor, which is a function of the stiffness of the rotational spring

The buckling stress can be then expressed:

PC, 1;,:3,:21:2
"¢"‘z1bc¤S6‘6,,,2c„„ [A10]

For a regular hexagon with h=1 and n= .343 Eq. [A10] becomes:

del = c2Esp?eI [A 1 1]
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If the material of the cell wall exhibits a plastic yield point, the structure will collapse plastically if

a plastic moment is reached. Since we assume a regular hexagon, we can take any of the two di-

rections for the derivation. If the loading in the direction 1 is taken (see Figure 45) then theworkdone

by the force is: I
I

P
I

P=al(h+ Isin9)b [A12] 'I
I

Plastic work done at hinges A,B,C,D equalsz l
I

4Mp¢>2 261b(h+I sin9)d>I sinü [A13]

\Vhere :

H = plastic rotation

Mp = fully plastic m.oment of the cell wall in bending

MP cry b Z2

ey = yield stress of the cell wall material

2
< —l¢Q-;--—- [A 14](GOPI- 2 l(h+ I sin H) sinü

Calculating the maximum moment in the beam and equating it to MP we get:

Mmax=%6l (h + Isinü) blsinü [A15]

from which:
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ay I2
1(GOPIZ2I(h+I sin 9) sinß [A 6] E

Then from Eq. [A14] and [A16] weobtain:i

U = i—""''< > °" Z2 [A17]2 pl 2 I2 cos 02

Again, for regular hexagon:

2 [A18]

Upz = C2 U

Ashby et al (1985) postulated that the elastic buckling was controlling phenomenon in foam non-

linear behavior. The relative density after a nominal compressive strain 6 is expressed as:

P(=) _ L 1
Ps

_ Ps(l—s) [A19]

Where: -%= initial relative density

Densification is complete, when p(a)/p,= 1 and when the strain is:

Psr: 1 " 7;
Length of the edges which are about to buckle is given by:

1 _ (BEL )1/3
I(~*=) = lo *——&“L{[g* [A20]

1 " (P [Ps)
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Eq. [A20] is based on a distribution of cell edge·1engths and angles and no closer explanation is

given by the authors. Using Eq.[Al9], Eq.[A20] can be expressed:

_ Pre! 1/31 ( (1- s) )
[(8) = [0 ——·—*;jg"*‘— [A21]

1 " Pre!

Combining Eqns. [A9], [A10], A[ll] and [A21], Eq.[5] at page 9 can be derived.

i
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Appendix B. Geometrical approach to the tlerivation l

of the expansion ratio for cellular material

Here a simple geometrical approach is used to derive the expansion ratio as a function of the axial

strain. Geometry of the regular hexagon is shown in Figure 46. To keep the derivation simple,

plastic hinges are assumed. When the hexagon is loaded in the direction l, the axial displacement

can be expressed as:

6, =I(%—sin a) [A22]

Lateral displacement as:

./F62=I(cosa—T) [A23]

and strains 6, and 6, as:

- 66, = -4 [A24]
I
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Z•

2

From which the expansion ratio ll can be obtained:

„/F
2( cos 6: — —é-—)

u =*1,*** [A25]
E' — Sm tx)

This approach defmes :4 up to 6, = 0.5. At this strain the hexagon becomes a quadrilateral and

further assumptions should be made.

If the hexagon is loaded in the direction 2, following derivation can be carried out:

6, = — ——l [A26]1,/E/2

. J?
6: = arcsin( h/I) = arcsm(-7-(1- 6,)) [A27]

Lateral strain 6, is:

2 I — I 262==cos6:—% [A27]
2 — + 22

and expansion coefiicient is:

82u = — q [A28]

For a cylindiical cell we assume no cell wall elongation during the deformation ( no change in cir-

cumference ). An elliptical shape after deformation is assumed. The circurnference of the ellipse

can be expressed by approximate formula (Rektorys 1981):
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0:1r[l.5(a+ b) —„/ab] [A29]

Where:

a · semi-major axis

b - semi·minor axis

Let a=b= 1.0 before deformation and apply strain 6, in the direction of b-axes. The new axis

length is:
l

b' = 1 - 6, [A30]

and circumference after straining is:

0’z1z[l.5(a'+ 1 -6,)+./a’(l -6,)] [A31]

Eq. [A31] is solved numerically for a' under the condition o’= 0. Results for different models are

shown in Figure 49. If a buckling of the ring is assumed first, the axial and radial deflections can

be expressed (Timoshenko, Gere 1961) as:

Ab=Pl)i(¢r——-fi) [A32]4El "

3- JL .9. -Aa - P ZE] ( T, 1)

which for a=b=1.01eadsto u = 0.918.
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Appendix C. Computer program for Monte Carlo

simulation

Appcndix C. Computer program for Monte Carlo simulation ll0



1 I
2 I I
4 I SIMULQTION OF TRRNSUERSE COMPRESSION BEHQUIOR OF UOOD I
5 I
6 I
7 I Bohumil Kasal I November 1988 I UPI&SU
8 I
9 I I
18 I This program uses Monte Carlo procedure to simulate the compression I
11 I behavior of wood. I
12 I Density, yield stress and MOE are dependent random variables. I
13 I To use this program following guantities must be known: I
14 I 1. Mean values for all three variables I
15 I 2. Standard deviations for all three variables I
16 I 3. Correlation coefficient between density and yield stress I
17 I and density and MOE. I
18 I Normal distribution of the variables is assumed. I
19 I Program is based on:
28 I l.Knuth, Donald E. (1989) The art of the I
21 I computer programing. Uolume 2. Seminumerical I
22 I algorithms. Reading. Mass. 8ddison—Uesley. I
23 I I
24 I 2.Statistical library for the HP Series 288 I
25 I computers. Manual Part No. 98828-1311l. I
26 I Hewlett—Packhard Co. 1982. Fort Collins I
27 I Colorado. _ l
29I38

RGNDOMIZE
188 DIM C$[3l,N$l88l
435 I

‘
436 I REGDING DRTQ FOR THE SIMULRTION
437 I ---·----—·---—-·—-·--——--—-·--—-—-------·——-·—·——·-——--~—--·-··—-——————
438 I
439 Seed=RND*18888^(18*RND)
448 RRNDOMIZE Seed
442 DQTO 18,.7 I N=number of runs Rho=correlation coeff.
443 REQD N,Rho I between the density and MOE

_ 444 DRTQ .42,.842 I Mean1=density Sd1=standard deviation
445 REQD Mean1,Sd1
448 DRTR 888,98 I Mean2=MOE Sd2=standard deviation
447 REQD Mean2,Sd2
448 DQTQ 9,1.2,.98 I Mean3=Yield stress Sd3=standard deviation
449 REQD Mean3,Sd3,Rho3 I Rho3=correlation coeff. between the density
458 GOT0 458 I and yield stress
451 I
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1

452 !
454 IF (N<1) OR (Rho<=0) OR (Rho>=1) THEN 434
458 CQLL Set_up1(N,Seed,HeanI,Sd1,Mean2,Sd2,Rh0,Hean3,Sd3,Rho3)
460 DISP "PROGRQH COHPLETE.“
465 End: END
470 SUB Set_pp(N,Hean1,S1,Nean2,S2,Rho)
480 RQD
485 !
490 QLLOCQTE Y1(1:N),Y2(1:N)
495 Repeat: Repeat=3
500 FOR I=1 TO Repeat
502 Seed=RND*2^31—1
505 RQNDOHIZE Seed _
515 COLL Random_norm2(N,Mean1,Hean2,S1,S2,Rh0,Y1(*),Y2(*)1
520 COLL Mean(N,Y1(*l,Nean)
525 CRLL Standard_dev(N,Yl(*),Sdl
530 PRINT USING 535;Seed,Hean,Sd
535 IMRGE /,"Seed:“,12D," Hean1:",3D.3D;“ Std.Dev1:",3D.3D
540 CRLL Hean(N,Y2(*),Nean)
545 CQLL Standard_dev(N,Y2(*),Sd)
550 PRINT USING 555;Hean,Sd
555 IHQGE 14X," Nean2:",3D.3D,“ Std,Dev2:",3D.3D
560 CRLL C0rre1ation(N,Y1(*),Y2(*),CcoeFP)
565 PRINT USING 570;Ccoe§P
570 IMQGE 7X,"Correlation Coefficient¤“,3D.3D
575 NEXT I
580 SUBEND
585 SUB Nean(N,X(*),Hean}
595 RQD
600 Hean=0
605 FOR I=1 TO N
610 Mean=Hean+X(Il
615 NEXT I
620 Hean=Hean/N
625 SUBEND '
630 SUB Uariance(N,Hean,X(*),Uariance)
640 RQD
645 Uariance=0
650 FOR I=1 TO N
655 Uariance=Uariance+(X(Il-Meanl^2
660 NEXT I
665 Uariance=Uariance/(N-1)
670 SUBEND
675 SUB Standard_dev(N,X(*),Sd)
685 RQD
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690 IF N<2 THEN SUBEXIT
695 Temp_é0
700 Sumx=Temp_
705 Sumxx=Temp_
710 FOR I=1 TO N
715 Xi=X(I)
720 Sumx=Sumx+Xi
725 Sumxx=Sumxx+Xi*Xi
730 NEXT I
735 Sd=SQR((Sumxx—9umx*Sumx/N)/(N·1))
740 SUBEND
745 SUB·Rand0m_norma1(N,X(*))
755 RQD
765 Baddata=N MOD 2 OR (N<1)
770 IF NOT Baddata THEN Begin
775 Error: PRINT FNLin$(2);"ERROR IN SUB Random_norma1."
785 IF N MOD 2 THEN PRINT "N MUST BE EUEN."
790 PRINT "N: ";N
791 CONTROL 2,2;0
795 PQUSE
796 CONTROL 2,2;1
800 GOTO 765
805 Begin: FOR I=1 TO N/2
806 RQNDOMIZE
810 P1: U1=RND
815 U2=RND
820 U1=2*U1—1
825 U2=2*U2-1 _
830 P2: S=U1*U1+U2*O2
835 P3: IF S>=l THEN P1
840 P4: Temp=SQR(·2*LOG(S)/S)
845 X(I*2-1)=U1*Temp
850 X(I*2)=U2*Temp
855 NEXT I
860 SUBEND
865 SUB Random_norm2(N,Mu1,Mu2,Mu3,Sigma1,Sigma2,Sigma3,Rho,Rho3,Y1(*),Y2(*),Y3(
*1)
875 RRD
880 DIM Temp_(1:2)
885 IF (Sigma1>0) GND (9igma2>0) THEN 910
890 PRINT FNLin$(2);"ERROR IN Random_norm2. SD<=0.";FNLin$(2)
891 CONTROL 2,2;0
895 PQUSE
896 CONTROL 2,2;1
900 GOTO 885
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E

910 IF NOT (N HOD 2) THEN 945
915 IF N<>1 THEN CHLL Random_n0rma1(N·1,Y1(*))
920 IF N<>1 THEN CRLL Rand0m_norma1(N·1,Y2(*))
921 IF N<>1 THEN CBLL Random_norma1(N-1,Y3(*))
925 COLL Random_normal(3,Temp_(*))
930 Y1(N)=Temp_(1)
935 Y2(N)=Temp_(2)
936 Y3(N)=Temp_(3)
940 GOTO 960
945 COLL Random_n0rma1(N,Y1(*))
950 CQLL Rand0m_n0rmal(N,Y2(*))
951 CQLL Random_norma1(N,Y3(*))
953 Temp=5QR(1-Rho*Rho)
954 Temp1=SQR(1·Rho3*Rho3)
956 FOR I=1 TO N
957 Y2(I)=Nu2+Sigma2*(Rho*Y1(I)+Temp*Y2(I))
958 Y3(I)=Hu3+Sigma3*(Rh03*Y1(I)+Temp1*Y3(I))
965 NEXT I
975 FOR I=1 TO N
980 Y1(I)=Sigma1*Y1(I)+Mu1
985 NEXT I
990 SUBEND
995 SUB Corrc1ation(N,X(*),Y(*),Coc§f)
1005 RND
1010 Temp_é0
1015 Sumx=Temp_
1020 Sumy=Temp_
1025 FOR I=1 TO N
1030 5umx=Sumx+X(I)
1035 5ump=Sumy+Y(I)
1040 NEXT I g1045 Xmean=Sumx/N i1050 Ymean=Sumu/N E
1055 T6mp_?0 I
1060 Sumx=Temp_ E
1065 Sum9=Temp_ E
1070 Sum=Temp_

E I1075 FOR I=1 TO N E
1080 Sumx=Sumx+(X(I)—Xmean)^2 I
1085 Sum9=Sumy+(Y(I)-Ymean)^2 E
1090 Sum=Sum+(X(I)-Xmean)*(Y(I)-Ymean) E
1095 NEXT I I
1100 C0eFf=Sum/(SQR(Sumx)*SQR(Sum9)) E
1105 SUBEND 1
1110 SUB Set_up1(N,Seed,Hean1,Sd1,Mean2,Sd2,Rho,Mean3,Sd3,Rho3) E
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1120 RBB
1125 I
1130 QLLOCOTE X(1:N),Y(1:N),Z(1:N)
1131 Seed=(RND*1000)^(RND*10)
1135 RQNDOHIZE Seed
1145 PRINTER IS 1
1150 CRLL Random_norm2(N,Hean1,Hean2,Hean3,Sd1,Sd2,Sd3,Rho,Rh03,X(*),Y(*),Z(*))
1151 COLL Foamp1ot(N,Mean1,Hean2,Hean3,Sd1,Sd2,Sd3,Rho,Rho3JX(*I,Y(*3,Z(*))
1165 PRINTER IS 1
1170 COLL Print_fi1e(N,X(*I,Y(*),Z(*))
1175 SUBEND
1415 SUB Print_£iIe(N,X(*),Y(*),Z(*II
1425 RQD
1430 DIN C$I3I,Fi1eSl201
1435 LINPUT "UOULD YOU LIKE TO SQUE THE DQTQ SET? (Y/N)";CS
1440 CRLL Yesno(C$,YnF1ag)
1445 IF Yn£1ag=2 THEN SUBEXIT
1450 IF YnFIag=3 THEN 1435
1455 LINPUT "ENTER FILE NQNE. E.G.: FiIe:INTERNOL ?",Fi1e$
1465 ON ERROR GOTO Recovery
1470 QSSIGN @FiIe1 TO Fi1e$
1475 OFF ERROR
1480 GOTO 1515
1485 Recovery: IF ERRN<>56 THEN Error
1495 CREOTE BOOT FiIe$,3*N*10/256+1
1505 RSSIGN @Fi1e1 TO FiIe$
1506 OFF ERROR
1510 GOTO 1555
1515 LINPUT "FILE QLREQDY EXISTS. OK TO URITE ON IT? (Y/N)",C$
1520 CBLL Yesno(C$,YnF1ag)
1525 IF Ynf1ag=2 THEN 1435
1530 IF YnfIag=3 THEN 1515 _
1535 ON ERROR GOTO Errorl
1555 OUTPUT @File1;X(*)
1570 OUTPUT @FiIe1;Y(*)
1571 OUTPUT @Fi1e1;Z(*I
1580 QSSIGN @File1 TO *1585 OFF ERROR
1590 DISP "DQTB HRS BEEN STORED SUCCESSFULLY. ";
1595 SUBEXIT
1600 Error: PRINT FNLin$(2);"ERROR";ERRN;"IN SUB Print_fi1e."
1610 OFF ERROR
1615 GOTO 1435
1625 Errorlr IF ERRN<>59 THEN Error
1630 PRINT FNLin$(2);"SORRY, FILE IS NOT LBRGE ENOUGH."
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1635 PRINT "I SUGGEST THQT YOU CHOOSE Q NEU NQHE GND I UILL CRERTE THE FILE FOR
YOU.";FNLin$(2)
1640 GOTO 1435
1645 SUBEND
1650 DEF FNLin$(INTEGER X)l 1655 INTEGER I
1660 IF X=0 THEN RETURN CHR$(13)
1665 Eo1$=CHR$(13)&CHRS(l0)
1670 IF X<0 THEN Eol$=CHR$(10)
1675 RLLOCQTE R$[X*LEN(Eol$)!
1680 R$=""
1685 FOR I=l TO X
1690 R$=RS&Eol$
1695 NEXT I
1700 RETURN RS
1705 FNEND 1
1710 DEF FNSpa$(INTEGER X)
1715 INTEGER I
1720 QLLOCQTE R$[X+(NOT X)!
1725 R$=""
1730 FOR I=1 TO X
1735 R$=R$&CHR$(32)
1740 NEXT I
1745 RETURN RS
1750 FNEND 1
1760 SUB Yesno(C$,YnF1ag)
1770 IF (C$11,l!="Y") OR (C$[1,1!="p") THEN
1780 Ynflag=l
1790 ELSE
1800 IF (C${1,1!="N") OR (C$[1,1!="n") THEN
1810 YnFlag=2
1820 ELSE
1830 Ynflag=3
1840 END IF
1841 END IF
1850 SUBEND
1860 SUB Foamplot(N,Mean1,Hean2,Nean3,Sdl,Sd2,Sd3,Rho,Rho3,X(*),Y(*),Z(*))
1870 1
1880 1
20002001

9*+*** FOQMPLQT ****1**4*q

20022005 1
2006 1 Q Foam theorp developed bp Gibson and Qshbp is used to predict the!
2007 1 wood behavior under the perpendicular to the Fibers direction. 1
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2008 I Stress—strain curve is derived as a Function of the density. I
2009 I Modulus of elasticity and yield stress can be also predicted, but I
2010 I it is more accurate to use these parameters as an input. I
2011 I Unlike the original theory, this model consider the Poisson‘s I
2012 I Ratio non-zero value. Poiss0n‘s Ratio is expressed as a Function I
2013 I of the strain (curve 1 and 2), constant (curve 3) and zero (4). I
2014 I This is a significant differnce from the original theory where I
2015 I this ratio was considered to be zero. I
2016 I
2022 DEG
2025 GINIT
2029 I
2058 I
2060 8egin:GR8PHICS OFF
2062 GROPHICS ON
2063 FOR Z1=1 TO 2 ISecond time through For hardcopy
2064 Stress_max=50
2066 Strain_max=1
2067 Device=3
2068 Device$="INTERN8L"
2069 GOSUB Plot
2076 IF Z1=2 THEN
2077 Qns$=“Y"
2078 END IF
2081 Quest:INPUT "Do you want a hard copy?",Ons$
2082 IF Ons$="n" OR Rns$="N" THEN Quit
2083 Device=705

° 2087 Device$="HPGL"
2088 GOSUB Plot
2563 NEXT Z1
2564 Quit:I
2565 PEN 0 .
2566 GRQPHICS OFF
2569 STOP
2570Q=:==========s==:=======:=======:=:======:===:=:::=:===::::===:==:=====
2579 I
2371 g====================„======„=================„„==========
2872 I · Plotting subroutine
2873 Iooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
2874 Plot: OUTPUT KBD;"iK"
2875 GINIT
2876 GCLEOR
2877 LINE TYPE 1
2878 PLOTTER IS Device,DeviceS
2879 PEN 1
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i

2882 LORG 6
2883 HOUE 8,58
2884 LDIR 98
2885 LORG 6
2886 LQBEL "Stress (NPa)"
2887 LDIR 8
2888 NOUE 65,5
2889 LORG 4
2888 LQBEL "Strain"
2891 CSIZE 4,.5
2892 NOUE 65,85
2893 LORG 6
2884 UIEUPORT 15,128,15,98
2895 FRQME
2896 UINDOU 8,Strain_max,8,Stress_max
2897 QXES .81,Stress_max/18,8,8,5,2,3
2898 CSIZE 4,.4
2899 LORG 9
2988 UIEUPORT 3,128,15,88
2981 FOR I=8 TO Stress_max STEP Stress_max/18
2982 NOUE .18,I
2983 LQBEL I

l

2984 NEXT I
2985 UIEUPORT 15,128,18,98
2986 LORG 4
2987 CSIZE 3.5,.5
2988 FOR I=8 TO Strain_max STEP .18
2989 HOUE I,8
2918 LRBEL I
2911 NEXT I
2912 UIEUPORT 15,128,15,88
2913 l
29232933

§* PLOTTING ***

29432945 Hu=.2
2953 FOR I=1 TO N
2954 St=.81
2956 ! PRINT "DENS=",X(I),"Y.S.=";Z(I),"HOE=";Y(I)
2963 HOUE 8,8
2973 DR88 Z(I)/Y(I),Z(I)
2976 X(I)=X(I)/1.5
2977 EpS1=(Z(Il/Yllll
2978 K=8
2983 FOR Eps=(Z(I)/Y(I)) TO 1 STEP St
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2984 K=K+1
3023 5igma=Z(I)*((1-X(I)^(1/3))/(1-X(I)^(1/3)/(l—Eps+K2/3l*Ep6*Mu—
Hu*Eps^2)^(l/3)))^3
3024 IF Sigma>=35 THEN St=.001
3026 IF K=1 THEN Delta=Z(I)—Sigma
3027 Sigma=Sigma+De1ta
3028 IF Sigma>=50 OR Sigma<0 THEN Next
3033 DRQU Eps,Sigma
3043 NEXT Eps
3053 Next: NEXT I
3075 !oooooooooooooooooooooooo0oooooooooooooooooooooooooooo
3076 RETURN
3078 SUBEND

E






