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ABSTRACT 

Specimens of four species with different cellular structures (white spruce, jack pine, white ash, and 

aspen) were tested in radial compression. Deformation characteristics were observed and measured 

using a microscope at different magnifications. The magnitled images were recorded with a video 

recorder, which were then played back for deformation measurements. Stress-strain responses of these 

specimens were determined from the measured load and deformation. As expected, the softwood and 

hardwood responses to radial compression were influenced by the anatomical features. Tangential 

compression tests were also conducted on white spruce and jack pine specimens. It was found that 

the mechanisms of deformation in radial and in tangential compression were distinctly different for 

these softwood species. In radial compression, cell-wall deformation dominated elastic behavior, and 

collapse of the weakest cells in earlywood coincided with the onset of yielding observed in the stress- 

strain curve. Cell collapse developed only in earlywood, while latewood cells mainly underwent elastic 

deformation. In tangential compression, elastic deformation was dominated by the bending of the 
latewood layers. For the two hardwood species, the measured elastic strain under radial compression 

was dominated by deformations in the vessels. Yield point on stress-strain curves was related to the 

collapse of these vessels. 

Keywords: Radial compression, tangential compression, cellular structure, cell-wall collapse, stress- 

strain response. 

INTRODUCTION 

Response of wood to transverse compres- 

sion is an important property during process- 

ing of wood composites (Schniewind 1959; 

Kunesh 1968; Mataki 1972; Welonse et al. 

1983). A number of scientists have discovered 

that wood behavior in transverse compression 

is dependent on its anatomical features (Bodig 

1965; Easterling et al. 1982; Stefansson 1995; 

Tabarsa and Chui 1999). Some reported that 

wood responds differently to radial and tan- 

gential compression because of its anisotropic 

nature (Dinwoodie 1965; Kennedy 1968; Bo- 

dig and Jayne 1982). 

In spite of a number of investigations on 

wood behavior under transverse compressive 
stress, this behavior, especially at elevated 
temperature which is of interest to the wood 
composite industry, is still not fully under- 
stood (Tabarsa and Chui 2000). Interaction of 
test parameters and lack of proper test equip- 
ment for observing behavior in real time are 
two of the major factors hindering progress in 
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(a) TABLE 1. Experimental design-number of replicates for 
each combin~ltion of species, loading direction and mug- 

12 - nification. 

Species 

Loading Wh~te 
direction Magnification spruce Jack pine White ash Aspen 

Radial 12X 5 5 5 5 

32X 5 5 5 5 

Tangential 

160X 5 5 5 5 

12x 3 3 - - 

H 
8 mm (4 

(Fraximus americana). The logs were cut into 
FIG. 1. Preparation of test specimens. 15-mm-thick disks, (Fig. 1 a). Wood blocks 

with nominal dimensions of 12 X 12 X 30 mm 
(longitudinal X radial X tangential) were cut 

this area. The Of a new test pro- from defect-free of these disks (Fig. 
cedure by Tabarsa and Chui (2000) was an Ib). All wood blocks were cut from the same 
attempt to address the second factor' The test 

annual rings and along the tangential direction 
procedure can be used to provide more ad- 

because variation of cell dimensions in this di- 
vanced information on the relationship be- rection is insignificant to the radial 
tween stress-strain response and structural de- 

directi, (Panshin and de Zeeuw 1980). The 
formation of the cellular network. Such infor- 

blocks were conditioned in a chamber main- 
mation is considered important for the devel- 

tained at 210C and 65% relative humidity 
opment of mathematical models for predicting 

(RH) until equilibrium. Some control speci- 
behavior of wood under transverse compres- 

mens were placed in the chamber to monitor 
sion, which will be discussed in future papers 

weight loss of woods during conditioning Af- 
by the authors. 

ter one month, the control specimens reached 
In this a test procedure 

a steady weight indicating that the blocks 
Tabarsa and Chui (2000) was used to investi- 

achieved the target equilibrium moisture con- 
gate the stress-strain relationships of two soft- 

tent. The moisture content of control speci- 
woods and two hardwoods with different cel- 

mens was measured to be 12 + Test spec- 
lular structures. Tangential compression tests imens with nominal dimensions of 8 8 8 

were '"0 conducted 0' the softwood spec'- 
mm were cut from the blocks. One cross-sec- 

mens. The objective was to study the relation- 
tional surface of all specimens was micro- 

ship between anatomical features, the fracture 
tamed before returning them to the condition- 

mechanism, and the stress-strain responses of 
ing cham,,er to maintain the moisture condi- 

the four selected species, and the influence of 
tion until testing. 

loading direction on softwood stress-strain re- 
Table shows the experimental design of 

sponse. 
this study. For each species, three matched 
groups of five replicates were subjected to ra- 

MATERIALS AND METHODS dial compressive stress. Compression tests 
Figure 1 depicts the process of preparing were contlucted following test set-up and pro- 

test specimens having the final dimensions of cedure developed by Tabarsa and Chui (2000). 
a 8 X 8 X 8 mm. At the start of the process, Readers are referred to the paper by Tabarsa 

a one-meter long log was cut at breast height and Chui (2000) for details. In their test set- 
from each tree of four species: white spruce up, the load was recorded by a load cell in- 

(Picea glauca), jack pine (Pinus banksiana), serted between the body of the compressing 
aspen (Populus tremuloides), and white ash device and the test specimen and wired to a 
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data logging system. The actual deformation 

of cellular structure was measured using an 

optical system. This system enabled the re- 

cording of the magnified image of the cellular 

structure of specimen in real time at different 

scale such as gross, single ring, earlywood/ 

latewood segment, facilitating the matching of 

any point on the stress-strain curve to the cel- 

lular structural deformation behavior. 
The three groups of matched specimens 

were tested at three levels of magnification, 

respectively, in radial compression. These 

magnification levels were: 12X, 32X, and 

160X. Gross (entire specimen size with mul- 

tiple growth rings) load-deformation data were 

obtained at the 12X magnification level. Sin- 

gle growth ring data were recorded at a mag- 

nification of 32X. Mechanism of cellular 

structural deformation was studied qualitative- 

ly at a magnification of 160X. Since at the 

lowest magnification of 12X, border of growth 

rings was not clearly visible, fine metallic 

wires (0.025-mm diameter) were glued to the 

border of growth rings and used as reference 

lines for measuring growth ring deformation 

for specimens tested at this magnification. 

In addition to the radial compression tests 

on four species, three specimens each of white 

spruce and jack pine were subjected to tan- 

gential compression using the same apparatus 
to compare the differences in behaviors be- 

tween radial and tangential compression. 

These were tested at one magnification level 

of 12X only (Table 1). 

Although the test set-up recorded magnified 

images from tests, quality of prints produced 

from these images proved too poor for publi- 

cation purposes. To circumvent this problem, 

a special compression device was fabricated 

for use inside a Scanning Electron Microscope 

(SEM). Matched specimens of each test group 

were tested using this device to produce im- 
ages for illustration and publication purposes. 

All micrographs presented in this paper were 

taken using SEM. Specimens were end- 

matched to those tested in the test program, so 

that characteristics were similar. Surface to be 

viewed was sputter-coated with gold, and a 

TABLE 2. Summary stutistics for modulus of elustici,y 

and yield stress of four species in radial compression. 

Modulus of elasticity Yield stress 
- 

Suer~es Mean iMPa) COV (%)* Mean (MPa) COV (%I* 

White spruce 139 18 2.9 9 

Jack pine 83 24 1.7 28 

Aspen 95 17 2.6 14 

White ash 425 14 10.9 3 
- 

* Coefficii:nt of vanarion. 

vacuum was applied prior to testing. Loading 

was stopped at the appropriate stages of de- 

formation to allow pictures to be taken with a 

still camera. 

All load and deformation data collected duir- 

ing compression tests were converted to stress 

and strain, respectively, using standard equa- 

tions. Stress-strain curves were plotted and 

compared. Modulus of elasticity (MOE) wais 

determined using linear regression method on 

the initial, linear part of the stress-strain re- 

sponse. The yield point was taken to be the 

end of this linear region, although the exact 

location of the 'end' was usually difficult to 

pinpoint from a transverse compression stress- 

strain curve as the deviation from a linear re- 

sponse was gradual. The occurrence of the 

yield point generally signifies a sudden chanp,e 

in the cellular structure. As will be explained 

later, the nature of this change differs, depencl- 
ing on species and direction of loading. The 

yield stress reported in this paper for each spr:- 

cies was determined based on an occurrenc.e 

of a significant change in the cellular structure, 

which was usually related to collapse of cer- 

tain cell types. 

RESULTS AND DISCUSSION 

Stress-strain responses in radial compression 

The average MOE and yield stress deter- 

mined from radial compression tests on the 

four species (white spruce, jack pine, aspen, 

and white ash) are presented in Table 2. Th~e 

results shown in Table 2 were obtained by an- 

alyzing the gross specimen measurements. 

Typical experimental stress-strain responses 

(gross and two individual rings) of these spe- 
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(a) White spruce 

strain 

(b) Jack pine 

(c) Aspen (d) White ash 

FIG. 2. Stress-strain curves of four species under radial compression 

cies are shown in Fig. 2. Other curves from 

the same species were similar to the presented 

curve. This is not surprising as the specimens 

were prepared from the same growth rings. As 
can be seen, stress-strain curves of these spe- 

cies follow a common pattern and are similar 

to those found by others (Bodig 1965; Kunesh 

1968; Stefansson 1995). 
At the start of the loading, all species ex- 

hibited elastic behavior where stress was di- 

rectly proportional to strain. White ash showed 

the highest MOE (425 MPa) and jack pine the 

lowest (83 MPa). MOE of white spruce and 

aspen was 139 MPa and 95 MPa, respectively. 

There hake been a limited number of studies 

that determined the MOE in compression per- 

pendicular to grain. Focus of most previous 

studies was on strength properties. Youngs 

(1957) reported an MOE value of 700 MPa 
(100,000 psi) for red oak, which had a similar 

density and anatomical features to white ash. 

Kunesh ( 1  968) reported MOE values of 140 

MPa (20,000 psi) to 700 MPa (100,000 psi) 

for hemlock and Douglas-fir compressed in 

the radial direction. Using a conventional 

compression apparatus, Kunesh found that 
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MOE was dependent on stress area and spec- 

imen thickness. Generally MOE increased 

with increasing thickness but decreased with 

increasing stress area. It seems that the MOE 

values measured using the proposed technique 

are considerably lower than those determined 

using the conventional method. This discrep- 

ancy may reflect the differences in deforma- 

tion measurement techniques and wood char- 

acteristics between this and previous studies. 

As has been discussed by Tabarsa and Chui 

(1999), at the initial stage of loading in the 

radial direction all cells deformed elastically, 

but the distribution of deformation was not 

uniform in a growth ring. Earlywood cells 

with thin walls exhibited larger deformation 

than latewood cells with thick walls. There- 

fore, cell-wall thickness and the proportion of 

thick-walled cells are major factors in deter- 

mining the MOE of wood in radial compres- 

sion. This explains why the jack pine MOE 

was lower than white spruce MOE despite its 

higher mean density because jack pine has a 

higher earlywood to latewood ratio. The high- 

er MOE of white ash is related to its thick- 

walled fibers, which dominate the growth ring 

volume. 

The slope of the stress-strain curve changes 

after reaching a relatively small strain at the 

yield stress. The part of the curve below the 

yield point is referred to as the elastic region. 

The last part of the stress-strain response of 

all curves with a steep slope is generally 

known as the densification region. The rela- 

tively flat part of the response curve is called 

the plateau. Such a three-part curve was also 

observed by others (Youngs 1957; Bodig 

1965; Kennedy 1968; Wolcott et al. 1994; Ste- 

fansson 1995). 

As shown in Table 2 and Fig. 2, the yield 

stresses of the studied species were different. 

Jack pine showed the lowest yield stress (1.7 

MPa) and white ash the highest (10.9 MPa). 

Aspen and white spruce yield stresses were 
similar at 2.6 and 2.9 MPa, respectively. The 

white ash value was similar to that reported 

by Bodig (1965) for Oregon ash, which yield- 

ed at 10 MPa in radial compression. The yield 

stress found for white spruce was similar to 

that reported by Stefansson (1995) for Norway 

spruce in Europe. Wolcott et al. (1994) found 

the yield stress of yellow poplar to be about 

2.5 ME'a, which was close to the value ob- 

tained here for aspen. 

The plateau regions of stress-strain curves 

of these species in radial compression were 

also different. For both softwoods, stress in- 

creased slightly after yielding (up to 4-6 
MPa). In white ash, stress after yield point did 

not increase. The slopes of the stress-strain 

curves for all species increased steeply after 

reaching the plateau region. Figure 2 also 

compares individual ring and gross measure- 

ments. As can be seen in the figure, individual 

ring and gross behaviors of each species are 

similar, except in the densification region, 

which shows some deviation. This could be 

due to the fact that at the high stress levels, 

localized failure may occur in one ring but not 

in the others. 

Microscopic observations in 

radial compression 

Although stress-strain curves of the four 

species followed a similar pattern, yield stress 

and plateau region of stress-strain curves were 

different. Correlating the recorded images 

with measured stress and strain readings pro- 

vides information to explain the differences in 

responses. The results of these image exami- 

nations are discussed separately for each spr:- 

cies. 

White spruce.-White spruce is a softwood 

with a gradual earlywood-to-latewood transi- 

tion. Cell dimensions and cell-wall thickness 

in one growth ring change gradually from ear- 

lywood to latewood. As explained by Tabarsa 

and Chui (1999), in the elastic region radial 

walls of cells bent towards the cell lumen. The 

magnitude of deformation was not uniform in 

all cells. The largest deformation occurred in 
the thin-walled cells in earlywood and the 

smallest deformation in thick-walled cells in 

latewood. The first collapse occurred in the 

weakest region of earlywood, which was lo- 
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FIG. 3. Micrograph showing first collapse of early- 

wood cells in white spruce-direction of loading is up- 

down. (55X) 

cated a few cell rows (about the tenth) from 

the beginning of a growth ring (Fig. 3). Cell- 

wall thickness of the test specimens was mea- 

sured, and these measurements were reported 

in an earlier paper by the authors (Tabarsa and 

Chui 1999). A review of these cell-wall thick- 

ness measurements revealed that first cell col- 

lapse occurred at the cells with the thinnest 

walls. Cell collapse then developed further un- 

til all cells in earlywood region collapsed. Af- 

ter the collapse of all cells in earlywood, stress 

increased rapidly. During this region, elastic 

deformation of latewood cells dominated as 

the latewood became the more flexible part of 
the growth ring. At this point the stress-strain 

curve entered the densification region in 

which the slope increased steeply. 

These observations differed from those re- 

ported by Kunesh (1968), who noted that the 

buckling of rays in Douglas-fir and western 

hemlock was the primary cause of failure dur- 

ing radial compression for these species. The 

initiation of cell collapse in earlywood was 

also observed by others (Bodig 1965; Easter- 

ling et al. 1982; Stefansson 1995). However, 
because of equipment limitations, they were 

unable to report the exact location of the first 

cell collapse. 

Since cells in latewood region have thick 

cell walls, they do not collapse as easily as 

earlywood cells unless external load increases 

substantially. In reality, fracture of earlywood 

region likely occurs before collapse of late- 

wood cellular structure. At the test conditions 

adopted in this study, cells in latewood region 

did not collapse. 

Jack pine.-Jack pine is a softwood with an 

abrupt earlywood-to-latewood transition. Its 

cell dimensions and cell-wall thickness change 

abruptly from earlywood to latewood (Panshin 

and de Zeeuw 1980). As in the case of white 

spruce, radial walls of cells bent toward the 

cell lumen in the elastic region. The largest 

cells, which had thin walls and were located 

at about the 14th cell rows from the beginning 

of a growth ring, collapsed first. With increas- 

ing applied load, cellular structure collapse de- 

veloped f~~r ther  in the earlywood region. For 

the specimens tested in this study, cells in ear- 

lywood of jack pine were larger in diameter 

and hence had larger radial wall lengths than 

those in white spruce (Tabarsa and Chui 

1999). These cell-wall differences, which 

agree with those reported by Panshin and de 

Zeeuw (1 980), are thought to be the reason for 

the lower yield stress and MOE in jack pine. 

The plateau region for jack pine was ob- 

served to be shorter than that for white spruce. 

The narrower earlywood region of jack pine 

was the reason for its shorter plateau. As in 

the case of white spruce, after collapse of all 

cells in earlywood, deformation in latewood 
increased with applied stress until the test 
specimen fractured, but no latewood cellular 

structure collapse was observed. 

The above findings for white spruce and 

jack pine provide some justification for the use 

of mechanics-based models such as the ones 

developed by Gibson and Ashby (1982) for 

predicting gross stress-strain relationship of 

wood based on cell-wall dimensions and me- 

chanical properties. Work on assessing the 

suitability of such a predictive model has been 

conducted by the authors and will be reported 

in a future publication. 

Aspen.--Aspen is a diffuse-porous hard- 

wood with similar sized vessels distributed 

over its structure. Vessel diameter of aspen is 

about 6-8 times larger than fibers; therefore 
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FIG. 4. Micrograph showing some locations of col- 

lapsed vessels in aspen--direction of loading is up-down. 

(3ox) 

vessels dominate its cellular structure. The 

vessels are surrounded by paratracheal paren- 

chyma which are thin-walled elements. In ad- 

dition they are conductive elements with nu- 

merous pits causing them to be weaker than 

fibers that have thick walls (Panshin and de 

Zeeuw 1980). 

When aspen was subjected to radial com- 

pression, the weakest elements (vessels) ex- 

hibited the most deformation in the elastic re- 

gime. With increasing compressive load, de- 

formation in the vessels increased until they 

collapsed. In contrast to earlywood failure in 

softwoods, vessel collapse did not appear con- 
sistently at one specific location in a growth 

ring (e.g., beginning of a growth ring). Often, 

all vessels were deformed and a crack ap- 

peared where a number of vessels were 

aligned close to each other. Thereafter collapse 

of vessels initiated, usually in the middle of 

the growth ring (Fig. 4). This point corre- 

sponded to the start of the plateau region of 

the stress-strain curve. Further compressing 

led to the removal of all vessel cavities, which 

corresponded to the onset of the densification 
region. During the densification region, the fi- 

bers around the vessels deformed elastically, 

but they did not collapse at the load levels 

used in this study. 

White ash.-White ash is a ring-porous 

hardwood, with the larger vessels located in 

FIG. 5 .  Micrograph showing some locations of co~l- 

lapsed vessels in white ash---direction of loading is up- 

down. (20X) 

the earlywood (Panshin and de Zeeuw 1980). 

During radial compression, these large vessels 

exhibited the most deformation which led to 

the first collapse (Fig. 5) of the cellular struc- 

ture. As can be seen in Fig. 5 ,  first collapse 

occurred in large vessels located in earlywoald 

of each growth ring. When most of the large 

vessel cavities were removed, the parenchyma 

cells around the vessels were crushed because 

of their thin cell walls. Fibers located around 

the vessels also started to undergo noticeable 

deformation. This coincided with the start of 

the densification region in the stress-strarn 
curve. 

Effect of loading direction on sof iood 

stress-strain response in compression 

Traditionally, for dimension lumber the dif- 

ferences in mechanical behavior of wood 

when stressed in radial and tangential direc- 

tion were considered to be negligible. Bodi~g 
(1965) and Kennedy (1968) studied the be- 

haviors of species with different structures m 

radial and tangential compression. They con- 
cluded that in tangential compression late- 

wood layers behaved like columns spaced by 

the more flexible earlywood layers. Earby- 

wood/latewood ratio was found to be an im- 

portant parameter in explaining the differences 

in behavior of wood under radial and tangen- 
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FIG. 6. Radial and tangential stress-strain curves of 
white spruce. 

tial compression. Kennedy (1968) indicated 

that species with low latewood percentage 

were stronger in radial direction, while species 

with high latewood percentage were stronger 

in tangential direction. The results from this 

study supported these findings as discussed 

below. 

White spruce.- Three white spruce speci- 

mens were subjected to tangential compres- 

sion tests. Mean MOE of white spruce in tan- 

gential compression was found to be 104 MPa, 

and mean yield stress was 4.96 MPa. MOE of 

white spruce in tangential compression was 

less than its MOE in radial compression, but 

yield stress was higher. Kennedy (1968) con- 

cluded in his study that species with a low 

latewood percentage may be expected to be 

stiffer under radial compression than tangen- 

tial compression. This is because the latewood 

layers are the main source of resistance to the 

applied load as they are considerably stiffer 

than the earlywood layers when loaded in the 

tangential direction. Thus the thickness of late- 

wood in relation to the earlywood thickness 

governs the deformation characteristics, and 

hence measured modulus, in tangential com- 

pression. Since white spruce is a species with 

a relatively low latewood percentage, the re- 

sults here support Kennedy's conclusion. 

One stress-strain curve of white spruce in 

tangential compression and one in radial com- 

pression are compared in Fig. 6. As can be 

FIG. 7 .  Micrograph showing bending of tangential cell 

walls in white spruce under tangential compression---di- 

rection of 1o;lding is left-right. (400X) 

seen in Fig. 6, in contrast to radial compres- 

sion where stress increases slightly in the pla- 

teau region, in tangential compression stress 

drops gratlually in the plateau region because 

of buckling of latewood layers. For the radial 

curve, stress decreases initially in the plateau 

region, then starts to increase as it enters the 

densification region. 

Microscopic observations during test 

showed that under tangential compression, 

tangential walls of cells underwent noticeable 

deformation in the elastic range of the stress- 

strain curve (Fig. 7). The measured gross de- 

formation appeared to be a combined contri- 

bution of this cell-wall bending and bending 

of the latewood as a single layer. Buckling of 

latewood layers, illustrated in Fig. 8, was ob- 

served, which coincided with the drop in its 

stress-strain curve in Fig. 6. This buckling be- 

havior was also observed by Bodig (1965). At 
the start of buckling, compressive stress de- 

creased with any further compression due to 

instability in the cellular structure. Readjust- 

ment of the position of the collapsed latewood 

and its interaction with the earlywood layers 

led to a stabilized structure (Fig. 8). This in 

turn caused the stress to increase again. So the 

densification region of the stress-strain curve 

of white spruce under tangential compression 

is related to the resistance of the collapsed 

latewood and earlywood layers against applied 
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FIG. 8. Micrograph showing initiation of latewood 

buckling near resin canals in white spruce under tangential 

compression-direction of loading is left-right. (16X) 

load. This is in contrast to the radial compres- 

sion case where the densification region is 

governed by the elastic compression of the 

latewood cells. 

Jack pine.-The average values of MOE 

and yield stress from the three tangential com- 

pression tests on jack pine specimens were 

153 MPa and 10.9 MPa, respectively. A com- 

parison of typical stress-strain relationships of 

jack pine in radial and tangential compression 

is illustrated in Fig. 9. In contrast to white 

spruce, MOE of jack pine in tangential com- 

pression was higher than its MOE in radial 

compression. This is thought to be related to 

the wider latewood layers bf jack pine, as was 

suggested by ~ e n n e d y  (1968). - 

As in the case of white spruce, the tangen- 

tial stress-strain curve changes to a negative 

slope (i.e. stress drop with increasing strain) 

after reaching the yield stress. This behavior 

was also caused by the buckling of latewood 

layers. Prior to this buckling, microscopic ob- 

servations revealed that the relatively large 

resin canals in jack pine played a major role 

in this behavior. As is shown in Fig. 10, large 

localized deformations can be seen near the 

resin canals. Buckling of latewood layer was 

observed soon after the resin canals collapsed, 

0.0 0.1 02 0.3 0.4 0.5 

strain 

FIG. 9. Radial and tangential stress-strain curves of 

jack pine. 

gion because of occurrence of premature 

cracking in the cellular structure. This behav- 

ior again is due to the presence of large resin 

canals which are sources of crack initiation. 

CONCLUSIONS 

From the above results and discussion, the 

following conclusions can be drawn for the 

four species tested in this study: 

1. In radial compression, the deformations in 

both hardwoods and softwoods are not uni- 

formly distributed throughout a growlh 

ring. In the softwoods, deformation is in- 

versely proportional to thickness of cell 

wall. First collapse of cell wall occurs in 

which with the yield point' FIG, 10. Micrograph showing localized deformation 

white spruce, the radial compression stress- near resin canals (dark region) in jack pine under tangen- 

strain curve does not have a densification re- tial compression-direction of loading is left-right. (22 x)  
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cells with the thinnest cell wall. In the 

hardwoods, the largest vessels surrounded 

by thin-walled paratracheal parenchyma 

cells deform more than fibers, and first fail- 

ure initiates in these elements. In ring-po- 

rous white ash, first collapse of the cellular 

structure occurs in the large vessels in ear- 

lywood, while in diffuse-porous aspen, first 

failure appears as a crack running through 

neighboring vessels. 

2. In the elastic range of the stress-strain 

curve, the mechanism of deformation in 

tangential direction is different from radial 

compression in the softwoods. In radial 

compression, the measured deformation is 

caused by the bending of the radial walls, 

while the tangential walls contribute little. 

In tangential compression, the total mea- 

sured deformation contains both the bend- 

ing deformation of the latewood layers and 

the cell-wall deformation. 

3. For the softwoods, in tangential compres- 

sion, yielding is initiated by buckling of 

latewood layers. Stress reduction with in- 

creasing strain is observed in the plateau 

region. For white spruce which has small 

resin canals, stress-strain response has the 

three characteristic regions: elastic, plateau, 

and densification. The densification region 

is not present in jack pine because of the 

initiation of premature cracking near the 

large resin canals. 
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