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Abstract 
Forest products from improved trees grown on managed plantations and harvested in short rotations will contain higher

proportions of  juvenile wood than in current harvests.  More information is needed on the influence of juvenile wood on lumber 
properties. Most information developed to  date has concentrated on ultimate tensile stress, modulus of  rupture, and modulus of 
elasticity. This paper shows for this sample of loblolly pine three-dimensional surfaces fit to test results for shear stress parallel 
to the grain, compression and tension stress perpendicular to the grain, and mode I fracture toughness for various percentages of 
uvenile wood content and ring orientations. The properties of more than 340 small specimens for each property tested made from 
learwood taken from lumber produced from logs harvested in a 28-year-old fast-grown plantation of loblolly pine in North 
arolina were determined. Three-dimensional polynomial surfaces dependant on juvenile wood content and ring orientation 
ere fit to the data. The average strength of all properties decreased with increasing amounts of juvenile wood in the cross 

ection. Shear strength was insensitive to annual ring orientation and seemed to be strongly dependant on reductions in density 
aused by increased juvenile wood content. Compression and tension perpendicular to the grain strength and stiffness and mode
 fracture toughness were very sensitive to juvenile wood content and annual ring orientation. 
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Forest products from plantations harvested in short rota-
tions will contain higher proportions of juvenile wood than in 
current harvests. Juvenile wood is the early growth material
produced by the tree, usually defined as the material 10 to 20
rings from the pith depending on species. Information is 
needed on what effect increasing juvenile wood content has
on lumber properties. A significant amount of literature exists
on the effect of juvenile wood on small clearwood (wood free
from obvious defects) test specimens, and dimension lumber
in softwoods. This information, however, has been focused
primarily on a few mechanical properties like modulus of 
elasticity (MOE), ultimate tensile stress (UTS), and modulus 
of rupture (MOR). The objectives of this paper are to 1) report
how properties, with less known information, such hori­
zontal shear strength, tension and compression perpendicular 
to the grain strength and stiffness, and Mode I fracture tough­
ness of fast-growth, plantation-grown loblolly pine (Pinus ta­
eda) 2 by 4’s are influenced by varying proportions of  

juvenile wood, and 2) discuss what effect orientation of annu­
lar rings has on these results.

Background 
   In clearwood, the properties that have been found to influ-

ence mechanical behavior include fribril angle, cell length, and
 specific gravity (SG), the latter a composite of percent late-
 wood, cell wall thickness, and lumen diameter (Pearson and
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Gilmore 1971, Boone and Chudnoff 1972, Bendtsen and 
Senft 1986, Thornquist 1990, Kucera 1994, Burdon et al. 
2004, Clark et al. 2006). Juvenile wood a high fibril  angle 
which causes excessive longitudinal shrinkage which may be 
more than 10 times that of mature wood (Ying et al. 1994). 
Compression wood and spiral grain are also more prevalent in 
juvenile wood than in mature wood and contribute to exces­
sive longitudinal shrinkage. Futhermore, quality of early ju­
venile wood near the pith is considerably worse than juvenile 
wood formed farther from the pith. Figure 1   illustrates the 
known trends in wood properties. 

In structural lumber, a potential problem  of lower mechani­
cal properties of juvenile wood was first observed by  Koch 
(1966) while involved in research to develop straight studs 
from southern pine veneer cores. Even more evidence of 
lower mechanical properties of juvenile wood was found  by
Moody (1970) and Gerhards (1979). While these research 
studies observed differences between juvenile and mature 
wood, neither study was designed to effectively measure the 
differences. In the early 1980s the North American In-Grade 
Lumber Testing Program was initiated to measure properties 
of lumber in the grade produced (Forest Products Society 
1988). These in-grade lumber studies undoubtedly contained 
lumber that had juvenile wood in it but were not designed to 
directly assess the impact of juvenile wood content of lumber 
jproperties. In the 1980s, researchers also began to assess di­
rectly the mechanical properties of juvenile material. 

New Zealand, in-grade testing was completed on radiata 
pine lumber cut from 40- to 60-year-old (Walford 1982), and
from 28-year-old stands (Bier and Collins 1984). In Canada, 
work by Barrett and Kellogg (1989) and Smith et al. (1991) 
looked at plantation Douglas-fir and red pine. Also, in the 
United States several studies were conducted on the bending 
and tension parallel to the grain properties of Douglas-fir and 
southern pine dimension lumber cut from plantations (Pear-
son 1984, Bendtsen et al. 1988, Biblis 1990, MacPeak et al. 
1990, Kretschmann and Bendtsen 1992). 

In summary, intricate studies of clearwood have produced a 
clear understanding of the physical property changes that oc­
cur as juvenile wood matures  and  of their effect on MOR, 
compression parallel to  the  grain, and MOE. A number of 
studies on solid sawn timber provide a good understanding of 
the effect of juvenile wood on   MOR, UTS, and MOE.  The
information available on the effects of juvenile wood on other 
properties sometimes critical for design such as horizontal 
shear stress, tensile stress transverse to grain (T-perp), and 
compressive stress transverse to grain (C-perp), however, are 
minimal in comparison. This paper is meant to provide some 
information on how various proportions of juvenile wood  at
different ring orientations  might change these lesser known 
clearwood properties. 

Expermental methods 
Origin of sample material 

The sample material was obtained from 700 610-mm (2-ft) 
sections taken from the undamaged ends of 2.4-m (8-ft) 38 by 
89 mm (2 by 4 in) tension specimens for which the percent 
juvenile content had been previously determined 
(Kretschmann and Bendtsen 1992). Juvenile wood for this 
material and geographic location was defined as anything less 
than or equal to the eighth growth ring. Grids were placed on 
the ends  of boards and  the   proportion of these blocks inside 

and outside of the  eighth growth ring established The lumber 
for this study came from one hundred trees cut from a 28-year­
old plantation in Beaufort County, North Carolina owned by 
the Weyerhaeuser Co. The   seed source was unknown, but it 

known that the seeds were not from a genetically im­
proved source. The plantation site was an old farm field, not a 
forested site, and had a site index of 69. The plantation was 
thinned twice (1973 and 1981) and fertilized at least once 
(1979 to 1980). This management regime was typical of that 
anticipated by the Weyerhaeuser Co., at that time, for the pro­
duction of sawtimber trees in the future.  The sample trees av­
eraged 409 mm (16.1 inches)  in   diameter at breast height 
(DBH), ranging between 280 to  490 mm (11 to 19.3 inches). 
About half the trees fell  in the  diameter range   of 355 to 420 
mm (14 to 16.5 inches). 

Specimen preparation and testing 
The approximately 700 short 610-mm (2-foot) sections of 2 

by 4’s were sorted into seven categories (0, 1 to  20, 21 to 40, 
41 to 60, 61 to 80, 81 to 99, 100) representing proportion of
juvenile wood content and divided equally into two groups. 
One of these two groups was used to cut out shear and com­
pression perpendicular (C-perp) to grain clearwood speci­
mens. The results of these tests had previously been reported 
Kretschmann (1997).    The other sections were each cut into a 
Mode I compact tension fracture specimen and three tension 
perpendicular to the   grain specimens. A complete discussion 
of sample preparation and selection is reported in 
Kretschmann (2008). The short sections were stored in a con­
ditioned space at 70 °F and 65 percent relative humidity (RH). 
Care was taken to center the specimens in a location on the 
wide face of the board which provided the most uniformity of 
ring orientation across a given test specimen. The dimensions 
of the specimens were measured using a digital caliper. 

Shear. — The dimensions of the shear parallel to the grain 
specimen used are shown in Figure 2. Testing of the shear 
block specimens was in accordance with the ASTM standard 
D143 (ASTM 1996a), except for the  specimen width and var­
ied ring orientation. Loading head movement rate was 0.6 
mm/minute (0.024 inches/minute). The 1-1/2 inch thick 
specimen has been shown to be an acceptable substitution for 
the standard 2-inch-wide specimen (Bendtsen and Porter 
1978). Each test specimen was classified into one of five rela­
live ring orientations; 0°, 22.5°, 45°, 67.5°, and 90° (Fig. 2). 
After testing, density was determined for each specimen using 
ASTM D2395 (ASTM 1996a) procedures. 

C-perp. — The C-perp specimen size was 51 by 38 by 203 
mm (2 by 1.5 by 8 in), as shown in Figure 3, which has been 
shown to give similar results as the 51- by 51-mm (2- by 2-in) 
specimen by Kenesh (1968). The load was applied to  the 38­
mm- (1.5-in) wide face (Fig. 3). Loading head movement rate 
was 0.3 mm/minute (0.0 12 in/minute). Load deflection infor­
mation was collected electronically up to 2.5 mm (0.1 in) de­
flection. In addition to load deflection information, each test 
specimen was classified into one of five relative ring orienta­
tions; 0°, 22.5°, 45°, 67.5°, and 90°. To determine the 1 mm 
(0.04 in) deflection compressive stress, a linear regression 
was fit to the   portion of the curve between 20 and 40 percent 
of the maximum load. This curve was then passed through the 
origin. The load for the 1 mm (0.04 in) deflection was then 
taken from this origin. After testing, density was determined 
for each specimen according to ASTM D2395   (ASTM 
1996a). 
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Figure 1. — Juvenile wood's impact on wood properties. 

Figure 2. —Shear parallel to the grain specimen and orienta­
tions tabulated. 

T-perp. — Three types of tension perpendicular (T-perp) to 
grain specimens were tested (Fig. 4): 1) A modified ASTM 
D143 (ASTM 1996a) specimen. The load was  applied to the 
25 mm (1 in)  by 38 mm (1.5 in) wide face; 2) a dog-bone style 
specimen that was 38 by 83 by 4 mm (1.5 by 3.5 by 0.16 in) 
that was 25 mm (1 in) wide at the center; and 3) a wafer speci­
men that was 38 by 83 by 4 mm (1.5 by 3.5 by 0.16 in). The 
T-perp specimens were cut sequentially along the length of 
the original section creating   side by side specimens, Loading 
head movement rate was 0.3 mm/minute (0.012 in/minute). 
Load deflection information was collected electronically until 
2.5 mm (0.1 in) deflection for the dog bone and the wafer 
specimens allow for calculation of MOE. Each test speci­
men was classified into  one  of the five relative ring orienta­
tions previously mentioned. More details and comparisons of 
the test results between the three methods can be found in 
Kretschmann  (2008).

Mode I fracture. — No ASTM standard exists for wood 
fracture testing so a modified ASTM E1820 compact tension 
specimen was used (ASTM 1996b). The Mode I fracture test 
specimen and test set- testup used is shown in Figure 5. Each
specimen was classified into one  of five relative ring orienta­
tions; 0°, 22.5°, 45°, 67.5°, and 90° and weighed.   A small 
blade was used to create a sharp crack tip prior to testing. 
Testing was conducted in an environmentally controlled room 
at 72 °F and 65 percent RH, Testing was conducted on  a 1000­
lbf universal test machine using a cross-head speed of 0.60 
mm/min (0.024 in/min). The specimens were suspended in 
hangers by  two  clevises. The rate of cross head movement 
resulted in a time to failure of 1.5 to 3 minutes. Loads were 
recorded with a 100-lb load cell and crack opening displace­
ment (COD) was measured using a clip gauge extensometer 
centered by a supporting packet.   Crack opening displacement 

Figure 3. — compression perpendicular to the grain speci­
men dimensions and orientations recorded. 

Figure 4. — Three types of test specimens for tension perpen­
dicular to the grain test. 

Figure 5. — Test specimen and test set-up for mode I fracture 
testing. 

and load were recorded on an interfaced microcomputer. Re-
returned iocording was stopped approxi-after the load had

mately 2/3 the maximum load. After testing, the specimens 
were ovendried to determine MC and SG using ASTM D2395 
(1996a). 

Results 
The results shown in this paper are based on interpretations 

of data produced from the clearwood study described in the 
methods section and summarized in a Forest Products Labo­
ratory Research Report (Kretschmann 2008). The three-
dimensional fits are meant to give a visual representation of 
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Figure 6. — the effect of percent juvenile wood on density 
(results shown are for C-perp specimens). 

what impact Juvenile wood and ring orientation have on the 
lesser investigated clearwood properties (shear, C-pep, T­
perp, and KIc) for this plantation are not meant to be taken 

equations representing all loblolly pines. When starting this 
study, there were a limited number of short sections remaining 
from the previous tension study (Kretschmann and Bendtsen 
1992) to choose from. It was hoped that there would be suffi­
cient numbers to get a representative average in all the various 
juvenile wood content-orientation combinations, and as it 
turned out, there was fairly good distribution of specimens 
throughout the  possible  cells. Twenty-eight of the possible 35 
test cells  had 5   or  more specimens. The averages obtained 
from the testing were weighted according to sample size to 
give the most representative fit to the test data. 

Density 
The average density, based on ovendry weight and volume 

at time of test, of time plantation test specimens was 520 kg/m3 

(0.46 specific gravity (SG)), which was 10 percent less than 
the species average of 570 kg/m3 (0.51 SG) (USDA Forest 
Serv. 1999). As expected, the density decreased as the percent 
juvenile wood increased. The largest decrease in density oc­
curred for specimens between 61 to 80 and 81 to 99 percent 
more juvenile wood content (Fig. 6). This reflects the drastic 
change in properties as you near the pith illustrated in Figure 
1. The 100 percent juvenile wood material density was ap­
proximately 15 percent lower than the 0 percent juvenile 
wood material. 

Moisture content 
All cells were conditioned to similar moisture content (MC) 

values of approximately 11 percent moisture with an average 
coefficient of variation (COV) of 9 percent. The shear speci­
mens tended to be slightly dryer than the compression perpen­
dicular to the grain specimens. The tension perpendicular to 
the grain and fracture specimens were closer to 12 percent MC 
again with a COV of about 9 percent. 

Effect of juvenile wood 
content and ring orientation 

Table 1 summarizes the polynomial fit to the average val­
ues for the 35 possible combinations of ring and juvenile 
wood content. For the material tested, juvenile wood content 
had a noticeable effect on all properties investigatged. Figures 
7 through 13 illustrate juvenile wood effects on shear, com­
pression and tension perpendicular to the grain, and Mode I 
fracture at various levels of juvenile wood content. Ring ori­
entation  had  limited impact on shear strength but had notice­
able effects on the other properties. Extreme changes in ring 

orientation can in many cases have a larger effect on proper­
ties than extreme changes in juvenile wood content. The vari­
ous percentage changes reported for each property are the ex­
tremes of the predicted changes from 0 percent juvenile wood 
and 0 degree ring orientation. 

Horizontal shear strength. — The shear results appear to 
have been governed primarily by the juvenile wood content 
and were affected little by ring orientation, changing by no 
more than 5 percent. All orientations appeared to follow the 
same general trend (Fig. 7). As would be suggested by the 
lower average density, the overall test average for shear 
strength of the sample, 8.18 MPa (1190 psi), was less than the 
species average given in ASTM D2555 (1996), 9.58 MPa 
(1390 psi). The average change in shear strength of 1.2 MPa 
(180 psi) between mature and juvenile material, a drop of 
roughly 16 percent was similar to what would be predicted 
from the change in density using a published shear-density 
relationship for softwoods (USDA Forest Serv. 1999). 

Compression perpendicular to the grain strength. — The 
surface fit to C-perp stress at 1 mm (0.04 in) deflection and 
MOE are shown in Figures 8 and 9. C-perp stress decreased 
with increasing juvenile wood content by a maximum of 15 
percent and increased with increasing ring orientation by as 
much as  56 percent (Fig. 8). The C-perp stresses for loads 
applied to the radial face were less sensitive to increases in 
juvenile wood content, a maximum decrease of 10 percent, 
than C-perp stresses for loads applied to the tangential face a 
maximum decrease of 15 percent. The C-perp stress at 1 mm 
(0.04 in) deflection was  greatly increased by loading on the 
radial face. The test results for the 90 degree orientation were 
examined more closely in Kretschmann (2008) since ASTM 
D143 suggests loading the specimens on the radial surface 
(the 90 degree orientation, Fig. 3). The overall average for 
C-perp stress of the 90 degree orientation was 10.5 MPa (1524 
psi) which was more than the species average prediction using 
the dry/green ratio from ASTM D2555 (1996) of 9.3 MPa 
(1350 psi). The estimated change in properties that would be 
predicted from the change in density based on   equations 
found in USDA Forest Serv. (1994) is 1.3 MPa (190 psi) while 
the observed shift was more than double that at 2.8 MPa (400 
pi). It appears that more factors are involved in the shift C­
perp stress than just density. The MOE in C-perp was very 
sensitive to ring orientation dropping by as much as 40 per­
cent in the 45 degree orientation and less sensitive to changes 
in juvenile wood content for a given orientation (Fig. 9) 
changing by a maximum of 12 percent The C-perp MOE val­
ues for ring orientation of 90 degrees were about 6 percent 
lower than the 0 degree values for the game level of juvenile 
wood content. 

Tension perpendicular to the grain strength. — The T-perp 
testing as illustrated in Figure 4 contained a side study that 
looked at three types of specimens (ASTM, thin dog bone, and 
thinSlice). When the results of this side study were examined, 
the ASTM specimens were strongly correlated to the dog-
bone specimen results (Kretschmann 2008). ASTM speci­
mens were on   average 25 percent weaker than the dog-bone 
specimen beause of the stress concentration created by the 
geometry of the ASTM standard specimen. This difference in 
T-perp stress is similar to results reported by Markwardt and 
Youngquist in 1956 and Kunhne 1951. The dog bone speci­
mens were more affected by the ring orientation than the 
ASTM specimens, but the trends for the surfaces were the 
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Table 1. — Parameters for polynomial surfaces fit to test data. (% JW) percent juvenile wood is in percent, (ROR) ring orientation 
is in degrees, and Y is in units shown with property.1 

Y = Yo + (%JW) + b(ROR) + c(% JW)2 + d(ROR)2 

Property Y0 a B c d Adj r2 SEE 

Shear (psi) 1256.2 0.84 0.62 -0.014 0.60 60.9 
C-perp (psi) 1086.5 -2.01 -1.56 0.0042 0.082 0.81 111.8 
C-perp MOE (106 psi) 0.137 0.0002 -0.0022 -2.94e-6 2.31e-5 0.69 0.014 
T-perp dog bone (psi) 804.1 0.084 -2.35 0.84 49.0 
T-perpASTM(psi) 516.6 -0.38 1.028 -0.0029 -0.025 0.63 40.0 
T-perp MOE (106 psi) -2.78e-5 0.0029 -1.68e-6 2.74e-5 0.78 
KIc (lbf/in2 in1/2) 411.6 -0.053 -0.0022 -0.0115 0.65 26.2 

Adjusted r2: r2 that takes into account the number of parameters in regression model. 
SEE: standard error of the estimate. 
1The curves were fit to binned data (ring orientation 0, 22.5, 45, 67.5, 90, and juvenile wood content 0, 10, 30, 50, 70, 90, 100). 

Figure 7. — The effect of juvenile wood on horizontal shear 
strength parallel to the grain for various orientations. 

same (Figs. 10, 11). T-perp strength decreased with increas­
ing juvenile wood content, down a maximum of 6 percent 
ASTM and 32 percent dog bone, and decreased with increas­
ing ring orientation down a maximum of 24 percent for 
ASTM and 45 percent for dog bone. The T-perp stresses for 
loads applied in  the radial direction were less sensitive to in­
creases in juvenile wood content than T-perp stresses for 
loads applied in the tangential direction. T-perp stresses de­
creased by a maximum of 20 percent in the radial direction 
while they decreased by a maximum of 32 percent in the tan­
gential direction. It is felt by the author that because of the 
severe stress concentration created by the ASTM specimen, 
the dog bone specimens give a closer representation of the 

tension perpendicular to the grain strength of the test 
material. 

The estimates of MOE from the T-perp response to juvenile 
wood content and ring orientation were measured on the dog 
bone specimens and are shown in Figure 12. Like C-perp 
MOE, T-perp MOE was very sensitive to ring Orientation and 
less sensitive to changes in juvenile wood content for a given 
orientation. The MOE in T-perp dropped by as  much  as  65 
percent in the  45 degree orientation and was more sensitive to 
changes in juvenile wood content, dropping by a maximum of 

Figure 8. — The effect of juvenile wood on compressive 
stress perpendicular to the grain stress at 1 mm. (0.04 in) 
displacement for various orientations. 

32 percent (Fig.  12). The T-perp MOE values for ring orien­
tation of 90 degrees were about 30 percent lower than the 0 
degree values for the same level of juvenile wood content 

The difference in sensitivity for the two MOE values can be 
further illustrated by the superimposed C-perp MOE and T-

Figure values13.perp MOE surfaces shown in                        The MOE
showed similarities, but C-perp MOE (top surface) was much 
less sensitive to changes in ring orientation and juvenile wood 
content. 

Mode I fracture toughness. — The surfaces fit to Mode I 
effects of juvenilefracture toughness (KIc) showing the                                 wood 

Figure 14. Theand ring orientation are changeshown in                                           in 
KIc followed closely the trend demonstrated in the tension 
perpendicular to the grain tests. Comparisons could be made 
directly between the T-perp and KIc clearwood properties 
since matched specimens were used. These comparisons 
showed a linear relationship between the KIc fracture tough­
ness of a sample and the tension perpendicular stress 
(Kretschmann 2008). KIc values decreased with increasing ju­
venile wood content with a maximum drop of 16 percent. The 
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Figure 9. — The effect of juvenile wood on compressive 
stress perpendicular to the grain modulus of elasticity for vari­
ous orientations. 

Figure 10. — The effect of juvenile wood content on ASTM 
143 tension perpendicular specimen stress at cvarious grain 
orientations. 

KIc value decreased with increasing ring orientation with a 
maximum drop of 27 percent. 

Conclusions 
The three-dimensional plots are meant to give a visual rep-

resentation of what impact juvenile wood content and ring 
orientation can have on the lesser investigated clearwood 
properties (shear, C-perp, T-perp,  and KIc) The equations 
presented in Table 1 are the best fits to the data collected from 
one plantation and are smoother than the actual behavior of 
the material. These equations are not meant to be taken  as

94 

Figure 11. — the effect of juvenile wood on the tension per­
pendicular to the grain dog bone specimen stress at various 
grain orientations. 

Figure 12. — The effect5 of juvenile wood on modulus of 
elasticity for tension perpendicular to the grain at varoius 
orientations. 

equations representing all loblolly pines. The trends pre­
sented, however, give an indication of the affect juvenile 
wood has on the investigated clearwood properties. A number 
of conclusions can be drawn from this sample of loblolly pine: 

• Shear strength is relatively insensitive to annual ring ori­
entation and changes in shear strength increases in juve­
nile wood content are similar in magnitude to changes in 
density. Therefore designs sensitive to shear may see 
little impact from an increase juvenile wood content. 

• 	 C-perp and  T-perp strength and stiffness and KIc, at all
levels of juvenile wood content, are sensitive to changes 
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Figure 13. — Similarity of compression and tension perpen­
dicular to the grain MOE. 

Figure 14. — The effect of juvenile wood on mode I fracture 
toughness (KIc) at various grain orientations. 

in ring orientation with T-perp MOE being the most sen­
sitive. Extreme changes in ring orientation can in many 
cases have a larger effect on properties than extreme 
changes in juvenile wood content. This suggests that ring 
orientation may play a more critical role in designs sen­
sitive to these properties than the mount of juvenile 
wood present. 

• 	 C-perp strength for loads applied to  the  tangential face 
are more sensitive to juvenile wood content than C-perp 
strength with loads applied to the radial face while T-perp 
strength for loads applied in the  tangential direction are 
less sensitive to changes in juvenile content then T-perp 
strength for loads applied to the radial direction. 

• 	 Tension perpendicular to the grain   MOE   is more 
sensitive to ring orientation and juvenile wood content 
than Compression perpendicular to the grain  MOE.

• 	 The impact of juvenile wood content and ring orientation 
on tension perpendicular to the grain strength results is 
similar to the results from KIc fracture toughness tests. 
The determination of one of these properties could po­
tentially be used as an estimate of the other. 
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