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Abstract

Current grading standards for logs used in log home construction use visual criteria
to sort logs into either “wall logs™ or structural logs (round and sawn round timbers).
The conservative nature of this grading system, and the grouping of stronger and
weaker species for marketing purposes, probably results in the specification of logs
with larger diameter than would be required if a more precise grading method were
available. This study evaluated the relationships between log strength and stiffness as a
basis for a mechanical grading system. A sample of 120 logs, 4.9-m (16-ft.) long, was
obtained from a mixture of fire-killed subalpine fir and lodgepole pine trees. The logs
were tested in bending and in compression parallel to grain. Flexural stiffness as deter-
mined by transverse vibration was found to be the best single predictor of static strength
and modulus of elasticity (MOE). The proposed mechanical grading system uses a
combination of MOE and visual characteristics to predict mechanical properties. The
proposed system is predicted to yield a higher strength for a given MOE value than does
the current visual system.

Logs used as structural members
(sawn round timber beams such as ridge
beams, floor joists, and purlins; unsawn
round timber columns) in log homes are
currently graded by visual examination
with properties assigned by procedures
given in ASTM D 3957 (Hope 1993,
ASTM 2003). This standard provides
procedures for grading “wall logs,”
which form a load-bearing, solid wood
wall of a building, and “‘sawn round tim-
ber beams,” which are shaved or sawn
along one side. Allowable properties for
round timber are derived using strength
ratios for limiting defects as specified in
grading rules and the clear wood strength
value standard of ASTM D 245/D 2555
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(ASTM 2003). Recent studies on both
green and dry rectangular timbers have
shown that nondestructive evaluation of
modulus of elasticity (MOE), coupled
with visual assessment of knots and other

growth characteristics that affect
strength, can more accurately estimate
properties than can visual grading alone
(Green and Kretschmann 1997, Kret-
schmann and Green 1999). This cou-
pling of MOE measurement and visual
assessment is the basis for the Machine
Stress Rated (MSR) mechanical grading
system, used commercially with soft-
wood dimension lumber for more than 40
years (Galligan and McDonald 2000).

It is questionable whether the visual
grading and property assignment sys-
tem for round timbers adequately as-
sesses the potential quality of these logs
for structural use. The conservative na-
ture of the ASTM D 3957 procedure
probably results in the specification of a
larger diameter log than would be re-
quired if a more precise grading system
were available. The objective of this pa-
per is to develop the technical basis for a
mechanical grading system for round
timbers for use by the log home manu-
facturing industry.
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Table 1. — Allowable properties and limits on knot size and slope of grain for 229-mm- (9-in.-) diameter cut round timbers by visual
grade.’

Species group” Grade® Knot size Slope of grain Fy' MOE F’
(psi (MPa)) (x 10° psi (GPa)) (psi (MPa))
ES/AF/LP No. 1 1/3 in. diam. 1:14 1,100 (7.6) 1.1 (7.6) 500 (3.4)
No. 2 1/2 in. diam. 1:10 900 (6.2) 1.1(7.6) 425 (2.9)
No. 3 3/4 in. diam. 1:6 525 (3.6) 0.9 (6.2) 250 (1.7)
Unsawn 1/2 in. diam 1:15 1,350 (9.3) 1.1 (7.6) 625 (4.3)

4TPO 1987. SI units not legally defined.
YEnglemann spruce / alpine fir / lodgepole pine.

“Other limits on grade characteristics are given in TPO 1987.

95th percentile MOR/2.1.
¢5th percentile UCS/1.9.

Table 2. — Flexural and compression testing in European small-diameter round timber study.”

Bending Compression parallel to grain

Country Species n Age Diameter MC n Age Diameter MC
(yr) (in.(mm)) (%) (yr) (in.(mm)) (%)

Austria Norway spruce 85 - 5.3 (135) -- - -- - --
Finland Scots pine 175 20 4.9 (124) 15.9 175 19 4.6 (117) 153
Norway spruce 200 28 4.4 (112) 15.6 200 24 4.2 (107) 15.7
Holland Japanese larch 185 41 4.8 (122) 14.8 61 43 4.6 (117) 14.5
United Kingdom Scots pine 100 33 5.1(130) 18.9 100 33 5.0(127) 17.3
Sitka spruce 100 19 5.0 (127) 18.3 100 19 4.9 (124) 17.3

#Ranta-Maunus 1999. Additional data are available from France, for Douglas-fir and in tension parallel to grain, but this information is not completely reported

in the final report.

Background

Visual grading of round timbers

In addition to wall logs, two types of
structural round timbers are used in log
home construction: sawn and unsawn
round timbers. The surface of a sawn
round timber is flattened along one side
by sawing or shaving. Sawn round tim-
bers are primarily intended for use as
bending members. The sawn surface is
limited to a penetration of no more than
0.30 of the radius of the round log,
which limits the reduction in the cross
section to less than 10 percent. Struc-
tural grading rules for sawn round tim-
bers developed by Timber Products In-
spection, Inc. (TP 1987) group logs into
three grades: No. 1, No. 2, and No. 3.
Logs intended for uses that do not re-
quire a flattened surface may be graded
as “unsawn.” As with the visual grades
of dimension lumber or structural tim-
bers, the grade description of structural
logs is a combination of limits on char-
acteristics that affect strength and char-
acteristics that might affect serviceabil-
ity for the intended application but not
necessarily strength. Table 1 summa-
rizes the limits on knot size and slope of

grain for the four TP grades. In addition,
there are limits on such potential
strength-reducing factors as decay asso-
ciated with knots, shake, splits, and
compression wood. Examples of ser-
viceability factors include limits on lack
of “roundness,” warp, and wane.

Allowable properties for sawn round
timbers are derived from clear wood
data, modified by strength ratios as set
forth in ASTM D 3957. This “clear
wood” approach is therefore very simi-
lar to ASTM D 245 and D 2555 (ASTM
2003) procedures once used to derive al-
lowable properties for all dimension
lumber in the United States and still
used for structural timbers. Allowable
properties in bending (Fy) and in com-
pression parallel to grain (F;) for the
Engelmann spruce/ alpine fir/ lodgepole
pine grouping are given in Table 1. Al-
lowable properties are also established
for tensile strength parallel to grain
(0.55 of bending strength), strength in
compression perpendicular to grain, and
shear parallel to grain.

Small-diameter round logs

Several studies are in progress or have
recently been completed on the grading
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and properties of small-diameter (<
254-mm, <10-in.) round logs. A major
European study has been completed on
the utilization of round timbers for con-
struction (Ranta-Maunus 1999). As part
of that study, mechanical properties
were obtained on several species tested
in bending and in compression parallel
to grain (Table 2). Overall, the logs aver-
aged a little less than 127 mm (5 in.) in
diameter and were tested at a moisture
content (MC) of about 16 percent.
Bending tests were conducted with the
logs simply supported and loaded sym-
metrically at the 1/3-point of the span.
As is specified for lumber in Europe, the
logs were tested at a span-to-depth ratio
of 18:1. The MOE values were calcu-
lated using the average diameter of the
log and the modulus of rupture (MOR)
values calculated using the diameter
near failure. Short column compression
tests were conducted using an unsup-
ported free span of six times the log di-
ameter, with compression MOE (E¢p)
calculated using deformation measured
over a span of four times the diameter.
Tests in other test modes were also con-
ducted but are not fully reported in the
final report. Information on log charac-
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Table 3. — Correlation coefficients (r) of log characteristics with mechanical proper-
ties for European small-diameter round timber study.”

properties and relationships between
properties is applicable.

Characteristic MOR ucs MOE Ecomp Information on the correlation coeffi-
Log diameter 20.16 0.02 20.02 -0.08 cient (r) between selected log character-
Knots istics and both bending and compression
Knot sum -0.59 -0.56 -0.28 -0.46 ?It{re‘;gtl\}/ll Value?g;g)d_MOE Vtaldués
. anta-Maunus is presented in
Knot sum/diamet -0. -0. 0.2 -0.4 s ;
O.Sum/ rameter 20 056 ! > Table 3. For the species listed in Table
Maximum lfnm -0.39 043 -0.22 045 2, log diameter was less important than
Specific gravity the relationship between MOE and
Age 0.64 0.70 0.28 0.52 strength. Except for ultimate compres-
Density -0.41 0.61 0.40 0.59 sive strength (UCS), MC was less im-
Ring width -0.55 -0.54 -0.25 -0.50 portant than other log characteristics.
MC -0.28 -0.59 0.06 -0.07 Several measures of knot properties
MOE 0.57 0.67 1.00 - were obtained. The largest knot in the
#Ranta-Maunus 1999. MOE refers to bending in this table and is based on deflections taken between the log (max knot) had some influence on
load heads.

both strength and stiffness prediction,
but it was less correlated with these
properties than was the sum of the knots
in a given cross section (knot sum). The
correlation of the sum of the knots di-
vided by the diameter of the cross sec-

Table 4. — Multiple regression models for relating log characteristics of larch to MOR
for potential mechanical grading applications.”

Model MOE Knots Density Ring width r : . :
tion was similar to the correlation of the
5 X - - - 0.76 )
knot sum alone. Several different ways
7 X X - - 0.80 . e ;
of looking at the overall specific gravity
6 X - X - 0.79 (SG) of the logs were evaluated, includ-
8 X - - X 0.79 ing the age of the tree, density at 12 per-
12 X X X - 0.82 cent MC, and ring width. One form or
11 X X X X 0.82 another of these indications of SG
Ranta-Maunus 1999. would appear important in a visual grad-
ing model, except, perhaps, for flexural
MOE.
As noted in the previous text, visual
methods were the primary grading focus
i Bar in the study by Ranta-Maunus (1999).

(1] Eurccode, Gloa 1998
Legs
[2] Scoty pine, Barnard and Grifnths 159508
[A] Sitka Spruce, Bernard and Qrifnths 16838
(4} walle and Moaaley 2000
3. Drouglas.0r .:1}

However, it was recognized that in the
future there might be some interest in
mechanical grading of logs. A number
of multiple regression models were

i D a pine (2} evaluated for larch for potential devel-
opment of a mechanical grading system
{3 (Ranta-Maunus 1999). As can be seen

from Table 4, adding some measure of
knot size to MOE would appear to
slightly improve the prediction of MOR
(model 7 versus model 5), as does add-

- k) W B o B - @®m O
L|

Compression parallel (x10? Ibfin?)

B (43} ¢ ing either density or ring width (model 6
R or 8 versus model 5). The best model
was that containing MOE, some mea-

L 1 1 H 1 i A sure of knots, and density (model 12).

4 L+ B 10 12 14 16 18

Modulus of ruptura (x10? Ibfin?)

Figure 1. — Compression-bending relationship for small-diameter logs. 1 Ib./in.? =
6.894 kPa.
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However, only slight improvement was
gained by using this model than just
MOE and knots (model 7). Other mea-
sures of MOE, including dynamic mea-
sures, give correlations similar to those
shown in Table 4 for static flexural

teristics, property relationships, and
nondestructive testing options were also
evaluated as part of the study. Initial em-
phasis in the material property phase of
the study was on the development of vi-
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sual grades geared to the European
stress class system used for lumber
(Glos 1995), which are not directly ap-
plicable in the United States. However,
the information on factors affecting log

MOE.

Barnard and Griffiths (1998) pre-
sented information on the relationship
between bending strength and compres-
sion strength for Sitka spruce and Scots
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Table 5. — Lumber property relationships for recent U.S. studies on small-diameter

round logs.
Property (Y) = A+B(X)
Publication Y X v
Wolfe and Moseley (2000) MOR MOE 0.53
E,, 0.39
[S[&N Ecomp 0.58
MOE Ey, 0.40
Wang et al. (2001) MOE Ey 0.86
Ey., 0.53

pine from the United Kingdom (see data
summary for United Kingdom in Table
2). The relationship obtained for
small-diameter logs is given in regres-
sions (1) and (2) of Figure 1. Also
shown is the relationship assumed for
lumber in Eurocode, regression 1 (Curry
and Fewell 1977, Glos 1995). The Euro-
pean data on small-diameter round logs
apparently show that the compres-
sion-bending relationship for logs is dif-
ferent from that for dimension lumber.

Two recent studies in the United
States have also been looking at prop-
erty relationships for small-diameter
round logs. Wolfe and Moseley (2000)
evaluated the bending and compression
properties of Douglas-fir, white fir, and
ponderosa pine. Twenty-one trees were
selected for each species, with butt log
diameters ranging from 102 to 330 mm
(4 to 13 in.) on the large end. The aver-
age age of the Douglas-fir trees was 49
years, that of white fir 44 years, and that
of ponderosa pine 24 years. Bending
tests were conducted over a 2.4-m (8-ft.)
span with a concentrated load at
mid-span. Short column compression
tests were conducted using a length of
three to four times the log diameter.
Both static MOE values and MOE val-
ues determined by longitudinal stress
wave techniques were obtained on the
logs. At the time of the test, the MC of
most logs tested in bending was above
the fiber saturation point, whereas the
average MC of the logs tested in com-
pression was 15 percent. For the three
species combined, static MOE was
found to be the best single predictor (7 =
0.53) of MOR (Table 5). The correla-
tion between MOE in compression par-
allel to grain (E ) and UCS was 0.58.
The MOE measured by longitudinal
stress wave techniques (Ej,) was not
well correlated with static flexural
MOE, nor was it found to be as good a
predictor of MOR.

Plotting the data for “tip” and “butt”
logs given in Table 2 of Wolfe and
Moseley (2000) suggests a species-inde-
pendent relationship between MOR and
UCS for small-diameter logs (Fig. 1). In
this plot, the top two data points (a) are
Douglas-fir, the next two (b) are white
fir, and the last two (c) are ponderosa
pine. However, the slope of the relation-
ship shown in Figure 1 might be differ-
ent if the bending and compression sam-
ples had the same MC.

Wang et al. (2001) evaluated several
nondestructive predictors of static flex-
ural MOE for small-diameter red pine
and jack pine. The trees ranged in diam-
eter from about 127 mm to 330 mm (5
in. to 13 in.). The jack pine was 50 to 70
years old, whereas the red pine averaged
38 years. The static bending tests were
conducted using 305-mm- (12-ft-.) long
logs loaded at the 1/3-point of the span.
Butt logs ranged in diameter from about
114 mm to 280 mm (4.5 to 11 in.); most
logs were tested while green. In addition
to static MOE, MOE was determined by
transverse vibration (£},) and longitudi-
nal stress wave (Ej,) techniques. For
both red pine and jack pine combined, a
very good correlation was found be-
tween MOE and E;, (Table 5), but not
between MOE and E|,, The authors con-
cluded that E;, values were less sensitive
to geometrical imperfections of the logs
than were E,, values.

Materials and methods

Selection and processing

We selected 60 logs and 60 cants from
the inventory of a cooperating log home
manufacturer in the Bitterroot Valley of
Montana. The material came from dead-
standing, typically fire- and/or beetle-
killed trees. The sample was a mixture
of subalpine fir (4bies lasiocarpa) and
lodgepole pine (Pinus contorta). Be-
cause regression relationships were to
be established as part of the proposed
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grading procedure, we attempted to ob-
tain a wide range of material quality in
our initial selection, including some
specimens that might not meet current
visual grading requirements. Our selec-
tion was based on obtaining 4.9-m-
(16-ft.-) long specimens using visual
characteristics such as knots and spiral
grain as quality indicators. Average
length of rough-cut specimens was
about 5 m (16.5 ft.). Only specimens
with obvious decay or significant shake
were rejected. The average MC of the
specimens was assumed to be below the
fiber saturation point based on deep
checks and spot readings taken with a
portable resistance moisture meter.

The specimens were divided into two
groups with an approximately equal
range of quality using longitudinal stress
wave measurements and visual quality
characteristics. First, longitudinal stress
wave measurements were taken on all
logs and cants. Then, pairs of logs with
approximately equal stress wave transit
times and visual quality characteristics
were separated into 2 groups of 30 spec-
imens. The process was repeated with
the cants. Thus, each of the 2 final
groups of 60 specimens was composed
of 30 cants and 30 logs, and the overall
range in quality was about the same for
each group. One group was then arbi-
trarily assigned for testing in bending
and the other for testing in compression
parallel to grain.

After this selection process, the speci-
mens were turned by the log home man-
ufacturer to uniform cylinders, approxi-
mately 230 mm (9 in.) in diameter. The
logs to be tested in bending were sawn
on one side to create an approximately
51-mm- (2-in.-) wide flattened surface.
These “sawn round timbers” repre-
sented a typical structural log profile for
bending members, in which the flat-
tened surface would be the load bearing
area for a floor or roof member. We had
intended to leave the members to be
tested in compression as round logs but
were unable to do so because 30 of these
logs were also flattened on one side. The
logs to be tested in bending were
shipped to the University of Idaho and
those to be tested in compression to the
USDA Forest Products Laboratory.

Flexural testing

The processed logs were delivered to
the University of Idaho for flexural test-
ing. The logs were first graded as sawn
round timbers by a TP Quality Supervi-
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sor (TP 1987). Each log was weighed
and measured, and its slope of grain was
recorded. The worst knot in each log and
the worst knot in each quadrant of the
log were recorded. The species of each
log was also determined. Three nonde-
structive evaluation measurements were
taken on each log while it was simply
supported at each end.

First, center-span MOE (Ej,,7) Was
calculated from the deflection caused by
placing a 21-kg (47-1b.) dead load at
mid-span. This was done by first placing
a small pre-load of 22 kg (49 1b.) on the
log and then measuring the incremental
deformation 60 seconds after the 64-kg
(139- 1b.) dead load was applied. The
stiffness relationship is given by:

Egeaal = (L*/48)(PIA) (1]

where:
I = moment of inertia

P/A = slope of load/defor-
mation relationship
L = span
Using nominal dimensions, the mo-
ment of inertia of the logs was assumed
to be 1.325 x 10* m (318.3 in.*). The
value of E ., served as a basic refer-
ence value between the bending and
compression samples.

Second, the stress wave velocity along
the length of each log was measured by
attaching an accelerometer to one end of
the log and impacting the other end with
a 2.3-kg (5-1b.) hammer. The oscillating
signal generated by the accelerometer
was analyzed with a computer program
written by researchers at the USDA For-
est Products Laboratory to determine
wave speed per unit length of logs (C).
Each log was weighed for determination
of density (p). The MOE by longitudinal
stress wave techniques (Ej,,) was then
determined from:

E,,=C’ [2]

Third, the transverse vibration fre-
quency of each log was determined by
striking each log with a rubber-headed
hammer at mid-span to induce vibration
and recording the output from a load cell
located at one of the supports (Murphy
2000). The MOE by transverse vibration
may then be calculated from:

E,=(WL/(2.467Ig) [3]

where:
W = weight of beam
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f = natural frequency of
transversely vibrating
beam

g = acceleration due to
gravity

The loads were then placed in a uni-
versal testing machine and tested in 1/3-
point bending with a span-to-depth ratio
of 17:1 (span = 3.8 m, 12.25 ft.) accord-
ing to ASTM D 198 (ASTM 2001). For
this test, the beams were orientated with
the round side down and the loads were
applied to the flattened surface, as
would typically happen in use. The rate
of crosshead motion was 25.4 mm (1.0
in.) per minute, which resulted in an av-
erage time to failure of about 3 minutes.
Load-deflection plots were also ob-
tained for each specimen for calculation
of static MOR and MOE.

Static MOE was determined from the
slope of the load deflection curve.
Load-deflection readings were taken
electronically at about five readings per
second over the duration of the test. A
regression equation was used to fit a
straight line to the linear portion of the
curve, and the fit was checked both sta-
tistically and by visual observation. Co-
efficients of determination, 7°, for the
fits were generally in excess of 0.99:

MOE = (23L%/12961)(P/A)  [4]

After testing, a 25.4-mm- (l-in.-)
thick cross section was cut from near
failure of each log for determining
ovendry MC and SG (ASTM D 4442
and D 2395; ASTM 2001).

Compression testing

Log selection, grading, measurement
of physical characteristics, and nonde-
structive testing of £, Ey,, and Ej,, were
conducted as described for the bending
samples. Testing followed procedures
given in ASTM D 198 (ASTM 2003),
with lateral supports provided at 305
mm (12 in.) from the ends of the log and
at 610-mm (24-in.) spacing in the mid-
dle of the log. To facilitate handling of
the logs, each full-length log was cut in
half; each half was tested and the lowest
of the two values recorded. The average
length of the logs at test was 249 cm (98
in.). The logs were loaded at a rate of
crosshead movement of approximately
2.54 mm (0.1 in.), for a time to failure of
5 to 12 minutes. Longitudinal MOE in
compression, E,,, was obtained by
measuring the deflection over the mid-
dle 152 ¢cm (60 in.) of the span. Because
a few of the members with significant

spiral grain tended to twist as they were
loaded, twist perpendicular to the long
axis of the member was also measured.
After testing, a 25.4-mm- (1-in.-) thick
cross section was cut from near failure
of each log for determining ovendry MC
and SG (ASTM D 4442 and D 2395)
(ASTM 2003).

Results and discussion

Physical and
mechanical properties

Bending. — The static bending prop-
erties of the logs tested in this study are
summarized in Table 6. Of these logs,
43 were subalpine fir and 17 were
lodgepole pine. Average log diameter
was about 222 mm (8-3/4 in.) and aver-
age MC was 15.5 percent, with a range
from 12 to 39 percent. All but four logs
had less than 20 percent MC; MC of the
outer quarter of these logs averaged only
17 percent. The average branch index
value ranged from 28.2 to 33.3 mm
(1.11 to 1.31 in.), indicating that the logs
were not particularly knotty. Branch in-
dex is the average value for the worst
knots in each quadrant of the log. This
characteristic has been found useful in
characterizing log quality (Barbour and
Parry 2001). Slope of grain was not gen-
erally a problem. For example, the aver-
age slope of grain for No. 1 logs was
only 2.54 cmin 160 cm (1 in. in 62.8 in.)
(Table 6), too small a slope to measure
in the field.

Evaluating the properties of the visual
grades was not a primary objective of
the study, and the limited sample sizes
for most visual grades precluded valid
statistical analysis of the differences.
The 27 No.l logs (20 of which were
subapline fir) had an average MOR of
35 MPa (5,070 psi) and a 5th percentile
point estimate of 22.1 MPa (3,210 psi).
Dividing the Sth percentile MOR value
by the general adjustment factor of 2.1
yields an estimated Fy value of 10.7
MPa (1,550 psi), which is 35 percent
higher than the allowable F, value of 7.9
MPa (1,150 psi) shown in Table 1. The
average MOE value of the 27 No.1 logs
and the 15 No. 2 logs would both round
to 8.3 GPa (1.2 million psi). Both values
are slightly lower than the allowable
value of 9.0 GPa (1.3 million psi) shown
in Table 1. These values are representa-
tive of only the samples we tested, not of
the population as a whole.

Compression parallel to grain.— The
properties of the logs when tested in
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Table 6. — Bending properties of various grades of lodgepole pine and subalpine fir 229-mm- (9-in.-) diameter cut round timbers.

Average branch Average slope

Property Grade  Sample size Average MC  Average SG index of grain Mean property cov® Sth percentile
(%) (in.(mm)) (oneinx)  (x 10° psi (MPa)) (%) (x 10° psi (MPa))
MOR
No. 1 27 15.7 0.38 1.13 (28.7) 62.8 5.07 (35.0) 23.1 3.21(22.1)
No. 2 15 15.8 0.39 1.31 (33.3) 27.8 5.37 (37.0) 15.8 NA
No. 3 4 14.4 0.38 1.11 (28.2) 70.8 4.00 (22.8) 15.8 NA
Cull 13 15.3 0.38 1.14 (29.0) 63.6 4.81(33.2) 26.1 NA
All 59 15.5 0.38 1.19 (30.2) 54.1 5.01 (35.0) 22.1 NA
MOE (x 10° psi (GPa)) (x 10° psi (GPa))
No. 1 27 15.7 0.38 1.13 (28.7) 62.8 1.19 (8.2) 13.1 0.91 (6.3)
No. 2 15 15.8 0.39 1.31 (33.3) 27.8 1.24 (8.5) 7.5 NA
No. 3 4 14.4 0.38 1.11 (28.2) 70.8 1.11 (7.7) 16.1 NA
Cull 13 15.3 0.38 1.14 (29.0) 63.6 1.10 (7.6) 13.5 NA
All 59 15.5 0.38 1.19 (30.2) 54.1 1.18 (8.1) 12.5 NA
E jead (x 10° psi (GPa)) (x 10° psi (GPa))
No. 1 27 15.7 0.38 1.13 (28.7) 62.8 1.25 (8.6) 11.4 0.99 (6.8)
No. 2 15 15.8 0.39 1.31(33.3) 27.8 1.30 (9.0) 5.6 NA
No. 3 4 14.4 0.38 1.11 (28.2) 70.8 1.18 (8.1) 14.0 NA
Cull 13 15.3 0.38 1.14 (29.0) 63.6 1.16 (8.0) 11.2 NA
All 58 15.5 0.38 1.19 (30.2) 54.1 1.24 (8.5) 10.8 NA
E, (x 10° psi (GPa)) (x 10° psi (GPa))
No. 1 27 15.7 0.38 1.13 (28.7) 62.8 1.24 (8.5) 11.5 0.98 (6.8)
No. 2 15 15.8 0.39 1.31(33.3) 27.8 1.28 (8.8) 7.1 NA
No. 3 4 14.4 0.38 1.11 (28.2) 70.8 1.18 (8.1) 12.6 NA
Cull 13 15.3 0.38 1.14 (29.0) 63.6 1.17 (8.1) 10.5 NA
All 59 15.5 0.38 1.19 (30.2) 54.1 1.23 (8.5) 12.9 NA
E, (x 10° psi (GPa)) (x 10° psi (GPa))
No. 1 27 15.7 0.38 1.13(28.7) 62.8 1.51(10.4) 17.0 1.14 (7.9)
No. 2 15 15.8 0.39 1.31(33.3) 27.8 1.50 (10.3) 10.7 NA
No. 3 4 14.4 0.38 1.11 (28.2) 70.8 1.48 (10.2) 10.8 NA
Cull 13 15.3 0.38 1.14 (29.0) 63.6 1.38 (9.5) 15.2 NA
All 59 15.5 0.38 1.19 (30.2) 54.1 1.48 (10.2) 14.9 NA

2One piece accidentally graded as a “wall log 40.”
PCOV = coefficient of variation.

short column compression are summa-
rized in Table 7. Of these logs, 44 were
subalpine fir and 16 were lodgepole
pine. As with the bending samples, the
logs averaged about 222 mm (8-3/4 in.)
in diameter; MC averaged 12.3 percent,
with values ranging from about 9 to 14
percent. As can be seen from the branch
index, the average size of the worst knots
was just 34.3 mm (1.35 in.). In general,
slope of grain was not a problem. For ex-
ample, the average slope of grain found
for No. | logs was only 1 inch in 112
inches (2.54 ¢cm in 284 cm) (Table 7),
too small a slope to measure in the field.
However, a few logs were grade limited
by slope of grain.

Forty-three of the 60 logs (72%) se-
lected for compression testing were
No.1 grade as opposed to 27 of 59 logs

(46%) sampled for bending tests. This
imbalance in the two data sets is proba-
bly a result of having to select the speci-
mens in the rough form, before they
were machined to constant diameter. The
Sth percentile UCS value of the No. 1 logs
was 15.3 MPa (2,220 psi). When the 5th
percentile value is divided by the general
adjustment factor of 1.9, the allowable
compressive strength F.. is 7.9 MPa (1,150
psi). This is almost twice as high as the al-
lowable value of 4.1 MPa (600 psi) shown
for No. 1 grade in Table 1.

Relationships between properties

Because determining MOE by trans-
verse vibration or longitudinal stress
wave is not standardized procedure for
logs, and because both techniques re-
quire more complex analysis to obtain
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an MOE value, it is instructive to com-
pare both MOE estimates with the
simple case of loading with a dead load
applied at mid-span (E ;) (Table 8).
Since all three measures were taken on
both bending and compression samples,
Table 8 gives this comparison for the
combined data set. As might be expec-
ted, MOE determined by transverse vi-
bration is a much better predictor of
E jeaq than is MOE determined by longi-
tudinal stress wave. The variability
about the regression line, as expressed
by the root mean square error (RMSE)
of Eg,, t0 Ejouq (0.703 MPa, 102 psi),
was more than 2.5 times larger than that
between E;, and E ., (0.255 MPa, 37

psi).

Regression relationships determined
for the bending specimens are also sum-
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Table 7. — Properties of lodgepole pine and subalpine fir 229-mm- (9-in.-) diameter cut round timbers in compression parallel to

grain.
Average  Average slope
Property  Grade  Sample size® Average MC Average SG branch index of grain Mean property covP Sth percentile
(%) (in. (mm)) (x 10’ psi (MPa)) (%) (x 10’ psi (MPa))
ucs
No. 1 43 12.3 0.36 1.35(35.3) 115 3.11(21.4) 17.0 2.22(15.3)
No. 2 4 13.2 0.37 1.20 (30.4) 65 2.97 (20.5) 12.1 NA
No. 3 10 12.0 0.35 1.25 (31.8) 117 3.30 (22.8) 25.0 NA
All 57 12.3 0.36 1.33 (33.8) 112 3.14 (21.7) 18.3 2.26 (15.6)
comp (x 10° psi (GPa)) (x 10° psi (GPa))
No. 1 43 12.3 0.36 1.35(35.3) 115 1.18 (8.1) 15.6 0.94 (6.5)
No. 2 4 13.2 0.37 1.20 (30.4) 65 1.02 (7.0) 27.1 NA
No. 3 10 12.0 0.35 1.25(31.8) 117 1.25 (8.6) 15.7 NA
All 57 12.3 0.36 1.33 (33.8) 112 1.18 (8.1) 16.6 0.93 (6.4)
Ejeaa (x 10°psi (GPa)) (x 10°psi (GPa))
No. 1 43 12.3 0.36 1.35(35.3) 115 1.25 (8.6) 14.9 1.00 (6.9)
No. 2 4 13.2 0.37 1.20 (30.4) 65 1.21 (8.4) 13.5 NA
No. 3 10 12.0 0.35 1.25(31.8) 117 1.26 (8.7) 21.7 NA
All 57 12.3 0.36 1.33(33.8) 112 1.25 (8.6) 15.9 0.98 (6.4)
£, (% 10° psi (GPa)) (x 10° psi (GPa))
No. 1 43 12.3 0.36 1.35(35.3) 115 1.12 (8.5) 13.9 0.98 (6.7)
No. 2 4 13.2 0.37 1.20 (30.4) 65 1.16 (8.0) 16.8 NA
No. 3 10 12.0 0.35 1.25(31.8) 117 1.24 (8.5) 20.6 NA
All 57 12.3 0.36 1.33 (33.8) 112 1.22 (8.4) 15.2 0.96 (6.6)
E,, (x 10°psi (GPa)) (x 10°psi (GPa))
No. 1 43 12.3 0.36 1.35(35.3) 115 1.43 (9.9) 13.2 1.15(7.9)
No. 2 4 13.2 0.37 1.20 (30.4) 65 1.30 (9.0) 22.9 NA
No. 3 10 12.0 0.35 1.25(31.8) 117 1.51(10.4) 22.6 NA
All 57 12.3 0.36 1.33 (33.8) 112 1.43 (9.9) 16.0 1.14 (7.9)

2One piece accidentally graded as a “wall log 40.”

bCOV = coefficient of variation.

marized in Table 8. As expected, the
correlation between static MOE deter-
mined by 1/3-point load and the cen-
ter-point dead load is excellent, with a
RMSE of 0.241 MPa (35 psi). The cor-
relation between E,, and MOE is also
excellent, with an RMSE of 0.351 MPa
(51 psi). A good, but more variable cor-
relation, with a RMSE of 0.483 MPa (70
psi), was found between Ej,, and MOE.
As can be determined from the equation
given in Table 8, E;, readings would be
close to those of MOE over most of the
expected range of MOE, with £, values
being slightly higher at low values of
MOE. The Ej,, and E;, relationship has a
much different slope, and numerical val-
ues of Ej,, are higher than those of MOE
for Eg, readings above 5.9 GPa (0.86
million psi). The higher Ej,, values over
much of the range of MOE are consis-
tent with the observations of Wang et al.
(2001).

The correlation between MOR and
various nondestructive measures of
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MOE is also given in Table 8. Coeffi-
cients of determination, 7, are highest
for static MOE by 1/3-point load (Fig. 2)
and are typical of those found for di-
mension lumber (Doyle and Markwardt
1966). As might be expected, the axial
modulus, Ej,, is less well correlated
with flexural strength than are the flex-
ural methods of estimating MOE.

For MOE in compression parallel to
grain (Ecopp), all three measures of
MOE correlate equally well with Ey,p.
Thus Ej,, is just as good a predictor of
Ecomp as are the two bending MOE mea-
surements. Surprisingly, £ oy, is not the
best predictor of UCS. With an RMSE
of 2.5 MPa (368 psi), Ej, is the best pre-
dictor of MOE, E 4, is virtually identi-
cal (RMSE = 2.6 MPa (378 psi)), and
Ej,, s almost as good (RMSE =2.8 MPa
[408 psi]). Since the difference in
RMSE between the predictions of UCS
using Ecopp and Ey, is only 0.503 MPa
(73 psi), perhaps this is just an anoma-
lous result. In any case, current practice

for MSR lumber is to predict UCS from
its relationship with MOR, not its rela-
tionship with MOE (ASTM D 6570).

Development of
mechanical grading criteria

Predicting log strength. — The rela-
tionship between MOR and MOE forms
the basis for the MSR grading system,
used commercially in the United States
since the 1960s for grading dimension
lumber (Smulski 1997, Galligan and
McDonald 2000). For the MSR grading
systems, a lower 95 percent confidence
interval (CI) on the predicted MOR val-
ues provides the equivalent of the 5th
percentile used to determine allowable
strength values for visual grades. A true
95 percent CI is nonlinear, being wider
at the upper and lower ends of the MOE
distribution than it is near the mean.
Such a nonlinear trend is not convenient
for estimating allowable properties.

We first obtained a true 95 percent
lower CI to the data. We then obtained a
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Table 8. — Regression relationships for 229-mm- (9-in.-) diameter sawn round tim-

bers.’
Property (Y) =4 + B(X)
Property (Y) X n A B P RMSE
Combined data
E,a Ey 118 -0.039 1.045 0.95 0.037
E, 118 0.350 0.611 0.63 0.102
Bending data
MOE Ey 60 -0.138 1.071 0.88 0.051
Es, 56 0.393 0.543 0.67 0.070
Eeaa 58° -0.134 1.063 0.94 0.035
MOR MOE 60 -1.930 5.902 0.61 0.696
Eeaa 58° -2.848 6.357 0.56 0.746
Ey 60 -2.566 6.174 0.51 0.778
Ej, 60 1.210 2.576 0.25 0.962
Compression data
E omp Ey 57 0.081 0.903 0.72 0.104
Eq, 57 0.084 0.799 0.76 0.096
Edead 57 0.148 0.829 0.70 0.107
UCS Ecomp 57 0.663 2.090 0.49 0.441
E, 57 0.187 2.416 0.60 0.368
Eq, 57 0.493 1.921 0.50 0.408
Edead 57 0.373 2212 0.57 0.378

#For MOR and UCS, values in thousand psi; MOE values in million psi; RMSE in same units as property

values; 1 psi = 6.895 MPa.
PFour “outlying” pieces dropped (see text).
“Readings lost as a result of LVDT error.
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Figure 2. — Bending-stiffness relationship for 229-mm- (9-in.-) diameter logs.

linear model relating MOR and MOE
having the same slope as the mean trend
of the MOR-MOE regression line but
with an intercept displaced downward
by the difference between the mean
trend line and the true CI at its narrowest
point (Fig. 2). The equation for the 95
percent lower CI is:

MOR g5, ;= 5.902MOE — 3.084 [5]

12 14 18

If MOE were the only grading crite-
rion, the near minimum MOE for a
grade having an allowable E value of
13.8 GPa (2.0 million psi) would be 0.82
times the grade average value, or 11.3
GPa (1.64 million psi). The allowable
MOR value, Fy, would be obtained by
determining the MOR value predicted
from Equation [S] with an MOE of 11.3
GPa (1.64 million psi) and then dividing
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that MOR value by the general adjust-
ment factor of 2.1 (ASTM D 245). For
example, for an allowable MOE of 9.0
GPa (1.3 million psi), the Fy, value
would be 22.1 MPa (3,208 psi). Divid-
ing this value by 2.1 yields 10.5 MPa
(1,528 psi) and would round to 10.7
MPa (1,550 psi) (ASTM D 245).

Table 9 presents some potential Fy-E
combinations developed from Equation
[5] and compares them to allowable
MOE values for current grades of visu-
ally graded sawn round timbers (TP
1987). Note that for a given MOE value,
mechanical grading would give a higher
F, value than does the current visual
system, especially for the No. 3 visual
grade. In many cases, however, the value
of the proposed system may not be the
ability to get a higher MOR value for a
given value of MOE, but the possibility
to obtain a higher grade yield for a given
set of properties than would be possible
through visual grading (Kretschmann
and Green 1999).

In an effort to find other variables that
might be useful in developing grading
criteria, a stepwise regression was run to
see what other variables might have pre-
dictive capability for MOR. In addition
to MOE, the variables included in the re-
gression were the average of the largest
knots on each face of the log, largest
knot anywhere on log, minimum of larg-
est knots on each side, slope of grain,
density, SG, and log grade. MOE was by
far the most important variable, explain-
ing 61 percent of the variability and be-
ing a significant predictor of MOR with
a significance level of 0.0001. Next in
importance was any of the knot mea-
sures. All knot measures were essen-
tially the same in importance. Maximum
knot size was used because of its sim-
plicity as a grading criterion. This vari-
able was also significant at the -0.0001
level, and with MOE it increased the 7
value from 61 to 67 percent. The inclu-
sion of maximum knot size also reduced
the variability of a predicted MOR
value. The RMSE used in such a predic-
tion decreased from 4.8 MPa (696 psi)
based on MOE alone to 4.5 MPa
(647 psi) using both MOE and knot size.
The following predictive equation al-
lows us to get predictive equations for
MOR of logs with different maximum
size knots.

MOR =5.576 MOE — (6]
0.314 Knot,,,, — 1.036
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Table 9. — Predicted allowable flexural properties for mechanically graded sawn
round timbers of subalpine fir/lodgepole pine using only MOE.

MOE MOR gsLcI Fv-E
Average 0.82E (Eq. [5]) Predicted” Current”
1.4 1.148 3.691 1750F,-1.4E -
1.3 1.066 3.208 1550F,-1.3E 1450F,-1.3E
1.2 0.984 2.724 1300F,-1.2E -
1.1 0.902 2.240 1100F,-1.1E 550F,-1.1E
1.0 0.820 1.756 850F,-1.0E -

#Equation [5] of text, divided by 2.1, and rounded by ASTM D 245.
bAlpine (subalpine) fir values for Unsawn (1.3E) and No. 3 Sawn (1.1E) grades.

MOR (x10? bfin?}

o7y D& D9 10

12 13 1415 18
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Figure 3. — Comparison of 95 percent lower confidence intervals for models with
and without knots. Maximum knot size, in inches, is shown for each data point. (1 in.

=25.4mm).
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Figure 4.— Compression-bending relationship for 229-mm- (9-in.-) diameter round
logs. Ratios plotted are at 1st, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 99th per-
centiles of MOR and UCS strength distributions.

Figure 3 shows an approximate 95
percent lower confidence limit of pre-
dicted MOR values for Equation [6] for
maximum knots ranging from 0 to 102
mm (0 to 4 in.). The figure shows that
the limit for the 51-mm (2-in.) knot is
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very close to the 95 percent confidence
limit for the original MOR-MOE curve,
Equation [5] (indicated as LCI on Fig.
3). This is due in part to the limited num-
ber of knots larger than 51 mm (2 in.), as
may be seen from the data points on Fig-

ure 3. With more samples of larger
knots, the confidence limit for the
MOR-MOE curve would be expected to
be lower than the confidence limit for
this sample. The next phase of this pro-
ject will more than double the number of
available samples, which should help
clarify the regression relationships.

Predicting compression strength. —
In current practice, the compression
strength of MSR lumber is estimated
from the bending strength. A plot of the
ratio of UCS to MOR, plotted versus
MOR using the 1st through 99th percen-
tiles of each property, shows a relation-
ship similar in form to that seen for
dimension lumber (Green and Kret-
schmann 1991) (Fig. 4). Although the
relationship for round members would
yield different UCS/MOR ratios than
would the relationship for dimension
lumber, it would appear possible to esti-
mate properties by the same process
used for dimension lumber. Further, the
initial results of Wolfe and Moseley
(2000) for 102-mm- (4-in.-) diameter ta-
pered logs suggest that the relationship
might be a function of log size, as it is
with dimension lumber (Green and
Kretschmann 1991), but perhaps inde-
pendent of species (Fig. 5).

As previously noted, there was a much
higher percentage of No. 1 visual grade
logs in the compression data set than in
the bending data set. This difference
raised concerns that the quality of the
logs in the lower end of the compression
data might not be equivalent to that for
the bending data. This is further demon-
strated in Figure 6, where it would ap-
pear that the lower tail of the UCS distri-
bution has been truncated. To correct
this problem, we plan to sample some
additional ungraded pieces with low
predicted compression strengths during
phase II of our study. Also, the lower end
of'the MOR data appears somewhat jag-
ged, perhaps not unexpected given the
small sample size of the data set. Some
additional pieces with lower estimated
MOR values will also be sampled in
phase II. These additional samples
should help to smooth out the UCS-
MOR relationship (Fig. 4).

Conclusions and
recommendations

From the results of our study on dry,
229-mm- (9-in.-) diameter, round tim-
bers we conclude the following:
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Figure 5. — Compression-bending relationship for logs of two diameters. Data for
229-mm- (9-in.-) diameter logs are at 1st, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and
99th percentiles of MOR and UCS strength distributions. Data for 102-mm- (4-in.-)
diameter logs are mean values from Wolfe and Moseley (2000).
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Figure 6. — Strength distribution of 229-mm- (9-in.-) diameter logs.

e A prototype machine developed to de-
termine log stiffness by transverse vibra-
tion provides an excellent correlation
with MOE determined by applying a
dead load in the center of an untapered
round timber.

e Good correlations exist between
static MOE in 1/3-point bending and
MOE determined by transverse vibra-
tion or longitudinal stress wave. For esti-
mating flexural MOE, presorting logs
using transverse vibration is preferred
because it yields a better correlation and
requires less judgment on the part of the
operator.

e Both MOE by transverse vibration
and MOE by longitudinal stress wave

appear to be equally well correlated to
static MOE by axial compression.

e For logs, there appears to be a corre-
lation between UCS parallel to grain and
MOR that is similar in form to that es-
tablished for dimension lumber. The re-
lationship may be species independent.

e A good correlation exists between
flexural strength (MOR) and MOE.
Thus, there would appear to be no tech-
nical barrier to developing a mechanical
grading system for round timbers.

The initial results of our study are fa-
vorable. However, it is necessary to ver-
ify that the proposed procedures can be
used to successfully sort mechanical
grades of round timbers. A follow-up
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study is needed in which logs of at least
two proposed grades are sorted and then
tested to confirm flexural properties. At
least one of these grades should have
properties comparable to those of an ex-
isting visual grade so that grade yield
comparisons may be made. This study
would also provide additional data to
clarify the contribution of knots to the
predictive relationship for MOR (Eq. [6]).

Additional information is needed on
the flexural and compressive strength of
lower quality logs to help quantify the
UCS-MOR relationship. Information is
needed on the effect of MC on log MOE
and MOR as an aid in setting grade
boundaries in the field. Finally, it is im-
portant that research be continued on the
factors that affect log strength, such as
the complementary studies of Wolfe, to
help provide insight into the variation in
log properties over a wide geographic
range and the relationship between ma-
terial and log properties.
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