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DEVELOPMENT OF FLEXURAL DESIGN

VALUES FOR PALLET SHOOK

by
John A. McLeod III

(ABSTRACT)

Rational design of wood pallets requires estimates of
average flexural properties of pallet lumber of many species
and visual grades. The objective of this study was to
develop procedures for estimating these design values for

use in a first-order second-moment design format.

Preliminary studies were performed to assess the
effects of increased loading rates on in-grade flexural
data, size effects between deckboard and stringer
properties, and the effectiveness of the ASTM strength ratio
concept as applied to pallet shook. An increased load rate
(ten times the ASTM rate) resulted in an 8.0% increase in
average MOR and a 4.7Y% increase in average MOE. No definite
conclusions could be reached concerning the relative
strength of deckboards vs. stringers. Several factors,

other than a statistical size effect, may influence their



relative strength. Estimated strength ratios (ESR)
generally underpredicted the experimentally determined
actual strength ratios (ASR). As knot size increased, the

ESR increasingly underpredicted the ASR.

Two approaches were used to derive pallet shook design
values. The best is full-size in-grade testing of
commercial material. However, only vyellow-poplar and
eastern oak species have currently been evaluated in this
manner. For all other species, a modified procedure based
largely on the methods of ASTM D 2555 and D 245 was
recommended. This procedure yields conservative estimates

of strength for grades allowing large knots.
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1.0 INTRODUCTION

The main objective of the four year Cooperative Pallet
Research Program (PRP) was to develop a rational design
procedure for wooden pallets based on load carrying
capacity, stiffness performance, and durability. The design
procedure, <called PALLET DESIGN SYSTtM (PDS), is a
computerized, first-generation, reliability-based design
procedure. PDS uses a first-order, second-moment approach
and therefore requires estimates of the mean and standard

deviation of both the load effects and member resistances.

The member resistances are measured in terms of bending
strength and stiffness. Unfortunately, little information
is currently available on the flexural properties of cut-to-
size pallet shook. Two investigations (20,45) - of the
flexural properties of yellow-poplar and eastern oak pallet
shook were recently made at Virginia Tech. Other species

must be researched to build a reasonable data base.

However, it may be many years before these in-grade
investigations of various species of pallet shook can be
completed. For PDS to be immediately useful, design values

for pallet shook of any species or combination of species



must be estimated in some manner. Therefore, interim
methods of developing estimates of design values from
existing data are needed. The main objective of this thesis

is to describe these methods.

ASTM D 2555 (S) and ASTM D 245 (4) provide methods of
establishing strength and stiffness working stress design
values for any grade and species of lumber. However, these
standard methods establish near minimum strength values as
the basis for design and are not usually employed to
establish the variability and mean of strength or stiffness
values for relatively short full-size pallet lumber.
Modifications to these standard methods are necessary to
establish mean strength and stiffness values for pallet
shook for use as PDS input. Other methods are required to
estimate the variability of the strength and stiffness

values.

The ASTM D 245 (4) method of deriving design values for
full-size structural lumber is based on the use of certain
adjustment factors. One factor, the strength ratio, 1is
defined as the ratio of the strength of the piece of lumber,
including knots, cross-grain, splits, checks, and other
strength reducing defects, to the hypothetical strength of

the piece had it been clear and straight grained. These



strength ratios are used to modify the clear wood strength
value in order to predict the strength of a piece with
defects. This strength ratio approach could easily be
incorporated into a method of deriving design values for
pallet shook of both hardwood and softwood species.
However, the effectiveness of the ASTM D 245 strength ratios
in predicting the strength of hardwood pallet shook should
first be determined since the strength ratios were developed
for softwood structural lumber and have only recently been

used with hardwoods.

Extensive research on softwoods has shown that an
increased beam depth results in decreased bending strength.
Unfortunately, 1little or no information on similar effects
with hardwood beams of sizes commonly used by the pallet
industry is available. Results from Holland's (20) and
Spurlock's (45) studies of hardwood pallet shook indicate
that any depth effect on bending strength for hardwoods may
vary by species. Holland tested yellow-poplar, a diffuse-
porous species, and found the average MOR of deckboards to
be greater than that of stringers. This might be expected
due to the greater depth of stringers. However, Spurlock
tested oak, which is ring-porous, and found the average MOCR
of stringers and deckboards to be approximately equal. This

would seemingly indicate a lack of depth effect on MOR.



ASTM D 245 wuses a size fector to édjust bending stress
values for different depths. This size factor, F = (Z/d)l/g,
assumes center point loading and a span-to-depth ratio of
14. This formula is technically only valid for clear,
straight-grained Douglas-fir at 129% moisture content (7).
Its applicability to pallet shook needs to be investigated
before the size factor is wused to develop estimated design

values and before these estimated values can be compared

with experimentally obtained values of full-size shook.

Research has shown that an increased rate of bending
deformation used in testing may result in increased flexural
strength and stiffness for clear material (19,46). However,
research on full-size lumber with defects has shown that
increased 1load rates lead to increased strength and
stiffness only for the stronger pieces in a population

(13,27).

The two recently completed investigations at Virginia
Tech on the bending properties of oak and yellow-poplar
pallet shook (20,45) used loading rates approximately 10
times greater than the ASTM loading rate. The data from
these two studies may require adjustment for the rapid
loading rate used 1in testing before it can be used in any

derivation of design values or before it is compared to data



obtained at slower rates of loading. The evaluation of the
effect of increased 1loading rates is also desirable since
future testing of other species of full-size pallet shook

will likely use increased loading rates.



2.0 OBJECT S

The overall objective of the research described in this
thesis is to recommend methods of developing design values

for pallet shook for use in the PALLET DESIGN SYSTEM.

Three preliminary studies were required. The objective
of the first study was to determine if increased loading
rates during testing influence the bending strength and
stiffness distribution of green hardwood pallet shook. If
loading rate has a significant influence, then adjustment

factors to account for the increased rates are required.

The objective of the second study was to determine any
depth effect on bending strength of green hardwood pallet

shook.

The objective of the third study was to evaluate the
effectiveness of the strength ratios given in ASTM D 245 in
predicting the effect of defects on bending strength of

green hardwood pallet shook.

The final objective was to recommend interim methods of
developing estimates of design values from éxisting data for
pallet shook of any species or combination of species and

any grade or combination of grades for use in PDS.



3.0 RATE OF LOADING STUDY

3.1 INTRODUCTION

Research has shown that increased bending 1load rates
may result in increased flexural strength and stiffness for
clear material (19,46). However, research on full-size
lumber with defects has shown that increased load rates lead
to increased strength and stiffness only for the stronger

pieces in a population (13,27).

Two recently completed investigations at Virginia Tech
on the bending properties of ocak and yellow-poplar pallet
shook (20,45) used loading rates approximately 10 times
greater than the ASTM loading rate. The data from these two
studies may require adjustment for the rapid 1loading rate
used in testing before it can be used in any derivation of
design values or before it is compared to data obtained at
slower rates of loading. The evaluation of the effect of
increased loading rates is also desirable since future
testing of other species of full-size pallet shook will

likely use increased loading rates.



The objective of this study was to evaluate any effect
of an increased bending load rate on the flexural strength

and stiffness of full-size pallet shook.



3.2 REVIEW OF LITERATURE

The term "rate of loading" implies a constant increase
in the load applied to a specimen, whereas the term "rate of
deformation" implies a constant rate of increase in the
deformation or deflection. Research on loading rate effects
is usually conducted using various rates of deformation
measured in terms of unloaded cross-head travel of a testing
machine. However, this is typically r«:fered to as "rate of
loading" in the literature. Therefore, in this thesis "rate
of loading" refers to rate of deformation of the specimen
measured in terms of unloaded cross-head travel of a testing

machine, unless specifically stated otherwise.

Early research on small, clear specimens showed that
bending strength of clear wood is affected by rate of
loading. Tiemann (46) reported that the bending strength of
clear wood increased with increased rate of loading, as did
Wood (55). Liska (26) investigated rate of loading effects
on small, clear specimens of sitka spruce, Douglas-fir,
birch, and maple at approximately 129% MC. - He found that the
MOE was approximately the same for all loading rates but
that MOR increased with increase in loading rate. Liska

reported that if loading time changed by 100%, a change in
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strength of 2.5% in the ~»pposite direction was observed.
Deflection at maximum load was the same for all loading
rates in softwoods but increased as loading time decreased
in hardwoods. Brokaw and Foster (1l1) also studied rate of
loading effects on small clear specimens of sitka spruce and
Douglas-fir at 129 MC. They, too, reported that MOE was not
significantly affected but that bending strength increased
with increased rate of loading. Deflection at failure was

observed to be constant regardless of loading rate.

James (21) investigated rate of loading effects on
small, clear, matched specimens of sweetgum, yellow-birch,
and red oak at both green and air-dry moisture contents.
MOR was seen to increase with increased loading rate, with a
greater increase in strength for the g.,.een than the air-dry
specimens. This is in agreement with Gerhards (19). James
reported a small increase in MOE for faster loading rates,
with a slightly higher increase in air-dry than green
specimens. Stress at proportional limit increased with
faster loading rates, again with a slightly higher increase
for air-dry than green specimens. In a similar study of
ponderosa and loblolly pine, James (22) reported a 7%
increase in strength with a tenfold increase in loading rate
for air-dry specimens but a 129 increase in strength for the

green specimens. Stress at proportional limit increased at
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faster loading rates with a greater increase seen for the
green than for the air-dry specimens. MOE and deflection at

maximum load were independent of loading rate.

While early research was limited to small clear
specimens, recent studies have dealt specifically with full-
size, commercially available lumber. Madsen (27)
investigated rate of loading effects for dry lumber in
bending using both defect free and No. 2 grade kiln-dried
Hem-fir 2 X 6's. In this study, rate of loading refers to a
stepwise increase in load, or ramp loading. Madsen found
that for No. 2 grade, the average MOE decreased with
decreased loading rates, but for the clear material, the
average MOE was fairly constant for all loading rates. The
rate of loading effect was dependent on material strength;
increased rates led to increased bending strength for the
strong pieces but did not significantly influence bending
strength of the weaker pieces. Spencer (44), in a study of
bending of No. 2 and better Douglas-fir 2 x 6's at 12% MC,
also found that rate influenced the stronger pieces but not

the weaker ones.

Madsen (28) also investigated rate of loading effects
on wet lumber in bending using No. 2 grade green Hem-fir 2 x

6's and ramp loading. Results of this study were
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essentially the same as results of the dry lumber study.
There was a slight loading rate effect on MOE and the
loading rate effect on bending strength was dependent on
material strength. Madsen concluded that moisture does not
significantly affect the influence of loading rate on the

bending strength and stiffness of wood.

In a report on the In-Grade Testing Program, Madsen
(29) states that fast loading rates have not been shown to
significantly affect bending strength values for commercial
lumber, which are based on the lower fifth percentile.
Thus, it is unneccessary to use slow rates of loading as
called for by ASTM standards. DeBonis, Woeste, and McLain
(13) recently investigated the rate of loading influence on
bending tests of No. 2 Dense kiln-dried southern pine 2 x
4's. Rates of loading of 0.2 in./min. and 5.0 in./min. were
used. No statistically significant differences in MOE or
MOR distributions were seen. While rate of loading did
influence the stronger pieces, the weaker pieces were
relatively unaffected by loading rate. This indicates that
in-grade strength and stiffness data used in deriving
allowable design values may not require adjustments for
rapid testing rates if design values are based on a lower

percentile.
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3.3 MATERIALS AND METHODS

Eighty yellow-poplar stringers (2 x 4 x 48 inch nominal
size), 80 yellow-poplar deckboards (1 x 6 X 40 inch nominal
size), 80 mixed oak stringers, and 80 mixed oak deckboards,
all at green moisture content, were obtained for this study.
These two species at green moisture content were selected to
correspond directly to the two recent investigations at
Virginia Tech (20,45). The shook was randomly sampled from
inventory at Williamsburg Millwork Corporation in Bowling
Green, Virginia. After wrapping in six mil polyethelene,
the shook was transported back to the Sardo Laboratory at

Virginia Tech.

Once at the laboratory, the shook was randomly stacked
and one edge of each stringer and one face of each deckboard
were systematically marked to indicate the compression side
during subsequent testing. Thus, the compression and
tension sides were determined independent of +the presence
and location of defects. The shook was then re-wrapped and
stored in a cold chamber kept at 34 ° F and 85% relative
humidity. The shook remained wrapped and in the cold
chamber at all times except when being measured, mapped, and

tested. Before use, the shook was allowed to reach
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equilibrium temperature with the laboratory (72 ° F) while
remaining wrapped in plastic. After use, the shook was re-
wrapped and returned to the cold chamber. The shook was thus
kept from drying or biodegradation during the several week

span required to complete the study.

All major defects expected to influence strength or
stiffness were measured according to ASTM D 245 (4). The
location and size of the defects within the piece were
computer recorded. Appendix A gives a detailed description
of the defect mapping and coding procedure. The cross-
sectional dimensions of each piece (width and thickness,
each the average of three separate measurements within the
middle third of the length) were recorded to the nearest
0.001 inch with dial calipers. The MOE of each piece was
determined non-destructively from the average of dead-weight
deflection tests of both sides, with both stringers and
deckboards tested flatwise (as a plank). Stringers were‘
tested at a 45-inch span and deckboards were tested at a
36-inch span. A dial gauge was used to record deflection at
mid-span to the nearest 0.001 inch. A reference weight of
6.87 lbs. and measuring weight of 22.07 lbs. were used to
test deckboards. A reference weight of 6.87 1lbs. and
measuring weight of 56.50 lbs. were used to test stringers.

These weights were chosen to cause a significant deflection
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for accurate MOE computation while rem:ining well below the
proportional limit of the material. The reference weight
was placed on the piece at mid-span and allowed to settle
the piece on the supports for thirty seconds. The initial
deflection reading was taken from the dial gauge. The
measuring weight was then placed on top of the reference
weight and a final deflection reading was taken immediately.
The piece was then flipped over and the procedure repeated.
The MOE of each side was calculated using the measuring
weight and the difference between final and initial
deflections. The MOE of the piece was computed as the

average of the two sides.

All shook data was entered and stored on computer disk.
A computer program (Appendix D) was written and used to
calculate the estimated strength ratio (ESR) for each piece
of shook using equations given in ASTM D 245. The strength
ratio of a piece of structural lumber is defined as the
ratio of the strength of the piece, which may have knots,
cross-grain, splits, checks, and other strength reducing
defects, to the hypothetical strength of the piece had it
been clear and straight grained. All shook within a
particular species/size class was then ranked on the basis
of MOE to the nearest 1000 psi. Pieces with the same MOE

were then ranked according to the ESR. The material within
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a particular species/size class was segregated into two
equivalent groups, based on MOE and ESR, by grouping every
other piece in order of rank. The desired end result of
this ranking and segregation procedure was the establishment
of two populations equivalent in terms of strength and

stiffness.

Procedures outlined in ASTM D 198 (3), except for
loading rate, were used in testing both groups of a
particular species and size. The first group was tested at
the ASTM strain rate of 0.001 in./in./min.. This required a
crosshead speed of 0.1 in./min. for stringers and 0.3

in./min. for deckboards. The second group was tested at a

strain rate of 0.010 in./in./min.. This required a
crosshead speed of 1.1 in./min. for stringers and 3.2
in./min. for deckboards. One-third point loading was used,

with deckboards tested at a 36-inch span and stringers at a
45-inch span. The testing procedures, including strain
rate, span, and third-point 1loading, were selected to
duplicate the procedures used in the recent testing of full-
size oak and yellow-poplar shook (20,45). The pieces were
tested to failure on a Tinius-Olsen screw-driven testing
machine, with load and deflection recorded continuously by a
Tinius-Olsen chart recorder. The failure type and location

were recorded as a 3-digit failure code (see Appendix B).
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The defect which initiated failure was also n§ted. A
specific gravity and moisture content specimen was taken
from near the point of failure immediately after the test
for every fifth piece. The specimen was weighed to the
nearest 0.001 gram, oven-dried at 104 °C for 48 hours, and
re-weighed. The specimen was then coated with hot melted
paraffin and its oven-dry volume determined by water

immersion.

After testing it was decided that the shook should be
graded according to the scheme proposed by Sardo and Wallin
(42). This is also the grading procedure used by Spurlock
in the oak study (45). Since defects had been mapped and
recorded on computer, a computer program (Appendix C) was
written to assign a grade to each piece. A complete grade

description is given in Appendix I.



18

3.4 RESULTS AND DISCUSSION

To evaluate the effect of loading rate on the strength
and stiffness distribution of pallet shook, two equivalent
samples of shook were tested at two different loading rates.
By ranking all shook within a particular species and size
class in order of non-destructively determined MOE, with
ties broken by ESR, and then separating every other piece in
order of rank, two presumably equivalent groups in terms of
strength and stiffness were formed. Except for loading
rate, both groups were tested in exactly the same manner.
Therefore, differences between strength and stiffness
distributions of the two groups is assumed to be the result

of loading rate alone.

The experiment is a balanced factorial design, with
three factors (loading rate, species, size) and two levels
of each (fast and slow, oak and poplar, deckboards and
stringers). The Statistical Analysis System (43) was used
to perform a factorial analysis of variance to test for all
main effects, as well as interactions, on MOR and MOE.
Table 3.1 gives the results which indicate that loading rate
had a significant effect on MOR at any reasonable level and

a significant effect on MOE at alpha levels greater than



TABLE 3.1 - RESULTS OF FACTORIAL ANALYSIS OF VARIANCE

SOURCE DEPENDENT VARIABLE
MOR MOE

LOADING RATE 0.0016 0.0534
SPECIES 0.0001 0.0024
SIZE - 0.3237 0.0001
LOADING RATE x* SPECIES 0.9895 0.6711
LOADING RATE x SIZE 0.5996 0.6919
SPECIES * SIZE 0.1644 0.0014
LOADING RATE % SPECIES x* SIZE 0.9348 0.4046

(1) THE PR > F COLUMN GIVES THE ALPHA LEVEL CORRESPONDING TO THE
F VALUE. THEREFORE, REJECT THE NULL HYPOTHESIS (NO EFFECT)
AT ALPHA LEVELS GREATER THAN THE PR > F VALUE.

6T
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0.0534. The alpha level indicates the confidence level at
which the null hypothesis of no effect can be rejected.
Species had a significant effect on MOR and MOCE at any
reasonable level while size only had a significant effect on
MOE. The only significant interaction indicated by the

analysis was a species-size effect on MOE.

Table 3.2 lists the average and coefficient of
variation (C.V.) for the MOR and MOE of each loading
rate/species/size class. The non-parametric lower 5th
percentile MOR 1is also listed but the small sample size
makes this value questionable. The average MOR and the
average MOE were greater at the fast rate of loading than at
the slow rate of loading for all species/size classes. The
lower fifth percentile MOR was greater at the fast rate of

loading for all species/size classes except oak stringers.

Table 3.3 lists the ratio of wvalues at the fast rate to
values at the slow rate for average MOR, average MOE, and
lower 5th percentile MOR for each of the species/size
classes. The general trend of increased MOR and MOE values
due to increased loading rate is apparent. Table 3.3 also
lists the average ratios for deckboards and for stringers,
the average ratios for oak and for poplar, and an overall

average ratio for all the shook.



TABLE 3.2 - MECHANICAL PROPERTIES OF PALLET SHOOK FROM RATE OF LOADING STUDY

MOR MOE
SPECIES SIZE LOADING MEAN C.v. LOWER FIFTH MEAN C.v. N
RATE (PSI) (%) PERCENTILE (KSI) (%)
(PSI)
DECKBOARD FAST 7860 17.6 5290 1649 19.9 40
SLOW 7650 17.3 5110 1530 20.8 40
0AK
STRINGER FAST 7580 17.7 3320 1267 17.7 40
SLOH 6990 22.1 3870 1230 19.7 40
DECKBOARD FAST 5890 26.1 3740 1400 26.7 40
SLOW 5460 18.0 3690 1364 24.3 40
POPLAR
STRINGER FAST 6020 20.7 3520 1286 19.3 40
SLOW 5460 25.0 2880 1222 21.9 40

¥ STRINGER MOE CORRECTED FOR SHEAR ASSUMING E/G = 16

TC



TABLE 3.3 - RATIOS OF MOR AND MOE AT FAST VS. SLOW LOADING RATE

MOR MOE
SPECIES SIZE MEAN LOWER FIFTH PERCENTILE MEAN
DECKBOARD 1.05 1.04 1.08
0AK
STRINGER 1.09 0.86 1.03
DECKBOARD 1.08 1.01 1.03
POPLAR
STRINGER 1.10 1.22 1.05
AVERAGE RATIO
FOR DECKBOARDS 1.066 1.024 1.052
AVERAGE RATIO
FOR STRINGERS 1.095 1.040 1.041
AVERAGE RATIO
FOR O0AK 1.070 0.947 1.054
AVERAGE RATIO
FOR POPLAR 1.091 1.118 1.039
AVERAGE RATIO 1.080 1.032 1.047

[44
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Figures 3.1 through 3.4 show cumulative distribution
functions of the actual MOR data for each species/size
class. The general trend of increased MOR at the faster
loading rate is clear. This trend is very consistent
throughout the range of MOR values for both oak and poplar
stringers. For oak deckboards, the MOR values at the fast
rate of loading are greater than the values at the slow rate
in the higher as well as lower range of strength. However,
the MOR values in the middle range of strength are nearly
equal for both loading rates. For poplar deckboards, the
MOR values in the lower range of strength are nearly equal
for the two different loading rates. However, the MOR
values at the fast rate of loading are greater in the middle

and upper range of strength.

Figures 3.5 through 3.8 show cumulative distribgtion
functions of the actual MOE data for each species/size
class. The general trend of increased MOE at the faster
loading rate is illustrated. However, the increase in MOE
is generally not as great as the similar increase in MOR.
The increase in MOE at the fast rate is greatest for oak
deckboards and is very consistent throughout the range of
stiffness. For oak stringers, the increase in MOE at the
fast rate is most consistent in the lower stiffness range

with a somewhat less consistent increase in the upper
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stiffness range. In the middle stiffness range, oak
stringer MOE 1is approximately the same at both loading
rates. The increase in MOE at the fast 1loading rate is
evident at both the high and 1low stiffness range for poplar
stringers. However, this increase is evident only in the
very highest stiffness range for poplar deckboards, the
species/size class exhibiting the lowest overall increase in

MOE due to increase in loading rate.

In conflict with the results of this study, which
indicate that increased loading rate can affect MOR values
throughout the full range of strength, are results reported
by Madsen (27,28,29), Spencer (44), and DeBonis, Woeste, and
McLain (13), which indicate that increased loading rates
affect the MOR only for the stronger pieces of a population.
Results reported by the above authors do indicate a slight
loading rate effect on MOE for lower strength and stiffness
material, but not for clear material. Results from the
study reported here indicate that loading rate can affect
MOE throughout the range of strength and stiffness, although

the effect on MOE is less than that for MOR.

There are several possible explanations for this
conflict between results from other studies and the results

from this study. The studies cited above were exclusively on
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softwoods (hem-fir, Douglas-fir, and southern pine) while
this study dealt with a ring porous hardwood, oak, and a
diffuse-porous hardwood, yellow-poplar. There may be basic
differences in the response to varied strain rates between
hardwoods and softwoods due to anatomical characteristics.
For example, Liska (26) reported that as loading rate
increased, stress at proportional limit (SPL) increased more
rapidly than MOR for softwoods, while MOR increased more
rapidly than SPL for hardwoods. Table 3.4 shows that for
this study of oak and poplar shook, the increase in SPL at
increased 1loading rate was indeed 1less than the
corresponding increase in MOR. In fact, the SPL for

deckboards actually decreased with increase in loading rate.

Previous studies of full-sized softwood lumber
(13,27,87,44) tested only No. 2 or No. 2 and Better 2 x 4
and 2 x 6 inch commercial lumber. This study of ocak and
poplar pallet shook included all grades and therefore
contained a wider range of defects. Pallet shook,
especially deckboards, is also considerably different in
dimensions than full-size 2 x 4's and 2 x 6's. The wider
range of defects, coupled with any basic behavioral
differences between softwoods and hardwoods due to anatomy,
may be responsible for the observed differences in MOR and

MOE response to increased loading rate compared to previous



TABLE 3.4 - STRESS AT PROPORTIONAL LIMIT

MEAN MEAN RATIO
SPECIES SIZE FAST RATE SLOW RATE (FAST/SLOW)
(PSI) (PSI)
DECKBOARDS 3440 3920 0.88
0AK :
STRINGERS 2660 2740 0.97
DECKBOARDS 4050 3980 1.02
POPLAR

STRINGERS 3480 3250 1.07

143
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work with softwoods. The fact that the SPL of deckboards
actually decreased with increase in loading rate may
indicate the presence of some as yet unexplained size

related phenomenon.

All the previous work cited above, except one (28),
dealt with dry lumber, while this study of pallet shook used
only green material. Although Madsen (28) observed no basic
change in the response of No. 2 grade hem-fir 2 x 6's due to
moisture content, a hardwood pallet shook population
consisting of all grades at a lower moisture content might
exhibit different trends in response to loading rate than

the green shook used in this study.

Although the total sample size for this study was
fairly large at 320 pieces, there were only 40 pieces in
each loading rate/species/size class. The ranking and
sorting procedure used to establish two equivalent
populations may have influenced the results. While it is
not known if a larger sample size would have produced
different results, more definitive conclusions could

certainly have been reached.

Nevertheless, this study does provide a preliminary
evaluation of the effect of the increased loading rate used

in the recent studies on oak and yellow-poplar shook at
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Virginia Tech (20,45). The results of this study indicate
that both the MOR and MOE values obtained at the increased
rate of loading should be adjusted down in order to compare
with values obtained at the ASTM rate or before they are
used as design values. This adjustment could readily be
made by dividing the strength or stiffness value obtained at
the increased loading rate by the approrriate ratio given in
Table 3.3. The ratios given in Table 3.3 allow specific
adjustment by species/size class, specific adjustment by
size class only, specific adjustment by species only, or an
overall adjustment factor to be applied to all shook
indiscriminate of species or size. Because of the limited
sample size used in this study, it may be most reasonable to
apply an overall adjustment factor to all shook. This
factor, the average ratio given in Table 3.3, would not
drastically over-penalize nor under-penalize any particular
species/size class 1in adjustment of the average MOR or
average MOE. The extreme range of ratios given for the
lower S5th percentile MOR indicates the sensitivity of the
distribution tails given the small number of samples (in
fact, the lower fifth percentile is represented by the
second lowest value.) Thus, these ratios are quite

unreliable and not recommended.
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3.5 CONCLUSIONS

Bending tests were performed on green oak and yellow-
porplar deckboards and stringers at both the ASTM rate of
loading and 10 times this rate. Results indicate that both
MOR and MOE increase with increased loading rate and that
this increase is reasonably constant throughout the range of
strength and stiffness values. The average increase was
8.0% for MOR and 4.7% for MOE. Not all species/size groups
exhibited the same effects. In general, the stringers
showed a élightly higher increase in MOR than deckboards,
while the deckboards showed a slightly higher increase in
MOE than stringers. The poplar shook had a slightly higher
increase in MOR than the oak, but the oak shook had a
slightly higher increase in MCE than the poplar. Given the
small sample size and the incohsistent trends between the
various species/size groups, an overall adjustment of the
MOR and MOE for loading rate wusing the average values

reported above may be most reasonable.

This preliminary study has shown that full-size
hardwood pallet shook at green moisture content may respond
differently than full-size softwood lumber and that strength

and stiffness values determined at increased loading rates
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may indeed require adjustment before being used in deriving

design values or comparing to data obtained at ASTM rates.



4.0 DEPTH EFFECT STUDY

4.1 INTRODUCTION

Extensive research on softwoods has shown that an
increased beam depth results in decreased bending strength.
Unfortunately, 1little or no information on similar effects
with hardwood beams in sizes commonly used by the pallet
industry is available. The objective of this preliminary
research was to explore a possible depth effect on bending

strength of hardwood pallet shook.

Results from Holland's (20) and Spurlock's (45) studies
of hardwood pallet shook indicate that any depth effect on
bending strength for hardwoods may vary by species. Holland
tested yellow-poplar, a diffuse-porous,- relatively
homogeneous species, and found the averaée MOR of deckboards
to be greater than that of stringers. This might be
expected due to the greater depth of stringers. However,
Spurlock tested oak, a ring-porous, non-homogeneous species,
and found the average MOR of stringers and deckboards to be
approximately equal. This would seemingly indicate a lack

of depth effect on MOR.

39
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The objective of this study was to determine any depth
effect on bending strength of green hardwood pallet shook.
This study investigated the depth effect for both a ring-
porous and a diffuse-porous species. The applicability of
existing depth adjustment factors used in the derivation of

design values for structural lumber was also investigated.
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4.2 REVIEW OF LITERATURE

"It is well established that as the depth of a wood
bending member increases, its bending strength, or modulus
of rupture (MOR), decreases. However, most research on the
effect of depth or size has been limited to clear specimens
of softwood species. Any interaction that growth
characteristics, such as knots, have with a depth effect is
not known. Similar size effects with lumber of hardwood
species is not documented. If there 1is a depth effect on
bending strength for hardwoods, it may vary by species given

the wide variation in anatomy and homogeneity.

Newlin and Trayer (35) proposed a fiber support theory
to explain the effect of depth on bending strength. They
observed that a wood member in bending developed a greater
compressive stress at the extreme fiber than a wood member
subjected to a wuniaxial compressive force parallel to the
grain. They assumed that the wood fibers -in the member
under axial compression acted as columns all bound together.
Since these fibers were all subject to the same compressive
stress, they offered each other little 1lateral support.
However, for a bending member, the stress is non-uniform.

The extreme fibers are under more stress than fibers closer
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to the neutral axis. On the compression side of the beam,
the extreme fibers are laterally supported by the lower

stressed fibers closer to the neutral axis. Therefore, it
was thought that the extreme fibers can sustain a greater

compressive stress due to this support.

The fiber support theory is best explained by comparing
a shallow and a deep beam with equal extreme fiber stresses.
The stress gradient over the cross-section is greater for a
shallow beam than for a deep beam. In a shallow beam,
fibers close to the extreme compression fibers are under
much less stress than the extremes. Therefore, the extreme
compression fibers of a shallow beam are laterally supported
by adjacent fibers. In a deep beam, fibers close to the
extreme compression fibers are under nearly as much stress
as the extremes. Therefore, the extreme compression fibers
of a deep beam are offered less lateral support by adjacent
fibers than in the shallow beam. Consequently, the extreme
compression fibers in a shallow beam may be expected to
withstand greater stress than the extreme compression fibers
in a deep beam. Accordingly, this would lead to greater
modulus of rupture valués for a shallow beam than a deep

beam.
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Newlin and Trayer (35) gave the following equation
relating the modulus of rupture of a beam of depth, d, to a

beam two inches deep:
Rd/R2 = 1.07 - 0.07+/d/2 (4.1)

Freas and Selbo (16) noted that equation (4.1)
predicted MOR values for deep beams less than the
compressive strength of the material. Furthermore, they
found the equation was inconsistent with the data in their
study. Based upon the fiber support theory, Freas and Selbo

gave the equation:
2 2
Fh = 0.81 (d + 143)/(d” + 88) (4.2)

For very large values of depth (d), the MOR of a beam as
predicted by this equation approaches the compressive

strength of the material as a limit.

Weibull (52) developed a statistical approach to the
strength of brittle materials. The basis of Weibull's
theory is that there is a greater probability of a region of
low strength occuring in a large volume of a material than
for a small volume of the material. Weibull's theory, often
called the "weakest link theory", assumes that a specimen
under stress will fail when the stress exceeds the strength

of the weakest element in that specimen. This is analogous
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to a chain being only as strong as its weakest link. The
weakest link theory assumes the 1links (or elements of a
material) act in series. Weibull also considered the
possibility of the 1links acting in parallel but concluded
that the probability of failure is the same whether the

links act in series or parallel.

Bohannan (10) developed a relationship between beam
depth and modulus of rupture based upen the statistical
theory of strength of materials suggested by Weibull (52).
Bohannan concludes, however, that the elements of a cross-
section of a wood bending member act not as links in a
series but as links in parallel. He recognized that when a
link of depth fails, the section modulus of the beam is
effectively reduced but must still support the same moment
that caused failure of the weakest link. This may lead to
failure of the next weakest link and the next, resulting in
a cascade-type failure. Tension failure, the typical
failure mode for wood beams, 1is a cascade-type failure.
Bohannan's theory is the currently accepted explanation of
the effect of depth on bending strength. However, it is
still inconsistent with Weibull's theory since it 1is a

function of only depth and span and not volume.
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Bohannan related the modulus of rupture of a beam of

depth, d, to a beam with a two-inch depth:

Rd/R2 = (2/d)/° (4.3)
Technically this equation is only valid for clear, straight-
grained Douglas-fir at 129% moisture content with a span to

depth ratio of 14 and center-point loading.

It should be noted that Weibull's statistical strength
theory, upon which Bohannan's work is based, is not intended
to explain the strength reduction due to obvious defects
such as knots and cross-grain. Instead, the theory is
intended to explain the reduction in strength due to
occurrences of regions of low density or strength which

otherwise appear free of defects.

The National Design Specification (34) and the Timber
Construction Manual (1) require that a size factor be used
to modify the value for extreme fiber stress in bending for
structural glued laminated beams or sawn lumber exceeding
twelve inches in depth. The size factor is calculated as

follows:
ce = (1274)/°

where d equals depth. This "equation is based on the

assumption of simple supports, uniformly distributed load,
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and a span to depth ratio (1/d) of 21. Adjustments for
other loading conditions or l/d ratios are given. For
stress-grades of lumber and timbers, the effect of depth has
been incorporated into the grading process of ASTM D 245
(4). Bohannan's formula, F = (2/d)l/9,is used as the size
adjustment factor. Although this equation assumes center-
point loading and an 1/d ratio of 14, no adjustments for

other loading conditions or l1/d ratios are made.

Fewell and Curry (15) analyzed four depth factor
equations to determine the best overall fit to data from
tests of various grades of several softwood species at
depths of 100 to 300 mm. (3.93 to 11.8 in.) The following

equations were analyzed:

0.73 (h% + 92300)/(h® + 56800)

a. K =
b. K = (200/h)L/?
(4.4)
. K = (200/m)0- 403
d. K = 1.631 - 0.00316 h

where h = beam depth in millimeters.

These equations are indexed to a factor of 1.0 for a depth

of 200 mm. Equation 4.4a is the equation originally given
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by Freas and Selbo (16) and presented as equation 4.2
earlier in this thesis. Equation 4.4b is the equation
originally given by Bohannan (10) and presented as equation
4.3 earlier in this thesis. Equation 4.4c is an equation
given by Bury (12), while equation 4.4d is an equation given

by Madsen (30).

Equation 4.4c was found to best fit the overall data for the
species and grade mixtures contained. The fit was improved
by rounding the exponent to 0.4. The authors concluded that
for visually stress graded softwood lumber in sections from
100 to 300 mm deep, the effect of depth on bending strength

can be defined by the adjustment factor:
K = (200/h)0-4 (4.5)

Doyle and Markwardt (14), in a study of full-size
southern pine dimension lumber, found a reduction in bending
strength with increasing depth for all grades. An average
reduction in MOR of 2.4Y% per inch of depth was found with
considerable variation between grades. The decrease in
strength with depth was found to increase for lower grades.
A 0.58% reduction in MOR per inch of depth was found for No.
1 grade while a 6.15% reduction per inch was found for No. 3
grade. The actual strength ratic (MOR of full size piece /
MOR of small clear piece) ofva given grade was found to

decrease as depth increased.
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Recent research on hardwood pallet shook at Virginia
Tech has generated results seemingly inconsistent with the
accepted depth effect. In Holland's (20) study of the
flexural properties of yellow-poplar pallet shook,
deckboards were found to have an average strength greater
than that of stringers. This would be expected due to the
greater depth of the stringers. However, in a similar study
of oak pallet shook, Spurlock (45) found the mean strength
of deckboards and stringers to be approximately equal. The
high quality stringers were stronger than the high quality

deckboards, which is opposite of what would be predicted due

to the depth effect. The reverse was seen for low quality
material: low quality deckboards were stronger than low
quality stringers. This reversal can at least partially be

explained by the relative effect of defects on the
~deckboards and stringers. A knot would most likely occur on
the widest face of the piece and would therefore tend to
effectively reduce the width of deckboards and the depth of
stringers. Since depth is a squared term in MOR computation
and width has an exponent of unity, stringers should be

weakened more by knots than deckboards.

The difference in strength of the yellow-poplar and oak
shook as related to depth may be attributable to differences

in anatomy betweeen the two species. Yellow~-poplar is
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diffuse-porous and therefore more homogeneous than oak,
which is ring porous and has large rays. On the basis of
homogeneity, yellow-poplar might be expected to exhibit a
depth effect similar to softwoods, which are also relatively

homogeneous.

Bodig and Jayne (9) give two reasons, other than
probability of flaws, for the effect of specimen size on
mechanical properties: material inhomogeneity and stress
concentrations. Material inhomogeneity, such as large
differences in density between earlywood and latewood,
results in stress concentrations. As the specimen size
decreases, the effect of inhomogeneity increases. This may
provide insight into why the high quality oak stringers were

stronger than the high quality oak deckboards.
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4.3 MATERIALS AND METHODS

To examine the hypothesis that depth effect 1is
anatomically related, two shook populations from each of two
species were obtained. The samples were equivalent except
for depth. One-hundred four white ash stringers (2 x 4 x 48
inch nominal size) and 104 eastern cottonwood stringers, all
at green moisture content, were obtained for this study.
These species were selected as representatives of a ring-
porous species and a diffuse-porous species, as well as due
to their similarities to oak and yellow-poplar,
respectively. The shook was randomly sampled from the
production line at St. Charles Lumber Company in St.
Charles, Michigan. The shook was wrapped in six mil
polyethelyene and transported to the Sardo Laboratory at

Virginia Tech.

Once at the 1lab, the shook was randomly stacked by
species and one edge was systematically marked to indicate
the compression side during subsequent testing. Thus the
compression and tension side were determined independent of
the presence and location of defects. The shook was then
re-wrapped and stored in a cold chamber kept at 34° F and

85% relative humidity. The shook remained wrapped and in
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the cold chamber at all times except when being measured,

mapped and tested. Before testing the shook was allowed to
reach equilibrium temperature with the laboratory (72° F)

while remaining wrapped in plastic. After use, the shook

was re-wrapped and returned to the cola chamber to minimize
drying or biodegradation during the several week span

required to complete the study.

The cross-sectional dimensions of each piece (width and
thickness, each the average of three separate measurements
within the middle third of the length) were recorded to the
nearest 0.001 inch with dial calipers. The MOE of each
piece was determined non-destructively from the average of
dead-weight deflection tests of both sides. The stringers
were tested flatwise (as a plank) at a 45-inch span. A dial
gauge was used to record deflection at mid-span to the
nearest 0.001 inch. A reference weight of 6.87 lbs. and
measuring weight of 56.50 lbs; were used. These weights
were selected to cause a significant deflection allowing
accurate MOE calculation while remaining well below the
proportional limit of the material. The reference weight
was placed on the piece at mid-span and allowed to settle
the piece on the supports for thirty seconds. The initial
deflection reading was taken from the dial gauge. The

measuring weight was then placed on top of the reference
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weight and a final deflection reading was taken immediately.
The piece was then flipped over and the procedure repeated.
The MOE of each side was calculated using the measuring
weight and the difference between final and initial
deflections. The MOE of the piece was computed as the

average of the two sides.

All pieces within a species class were then ranked
according to MOE to the nearest 1000 psi. Every other piece
in order of rank was then placed in a s+parate group. Thus,
two groups of equivalent strength distribution (estimated by
MOE) were formed, each group containing one-half of the
pieces of each species. One-half inch of material was sawn
from both edges of all the pieces in one group. One group
then had a depth of 3-1/2 inches and the other group had a

depth of 2-1/2 inches.

The pieces were tested to failure on a Tinius-Olsen
screw driven testing machine, with load and defléction
recorded continuously by a Tinius-Olsen chart recorder.
Procedures outlined in ASTM D 198 (3), except loading rate,
were used in testing. A strain rate of 0.009 in./in./min.
was used, which required a crosshead speed of 1.0 in./min.
for the 3-1/2 inch pieces and 0.7 in./min. for the 2-1/2

inch pieces. One-third point loading was used, with the
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3-1/2 inch pieces tested at a 45-inch span and the 2-1/2

inch pieces tested at a 32-inch span (l/d ratio = 12.8).

The failure type and location were recorded as a
3-digit failure code (see Appendix B). The defect
initiating failure was also noted. A specific gravity and
moisture content specimen was taken from near the point of
failure immediately after the test for every fifth piece.
The specimen was weighed to the nearest 0.001 gram, oven-
dried at 104 degrees Centigrade for 48 hours, and re-
weighed. The specimen was then coated with hot melted
paraffin and its oven-dry volume determined by water

immersion.

After testing it was decided that the shook should be
graded according to the scheme proposed by Sardo and Wallin
(42), which is also the grading procedure used by Spurlock
in the oak study (45). Since defects had been mapped and
recorded on computer, a computer program (Appendix C) was
written to assign a grade to each piece. A complete grade

description is given in Appendix I.
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4.4 RESULTS AND DISCUSSION

The ranking and segregation procedure yielded two
equivalent samples in terms of strength and stiffness
distributions. Re-sawing one group resulted in a different
depth. Exactly what changes were made to the strength and
stiffness of the re-sawn group is unknown. However, by
removing only 1/2 inch of material from each edge,
centerline knots remained centerline knots, and most edge
knots were not totally removed. It was thus felt that
overall the two groups would still be equivalent with any

difference in strength attributable to difference in depth.

This experiment is a balanced factorial design, with
two factors (species and depth) and two levels of each (ash
and cottonwood, 3-1/2 inch and 2-1/2 inch). The Statistical
Analysis System (43) was used to perform a factorial
analysis of variance to test all main effects, as well as
interactions, on MOR and MOE. Table 4.1 gives the results
of this analysis of variance. Species had a significant
effect on both MOR and MCE. Depth had an insignificant
effect on MOE but a significant effect on MOR at alpha
levels greater than 0.0516. The alpha level indicates the

confidence level at which the null hypothesis of no effect



TABLE 4.1 - RESULTS OF FACTORIAL ANALYSIS OF VARIANCE

e o e e - ———— — ——— o —— —— —— — ——— —— ——— = ——————— —— —— — —— — — ———— - —— ——— ——— -

—— e - ———— - —

SOURCE DEPENDENT VARIABLE

MOR MOE
SPECIES 0.0001 0.0001
DEPTH 0.0516 0.3691
SPECIES * DEPTH 0.6051 0.6249

(1) THE PR > F COLUMN GIVES THE ALPHA LEVEL CORRESPONDING TO THE
F VALUE. THEREFORE, REJECT THE NULL HYPOTHESIS (NO EFFECT)
AT ALPHA LEVELS GREATER THAN THE PR > F VALUE.

SS
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can be rejected. There was not a significant interaction

between species and depth on either MOR or MOCE.

Table 4.2 gives the average and coefficient of
variation (C.V.) for both the MOR and the MOE of each
species/depth class. For both ash and cottonwood, the
average MOR was greater at the 2-1/2 inch depth than the
3-1/2 inch depth, while the C.V. was approximately the same
at the two depths. Although insignificant, a slight
increase in average MOE was seen at the greater depth, a
trend opposite that for the MOR. The C.V. of the MOE was

greater at the 2-1/2 inch depth.

Table 4.3 shows a comparison between the observed
depth ratio on MOR for this study and the predicted depth
ratios using equations given by Bohannan (10), Fewell and
Curry (15), Newlin and Trayer (35), Freas and Selbo (16),
and Madsen (30). The observed depth ratio is calculated
simply by dividing the MOR at the 2-1/2 inch depth by the
MOR at the 3-1/2 inch depth. The predicted depth ratios are
determined by using the equations given to <calculate the
depth factor for the 2-1/2 inch depth and the 3-1/2 inch
depth (using the actual average depth measurements given),
and then dividing the factor for the 3.5 inch depth by the

factor for the 2.5 inch depth.



TABLE 4.2 - MECHANICAL PROPERTIES OF PALLET SHOOK
FROM RATE OF LOADING STUDY

MOR MOE
(PSI) (KSI)
SPECIES DEPTH N MEAN c.v. MEAN c.v.
(IN.) (%) (%)
3.5 52 6760 31.8 1365 22.7
ASH
2.5 52 7350 32.1 1349 27.8
3.5 52 5480 17.0 1054 18.5
COTTONWOOD
2.5 52 5820 17.2 1000 20.9

LS



TABLE 4.3 - COMPARISON OF OBSERVED AND PREDICTED DEPTH RATIOS

AVERAGE OBSERVED DEPTH RATIOS PREDICTED BY THE
ACTUAL DEPTH (INCHES) DEPTH FOLLONING EQUATIONS: (2]
———————————————————————— TIO e
SPECIES  3.5" GROUP  2.5" GROUP (1] (4.1) (4.2) (4.3) (4.4D)  (4.5)
ASH 3.554 2.494 0.919 0.985 0.977 0.961 0.941 0.868
COTTONKWOOD  3.578 2.502 0.940 0.985 0.977 0.961 0.940 0.867

e e = = = e = - — —— ——— - ——— - - - - - - -~ — - - —— — — — ———— - — - ——— - —— - —————— - ——

[11] (MOR 3.5"/MOR 2.5"™)
(2] EQUATION NUMBERS ARE AS GIVEN IN TEXT

EQUATION GIVEN BY MEWLIN AND TRAYER (35)
EQUATION GIVEN BY FREAS AND SELBO (16)
EQUATION GIVEN BY BOHAHHNAN (10)

EQUATION GIVEN BY MADSEN (30)

EQUATION GIVEN BY FEWELL AND CURRY (15)

8¢S
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The observed depth ratios for ash, a ring-porous
species, and for cottonwood, a diffuse-porous species, are
fairly close. This would lead to the conclusion that there
is no obvious difference in the effect of depth on MOR
between ring-porous and diffuse-porous species, at least
within this size range of stringers. The lack of a
significant species-depth interaction in the factorial

analysis of variance supports this conclusion.

The depth ratio calculated using Madsen's (30) equation
exactly predicts the observed depth ratio for cottonwood and
comes nearest to the observed depth ratio for ash. Fewell
and Curry's (15) equation underpredicts the observed depth
ratio while the equations from Bohannan (10), Newlin and
Trayer (35), and Freas and Selbo (16) overpredict the

observed depth ratio.

The equations that overpredict the depth ratio were all
develéped for clear wood beams, while the egquations by
Madsen (30) and Fewell and Curry (15) were developed from
tests of various grades of full-size softwood lumber in
depths from 4 to 12 inches. This would seem to indicate
that the effect of depth on MOR for full-size lumber with
defects is greater than the depth effect for clear wood.

The results reported by Doyle and Markwardt (14) are
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consistent with this idea, where the decrease in strength
with depth was found to increase for lower grades of full-

size southern pine lumber.

Table 4.4 presents MOR data and observed depth ratio by
grade for the ash and cottonwood shook. A decrease in the
depth ratio was found for the lower grades in this study.
However, the results from the lower grades of cottonwood
shook are not reliable due to the small number of pieces in
Grades 3 and 4. The smaller observed depth ratio (greater
effect of depth) for ash than for cottonwood may be due to
the fairly large number of pieces of ash in the lower grades
compared to the relatively few pieces of cottonwood in the
lower grades. This also accounts for the much higher C.V.

for the MOR of the ash compared to cottonwood.

Figures 4.1 and 4.2 are cumulative distribution
functions (CDF) of the MOR of the 3.5 inch group compared to
the 2.5 inch group of each species. The decrease in MOR
with increase in depth is evident. A greater difference in
MOR between the two depths might have been éxpected for the
lower strength range due to the greater observed depth ratio
for lower grades. However, this trend was not evident from
the CDF's. In fact, the CDF's for the ash stringers tend to

overlap in the lower strength range.



TABLE 4.4

- MOR DATA BY GRADE

3.5 INCH DEPTH 2.5 INCH DEPTH OBSERVED

-------------------------------- DEPTH

SPECIES GRADE N MOR N MOR RATIO

(PSI) (PSI) (1]

2&BTR 18 7060 18 7100 0.995

3 10 7540 13 8130 0.927

4 9 6450 3 7200 0.897

cuLtL 15 6060 18 7080 0.856

ASH

3&BTR 28 7230 31 7530 0.960

46&BTR 37 7040 34 7500 0.939

ALL SHOOK 52 6760 52 7350 0.920

2&BTR 31 5600 32 5900 0.950

3 19 5330 14 5600 0.950

4 0 ———- 3 5390 @ =-=-=-

cuLL 2 4860 3 6410 0.759

COTTONWOOD

3&BTR 50 5500 46 5810 0.947

4&BTR 50 5500 49 5790 0.950

ALL SHOOK 52 5480 52 5820 0.942

[1])] OBSERVED DEPTH RATIO

(3.5" MOR 7 2.5" MOR)

19
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Although the results of this study indicate a
significant effect of depth on MOR for 3.5 versus 2.5 inch
hardwood stringers of both a ring-porous and diffuse-porous
species, the effect of depth on MOR for stringers versus
deckboards remains unsolved. Table 4.5 presents a
comparison of the MOR between stringers and deckboards from
several data sets. The observed depth ratio is inconsistent
between the various data sets. An apparent lack of a depth
effect was seen for the poplar shook from the Rate of
Loading Study, presented in Section 3 of this thesis, as
well as for the oak shook from Spurlock's (45) study. A
slight depth effect was seen for the oak shook from the Rate
of Loading Study, while a very substantial depth effect was
seen for the poplar shook from Hoiland's (20) study. (The
actual raw data for the various data sets can be found in

Appendix H.)

A comparison between Spurlock's oak deckboards and
stringers and those from the Rate of Loading Study may
explain the difference in the observed depth ratio between
these two studies. As seen in Appendix H, Spurlock's oak
stringers and deckboards had the same average grade, and
nearly identical specific gravity as well as MOR. The oak
stringers and deckboards from the Rate of Loading Study had

nearly identical specific gravity, but the deckboards had a



TABLE 4.5 - DEPTH EFFECT ON MOR:

COMPARISON OF DECKBOARDS AND STRINGERS

AVERAGE ACTUAL DIMENSIONS (INCHES)

OBSERVED DEPTH RATIOS PREDICTED BY THE
DATA STRINGERS DECKBOARDS DEPTH FOLLOWING EQUATIONS: (2]
SET SPECIES =~ =-m==—m-----——--ommoom mmo—mCee—o——meoee RATIO === mmmm o oo oo oo
DEPTH  WIDTH  SPAN DEPTH  WIDTH SPAN 1) (4.1)  (6.2)  (4.3) (4.4D) (4.5)
RATE
WOF o O 3.769 1.714 45 0.801 5.753 36 0.950 0.950 0.949 0.842 0.848 0.538
STUDY  POPLAR 3.768 1.726 45 0.792 5.740 36 1.011 0.942 0.9%9 0.841 0.848 0.536
*
SPURLOCK 0.805 3.869 36 1.011 0.950 0.950 0.843 0.850 0.541
(%) 0AK 3.740 1.600 45
0.825 5.819 36 0.988 0.950 0.950 0.845 0.850 0.546
HOLLAND  POPLAR 3.782 1.65¢ 45 0.815 4.843 36 0.737 0.950 0.950 0.843 0.848 0.541

COMBINED LOADING RATES (UNADJUSTED)

) STRINGERS VS. 4" DECKBOARDS AND 6" DECKBOARDS SEPARATELY

(%)

(R3]

[1] (MOR STRINGERS/MOR DECKBOARDS )

21 UATION NUMBERS ARE AS GIVEN IN TEXT

EQUATION GIVEN BY MADSEN (30)

PR E P -]
MO WA -
-0

EQUATION GIVEN BY FEHELL AND CURRY (15)

EQUATION GIVEN BY NEWLIN AND TRAYER (35)
EQUATION GIVEN BY FREAS AND SELBO (16)
EQUATION GIVEN BY BOHAHMAN (10)

S9
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higher average grade and MOR than the stringers. The higher
average grade indicates that the deckboards were of overall
higher quality than the stringers. This explains the higher
MOR of the deckboards and may also explain the difference in
the observed depth ratios between the shook in Spurlock's

study and the shook from the Rate of Loeding Study.

Unfortunately, the difference in the observed depth
ratio between the poplar stringers and deckboards in
Holland's study and those from the Rate of Loading Study
cannot easily be explained. The stringer MOR for the two
studies was very close. However, Holland's deckboard MOR
was 349 greater than the deckboard MOR from the Rate of
Loading Study. Specific gravity and average grade are of no

value in explaining this spectacular difference.

A major problem in determining the MOR of green
deckboards is that a large percentage never actually fail
during the bending test, instead deflecting to the maximum
limit of the testing apparatus. In this case, failure is
characterized as excessive deflection and MOR is calculated
using the maximum load attained. Spurlock and Holland were
able to deflect deckboards a maximum of 5 inches. It was
found in the Rate of Loading Study that after 4 to 4.5

inches of deflection, there was 1little or no increase in
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load with increasing deflection. Thus, although wood
failure had not occurred at 5 inches of deflection, for all
practical purposes the deckboard had failed and the maximum

load had been reached.

If the bearing plates and loading blocks of the testing
apparatus are not free to slide as the deckboard deflects,
excessive frictional forces will be developed between the
load and support points and the deckboard's surface, and the
measured load will be higher than that required only to
deflect the deckboard in a bending test. Also, if the
bearing plates cannot pivot freely as the deckboard
deflects, the actual'span will decrease. In either case,
the calculated MOR will be erroneously high. If a load-
deflection graph is continuously plotted by a chart recorder
during the test, the erroneous increases in load caused by
either of the above two conditions can be detected by
unusual deviaéions from the load-deflection curve. Since
Holland tested most of his shook in the field, he did not
have the convenience of such a chart recorder. It was thus
hypothesized that his surprisingly high deckboard MOR might
be attributable to a problem involving his testing apparatus
and the relatively large deflections that occurred in

testing the green deckboards.
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To test this hypothesis, two groups of ten matched
poplar deckboards, which were clear and at green moisture
content, were tested in bending to failure or 5 inches of
deflection, whichever occurred first. Both groups were
tested on a Tinius-Olsen testing machine in third-point
loading at a 36-inch span. However, one group was tested
using the load and support set-up of the Rate of Loading
Study, and the other group was tested using Holland's load
and support set-up. Although potential problems existed
with Holland's set-up, MOR results obtained with its careful
use were the same as MOR results obtained using the Rate of
Loading set-up. Therefore, assuming extreme care was taken
in the use of Holland's testing set-up, the high deckboard
MOR cannot be explained by erroneous results from his tests

due to the set-up itself.

The difference in poplar deckboard MOR between the two
data sets may be attributable to the fact that the shook in
the Rate of Loading Study was sampled from only one mill
while Holland's shook was sampled from many mills over a

large geographical area.

The large deflections exhibited by the green deckboards
during testing result in the violation of a very important

assumption in Weibull's statistical strength theory, which
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is valid only for materials exhibiting brittle failure.
Assuming tension failure, which is a brittle failure, this
theory can be applied to wood beams in bending. However,
for those deckboards failing due to excessive deflection, no
brittle failure occurs and Weibull's brittle link theory is

violated.

Those deckboards in Holland's study which failed from
excessive deflection were eliminated and the MOR for the
remaining deckboards was compared to the MOR of the
stringers. However, the deckboard MOR was not
substantially changed and thus the observed depth ratio was
also unchanged. However, even those deckboards that
ultimately failed in tension exhibited large deflections,
which is uncharacteristic of brittle materials. Due to the
violation of the brittle failure characteristic, Weibull's
statistical strength theory may not be valid in explaining
and estimating differences in strength between green

deckboards and stringers.

Spurlock (45) points out that in his study the high
quality stringers were stronger than the high quality
deckboards, while the reverse was true below the 40th
percentile: low quality deckboards were stronger than low

quality stringers. Spurlock attributed this reversal to the
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relative effect of defects (particularly knots) on the

moment of inertia of the shook.

Spurlock suggested that ring orientation might explain
the differences in clear wood strength between deckboards
and stringers, and noted that the large ray volume of oak

may in some way influence the relative strength between the

two sizes. As stated in the literature review of this
section, the inhomogeneity of oak leads to stress
concentrations within the member. Since these stress

concentrations would be more severe in a smaller member,
deckboard strength may be affected more than stringer
strength due to stress concentrations at the earlywood-
latewood interface. Unfortunately, the lack of research in
these areas prevents definite conclusions on the effects of

ring orientation, ray volume, and stress concentrations.

An obvious difference between stringers and deckboards,
other than the difference in depth, 1is the much greater
width of deckboards, as well as the difference in span
during testing. Bohannan (10) concluded that MOR is
dependent on depth and length of a beam but independent of
width. For simplicity, his equation, (2/d)1/%, which is
indexed to 1.0 at a standard depth of 2 inches, assumes a

constant l1/d (span/depth) ratio and the same method of
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loading. 1If a constant l1/d ratio is not assumed, Bohannan's
equation can be re-derived as follows to compare the MOR of

stringers to that for deckboards:

Rﬁzhxﬁrs - A&x*bmuﬁs
Rdaﬂdxmrds Aétnnm@rs

where:

o
1

Modulus of Rupture

>
]

Aspect Area (depth x span)

m = constant determined by Bohannan

This ratio (0.906) 1is closer to the observed depth ratios
than the equation assuming equal 1/d ratios. Bohannan's
equation can also be re-derived assuming a volume effect. A
volume effect takes depth and length, as well as width, into
account. Assuming MOR is not independent of width, the
following equation can be used to compare the MOR of

stringers to that for deckboards:

1/m 1/18

RStruxﬁns - ‘ankbunfs = 0.970

%bd&naxb véuimxms

- 36 x 0.8 x 5.75
45 x 3.75 x 1.70

where:
R = Modulus of Rupture
V = Volume (depth x width x span)
m = constant determined by Bohannan
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This ratio (0.970) comes much closer to the observed d~apth
ratio between deckboards and stringers for the majority of

the data sets as presented in Table 4.5.

Bohannan concluded that the MOR of a beam was
independent of width not only because his data showed no
effect of width, but because his equation based on volume
effect (as above) indicated that a beam loaded on edge (as a
joist) would have the same strength as the same beam loaded
on its wide face (as a plank). Bohannan considered this to

be inconsistent with the idea of a size effect on MOR.

If the MOR of a beam is independent of width, then 1 x
4 x 40 inch deckboards would be expected to have the same
strength as 1 x 6 X 40 inch deckboards. However, this was
not the case for the oak shook in Spurlock's study. Table
4.6 compares the MOR for 4 inch versus 6 inch wide
deckboards. The 4 inch wide deckboards were slightly weaker
than the 6 inch deckboaras for all grades as well as for the
clear material. If the actual average dimensions for all 4
and 6 inch deckboards (see Table 4.6) are used in Bohannan's
(10) equation, (Z/d)l/g, then the ratio of the 4 inch MOR to
the 6 inch MOR would be expected to be 1.003. If the actual
dimensions are used in the volume effect equation given

above, then the ratio of the 4 inch MOR to the 6 inch MOR



TABLE 4.6 - MOR OF 4 INCH VERSUS é INCH OAK DECKBOARDS [1]

MOR (PSI)
4 INCH 6 INCH
GRADE DECKBOARDS DECKBOARDS RATIO (4"/6™)
CLEAR 8040 8420 0.954
ALL SHOOK 7100 7270 0.977
2&BTR 7950 8160 0.974
3 7320 7470 0.980
4 6920 7010 0.986
cuLL 6180 6300 0.978

[1] DATA SOURCE: SPURLOCK (45)

€L
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would be expected to be 1.024. Thus the 4 inch deckbcards
would be expected to have the higher MOP. when actually the 6

inch deckboards were stronger.

Following along 1lines of reasoning similar to that
given by Bohannan (10), a possible explanation arises for
the difference in clear wood strength for 4 inch versus 6
inch deckboards. When an element of width fails, the stress
in the remaining elements is increased by n/(n-1), where n
equals the number of elements. This may or may not cause
failure of the next weakest element; thus cascade failure
may not occur. However, the increase in stress for a 4 inch
deckboard will be greater than for a 6 inch deckboard after
failure of the first element. Statistical theory implies
that as the width increases, the probability of occurrence
of a region of low strength increases. But as the width
increases, the probability of a cascade failure across the

width decreases.

At this point in the- line of reasoning, Bohannan
concludes that the net effect of these counteracting
probabilities may be negligible. However, if the decrease
in the probability of a cascade failure across the width is
greater than the increase in probability of an occurrence of

a region of low strength, then this would explain the
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observed behaviour of clear 6 inch versus & inch

deckboards.

It may be possible to statistically calculate the
decrease in probability of a cascade failure across the
width with increasing width, as was possible for the
increase in probability of an occurrence of a region of low
strength. This may be a fracture mechanics problem,
especially considering the anisotropic, heterogeneous nature

of wood.

There is another possible explanation for the greater
strength of 6 inch versus 4 inch deckboards when defects are
considered. It seems reasonable that 6 inch deckboards
would have a greater MOR than 4 inch deckboards when defect
size, particularly knot size, 1is considered. The average
knot size would not be expected to be much larger for 6 inch
deckboards than for 4 inch deckboards due to typical sawing
practices for pallet shook, which is often resawn from cants
or sawn from small diameter, low quality logs. Indeed, for
the 4 inch oak deckboards in Spurlock's (45) study, the
average knot diameter was 1.44 inch while the average knot
diameter was 1.54 for the 6 inch deckboards - only slightly
higher. Therefore, the 4 inch deckboards would have their

strength reduced much more by knots, on average, than the 6
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inch deckboards. Note, however, that this trend of relative
knot sizes between 4 and 6 inch deckboards may only be a

random occurrence for this particular data set.

ASTM D 245 uses Bohannan's formula, (2/d)l/9, in the
derivation of design values for lumber by adjusting clear
wood strength values of 2 inch beams to the depth of the
full-size piece. Since the 2 inch deep beams were tested
using center-point loading and an 1l/d ratio of 14, the
adjustment for depth is technically valid only for these
conditions. Full-size 1lumber typically has 1l/d ratios
larger than 14. It was shown earlier how Bohannan's formula
could be re-derived to account for the different 1l/d ratios
between deckboards and stringers. Full-size lumber is also
not usually center-point loaded. A more complicated form of
Bohannan's equation can be used which accounts for the

different 1/d ratios as well as loading conditions of full-

size lumber.

For example, Bohannan's equation can be re-derived as
follows in order to adjust the clear wood strength of
center-point loaded 2 inch deep beams at a 28 inch span to
3.5 inch deep stringers assuming a 45 inch span and third-

point loading:
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. (@xn@+2 m/m

stringers _ 2" beam

R2" beam (@xD@+2 mt/m

stringers
[(2.0 x 28) (1 + &= x 18)11/28
[(3.5 x 45) (1 + 32 x 18)] /18
= 0.847
where:

R = MOR

d = depth

L = span

a = distance between load points

m = constant determined by Bohannon (10)

This is a larger reduction than obtained using (2/d)l/9:

0.847 vs. 0.940. However, the correction for l1/d ratio and
loading condition has historically been ignored in deriving
design values for solid-sawn lumber less than 12 inches in

depth.
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4.5 CONCLUSIONS

A decrease in strength with increased depth was seen
for both ash and cottonwood stringers. No apparent
difference was seen for the effect of depth on bending
strength between the ring-porous and diffuse-porous species
within the size range tested. Of the several depth factor
equations analyzed, Madsen's (30) was seen to best predict
the observed depth factor. However, Bohannan's (10)
equation is currently used in the derivation of design

values using the standard methods of ASTM D 245.

No definite conclusions can be reached concerning the
relative strength of deckboards versus stringers. From the
currently accepted depth effect point of view, deckboards
should be stronger than stringers. However, this was not
consistently the case for the various data sets analyzed.
Several factors, other than depth, which may influence the
relative strength of deckboards versus stringers have been

discussed. These factors include:

-excessive deflection of green deckboards during

testing
-effect of width on bending strength

-effect of ring orientation on bending strength
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-effect of stress concentrations due to material

inhomogeneity

-relative effect of defects on deckboards versus

stringers

In fact, all these factors may influence the relative
strength of deckboards and stringers, thus confounding the
problem. It appears that the depth factor equation given by
Bohannan (10) does not accurately account for differences in
strength between deckboards and stringers. This may be due
to the violation of the key assumption in the Statistical
Strength Theory of a brittle failure. The excessive
deflection of green deckboards during testing is
uncharacteristic of brittle materials and violates the

brittle failure requirement.

Any size effect on the bending strength of lumber is
probably composed of the relative effect of defects, the
effect of anatomical charateristics, as well as the
statistical occurrence of regions of 1low strength as
expressed by the Statistical Strength Theory.
Unfortunately, such a size effect is not yet completely

understood.
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Despite its apparent inconsistencies, it is recommended
that Bohannan's formula, (2/d)l/9,be used in the derivation
of design values for pallet shook, without correction for
span or loading condition. This recommendation is based not
only on the historically successful use of the formula, but
due to the lack of a rational alternative based on the
limited available data. Since a depth effect was seen
between 2.5 and 3.5 inch stringers, it is recommended that a
depth factor be applied to stringers in the derivation of
design values from tests of small clear specimens. However,
in light of the controversy between strength of deckboards
and stringers, a depth factor should not be applied to
deckboards. This would be a conservative approach since a
depth factor applied to deckboards would actually increase

the small clear specimen value, which has a standard depth

of two inches.

Sufficient evidence exists to warrant further research

on the effect of width on bending strength of wood.



2.0 STRENGTH RATIO STUDY

5.1 INTRODUCTION

The ASTM D 245 (4) method of deriving design values for
full-size structural lumber is based on the use of certain
adjustment factors, including strength ratios. The strength
ratio of a piece of structural lumber is defined as the
ratio of the strength of the piece, with knots, cross-grain,
splits, checks, and other strength reducing defects, to the
hypothetical strength of the piece had it been clear and
straight grained. These strength ratios are used to modify
the clear wood strength value to predict the strength of a
piece with defects. The ratios were developed for softwood
structural lumber and have only recently been used with
hardwoods. This strength ratio approach could easily be
incorporated into a method of deriving design values for
pallet shook of both hardwood and softwood species.
However, the effectiveness of the ASTM D 245 strength ratios
in predicting the strength of hardwood lumber has been
questioned (24,41,51). Their effectiveness in predicting
the strength of hardwood pallet shook should be determined

before using in the derivation of design values.

81
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This study examined the use of ASTM strength ratios for
estimating the influence of defects on the strength of
several species and sizes of hardwood pallet shook. This
was accomplished by comparing the estimated strength ratio
from ASTM D 245 for each piece of shook with the actual
strength ratio determined through testing. The accuracy of
the ASTM strength ratios in predicting the strength of the
different species and sizes of shook for various types of

defects was thus determined.
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5.2 REVIEW OF LITERATURE

Wilson (54) published strength ratio tables in his
guide to the grading of structural timbers. The methods of
ASTM D 245 (4), including the strength ratio approach, are
based upon this guide. The effect of a defect on lumber
strength depends on the type of defect and the kind of
loading and stress to which the piece is subjected. The
strength ratios of bending members with knots were derived
as the ratio of moment-carrying capacity of a member with
its cross section reduced by the 1largest knot to the moment
carrying capacity of the member of full cross section. For
simplicity, all knots are treated as either edge knots or
centerline knots. Shakes, splits, and checks are assumed to
affect only horizontal shear in bending members. Strength
ratios for these defects were derived by assuming that a
critical cross section is reduced by the amount of the
shake, split, or check (4). The strength ratios of bending
members with slope of grain were determined experimentally

(53).

Researchers often check the validity of estimated
strength ratios (ESR) by testing a full-size piece of lumber

to obtain an MOR and then testing a small, clear specimen
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taken from the undamaged portion of the full-size piece
(40). The ratio of the MOR of the full-size piece to the
MOR of the small, <clear specimen is the actual strength
ratio (ASR). The ESR and the ASR can then be compared.
Doyle and Markwardt (14) used this procedure to determine
the ASR of full-size southern pine dimension lumber. The
ESR was determined using strength ratios given in ASTM D 245
(4). A correlation coefficient of 0.678 was found between
the ESR and the ASR, indicating a moderately strong

relationship.

The methods of ASTM D 245 were developed and are
typically used for the grading of softwood structural
lumber. Nevertheless, the potential use of the strength
ratio approach of ASTM D 245 has been proposed for
estimating the strength of hardwood structural lumber. This
approach is, in fact, used to derive design values for
certain hardwood species including yellow-poplar,
cottonwood, and aspen. Knab et.al. (23) used the strength
ratios provided in ASTM D 245 for knots, slope of grain, and
other strength reducing characteristics in estimating the
strength of mixed hardwood trenching lumber. Galligan (17)
proposed that yellow-poplar lumber can be stress graded by

existing standard procedures regularly used for softwoods.
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Walters et.al. (51) compared the ESR and ASR of red oak
and cottonwood lumber. The coefficients of determination
ranged from .12 to .44. Since the degree of correlation
between ESR and ASR was very low, the strength ratios were
of little utility in estimating actual strength for red oak
and cottonwood. The relationship between ESR and ASR was
seen to vary with knot size and location. Orosz (40)
suggests that the ESR should be a good predictor of strength
for pieces with single large knots but that ESR would not be

as good a predictor for pieces with several small knots.

Rousis and Koch (4l1l), in a study of yellow-poplar 2 x
4's, found a higher degree of correlation between ASR and
ESR than Walter's but less than that from most softwood
studies. Later, Koch (24) again examined the prediction of
bending strength of vyellow-poplar 2 x 4's using strength
ratios. Knot size was determined by the displacement
method as well as by the knot diameter on the worst face.
The mean displacement ESR was 1.5 times the mean worst face
ESR, indicating the high degree of taper of knots in the
yellow-poplar specimens. From a regression analysis, the
worst face ESR was seen to be a better predictor of ASR than
the displacement ESR. The relationship between ESR and ASR
was similar to that found for ocak and cottonwood (51). The

ESR underpredicted the ASR for large knots and overpredicted
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the ASR for small knots. Koch points out the upward
branching pattern in yellow-poplar and other hardwoods, as
well as the prevalent bark pockets around knots in yellow-
poplar. These features are not usual in softwoods. The
grain distortion was found to be greater around yellow-
poprlar knots than that around softwood knots of comparable
size. Koch states that because there may be greater grain
disorientation around knots in hardwoods than in softwoods,
some modification may be necessary in the technique of
measuring knots in hardwood lumber before it can be

accurately stress graded using existing strength ratios.

Spurlock (45) briefly examined the potential of using
the strength ratio approach of ASTM D 245 in estimating
strength of the oak pallet shook wused in his study. The
clear wood properties were determined from the full size,
defect-free pieces of the shook sample. A 5% exclusion
value of the clear wood MOR was computed and adjusted for
normal load duration and a factor of safety. The clear wood
MOE was adjusted for shear deformation only in stringers.
Estimated allowable properties for each grade were
determined by multiplying the clear wood MOR values by the
minimum ASTM strength ratio for each grade. The clear wood
MOE values were multiplied by the ASTM quality factor for

each grade. Experimentally determined strength values were
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computed as the 5% exclusion value modified for normal load
duration and by a factor of safety. The average
experimentally determined MOE values for each grade were

adjusted only for shear deformation in the stringers.

The allowable stresses obtained from ASTM D 245 were
found to be consistently conservative: the experimental
values were higher than predicted values. However, data for
all shook with splits and for stringers with narrow face
knots were deleted because these defects caused negative
ASTM strength ratios. Spurlock concluded that the use of
the strength ratio approach of ASTM D 245 for estimating

strength of pallet shook warranted further study.
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5.3 MATERIALS AND MFTHODS

The main source of data for this study was Spurlock's
(45) oak shook data involving 2811 stringers and deckboards
at green moisture content. Other sources of data included
the ocak and poplar pallet shook tested in the Rate of
Loading Study (Section 3 of this thesis) and the ash and
cottonwood stringers tested in the Depth Effect Study

(Section 4 of this thesis).

For each piece of shook in the above studies, all
significant defects were measured according to ASTM D 245
(4) and their location was recorded. Appendix A gives

complete details of the defect mapping and coding procedure.

The 14 digit code used to identify and characterize
each defect within a piece was entered and stored on
computer. A computer program was written to calculate the
strength ratio associated with each defect according to the
equations and tables in ASTM D 245 for knots, checks,
shakes, and slope of grain. A copy of this program is

included in Appendix D.

The estimated strength ratio (ESR) of the piece was

taken to be the lowest strength ratio associated with any
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defect within the piece. Pieces having only defects for
which strength ratios do not exist (e.g. wane, decay) were

not assigned an ESR.

To calculate the actual strength ratio (ASR), the MOR
of the full-size piece is typically divided by the strength
of a small clear specimen taken from the full-size piece.
However, this procedure was not feasible in this study.
Instead, the clear wood strength was estimated by the
average MOR of the clear, straight-grained pieces within a

particular species/size class and data set.

If a regression relationship could have been
established between the MOR and specific gravity of the
clear wood pieces, then this regression could have been used
to predict an individual clear wood MOR for each piece
containing defects based on its specific gravity. However,
the relationship between the MOR and specific gravity of the
clear wood pieces was very poor. The coefficient of
determination was .30 for stringers, .05 for four inch
deckboards, and .004 for the six inch deckboards.
Therefore, the attempt to relate the clear wood MOR to the

specific gravity was abandoned.

There were too few clear pieces 1in the Rate of Loading

Study to calculate a reliable <clear wood value. Instead,
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the clear wood MOR was taken from ASTM D 2555 (5). A depth
factor (.93), calculated from Bohannan's (10) formula, was
used to adjust the clear MOR for stringers. The ASTM clear
wood value was left unadjusted for depth in deckboards. A
rate of loading adjustment factor (1/1.08) was used to
adjust the clear wood MOR for the data tested at the fast

rate of loading (see Section 3).

In determining the <clear wood strength for the
stringers in the Depth Effect Study, a reliable clear wood
MOR could only be calculated for the 2.5 inch deep
stringers. Therefore, to calculate the clear wood MOR of
the 3.5 inch stringers, the 2.5 inch clear wood MOR was
adjusted using the observed depth ratio for each species
(see Table 4.3). This adjusted value was used as the clear
wood strength value of the 3.5 inch stringers. Table 5.1
presents the clear wood strength values wused for each

species/size class in this study.

The ASR of each piece was then calculated as the ratio
of the actual MOR of the piece to the average clear wood MOR
determined for the respective species/size class. By
comparing the ASR with the ESR, the effectiveness of the

strength ratios in predicting MOR could be determined.



TABLE 5.1 - CLEAR HOOD STRENGTH (USED AS BASIS OF ASR VALUES)
MEAN
DATA SET SPECIES LOADING SIZE CLEAR HOOD N
RATE MOR
(PSI)
3.5" STRINGERS 8930 115
SPURLOCK 0AK %36 36 % 4" DECKBOARDS 8040 120
(41) 6™ DECKBOARDS 8420 47
FAST 3.5" STRINGERS 8260 %X X%
6™ DECKBOARDS 8890 %X X%
0AK
SLOW 3.5" STRINGERS 7650 %% X%
RATE OF 6" DECKBOARDS 8230 % % %
LOADING  =—=--==mmmm oo e e e
STUDY FAST 3.5™ STRINGERS 5980 X% 3 %
6™ DECKBOARDS 6630 %X X%
POPLAR
SLOKW 3.5" STRINGERS 5530 %% %
6" DECKBOARDS 5950 %% %
ASH 33 X 3.5" STRINGERS 8680 %X
DEPTH %% % 2.5" STRINGERS 9440 3
EFFECT @ —==-—mmm e e e
STUDY COTTOHNOOD ¥ 3 % 3.5" STRIHNGERS 6620 X%
%3 % 2.5" STRINGERS 7040 6
%% X % LOADING RATE COLUMN APPLIES ONLY TO DATA FROM THE RATE OF

%3¢ %

* %

LOADING STUDY

CLEAR HOOD VALUES DERIVED FROM ASTM D 2555
DUE TO THSUFFICIENT HUMBER OF CLEAR WOOD PIECES

CLEAR HOOD VALUES FOR 3.5"™ STRINGERS WERE DERIVED FROM CLEAR
HOOD VALUES FOR 2.5"™ STRINGERS BY ADJUSTING FOR DEPTH

16
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5.4 RESULTS AND DISCUSSION

The method of determining clear wood strength used in
this study requires much less time and expense than
machining and testing a small clear specimen from the full-
size piece. The cost of the small clear method was
prohibitive for this study, and in many cases a clear,
straight-grained specimen could not be cut from

destructively-tested pallet shook.

The standard method does have the advantage of
producing a clear wood strength value potentially more
representative of the particular piece from which it came.
The alternative <clear wood strength values used in this
study are averages and therefore underestimate the true
clear wood strength of some pieces while overestimating it
for others. This results in wider variation of the ASR,
with values well over 100% common. Nevertheless, the
average ASR for a particular species/size class should be
fairly accurate since the overestimation of <c¢lear wood
strength for some pieces is balanced by the underestimation

for other pieces.

Table 5.2 presents a comparison of the average ESR and

average ASR by size and grade for Spurlock's eastern ocak



TABLE 5.2 - COMPARISON OF ASR AND ESR FROM SPURLOCK'S OAK SHOOK DATA

SPECIES SIZE GRADE ASR ESR RATIO N
(%) %) (ASR/ESR)

ALL SHOOK 82 66 1.24 1131

3.5" 28BTR 95 85 1.12 332

0AK STRINGERS 3 84 67 1.25 295

4 77 59 1.31 262

cuLtL 68 48 1.42 242

ALL SHOOK 89 73 1.22 695

4" © 28BTR 99 93 1.06 231

0AK DECKBOARDS 3 92 73 1.26 176

: 4 84 62 1.35 119

cuLL 76 53 1.43 169

ALL SHOOK 86 75 1.15 426

6" 2&BTR 97 93 1.04 127

0AK DECKBOARDS 3 86 78 1.10 127

4 84 63 1.33 76

cuLL 73 55 1.33 90

€6
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shook data set. It should be noted that of all the data
sets analyzed, Spurlock's provides the most reliable
comparison of the ESR and ASR due to the large sample size.
Although the average ESR is less than the average ASR in all
sizes and grades for Spurlock's data, this conservatism in
the estimation of strength does not appear unreasonable.
The ratio of the ASR to the ESR is smaller for the higher
grades than the lower grades, indicating that the ESR
overpredicts the strength reduction for the more severe

defects.

Table 5.3 presents a comparison of the average ESR and
ASR for the data from the Rate of Loading and the Depth
Effect Studies. Due to the limited sample size and the
method of determining clear wood values, a comparison of ESR
and ASR is most reliable only as an average value for all
grades of each species for these data sets. The ASR is
generally much higher than the ESR for these data sets,
also. Table E-1 in the appendix compares the ASR and ESR

for the individual grades of these data sets.

To provide a visual comparison of the accuracy of the
ESR in predicting the ASR for different types of defects,
line-plots of the ESR versus defect size were superimposed

on scatter-plots of the ASR versus defect size. These plots



TABLE 5.3 - COMPARISON OF ASR AND ESR FOR DATA FROM
RATE OF LOADING STUDY AND DEPTH EFFECT STUDY

DATA SET  SPECIES SIZE ASR ESR RATIO N
(%) (%) (ASR/ESR)
3.5"
STRINGERS 91 71 1.28 80
0AK
6"
RATE OF DECKBOARDS 89 87 1.02 80
LOADING === = m oo oo o o o o e e e e e e e e e
STUDY 3.5m
STRINGERS 100 70 1.43 30
POPLAR
6"
DECKBOARDS 92 83 1.11 80
3.5m
STRINGERS 77 54 1.43 51
ASH
2.5m
DEPTH STRINGERS 78 54 1.44 46
EFFECT  mmmm o oo oo oo o o oo oo e e
STUDY 3.5m
STRINGERS 82 71 1.15 46
COTTONWOOD
2.5"
STRINGERS 83 68 1.22 51

NOTE: SEE TABLE E-1 IN THE APPENDIX FOR BREAKDOWN BY GRADE

S6



96

were made separately for the various types of defects and
shook sizes using Spurlock's eastern oak shook data and are
presented in Figures 5.1 through 5.24. To be included in a
plot for a particular type of defect, a shook piece had that
particular defect as its only or its worst defect (i.e. the

defect resulted in the lowest ESR for the piece).

Immediately noticeable from these plots is the wide
variation in the ASR for a given defect size. This is due
in part to the use of an average clear wood strength value
in determining the ASR. The general trend of conservatism
in the ESR is also obvious. A regression analysis showed

the degree of correlation between ASR and ESR to be nearly

zero.
Figures 5.1 and 5.2 are strength ratio plots of

centerline knots and edge knots, respectively, in oak

stringers. While ASTM strength ratios for centerline knots

are applicable throughout the length of the piece, the
strength ratios for edge knots apply orly to those knots
within the middle one-third of the length. Therefo;e, only
those edge knots within the middle one-third of the length
of the oak stringers are plotted in Figure 5.2. For both
centerline and edge knots in oak stringers, the ESR predicts

the average ASR fairly well for small knot sizes. As the



Q——-DD IHO0ZMDDHWUm

1504
140

1304

Laiay

1204
1104
100-5
30-
ao-f
704
so—f

50

*
*
*
*

* % XX *
*
*

#3906 3300t
*
*
*06 ¥*

97

FIGURE 5.1

1.0 1.5

2

T T

.0 2.

KNAT SIZE (INCHES)

— STRENGTH RATIO AS A FUNCTION OF KNOT SIZE
FOR CENTERLINE KNOTS IN CAK STRINGERS

o *

ASR
ESR

5

3.

(W]

o

(6]



Q——-DD I—HOZMID W

150

140

130

120

110

100

30

80

70

60

sa

40

98

* %

-4
*
*
*
*

T

0.5 1.0 1.5

T T

2.0 2.5

KNOBT SIZE (INCHES)

FIGURE 5.2 - STRENGTH RATIC AS A FUNCTION OF KNOT SIZE
FOR EDGE KNOTS IN QAK STRINGERS

( KNOTS WITHIN CENTRAL THIRD OF LENGTH ONLY )

*
a

ASR
ESR



99

knot size increases, however, the ESR becomes increasingly
conservative. The edge knot ESR is even more conservative
than the centerline knot ESR for large knot sizes (greater
than 2 inches). The formula for calculating the ESR changes
below an ESR of 45Y% for all sizes of members and all types
of knots. This can be seen as a sudden shift of the ESR
line at the 45% point in Figures 5.1 and 5.2, as well as the
remaining plots comparing ASR and ESR for members containing
knots. As seen in Figures 5.1 and 5.2, as well as other
figures, this change in the formula below an ESR of 459 does
not appear justifiable. However, only limited data are

available for large defects.

Figure 5.3 1is a strength ratio plot of "elsewhere"
knots. ASTM D 245 considers wide-face knots in stringers as
either edge knots or centerline knots. However, Spurlock
(45) defined a category of knots, which he termed
"elsewhere" knots, that neither intersect the edge nor the
centerline of a stringer. Some of these knots would have
been considered edge knots according to ASTM D 245, while
the others would have been considered centerline knots. The
ESR line in Figure 5.3 was calculated using the formula for
centerline knots and predicts the average ASR fairly well.
Had the formula for edge knots been used instead, the ESR

line would have been much steeper.
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Unfortunately, a comparison of ASR and ESR for narrow
face knots in stringers could not be made with Spurlock's
data. This is because narrow face knots were not measured
according to ASTM D 245 and could not be assigned an ESR.
This explains why Spurlock erroneously obtained negative

strength ratios for narrow face knots.

The strength ratio equations given in ASTM D 245 for
edge knots make no differentiation as to which edge
(compression or tension) the knot occupies. However tension
edge knots would be expected to reduce the strength much
more than‘compression knots due to the more severe effect of
grain disorientation on tensile strength. Separate strength
ratio plots were made for tension and compression edge knots
as shown in Figures 5.4 and 5.5. As expected, the ESR
underpredicts the ASR of compression edge knots much more
than for the tension edge knoté. A few of the stringers had
large edge knots that intersected both the tension and
compresion edges. Therefore, the ASR was plotted for these

pieces in both Figures 5.4 and 5.5.

Figure 5.6 is the strength ratio plot for slope of
grain in oak stringers. As for knots, the ESR is fairly
conservative in predicting strength. However, the ESR does
not appear to become increasingly conservative as the

severity of the slope of grain increases.
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Figure 5.7 is the strength ratio plot for splits in oak
stringers. ASTM D 245 strength ratios for splits apply to

horizontal shear. For a split of 5.25 inches in length, the

ESR for stringers would be 50%. The ESR becomes a negative
number after a split length of 10.5 inches. Since the ASR

is the actual strength ratio of bending strength and thus is
not directly comparable to the ASTM ESR, a lower bound of
50% was set for the ESR for splits. As seen in Figure 5.7,

the ASR is well above 50% for all but full-length splits.

Figure 5.8 is the strength ratio plot for knots in four
inch deckboards. The ESR calculated from ASTM D 245 is for
knots anywhere in the wide face of boards one-inch in
nominal thickness. A trend similar to that found for
centerline knots in stringers is seen: the ESR predicts the
average ASR fairly well for small knot sizes but becomes
increasingly conservative as the knot size increases.
Although knot location is not considered in calculating the
ESR, figures 5.9 and 5.10 are plots of strength ratios of
centerline knots and edge knots, respectively, in four-inch
oak deckboards. No qualitative difference in the ASR-ESR
relationship can be seen between the centerline and edge

knots.
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Figure 5.11 is the strength ratio plot for slope of
grain in four inch oak deckboards. The ESR underpredicts
the ASR for four inch deckboards with slope of grain even
more than for stringers. However, as with stringers, the
conservatism of the ESR does not increase as the severity of

the slope of grain increases.

Figure 5.12 is the strength ratio plot for knots in
six-inch oak deckboards. Just as for four inch deckboards,
the ESR predicts the average ASR fairly well for small knot

sizes but becomes increasingly conservative as knot size

increases. Figures 5.13 and 5.14 are strength ratio plots
of centerline and edge knots, respectively, in six inch
deckboards. As with four inch deckboards, no basic

differences can be seen in the ASR-ESR relationship between
centerline and edge Kknots. Figure 5.15 is the strength
ratio plot for slope of grain in six inch deckboards. The
ESR again wunderpredicts the ASR uniformly throughout the

range of severity of slope of grain.

The ESR as plotted for centerline knots in oak
stringers and all knots in oak deckboards is wvalid for knots
located throughout the length of the piece. However, since
the shook was tested in third-point loading, the length of

the piece between load points was subjected to the maximum
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moment. To determine how the knots outside the load points
affected the strength ratio plots for centerline knots in
oak stringers (figure 5.1) and all knots in oak deckboards
(figures 5.8 and 5.12), similar strength ratio plots were
made including only knots between the load points of the
bending test. These plots are presented in Figures 5.16
through 5.18. The variation in ASR is slightly reduced, and
some of the outlying points are eliminated. However, there

is no shift in position of data relative to the ESR line.

Strength ratio plots were also made for the data from
the Rate of Loading and the Depth Effect studies.
Unfortunately, the sample sizes of these studies were small,
and when data was further sequestered by species, size, and
defect type, only a few points were available for any given
plot. Therefore, most plots are not presented. However,
the plots indicated ESR-ASR trends similar to those for the
oak data. The ESR predicted the average ASR fairly well for
small knots but became increasingly conservative as.knot
size increased. The ESR was more conservative with
increasing knot size for edge knots than for centerline
knots in stringers. The ESR for slope of grain was
uniformly conservative throughout the range of severity of
the slope. The trends between ESR and ASR were also
consistent between the different species and size groups of

these data sets.
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The strength ratio plots for the Rate of Loading and
Depth Effect studies that are presented are for narrow face
knots in stringers and are given in Figures 5.19 through
5.24. These are particularly useful despite the relatively
few data points since the strength ratio for narrow face
knots in Spurlock's data could not be determined. With some
variation, the ESR predicts the average ASR fairly well,
with no obvious differences between the different species or

sizes.
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5.5 CONCLUSIONS

The estimated strength ratios of green hardwood pallet

shook, determined according to ASTM D 245, generally

underestimated the actual strength ratios, determined
experimentally. The following specific conclusions can be
made:

-The ESR predicts the average ASR fairly well for
small centerline knots and small edge knots in
stringers but increasingly underestimates the ASR as

the knot size increases.

-The underestimation of the ASR with increasing knot
size is greater for edge knots than for centerline

knots.

-The ESR underestimates the average ASR for
compression edge Kknots more than for tension edge

knots in stringers.

-The ESR predicts the average ASR fairly well for
small knots 1in deckboards but increasingly

underestimates the ASR as the knot size increases.
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-There 1is no apparent difference in the ESR-ASR
relationship between centerline and edge knots in

deckboards.

-From limited data, the ESR predicted the average ASR

fairly well for stringers with narrow-face knots.

-The ESR consistently underestimates the ASR for slope
of grain in stringers and deckboards throughout the
range of severity of the slope of grain. The ESR
underestimates the ASR more for deckboards with slope

of grain than for stringers.

-The average ASR for stringers with splits, checks,
and shakes is well above 50% for all but full-length

splits.

-The change in the formula for calculating the ESR for
stringers and deckboards with knots below an ESR of

45% does not appear justifiable.

If the strength ratio concept of ASTM D 245 is used in
deriving design values for green pallet shook, conservative
estimates of strength should be anticipated, particularly

for pieces having or grades allowing large knots.



6.0 ESTABLISHING DESICN VALUES EFOR PALLET SHOOK

6.1 INTRODUCTION

The PALLET DESIGN SYSTEM (PDS) requires estimates of
the mean and standard deviation of the bending strength and
stiffness of the shook used to produce a pallet. Two
investigations (20,45) of the flexural properties of yellow-
poplar and eastern oak pallet shook were recently made at
Virginia Tech. Other species must be researched to build a

reasonable data base.

However, it may be many years in the future before
these in-grade investigations of various species of pallet
shook can be completed. For PDS to be immediately useful,
design values for pallet shook of any species or combination
of species must be estimated in some manner. Therefore,
interim methods of developing estimates of design values for
pallet shook from existing data are needed. The objective

of this chapter is to describe these methods.

ASTM D 2555 (5) and ASTM D 245 (4) provide methods of

establishing strength and stiffness design values for any

129
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grade and species of lumber. However, these standard
methods establish near minimum strength values as the basis
for design and are not usually employed to establish the
variability and mean of strength or stiffness values for
relatively short full-size pallet lumber. Modifications to
these standard methods were necessary to establish mean
strength and stiffness values for pallet shook for use as
input to PDS. Other methods were required to estimate the

Variability of the strength and stiffness values.

In the following sections of this thesis, the ASTM
standard methods of establishing design values for visual
grades of lumber are reviewed. The grading of pallet shook
is discussed, and the procedures for developing pallet shook
design values for PDS are presented. Finally, an evaluation

of the pallet shook design values is presented.
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6.2 REVIEW OF ASTM STANDARD METHODS OF ESTABLISHING DESIGN

VALUES

£.2.1 Introduction

The traditional method of establishing design values
for structural lumber is outlined in ASTM D 245 (4). This
process begins with strength and stiffness values from tests
of small, clear, green specimens. These properties are then
modified by a series of adjustment factors to account for

the end-use characteristics of full-size structural pieces.

The following is a review of the current standard
method of establishing design values for structural lumber.
Since only bending strength and stiffness design values are
required for pallet shook, this review is resfricted to

those properties.
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6.2.2 Clear Wood Strength and Stiffness Values

ASTM D 2555 (5) provides tables of clear wood strength
and stiffness values for individual species. These values
are based on tests of small, clear, green specimens.
Procedures are given for establishing clear wood values for

a single species or any combination of species.

There are two different methods for establishing clear
wood properties. Method A involves the use of wood density
surveys in combination with the clear wood strength and
stiffness data. However, wood d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>