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F 0 R E W O R D

This report presents results of a study on the determination of the 

weaker bending direction in edgewise bending. It forms part of the stated 

goals for CF5/DS5 Project 5 -  "Non-Destructive Measurements of Flexural 

Strength and Stiffness of Dimensional Lumber in Production”. The project 

was funded by the Canadian Forestry Service.
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A B S T R A C T

Three non-destructive methods - reverse stiffness test, ultrasonic 

pulse transit time and visual examination - were used to predict the 

weakest test direction in edgewise bending of dimension lumber. Results 

indicated that none of these methods was satisfactory in selecting the 

proper direction. The results for each method were discussed.
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PREDICTION OF

THE WEAKEST TEST DIRECTION IN EDGEWISE BENDING 

OF 2x4 DIMENSION LUMBER 

by

K. Bardell and P. Lau

1.0 INTRODUCTION

The bending strength of lumber is reduced by the presence of defects such 

as knots, checks, and abnormal grain, especially if these defects occur in the 

tension zone when the specimen is stressed. The type of characteristics, 

their location and severity are defined for each visual grade; the allowable 

stresses assigned to each grade are intended to reflect the minimum strength 

of material in that grade.

In a proof load grading system, the assurance that a proof load 

provides to a piece of lumber may be lost if it is not stressed in the 

same manner as that caused by the proof load. This is because, in prac-

tice, the position of the piece of lumber in the structure is not con-

trolled. Since there is no assurance that the lumber will be stressed 

in the most favourable manner, it is necessary in a proof loading system 

that each piece be given a proof load in its weakest test direction in 

edgewise bending.

Assurance that each piece has been tested in the weakest direction 

in edgewise bending can be provided by either a reverse proof loading 

system or by a separate test which can detect the weakest direction 

before the proof load is applied. This paper reports on an investigation
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of three possible nondestructive methods to predict the weakest test 

direction in edgewise bending of a sample of 2x4 spruce-pine-fir (SPF) lumber

2.0 MATERIALS AND METHOD

2.1 Sampling

A sample of 191 pieces were selected from a parent population of 

1200 boards. Preference was given to low-grade material with outstanding 

defects. These boards were 8-foot long, kiln-dried, dressed, 2x4, grade 

"No. 3 and better", SPF lumber. Species were identified by visual in-

spection and the boards were visually graded by a qualified grader. The 

distribution of lumber by grade and species is given in Table 1. The 

sample was later separated into two groups (see Section 2.3.2); the res-

pective distributions are also shown in Table 1.

The selected boards were conditioned at 20°C and 90 percent 

relative humidity for a period of eight weeks. One edge of each board was 

labelled "T" and the other edge was labelled "B".

2.2 Methods for the Determination of the Weakest Test Direction 

Three methods were investigated to predict the weakest test

direction to edgewise bending. These were, reverse stiffness testing, 

ultrasonic testing and visual examination.
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2.2.1 Reverse Stiffness Test

Each board was subjected to a non-destructive stiffness test in 

edgewise bending following the procedures outlined in the ASTM D198 (1). 

Each board was tested sequentially in both directions. The board was 

loaded using a closed-loop electrohydraulic loading system, at the 

third-points of a 92-inch span until a deflection of 1/4-inch at the third

points was reached.

The deflection was determined by the displacement of the loading 

head. This displacement was recorded versus the applied load on an X-Y 

plotter. The apparent modulus of elasticity (MOE) was calculated based 

on the slope of this curve

2.2.2 Ultrasonic Pulse Transit Time

The ultrasonic pulse transit time of each board was measured at 

each edge in an attempt to determine if differences in transit time 

between the edges of the same boardvere indicative of differences in 

strength with direction. This method involved,timing the speed of an 

ultrasonic pulse travelling within the plane of the board, first with 

the transmitter and receiver transducers located at opposite ends of the 

board near edge T, and then near edge B. A Pundit ultrasonic device 

was used. A total of nineteen boards were tested in this way before

this method was dropped.
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2.2.3 Visual Examination

Each board was visually examined for noticeable defects such as 

knots, decay, and severe slope of grain. Based on the location and size of 

these defects, an apparent weaker direction with respect to edgewise 

bending was designated. Only the centre one-third of the board was 

subjected to examination. A qualified grader assisted in this 

process.

2.3 Ultimate Strength Test

2.3.1 Selection of a Prediction Method

Normally if a large enough sample were available, each of the three 

prediction methods could be tested by dividing the sample into three equal 

portions - one for each method of prediction. Accordingly, each portion 

would be tested in bending to failure with half the boards oriented in the 

weakest direction and the other half in the stronger direction.

It was felt that a sample size of 191 boards would not be enough 

to evaluate more than one prediction method. The visual examination 

method was selected because it appeared that the. other two methods 

presented more difficulties in assigning a weaker edge.
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2.3.2 Ultimate Testing

The entire sample of 191 boards was randomly divided into ap-

proximately two equal groups. One group was tested in the apparent weakest 

direction as designated by the visual examination described previously.

The other group was tested in the apparently stronger direction.

Each board was tested to failure in edgewise bending under third- 

point loading on a span of 92 inches. The loading system was placed 

under stroke control at a rate of displacement equal to one inch per 

second which was equivalent to a strain rate of 0.132 in./in./min. A 

load versus displacement plot was recorded. Also, any defect 

involved in the failure was noted. The modulus of rupture (MOR), 

modulus of elasticity (MOE), and stress at proportional limit (SPL) were 

calculated.

3.0 RESULTS AND DISCUSSION

3.1 Reverse Stiffness Test

Out of the 191 boards tested, only 28 exhibited a detectable diff-

erence in stiffness between the two directions of bending. One of these 28 

boards showed a difference of 75 percent which was exceptionally high as com-

pared to an average of 5.7 percent for the remaining 27 boards, so was discarded.

A sub-sample of the ultimate test results (Section 3.3) corresponding 

to these 27 boards is summarized in Table 2. Of these 27 boards, 16 were 

tested in the stiffest bending direction and 11 were in the least stiff
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bending direction. The mean MOR, MOE, and SPL of the 16 boards were 

consistently higher than those of the 11 boards, although not statistically 

significant at the95percent probability level.

The size of the sub-sample (N ■■ 27) is probably too small for any 

conclusive information to be drawn. But,the results from this test 

suggests several problems which may arise in trying to predict the weakest 

bending direction. First, a majority of the specimens showed little or no 

difference in stiffness within the limits of experimental error. So even if 

lower stiffness does imply lower ultimate stength, only a small fraction of the 

population can be predicted. It is expected that an even smaller difference in 

stiffness between the two bending directions will occur in more uniform material 

(e.g., higher grade); 80 percent of the present material was in grade 

No. 3 and No. 2 categories. Secondly, the usefulness of this stiffness 

test is based on the assumption that average stiffness and ultimate strength 

are positively related. However, the usual low degree of correlation 

between these two properties, especially in low-strength boards, seriously 

undercuts the credibility of this test.

3.2 Ultrasonic Pulse Transit Time

The ultrasonic pulse transit time, as measured in 19 boards, in 

which obvious knots occurred near one edge, showed only limited correlation



- 7 -

with the locations and occurrences of defects. Table 3 shows the 

findings of this test. Also reported are data from the reverse 

stiffness test and the visual examination of these 19 boards. Since 

these boards were selected very carefully on the basis of obvious 

defects occurring near one edge, the visual result was thought to 

be most reliable and therefore was used as the reference in the evaluation.

Theoretically, ultrasonic pulse transit time is inversely 

proportional to the square root of the product of MOE and density, and 

directly proportional to the distance travelled. Assuming specific 

gravity to be constant for a board, longer travel time can be the result 

of either a lower MOE, a longer distance travelled (which may be the 

result of the presence of defects), or a combination of the two. Whatever 

the combination, lower strength may be expected. As is apparent from Table 3 

the locations of critical defects were not well correlated to the transit 

times, even tnough these boards had very obvious defects located in 

the direct path of the pulse.

Ultrasonic pulse transit time may not be useful in identifying 

the weakest edge of eight-foot-long 2x4 specimens. Since the ratio of 

the cross-sectional dimensions to length is so small, the time required 

for a pulse to travel around a defect will not be significantly longer

than one going straight through.
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The two edges are so close to each other (3.5 inches) that it is 

virtually impossible to have a complete separation of the two 

sonic paths. Furthermore, the length-wise location of knots is not 

a factor affecting transit time but is a factor affecting bending

strength.

3.3 Visual Examination and Strength Test

The results of the ultimate strength test are summarized in 

Table 4. The boards were loaded in a direction according to the 

visual criterion; Group 1 was tested in the apparent weaker 

direction while Group 2 was tested in the apparent stronger direction. 

Cumulative frequency distributions of the MOE, MOR and SPL of both 

groups are shown in Figures 1 to 3.

It is apparent from Figures 1 to 3 that there was little difference 

in distribution between the two groups. Student t-tests carried out on 

the data in Table 4 also indicate no significant differences in the 

sample means at the 95 percent probability level.

Since the ultimate bending test did not result in a difference 

between the two groups, doubt is cast on the effectiveness of 

visual examination as a means of predicting the weakest test direction.

Two possibilities could have occurred. It is possible that no dif-

ference existed in the strength of an individual board with respect to test
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direction. If true, the problem of orientation in a proof- 

loading system does not exist. The second possibility is that 

the examiner was incapable of visually identifying the weakest 

test direction thereby resulting in a random mixture of both strong 

and weak specimens in each of the other two groups. The latter 

is more likely the case since the majority of the specimens are 

low-grade (No. 2 and No. 3) material containing significant defects, 

the location of which will likely affect the ultimate strength 

of each test direction. Furthermore, visual examination may not 

be able to detect certain defects such as reaction wood and ab-

normal grain if it is done in a casual manner.

4.0 CONCLUSIONS

All three methods -reverse stiffness test, ultrasonic pulse 

transit time and visual examination did not yield satisfactory results 

for the prediction of the weakest test direction in edgewise bending.

Based on the present experiment, the reverse stiffness test was ap-

plicable to only about 15 percent of the sample, where a difference 

in the apparent bending stiffness in the two directions exists; the 

ultrasonic pulse transit time suffers from a similar problem - not 

enough difference in transit time between the two edges was found to allow 

reliable detection; and finally, the visual examination involved a 

high degree of uncertainty due to the subjective nature of this

method.
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TABLE 1: SPECIES AND GRADE DISTRIBUTION OF A SAMPLE OF 2x4DIMENSI0N LUMBER

!
TOTAL GROUP 1 GROUP 2

! SPECIES
»

White Spruce 33 24 9

\

Black Spruce 22 4 18

| Jack Pine 23 12 11

Balsam Fir
i

113 58 55

1 VISUAL GRADE

Select Structural 27 10 17

No. 1 11 4 7

No. 2 71 41 30

No. 3 82 43 39

TOTAL 191 98 93
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TABLE 2: BLENDING PROPERTIES ON BOARDS HAVING SHOWN DIFFERENT STIFFNESS 
W.R.T. TEST DIRECTION IN EDGEWISE BENDING

TESTED IN 
LEAST STIFF 
DIRECTION 
(N =11)

TESTED IN 
STIFFER 
DIRECTION 
(N = 17)

t & F'
STATISTICS

! STRESS AT PROPORTIONAL
LIMIT (psi)

Mean 3490 4390 t = 1.39

Standard
Deviation

1850 1550 F = 1.44

MODULUS OF RUPTURE 
(psi)

Mean 5150 5430 t = 0.33

Standard
Deviation

2110 2200 F = 1.09

MODULUS OF ELASTICITY 
(psi x 10 )

Mean 1.120 1.384 t = 1.62

Standard
Deviation

0.424 0.420 F = 1.02

1 Not significant at the95 percent level of probability.
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' TABLE 3: THE THREE METH0D5 COMPARED FOR 19 BOARDS

PULSE TRANSIT TIME VISUAL 
EXAMINATION 
- LOCATION 
OF CRITICAL 

DEFECTBOARD
NUMBER

STIFFNESS TEST 
- WEAKER 

EDGE w.r.t. 
TENSILE STRESS

T
EDGE
(micro-
sec)

B
EDGE
(micr-
sec)

WEAKER
EDGE

INDICATED 
BY THE TIME

152 No difference 456 486 B B

153 No difference 443 451 B T

154 No difference 583 558 T T

155 T 513 558 B T

156 No difference .446 440 T T

157 No difference 463 463 No diff. T

159 No difference 621 623 B B

160 No difference 464 464 No diff. B

161 No difference 498 500 B B

162 B 475 485 B B

163 No difference 548 548 No diff. B

164 T 556 544 T T

165 No difference 472 470 T B

166 No difference 585 578 T T

167 No difference 563 586 B T

168 No difference 494 491 T T

169 T 551 528 T B

171 No difference 470 485 B B

172 No difference 631 613 T T

l
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TABLE 4: BENDING PROPERTIES OF THE COMPLETE SAMPLE OF 2x4 DIMENSION
LUMBER (Group I tested in the weakest direction of bending 
and Group 2 in the strongest direction based on visual examination
criteria)

TESTED IN 
VISUALLY 
WEAKER 
DIRECTION 
(N = 93)

TESTED IN 
VISUALLY 
STRONGER 
DIRECTION 
(N = 98)

--— - f
1

t & F̂
STATISTICS

STRESS AT P R O P O R T I O N A L  

LIMIT (psi)

Mean 4190 4240 t = 0.27

Standard
Deviation

1230 1320 F = 1.15

MODULUS OF RUPTURE
(psi)

!
Mean 5380 5230 t = 0.57

Standard
l Deviation
1

1820 1830 F = 1.01

MODULUS OF ELASTICITY 
! (psi x 10°)

Mean 1 .301 1 .291 t = 0.21

Standard
Deviation

1

0.342 0.324 F = 1.14

1 Not significant at the 95 percent level of probability.
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FIGURE 1: Cumulative frequency distribution for modulus of elasticity.



M
O

R
 (

ps
i)

-16-

FIGURE 2: Cumulative frequency distribution for modulus of rupture.
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FIGURE 3: Cumulative frequency distribution for stress at proportional limit


