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FOREWORD

This report presents the results of a comparison of the 

estimated and actual strength ratios of Spruce-Pine-Fir lumber 

in bending. It forms part of the goals of CFS/DSS Project 13 

funded by the Canadian Forestry Service, "In-Grade Testing of 

Spruce-Pine-Fir Lumber in Bending".
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ABSTRACT

Allowable stresses for dimension lumber are determined by the application 

of strength reducing factors to the strength of small clear wood specimens.

Some of these factors are related to the presence and nature of characteristics 

in dimension lumber such as knots. These empirical relationships are evaluated 

in this study by comparison of the flexural strength of 460 pieces of 2 X 4 

and 2 X 8  white spruce dimension lumber with the strength of small clear 

specimens cut from them. Strength ratios in accordance with ASTMD245 (1) and 

Knot Area Ratios in accordance with BSI Standard BS4978 (2) were calculated and 

compared with the actual lumber strength ratios; the ratio of small clear to 

full size strengths. Allowable bending stresses assigned to the lumber through 

visual grades based on these strength ratios were compared with the actual 

lumber strength distribution.

Results showed that strength ratios determined using ASTM D 245 methods 

were accurate predictors of actual strength ratios. Allowable bending stresses 

assigned to this sample through visual grading were appropriate for the sample's

strength distribution.
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EVALUATION OF STRENGTH RATIOS IN BENDING 

FOR SPRUCE DIMENSION LUMBER 

by

K. BARDELL

1.0 INTRODUCTION

The purpose of this study is the evaluation of strength 

ratios based on visual characteristics as predictors of the 

actual ratio of the strengths of dimension lumber and clear wood.

The visual grading process is based on the assumption

that lumber strength is related to the presence and nature of

strength reducing "characteristics" such as knots, slope of

grain, shakes, checks and splits. Empirical formulae have been

developed to quantify this relationship. ASTM D 245 (1)

provides tabulated strength ratios which relate measured location

and size of knots in dimension lumber to face width to predict 

the bending strength of lumber compared with clear wood. These

tables are based on the theoretical reduction in moment carrying 

capacity of the lumber section due to the presence of a knot of 

the measured size and location. Other tabulated strength ratios 

in the ASTM standard relate other strength reducing character-

istics such as slope of grain, checks and splits to strength 

reductions (bending, compressive or shear), using experiment-

ally determined formulae. These ratios will be termed Estimated 

Strength Ratios (ESR) for the purpose of this report. A 

comparable standard published by the British Standards Institute 

is Standard BS 4978 (2). Knot Area Ratios (KAR), based on the 

size and location of knots are determined using this standard; 

bending strength ratios are the complement of KAR values.
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In visual grading, boards are sorted according to the 

presence and nature of their strength reducing characteristics 

into grades which have assigned minimum predicted strength ratio 

(called Grade Strength Ratio (GSR)). These minimum ratios for each 

grade are the basis for the determination of allowable stress 

for that grade.

This study is an assessment of the ability of Estimated 

Strength Ratio and Knot Area Ratio to predict the actual ratio 

of the strength of lumber with strength reducing characteristics 

to that of small clear specimens. Allowable bending stresses 

based on the Grade Strength Ratio are compared with actual 

lumber strength distribution.
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2.0 METHODS AND MATERIALS

A sample of 460 specimens of white spruce, (picea glauca), 

2 X 4  and 2 X8 dimension lumber was drawn at random from a 

large in-grade testing study of Eastern Canadian softwood species. 

The center third of the length of each piece was examined, (the 

stressed length in 1/3 point bendinq). The size and location 

of knots and the slope of grain were recorded and used to 

determine the ESR according to tables in ASTM D 243 (1). The 

KAR was determined as the ratio of the sum of the projected 

cross-sectional areas of the knots at a section to the total 

cross-sectional area of the piece, (B5 4978)(2). Since this 

projection is somewhat subjective, knot area ratios were 

assigned as equal to or less than common fractions (1/5, 1/4,

1/3,1/2, 3/4). These KAR were then converted to strength ratios 

(to be termed KARC for the purpose of this report), by subtraction 

from one (complement). The British Standard specifies only a 

maximum allowable slope of grain which was higher than all pieces 

examined. The boards had previously been visually graded by 

Canadian Lumber Standards Inspectors, according to NLGA 1970 

Grading rules (4) over the full length and assigned a visual 

grade and a corresponding grade strength ratio (GSR).

The specimens were then tested in bending on edge under 

third point loading in accordance with ASTM D 198 (5). Any 

obvious critical defect was placed on the tension side. Load
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and deflection were recorded simultaneously during test as 

were the failure load, type or cause of failure and cross- 

sectional dimensions.

Two clear specimens measuring 1" X 1" X 30", were then 

cut from each board on either side of the failure and tested 

in centerpoint bending in accordance with ASTM D 143 (6). Span- 

to-depth ratios were equal to 28. During these tests, loads 

and deflections were recorded. Specific gravity and moisture 

content of specimens were determined in accordance with 

ASTM D 2395 (7).

Modulus of Elasticity (MOE) and Modulus Rupture (MOR) of 

both full size (FS) and small clear (SC) specimens were cal-

culated. The average value of the two small clear specimens 

cut from each board was recorded. In order to compare the MOR 

values of the small clear and full size specimens, two correct-

ions were applied to the small clear results.

First, the ASTM D 245 (1) size correction factor (KSIZE) 

used to convert small clear strength to full-size clear strength 

was modified for 1" clears and applied to the small clear values. 

KSIZE = O/d)1^9 where d = depth of full size lumber (8).

Second, an adjustment factor reflecting the difference 

between centre point and third point loading was applied (KLOAD) (8)

KLOAD = (1 - m/L)1//m where a = distance between load points

L = beam span 

m = 18

Combining the above factors and substituting the appropriate
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values of d, a and L for 2 X 4 and 2 X 8 lumber;

KSIZE *KL0AD = 0.78 for 2 X 4 Lumber 
= 0.72 for 2 X 8 Lumber

No size nor load configuration factors were applied to 

MOE values in accordance with ASTM D 245 (1) (8).

The ratio of full size lumber strength to corrected 

small clear strength was calculated for each board and termed 

the Actual Strength Ratio (ASR).
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3.0 RESULTS AND DISCUSSION

The results of static bending tests of full size and 

small clear specimens are summarized in Table 1. Included 

in Table 1 are corrected full size strengths of the small 

clears and specific gravity and moisture content data.

The average MOR ( SC) and specific gravity of the sample 

was on average 1 0?o higher than published (10) values for white 

spruce (Table 1 ).

Figures 1 through 4 are 'histograms of the samples sorted 

according to ESR, KAFCjGSR, and ASR respectively. The intervals 

of ESR, GSR and ASR, chosen for the histograms correspond to 

the minimum strength ratios permitted for each visual grade in 

accordance with CSA 086 (11). KARC intervals were based on the 

method by which this ratio was determined for each board (common 

fractions). Referring to Figure 4, in no case was the strength 

of lumber with defects greater than small clear lumber strength. 

However, after the two correction factors were applied to the 

small clear strengths, Actual Strength Ratios were commonly 

greater than 1.0.
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3.1 Success of Predictors

The abilities of KAR£ and ESR to predict Actual Strength 

Ratio were assessed by regression analysis and by a test based 

on the binomial distribution (12).

Figures 5 and 6 are plots of ASR versus ESR and KARc

respectively. As is apparent, both predictors underestimate 

actual strength ratio at low strength ratio range. This pattern 

changes with increasing strength ratio until, in the case of 

Knot Area Ratio (complement), for high strength ratio ranges, 

actual strength ratios are less than predicted. The slope of 

the regression lines through 0 in figures 3 and 6, do not differ 

significantly from 1 at the 95% level. The mean square error 

of the KAR^ predictions of ASR is higher than those of ESR, as 

shown in Table 2.

In order to make conservative strength predictions for 

allowable stress, it is important that Actual Strength Ratios 

be predicted conservatively, i.e; underpredicted. Therefore, a 

test, based on the binomial distribution,was carried out which 

evaluates each predictor's abilities without measuring the 

magnitude of error of each prediction,only its sign (12). The 

number of conservative predictions (successes) by each predictor 

was compared with the range that could occur by chance only and 

the probability of these successes being chance only was 

calculated. As shown in Table 2, ESR was more successful in 

underpredicting ASR. In fact there was a significant probability 

that KAR^s conservative predictions were by chance only, i.e.,
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there is a high probability that KAR over and under predicts 

ASR with equal frequency.

Both of the above results indicate that ESR is the more 

successful predictor of ASR. Since both KAR^ and ESR are 

based on the relationship between knot size and board area, 

it is perhaps the more subjective nature of KAR^ that makes 

its predictions less exact.
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3.2 NLGA Grade Evaluation

Allowable stresses for visually graded dimension lumber 

in Canada are based on the Grade Strength Ratio assigned to 

each visual grade. This ratio should be the minimum of those 

estimated for all boards in the grade and should also be their 

minimum actual strength ratio. If the grading system is 

successful, the assigned allowable stresses for the graded 

lumber should correspond to its strength distribution.

Figure 7 shows the comparison of 3th percentile^ Actual 

and Estimated Strength Ratios for the lumber in each grade with 

the Grade Strength Ratio of that grade. It is apparent that 

with the exception of low grades, actual and estimated ratio 

minimums are below the assigned grade strength ratios. This 

indicates first that many boards were not "on grade"; in 

other words, their strength reducing characteristics were such 

that they should have been put in a lower visual grade (this 

was true for 20?o of the sample). Secondly, since allowable 

stresses are based on the assumption that Grade Strength Ratios 

are the minimum (5th percentile) actual strength ratios for 

each grade, the fact that this was not the case for this sampls 

impacts on the accuracy of assigned allowable stresses.

Figure 8 is a plot of assigned allowable stress for each 

lumber grade versus the strength of the lumber assigned to that 

grade. ASTM D 2395 (7) suggests the use of MOR 5th percentile 

divided by 2.1 as the strength characteristic which should
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compare with allowable stress. The 5th percentile value 

itself rather than its lower tolerance limit was used 

because of the low confidence of these limits with the given 

sample sizes. Figure 8 shows there is a close correspondence 

between these two stresses and that for all grades except 

2 X 8  #1 , the 5th percentile values are above the allowable.

The contradiction between this result and the lack of

correspondence between ASR minimums and GSR could be

explained by the higher than standard MOR and specific

gravity values for this sample. In addition, allowable stresses

are determined for lumber used at a moisture content of up to

19?o. The average moisture content of this sample was 11.8 percent.
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CONCLUSIONS

The estimated strength ratio calculated in accordance with 

the methods of ASTM D 245 (1) is a good predictor of the actual 

ratio of the strengths of lumber and small clear specimens cut 

from it.

The visual grading process does not accurately sort lumher 

into groups of minimum actual or estimated strength ratio. 

However, despite this fact, and because of the wide permissible 

variability in strength properties for a given grade, the 

allowable stresses assigned to the lumber sample in this study 

were appropriate.
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TABLE 1: SUMMARY OF FLEXURAL PROPERTIES

j
N

IN GRADE 

MOR Dsi

SMALL CLEAR 

MOR psi

CORRECTED 
SMALL CLEAR 
MOR psi

IN GRADE 
MOE psi

SMALL CLEAR 
MOE psi

SPECIFIC
GRAVITY

MOISTURE
CONTENT

0'/O

I
mean | 5740 10650 8300 1.424X106 1.322X106 0 .'403 11 i-7

Standard I 
deviation I

177 1960 1260 980 0.251X106 0.179X106 0.033 0.54

5th percentile 2870 8950 6980 - - — “

mean 5^80 10210 7350 1.496X106 1.320X10^ 0.386 11.8

Standard
deviation

282 1990 1220 880 0.273X106 0.174X10^ 0.033 0.71

5th percentile 2460 8630 6210

Published
Values (10)

mean
i

9100 0.372 1

Standard
deviation

1140

1

0.041



TABLE 2: SUCCESS OE PREDICTORS

MEAN SQUARE ERRORS NUMBER OE CONSERVATIVE 
PREDICTIONS (SUCCESSES)

PROBABILITY THAT THESE 
SUCCESSES ARE BY CHANCE ONLY

ESR KARc
ESR KARc

ESR KARc

2 X A 0.033 0.039 59% 53% 0.008 0.18

2 X 8 0.043 0.060 62 % 50% 1 .82 x 1 0" 5 0.43
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FIGURE 6 ACTUAL STRENGTH RATIO versus KAR
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