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ABSTRACT

The depth effect on bending strength of Japanese larch structural lumber was investigated by using the published data

of two different depth lumbers with the same length. Depth effect parameters were derived from Weibull’s weakest link

theory and compared to the results from other researches. Depth effect on bending strength was significant for No.1 and 

No.3 lumber, but not insignificant for No.2 lumber. Calculated value of the depth effect adjustment factors was 0.21, 

0.11 and 0.22 by lumber grade, respectively. These results were similar to those results from previous researches and

supported depth effect on bending strength of lumber. An apparent depth adjustment factor has been proposed to 0.2 in

the literatures. Based on this study, depth adjustment factor was considered to 0.2 as a conservative optimum design val-

ue that should be incorporated in domestic building code (KBC) for structural lumber.
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1. INTRODUCTION1)

  The structural properties of lumber have been 

studied extensively over the last several decades 

in order to develop the materials property in-

formation required for assessing the reliability 

of timber structures and developing a reliability- 

based timber design code (Barrett et al., 1995). 

Strength properties of wood are derived initially 

for small, clear, defect-free wood and then al-

lowances are made for the strength reduction 

defects such as knots, slope of grain, checks and 

splits. These methods can lead to very erroneous 

results (Madsen, 1990) due to misassumptions 

dealing with concept of allowances for defects. 

So, grade test was introduced in 1970s to estab-

lish more precise strength properties of wood. 

ASTM D 1990 gives the procedure to establish 

the allowable stress values for structural design 

from the grade test of full sized, visually grad-

ed, dimension lumber.

  Among the strength properties, bending stren-

gth is an important factor for beam design in 

wood structures. Size effect of bending strength 

for wood members was studied extensively by 

several researchers (Bohannan, 1966; Johnson et 

1 Received January 8, 2014; accepted January 28, 2014
2 Department of Forest Resources, Daegu University, Kyongsan 712-714, Korea
†
 Corresponding author : Sei Chang Oh (e-mail : osc@daegu.ac.kr)



Estimation of Depth Effect on the Bending Strength of Domestic Japanese Larch Structural Lumber using ∼

－ 113 －

al., 1989; Madsen, 1990; Barrett and Lau, 1994; 

Barrett et al., 1995). Test results revealed that 

strength of wood was influenced by size of 

members, and size effect based on strength data 

might be considered in timber design. In addi-

tion, the size effect with weakest link theory 

was introduced for determining tension strength 

for dimension lumber (Showalter et al., 1987; 

Lam and Varoglu, 1991; Lam, 2000;  Zhu et al., 

2001; Bakar and Saleh, 2005; Zhou et al., 2010) 

and the structural composite lumber (SCL) in 

bending (Fonselius, 1997) and in tension (Arwade 

et al., 2011). It is well known that mechanical 

properties of structural lumber vary with mem-

ber size, that is, member size affects lumber 

strength with changing size. This is thought to 

explain the greater probability that a region of 

low strength in lumber will occur in a member 

of large volume than in a member of small 

volume.

  Size effect was evaluated from Weakest link 

theory based on the brittle fracture theory and 

size effect theory was first introduced to lumber 

by Bohannan (1966) and has been widely ac-

cepted by the aforementioned researchers. Size 

effect theory has been widely used to explain 

the effect of size on the strength of lumber and 

engineered wood products such as laminated ve-

neer lumber (LVL) and parallel structural lum-

ber (PSL). Many studies have examined soft-

wood dimension lumber and SCL such as LVL 

and PSL to quantify the size effect. This study 

was carried out to verify size effect according 

to depth of domestic Japanese larch lumber us-

ing published data and to propose size effect 

parameters for depth of lumber using slope 

methods of Weibull weakest link theory

2. WEIBULL WEAKEST LINK 

THEORY and SIZE EFFECT

  Lumber is assumed to be a wood material in 

which failure occurs at the weakest point. Thus, 

the size effect can be determined by the use of 

the Weibull weakest link theory. The weakest 

link theory is based on the assumption that the 

material is made of smaller elements linked to-

gether and that failure occurs when a single ele-

ment fails. This means that failure initiating from 

one material element causes the whole structure 

to fail. This theory has been widely used to ex-

plain the effect of size on lumber strength. 

  The probability of failure S(σ) is described by 

the distribution function F(σ) and the proba-

bility of survival of that link is  

  S(σ) = 1 － F(σ) (1)

The function F(σ) is the strength distribution for 

every element, and the probability of survival of 

n elements is given by 

  Sn(σ) = [1 － F(σ)]
n

(2)

The strength distribution function F(σ) is de-

scribed as 

  F(σ) = 1－exp [－ϕ(σ)] (3)

ϕ (σ) is known as the Weibull distribution and 

is given by 

   


 
  (4)

Where the threshold stress below failure, σµ, 

does not occur and s and m are the scale and 
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shape parameters, respectively. In this equation 

(4), σµ is generally taken 0, and the 2-parameter 

Weibull form is used. This leads to the follow-

ing equation

    exp



 (5)

For the volume of materials, this gives 

  

  exp∫




  exp




 

(6)

If two specimens are considered with volume  

V1 ≠ V2 and strengths σ 1 ≠ σ 2 corresponding to 

the same failure probability, equation (6) can be 

written and rearranged for each specimen as 

  



  




 (7)
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  Assuming that the form of the cumulative 

distribution function describing strength is the 

same for both specimens, the right hand sides of 

equations (7) and (8) can be equated to give 

  



 








(9)

  In this study, the thickness and length of the 

specimens are the same, and the test section 

depth d can be substituted for the materials vol-

ume V to give 

  



 








(10)

  Equation (10) shows that the specimen depth 

and strength at a particular probability of failure 

are related by a power law, 1/m. The change in 

strength for doubling the depth can be obtained 

by setting 





 . The exponent 1/m is the 

size adjustment factor that establishes the 

sensitivity of the strength to the specimen size. 

It can be estimated by performing linear regres-

sion on the logarithmic relationship between 

those logarithms of the strength and specimens 

size, noting that Equation (10) implies a linear 

relationship between logarithms of the form 

  ln   (11)

In which B = 1/m is the slope of the line in 

log-log space, and is the size adjustment factor. 

Therefore, the parameter 1/m is derived by re-

gressing the logarithm of strength against the 

logarithm of depth. 

3. MATERIALS and METHODS

The depth effect on the bending strength of 

lumber was evaluated separately for each grades.  

Published data were taken from two research 

groups (Shim and Park, 1998; Lee et al., 2003) 

and the test condition and procedure are shown 

in Table 1 and Fig. 1. The bending test was 

conducted according to ASTM D198 with a 

span length of 2400 mm and a testing speed of 

10 mm/min.  Prior to bending test, each lumber 

was graded according to the grading rule of 

Korea Forest Service Standard. The lumber spe-

cies was domestic Japanese larch (Larix leptole-

pis G.) and the actual cross section dimensions 

were 38 mm × 89 mm (nominal 2 × 4) and 38 

mm × 140 mm (nominal 2 × 6),  respectively. 
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Dimension(mm) Grade Counts Span(mm) l/h
*

38×89

Shim and Park (1998)

No.1

No.2

No.3

157

142

151 2400 1/27

Total 450

38 × 140

Lee, etc. (2003)

No.1

No.2

No.3

148

154

103 2400 1/17

Total 405

* span to depth ratio

Table 1. Results of grading and bending test condition of tested lumber

Fig. 1.  Schematics of test configuration in bending 

(Shim and Park, 1998; Lee, etc. 2003).

4. RESULTS and DISCUSSION

  Table 2 shows the experimental results by the 

two research groups. The bending strength of 38 

mm × 89 mm lumber was 556, 468, and 473 

kg/cm
2 

for grade Nos.1, 2 and 3, respectively.  

No. 1 grade lumber was much stronger than the 

other two grades, which showed similar results. 

However, the 5% exclusion limit value of No. 2 

grade was greater than that of No. 3 grade, 

which revealed the wider variation in No. 3 

grade lumber than in No. 2 grade lumber. The 

bending strength of 38 mm × 140 mm lumber 

was 449, 421, and 378 kg/cm
2 

for grade Nos. 1, 

2 and 3, respectively. The strength of the three 

grades decreased in the order No. 1 > No. 2 > 

No. 3. No. 3 grade lumber showed wider varia-

tion in strength values, which led to a lower 

value of the 5% exclusion limit value compared 

to that of Nos. 1 and 2 grade lumber. This in-

dicated that low-grade lumber has lower allow-

able stress values in the structural design of 

wood construction. The depth effect ratios, 

which are the mean strength ratio of 38 × 89 to 

38 × 140, were 1.24, 1.11 and 1.25 for grade 

Nos. 1, 2 and 3, respectively. These values were 

comparable to Madsen’s result (1990) of 1.11 

between 50 mm  depth and  25 mm depth in 

defect-free Douglas-fir wood beam. 

  Table 3 shows the statistical results for de-

termining the difference in mean strength be-

tween 89mm-deep and 140mm-deep lumber. As 

the Z-test is preferable when n is greater than 

30, and the data distribution does not have to 

be normal, the Z-test was conducted to check 

the depth effect of lumber between the two 

member depths and the statistical significance 

was evaluated. For each lumber grade, the null 

hypothesis was supported in No. 2 grade lumber 

but rejected in the other two grades, with a sig-

nificance level of 5 %(0.05). The availability of 

overall data for several different lumber depths 

will support more precise evidence for the size 
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Grade Z or

No.1 2.79

z0.05 =1.645

H1:

No.2 1.33 H0:

No.3 2.37 H1:

Table 3. Summary of statistical analysis to the pub-

lished data

Lumber dimension

(mm)
Counts Property No.1 No.2 No.3

38 × 89 450

Mean (kg/cm
2
) 556 468 473

5% exclusion limit (kg/cm
2
) 285 223 205

Stdev
1) 

(kg/cm
2
) 157 142 151

COV
2) 

(%) 28.2 30.3 31.9

38 × 140 405

Mean (kg/cm
2
) 449 421 378

5% exclusion limit (kg/cm
2
) 300 248 163

Stdev (kg/cm
2
) 91 105 131

COV (%) 20.2 24.9 34.6

1)
 standard deviation

2)
 coefficient of variation

Table 2. Summary of test results from the published data (Shim and Park, 1998; Lee, etc. 2003)

Fig. 2. Ln-linear relationship between bending strength 

and specimen depth in each grade of lumber.

effect according to the member depth. 

  The natural logarithm-linear regression be-

tween the bending strength and the member 

depth are shown in Fig. 2, which plots the re-

sults and consistence trends observed for bend-

ing strength according to the specimen depth. 

This curve reveals a negative correlation be-

tween the mean bending strength and the lum-

ber depth. The correlation equations are shown 

in Table 4. 

  From equation (11), the constant B (1/m), the 

size adjustment factor to the depth of lumber, is 

derived by the slope of the line. The derived 

size adjustment factors according to the depth 

were almost the same in No. 1 and No. 3 grades, 

and lowest in No. 2 grade. Madsen and Bucha-

nan (1986) mainly evaluated a sample of No. 2 

and better grades and reported no depth effect 

in bending. In comparison to their study, this 

study showed a favorable value, but it was dif-

ficult to make a direct comparison because of 

the different grading rules between the U.S and 

Korea. These results were partially due to the 

small sample size (n = 100) and the lack of 

grade purity in the samples of mixed lumber 

grade. Madsen (1990) reported a size adjustment 

factor according to depth of 0.25 for the de-

fect-free wood member not in structural lumber. 
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Grade Size effect Ratio
*

Ln-linear relations in 50th percentile Depth effect adjustment factor

No.1 1.24 ln (y) = -0.2137 ln (d) + 6.5345 0.21

No.2 1.11 ln (y) = -0.1058 ln (d) + 6.2543 0.11

No.3 1.25 ln (y) = -0.2242 ln (d) + 6.3833 0.22

* ratio of bending strength of 89mm depth lumber to 140mm depth lumber

Table 5. Comparison of depth factor for bending strength between domestic lumber and other published data

Grade Domestic
Madsen

(1990)

Barrett, etc 

(1995)
ASTM D 1990 

Johnson, etc 

(1989)

 Fonselius 

(1997)

No.1

No.2

No.3

All

0.21

0.11

0.22

- 0.25 0.28 0.29 0.35

0.034-0.141

 (LVL)

Table 4. Ln-linear relations in 50th percentile for bending strength and sample depth

This was presented as evidence of the size ef-

fect in bending according to the depth. In addi-

tion, Barrett and Fewell (1990) reported a depth 

parameter (size factor to the depth of lumber) 

for bending of 0.23, which is close to the value 

of this study. The highest value was reported by 

Johnson et al. (1989), based on the test results 

for two grades and an average of the all species 

groups. ASTM D 1990 specifies a depth param-

eter of 0.29. Barrett et al. (1995) showed that 

the size factor for bending was in the range of  

0.14∼0.26 and this study’s result was in gen-

eral agreement with their range and that pub-

lished in the literature, as shown in Table 5. 

Therefore, the present study result of decreasing 

lumber strength with increasing member depth 

was considered consistent evidence for the depth 

effect in bending of domestic structural lumber. 

  Finally, after considering all the available 

published literature and research on the size ef-

fect in different species group, Barrett and Lau 

(1994) reported a rounded size factor for depth 

on bending strength of 0.2, and this may be 

considered appropriate for international accept-

ance as well as the domestic design code for 

the standard specification of wood frame 

construction. This concept will be needed fur-

ther investigation for the variable depth of lum-

ber, and further works is urgently needed.

5. CONCLUSION

  Size effect according to depth of domestic 

Japanese larch lumber was estimated from this 

study. Depth effect factors of lumber for bend-

ing strength were derived for each grade using 

the published research data from the results ob-

tained by two different lumber depths. The 

depth factors were derived from the published 

data using the slope method of Weibull weakest 

link theory and compared with other research 

data. Depth factors in each grade of domestic 

Japanese larch lumber were 0.21, 0.11, 0.22 re-

spectively, and a set of rounded depth factors 

was 0.2. This result was considered as favorable 

evidence for the depth effect in bending strength 

of domestic Japanese larch lumber. This depth 

factor needs to be incorporated into the domes-
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tic design code for the standard of wood frame 

construction. Furthermore, more research is 

needed in order to determine the other size ef-

fect of domestic lumber according to the length 

and width for tension and compression. 
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