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Comparison between Allowable Properties Method and
Reliability Analysis Method to Determine Design Values
of Visually Graded Chinese Larch 40 x 65 mm Lumber
Liuyang Han,a Xiu Zhao,b Haibin Zhou,a,* and Xiuqin Luo a
The reliability analysis method and the allowable stress method were both
applied in this study to determine design values of ultimate compression
strength (UCS) of visually-graded 40 x 65 mm dimension Chinese larch
lumber. A total of 784 lumber samples were tested on the static full-size
compression strength, according to Chinese National Standards. The
goodness-of-fit for the UCS distribution of four visual grades of lumber
were analyzed, and first-order, second-moment reliability analyses under
different load cases were performed based on all of the test data. The lognormal distribution was found to optimize the fitted distribution of the
ultimate compression strength of Chinese larch dimension lumber. Design
values of the compression strength of grades Ic, IIc, IIIc, and IVc were
suggested to have the minimum reliability index of 3.2 for the reliability
analysis method, and the reduction factor of 1/1.9 for the allowable stress
method. The results showed that the design values in the Chinese Code
were the most conservative for high visual grade dimension lumber
compared to the reliability analysis and allowable stress methods. The
reliability analysis method was more suitable for developing design values
of lower visually-graded lumber.
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INTRODUCTION
Dimension lumber is a building material with standardized sizes designed for a
variety of applications. In China, it is commonly imported from many countries including
the United States, Canada, and Russia (Yuan et al. 2011; Zhou 2012) to meet market
demands. Chinese larch has many advantages for the development of dimension lumber
because of its large plantation area and good strength properties (Zhou et al. 2015).
In the field of structural application, design value of a material property should be
determined before the materials, such as lumber, steel and engineering plastics, are used in
building structures (MOHURD 2005). Design values are important for any structural
applications, such that design values of Chinese larch should be quantified to develop
Chinese larch as a local timber crop. Two methods are typically used to develop design
values for the mechanical properties of structural wood (Zhong and Ren 2014). One is the
analysis method of allowable properties, which is popular in North America (ASTM 2007).
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The other is the reliability analysis method, which is used primarily in China (MOHURD
2001, 2008).
Where specified in GB50005-03 (MOHURD 2003), the design values for the
strength properties of Chinese larch originate from the reliability analysis method, which
is based on data from small clear specimens. However, Chinese larch wood was designated
for only one strength grade in the 2003 edition of the design code. Thus, to expand its
miscellaneous utilizations and heighten building security, more strength grades should be
assigned to the lumber of Chinese larch and other tree species.
Since 2002, Chinese research institutes have been building a grade system for these
prospective species, under the guidance of Forintek Corp. (Canada). In the grade system,
visual grading is a stress grading method, which is based on the premise that the mechanical
properties of lumber differ from the mechanical properties of clear wood. This is because
many growth characteristics affect the properties and these characteristics can be easily
visualized. For example, knots are categorized into one of several classes primarily to
provide a means for assigning their limits to various grades of lumber. Knots have a major
influence on the mechanical properties of wood by way of distorting grain in the vicinity
of the knot, causing material discontinuity by checking in the knots as well as in the
surrounding material, etc. (Liu and Zhao 2003). Four visual grading rules were included in
the new edition of Chinese design code of timber construction (MOHURD 2005). The
grading rules were derived from the National Lumber Grades Authority (NLGA) standard
of Canadian-based grading rules (2005). In GB50005-03 (MOHURD 2005), the visual
grade, Ic, is equivalent to NLGA SS; the visual grade, IIc, is equivalent to NLGA No. 1;
the visual grade, IIIc, is equivalent to NLGA No. 2; and visual grade, IVc, is equivalent to
NLGA No. 3. Each visual grade denotes a different degree of strength reducing
characteristics existing in the lumber. It should be noted that Ic is the highest grade and
IVc is the lowest grade. However, the design values were not given for each visual grade.
The characteristic values for the visual grades of Chinese larch dimension lumber were
determined according to the ASTM D1990 (2007) of North America. Different design
values may be assigned because of the differences in the developing methods used to
calculate design values between China and North American. Therefore, it is of interest
whether the allowable stress method or the reliability analysis method is more accurate for
Chinese larch dimension lumber in developing the design value.
For this example, the compression strength of 40 x 65 mm Chinese larch dimension
lumber was developed and compared with the design values of the ultimate compression
strength of each of the visual grades, based on full-size in-grade tests in accordance with
the reliability analysis method (MOHURD 2001, 2008) and the allowable stress method
(ASTM 2003).

EXPERIMENTAL
Sampling
Because there is currently no commercial production of Chinese larch dimension
lumber, the sampling of dimension lumber cannot be conducted in sawmills. The material
used in this study was collected from two regional forestry centers, Cuigang and Pangu, in
the Daxing'anling region in Northeast China. In these forestry centers, Chinese larch logs,
with diameters at breast heights (DBH) above 240 mm, were sawn from secondary forests
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and cut into logs measuring 4,000 mm in length. The sampling plan focused on collecting
representative logs with small-end diameters ranging from 160 to 340 mm. The number of
selected logs was roughly in proportion with the annual cut of each forestry center, in order
to provide a sample group that was representative of the entire plantation. A total of 454
m3 Chinese larch logs were sampled: 286 m3 from Cuigang and 168 m3 from Pangu.
Lumber was sawn from the logs following a cant sawing pattern typically used in
China, and then kiln-dried to a target moisture content of approximately 12%. After being
kiln-dried, all sawn lumbers were planed to a standard size of 4000 mm (Length) by 40
mm (Height) by 65 mm (Width).
Grading
Lumber was visually graded according to the grading rules provided in the Chinese
timber design code, GB50005-03 (MOHURD 2005). During grading, the grade controlling
defects and maximum strength reducing defects (MSRD) were identified and recorded for
each specimen. All samples were stored in a conditioning chamber maintained at 20 °C,
and 65% relative humidity before testing.
Testing
Compression tests were conducted according to GB/T28993 (SAC 2012) for the
compression group using a compression testing machine (Universal Testing Machine, We1000B, Jinan Kaien Testing Machine Company, Jinan, China) to evaluate the compression
strength parallel to the grain for each specimen. The test procedures can be summarized as:
short column method (without lateral support), 250 mm test spans, and tests conducted at
a loading rate to cause failure within 10 min. Because the short column method was
employed, several samples needed to be cut from the lumber in length. One of the samples
was selected as the representative of the lumber according to its strength properties. Two
samples were sawn from each Ic grade specimen: one containing MSRD and the other with
no clear defects. The compression strength values of each Ic grade specimen were derived
from the lower strength value of the two samples. For the IIc, IIIc, and IVc grades, three
samples were taken from each of the specimens: one containing MSRD, the second with
minor defects, and the third without defects. The compression strength value was
determined from the lowest strength value of the three samples.
The annual ring width (ARW) and density for each specimen was measured near
the rupture location according to the national standards GB/T1930-2009 (SAC 2009a) and
GB/T1933-2009 (SAC 2009b). The numbers and basic physical properties of the samples
are shown in Table 1.
Table 1. The Numbers and Basic Physical Properties of the Samples
Number

Density (g·cm-3)

ARW (mm)

Ic

181

0.650 (9.84)

1.55 (52.25)

IIc

98

0.634 (11.18)

1.94 (44.64)

IIIc

242

0.639 (11.43)

1.83 (55.39)

IVc

263

0.643 (11.64)

1.76 (52.50)

Note: Density is air dried density. Values in parentheses are coefficients of variation (%); ARW is
average to annual ring width.
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Statistical Analysis
The statistical analysis and the associated graphics were performed using Matlab 7
(MathWorks, USA), Origin 9.0 (OriginLab, USA), and Microsoft Office 2013 (Microsoft,
USA) software. UCS between each grades were compared using analysis of variance
(ANOVA). The ultimate compression strength (UCS) distribution of each grade was fitted
to normal, log-normal, and 2P-Weibull distributions (Bodig and Jayne 1982; Zhong and
Ren 2014), respectively. The mean values, standard deviations (SD), and the coefficient of
variations (CV) were determined for each UCS. The design value of the UCS strength was
calculated using the estimated best-fit distribution, based on the first-order second-moment
reliability analysis method, and the allowable stress method.
Reliability Analysis
To determine the UCS design value, resistance stress (R) of the 40 x 65 mm Chinese
larch lumber, based on full size test results, was calculated using Eq. 1. The mean value
and the CV of R were calculated using Eqs. 2 and 3 (MOHURD 2005; Wang 2002),
R  K 1 K 2 K 3 fO

(1)
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where, K1, K2, and K3 are the adjusting factors for the equation’s precision, geometric
character, and effects of long-term load, respectively (Table 2), and ƒ0 is the experimental
UCS value for 40 x 65 mm Chinese larch lumber (Table 4 and 5). According to the
statistical theory, the R value is also distributed log-normally.
Table 2. Statistical Parameters of Adjusting Factors
Parameters
Mean value
CV (%)

k1

k2

k3

1.00
5.00

0.96
6.00

0.72
12.0

The loads that were applied to the timber structures were divided into two groups:
dead load (G) and live load (L). The former included the self-weight of the structural
members and other materials, while the latter included the office occupancy load (LO), the
residential occupancy load (LR), the wind load (LW), and the snow load (LS). According to
GB50009 (MOHURD 2012), normal distribution was used to express the randomness of
G, and extreme type-I (Extreme-1) distribution, commonly used to represent the
distribution of different live loads, expressed the randomness of LO, LR, LW, and LS.
Statistical parameters of the loads are shown in Table 3.
Table 3. Statistical Parameters of Load Types
Load type

Statistical
parameters

G

L0

LR

LW

LS

Mean/nominal

1.060

0.524

0.644

1.000

1.040

CV (%)

7.0

28.8

23.3

19.0

22.0

Distribution types

Normal

Extreme-1

Extreme-1

Extreme-1

Extreme-1
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Next, the two-load combinations: G + LO, G + LR, G + LW, and G + LS underwent
reliability analysis testing (MOHURD 2005). The limit state design equation for
compressive resistance can be expressed as,
a D D K  a L L K  fK S

(4)

where ƒ is the design value, aD and aL are the dead load factor (1.2) and live load factor
(1.4), respectively, DK and LK are the nominal dead load and the nominal live load,
respectively, and KS is an adjusting factor for the service life, defined as 1.0 for 50 years
(MOHURD 2012).
The performance function, developed for relative compressive resistance and the
effect of loads under first-order second-moment reliability analysis, is as follows (Zhuang
2004; Li 2011),
Z=R-(D+L)

(5)

where, R, D, and L are the random variables representing the compressive resistance, dead
load (G), and live load (LO, LR, LW, or LS), respectively. The random variable, R, was
assumed to be log-normally distributed according to the analysis above.
By substituting Eq. (4) into Eq. (5), the performance function can be rewritten as,
Z  R 

fK S
aD  aL

(g  l)

(6)

where, ρ, g, and l are the equivalent of LK/DK, D/DK, and L/LK, respectively.

RESULTS AND DISCUSSION
Results for the specimen number, the mean value, SD, and CV of the UCS of the
lumber samples are shown in Table 4.
Table 4. Statistics for the Ultimate Compression Strength of the Samples
Statistical parameters
Mean value
SD
CV (%)

Ic
55.48
10.52
18.96

IIc
44.10
6.84
15.50

UCS (MPa)
IIIc
45.93
10.84
23.60

IVc
40.43
11.77
29.11

It was found that the Ic lumber exhibited the highest compression strength. The
mean value of UCS for grade Ic was 55.48 MPa, with a CV of 18.96%. Although grade IIc
exhibited a lower mean UCS (44.10 MPa) than grade IIIc, its CV (15.50%) was lower than
that of other three grades. In some cases, IIIc lumber was stronger than IIc lumber, even
though the latter should have smaller knot sizes, according to grading rules in the
GB50005-03 (MOHURD 2005). This was also confirmed in the test result of the
mechanical properties of Canadian coastal Douglas-fir and Hem-fir (Chen et al. 2009;
Zhong and Ren 2014).
The UCS mean values exhibited significant (p<0.05, F-test ANOVA) differences
between each grade of the dimension lumber. This was consistent with the research of Jiang
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et al. (2012). Notably, Guo et al. (2011) reported that the bending strength, ultimate tension
strength, and compression strength of Chinese fir also exhibited statistically significant
differences between the three different grades of lumber at the p < 0.01 significance level.
The normal, log-normal, and 2P-Weibull distributions were fit to the mechanical
properties of wood. The optimal distribution in describing UCS should be found to
determine reliability index and then to calculate the design values of the 40 x 65 mm
lumber. The basic fitted parameters were important in determining the corresponding
distributions. The basic fitted parameters of each distribution are shown in Table 5. For the
four grades of lumber, these fitted models of UCS were based on the basic fitted parameters
and experimental histograms for Chinese larch lumber, as shown in Fig. 1. Differences
between the normal and log-normal distributions existed in UCS, where the normal
distribution fits grade Ic and IIc better, while the log-normal distribution fits the other two
grades better. The log-normal distribution was slightly better than the 2P-Weibull
distribution in fitting the data of UCS. This was particularly evident in the left tail region
for both grades, where the log-normal distribution followed the actual strength data more
accurately. In consideration for the numbers of different grade samples, grades Ic and IIc
had much fewer samples than grades IIIc and IVc (Table 1), and the log-normal distribution
was more suitable for the distribution of grades IIIc and IVc. Also, Anderson-Darling
goodness of fit test has been done and the results in Table 6 indicate that the normal
distribution fits grade Ic better, while the log-normal distribution fits the other three grades
better. In conclusion, the log-normal distribution for UCS was selected for final reliability
analysis in this study.
Table 5. The Basic Fitted Parameters of Each Distribution
Distribution and
parameter type

Basic fitted parameters
Ic
IIc
IIIc
IVc
σ
0.2016
0.1547
0.2327
0.2836
Log-normal
μ
3.9967
3.7745
3.8000
3.6592
σ
10.521
6.837
10.840
11.769
Normal
μ
55.481
44.096
45.926
40.431
k
6.1439
7.8753
5.2479
4.3089
2P-Weibull
l
59.54
46.60
49.60
44.00
Note: μ is the location parameter and σ is the scale parameter for log-normal distribution (Kleiber
and Kotz 2003); μ is the mean or expectation and σ is its standard deviation in normal distribution;
k is the shape parameter and l is the scale parameter for 2-P Weibull distribution

Table 6. Results of Anderson-Darling Goodness of Fit Test
Grade

The test statistic A value
Log-normal

Normal

Weibull

Ic

1.4097

0.2967

0.6309

IIc

0.3043

0.3649

1.1229

IIIc

0.2038

1.8699

4.2856

IVc
0.3509
3.1315
5.0799
Note: A is the test statistic of Anderson-Darling goodness of fit Test. And the best-fitted
distribution has the smallest value of A.
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Fig. 1. Normal, log-normal, and 2P-Weibull best fit modulus for the UCS of the samples

Results of Reliability Analysis
Calculated mean value and the CVs for all lumber grades are presented in Table 7.
Table 7. Summary of Statistics for R of 40 x 65 mm Chinese Larch Lumber
R (MPa)

Statistical
parameters

Ic

IIc

IIIc

IVc

Mean value

38.35

30.48

31.74

27.95

SD

9.110

6.430

8.760

9.070

CV (%)

23.76

21.10

27.60

32.44

Distribution types

Normal

Normal

Log-normal

Log-normal

The reliability level, which must meet the target level (β0=3.2), was used to
determine the UCS design value (MOHURD 2001). This was acquired by taking an
average of the reliability index under the combinations of two loads: ρ = 0.25, 0.5, 1.0, and
2.0 (Fig. 2) according to the survey of the timber structure in China (MOHURD 2005;
MOHURD 2012).
In order to determine the UCS design value of 40 x 65 mm Chinese larch dimension
lumber, a first-order, second-moment reliability analysis was performed on all the data
cells and simulation load cases, G + LO, G + LR, G + LW, and G + LS. For instance, the
relationship between the reliability index (β) and the design value of UCS (ƒ) of 40 x 65
mm Chinese larch lumber, for both LO and G, are shown in Fig. 2.
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Fig. 2. Relationship between the reliability index (β) and the design value (ƒ) for G + LO

Reliability analysis results indicated that the β value decreased non-linearly with
the increase in the design value for all simulation load cases. Similar results were obtained
in previous studies (Folz and Foschi 1989; Zhuang 2004; Li 2011). A calculation program
for β was developed in Matlab 7.0 software. Reliability results of the 40 x 65 mm Chinese
larch lumber for different load combinations are shown in Table 8.
Table 8. Reliability Index β of 40 x 65 mm Chinese Larch Lumber for Different
Load Combinations
Load
combinations
G + LO



β

Ic (22.4 MPa)
IIc (19.2 MPa)
0.25
3.193
3.232
0.5
3.566
3.634
1.0
3.894
3.944
2.0
4.020
4.033
G + LR
0.25
3.096
3.125
0.5
3.401
3.456
1.0
3.678
3.722
2.0
3.794
3.805
G+S
0.25
2.775
2.766
0.5
2.826
2.812
1.0
2.805
2.766
2.0
2.727
2.667
G+W
0.25
2.813
2.810
0.5
2.909
2.910
1.0
2.953
2.937
2.0
2.928
2.889
Mean±SD
3.211±0.446
3.219±0.472
Note: Values in parentheses are design values
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IIIc (16.5 MPa)
3.173
3.507
3.838
4.004
3.088
3.360
3.634
3.782
2.809
2.863
2.863
2.810
2.840
2.930
2.986
2.984
3.217±0.411
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IVc (12.6 MPa)
3.138
3.433
3.752
3.952
3.064
3.304
3.564
3.736
2.825
2.879
2.897
2.869
2.851
2.933
2.996
3.013
3.200±0.373
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According to the reliability analysis and the requirements for the minimum
reliability indexes (β ≧ β0 ) (MOHURD 2001), the mean β for all load combinations was
3.211 for grade Ic, 3.219 for grade IIc, 3.217 for grade IIIc, and 3.200 for grade IVc.
Additionally, it was found that the simulation load case for the maximum and minimum β
were the load combinations G+L0 and G+Ls, for the same ρ value, respectively (Zhuang
2004; Li 2011). For example, the value of β for grade Ic lumber was 3.150 under G + L0,
and 2.855 under G + Ls, when ρ was 0.25.
Results of Allowable Stress Analysis
In order to determine the UCS design values according to the allowable stress
analysis method, characteristic values of the 40 x 65 mm Chinese larch dimension lumber
were calculated. The characteristic value was determined using the 5.0% fractile of the
probability distribution (MOHURD 2001). A summary of log-normal statistics for the
compression strength of the 40 x 65 mm Chinese larch dimension lumber is shown in Table
9. The characteristic value ƒk and design value ƒ were calculated using Eqs. (7-8)
(MOHURD 2008),
fk



f e

 1 . 645  f

(7)

ƒ =Kfƒk

(8)

where, μƒ is the mean value of the logarithmic UCS, δƒ is the CV (%) (Table 9), and Kf is
the reduction factor of UCS, defined as 1/1.9, according to ASTM D2915 (2003). The
characteristic values of Chinese larch visually-graded dimension lumber and the design
values were calculated according to United States Code as shown in Table 10.
Table 9. Summary of Log-Normal Statistics of the Compression Strength of the
Samples
Statistical parameters
Mean
SD
CV (%)

Ic
4.00
0.20
5.06

IIc
3.77
0.16
4.12

ln(UCS)
IIIc
3.80
0.23
6.14

IVc
3.66
0.28
7.76

Table 10. The ƒk and ƒ of the Compression Strength of the Samples
Grade
Ic
IIc
IIIc
IVc

ƒk (MPa)

ƒ(MPa)

39.062
33.785
30.485
24.355

20.6
17.8
16.0
12.8

Comparison
A comparison among the design value results among Chinese Code, the reliability
analysis method based on Chinese National Standards, and the allowable stress method of
North America are shown in Table 11. The design value of the compression strength for
ungraded Chinese larch lumber is 15 MPa according to GB50005-03 (MOHURD 2005).
However, the values were 22.4 MPa for grade Ic, 19.2 MPa for grade IIc, 16.5 MPa for
grade IIIc, and 12.6 MPa for grade IVc, on the basis of the reliability analysis method
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(Table 8). The design values were 20.6 MPa for grade Ic, 17.8 MPa for grade IIc, 16.0 MPa
for grade IIIc, and 12.8 MPa for grade IVc, based on the allowable stress method. The
strength value of Chinese larch originating from GB50005-03 (2005) was lower than all
values of grade Ic, IIc, and IIIc originating from the reliability analysis method based on
full-size in-grade test and the allowable stress method. However, the design value
originating from GB50005-03 (2005) was higher than those two values of grade IVc
respectively by the reliability analysis method and the allowable property method. The
design values obtained from GB50005-03 (2005) could be further recommended according
to the visual grades of the dimension lumber instead of the tree species. The design values
of grades Ic, IIc, and IIIc that were developed using the reliability analysis method,
according to Chinese national codes, were slightly higher than those values originating
from the allowable stress method of North America. For the determination of the design
value, higher visually-graded dimension lumber may be more applicable for the allowable
stress method, while the reliability analysis method may be more appropriate for lower
grade lumber. The results indicated that it is unreasonable for the design value of the UCS
for Chinese larch to equal 15 MPa for all grades of lumber in the Chinese National Standard
GB50005-03 (MOHURD 2005), and the value may be unsafe for timber structure design
for low visually-graded lumber. The design value of dimension lumber should therefore be
calculated carefully before practical applications to ensure the safety of Chinese larch
building construction.
Table 11. Comparison of the Design Values Determined by Different Methods
Analysis method

ƒ (MPa)
Ic
22.4
20.6

IIc
19.2
17.8

Reliability analysis
Allowable stress
GB50005-03
Note: TC17 B is the grade of Chinese larch wood

IIIc
16.5
16.0
15 (TC17 B)

IVc
12.6
12.8

CONCLUSIONS
1. The optimized, fitted distribution of UCS for 40 x 65 mm Chinese larch visually-graded
dimension lumber was the log-normal distribution.
2. The visual grades of the dimension lumber exhibited significant effects on the design
values of the UCS. The design values of the grades Ic and IVc represented the
maximum and the minimum, respectively.
3. For grades Ic, IIc, and IIIc, the design values developed using the allowable stress
method were much more conservative than those obtained using the reliability analysis
method.
4. For grade IVc, the reliability analysis method is an appropriate method to quantify
design values of 40 x 64 mm Chinese larch lumber.
5. The influence of appearance quality on strength should be taken into consideration
when using the recommended design value in GB50005.
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