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ABSTRACT :

In response to carbon neutrality goals and policies promoting sustainable construction, timber structures are
receiving increasing attention in China. However, the structural timber market still relies heavily on imports,
while fast-grown domestic plantation species such as Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) remain
underutilized for structural applications due to the lack of reliable grading systems. This study investigated the
grading potential of fast-grown Chinese fir using non-destructive evaluation. A total of 162 laminae with varying
dimensions were tested. The dynamic modulus of elasticity (MOE) was determined using the resonance fre-
quency method, and regression models were developed to predict static bending MOE and bending strength. The
results of the goodness-of-fit and model comparison, based on the one-sample Kolmogorov-Smirnov (K-S) test
and the Akaike Information Criterion (AIC), indicated that the density, dynamic MOE, bending MOE, and
bending strength all more closely follow a lognormal distribution. Monte Carlo simulations were performed to
assess the influence of specimen dimensions on resonance frequencies, showing maximum absolute mean pre-
diction errors of 2.31 % and 4.52 % for longitudinal and transverse frequencies, respectively. Threshold values of
dynamic MOE corresponding to the strength classes defined in Japanese standard JAS 1152 were derived using
the prediction limit method. The laminae were classified into six grades (including a Reject grade), with dynamic
MOE thresholds ranging from 5.4 to 6.9 GPa, primarily determined by the lower limit of bending MOE. Most
specimens (47.5 %) fell into grade L40, a strength class which requires a minimum average bending MOE of
4.0 GPa (lower limit 3.3 GPa) and a minimum average bending strength of 24.0 MPa (lower limit 18.0 MPa). All
assigned grades satisfied the JAS 1152 requirements for mean and lower limit of bending MOE and strength,
except grade L60 (another JAS 1152 strength class), which exhibited a slightly lower bending MOE (4.2 GPa)
than the 5.0 GPa standard lower limit. The findings provide a technical basis for strength grading of fast-grown
Chinese fir, supporting its structural utilization and contributing to reduced dependence on imported timber in
modern Chinese timber construction.

1. Introduction

the structural timber used in these products still relies predominantly on
imports. Commercial species such as spruce (Picea spp.), pine (Pinus

Amid the global pursuit of carbon neutrality, China has been actively
promoting timber construction as a sustainable alternative to traditional
concrete and steel systems. Modern engineered wood products—such as
glued laminated timber (glulam) and cross-laminated timber (CLT)—
play a crucial role in this transition due to their low embodied carbon,
favorable strength-to-weight ratio, and renewability [1-3]. However,
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spp.), fir (Abies spp.), and Douglas fir (Pseudotsuga menziesii), which are
widely used in glulam and CLT production, are generally
strength-graded before export [4]. This reliance on imported materials
presents challenges regarding cost control, supply chain stability, and
long-term sustainability [1,5,6].

In contrast, China possesses the world’s largest plantation forest
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area, with Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) as one of
the most widely cultivated fast-growing softwoods. This species is
characterized by its rapid growth, high yield, and natural durability,
making it a promising candidate for structural applications [7,8].
Despite these attributes, Chinese fir is mainly processed into
low-value-added products such as particleboard, plywood, and pulp [9,
10]. Historically, Chinese fir has been a core material in traditional
timber architecture. Even today, in villages or regions within provinces
such as Guizhou, Fujian, Yunnan, etc., it continues to be used in
mortise-and-tenon wood dwellings for load-bearing components
including beams, columns, and purlins [11]. However, its utilization
remains largely limited to roundwood and sawn lumber, which exhibit
substantial variability in material properties. At present, structural
performance is often ensured by empirically increasing cross-sectional
dimensions. Developing effective grading, finger-jointing, and lamina-
tion techniques for engineered structural components could signifi-
cantly reduce strength variability [6]. Nevertheless, a key barrier to its
broader adoption in modern timber structural applications is the lack of
a standardized grading system specifically designed for domestic
fast-grown species.

Over the past decades, both domestic and international efforts have
focused on developing mechanical grading approaches for fast-grown
timbers, with increasing attention to non-destructive testing (NDT)
methods [12,13]. Among these, resonance-based techniques have
proven especially effective in estimating the dynamic modulus of elas-
ticity (MOE), which serves as a strong and reliable predictor for me-
chanical performance [14]. For example, Arriaga et al. demonstrated
that both longitudinal and transverse vibration methods produced
strong correlations with static MOE for Radiata pine (Pinus radiata) (R?
= 0.87 and 0.86, respectively), with the longitudinal method being more
suitable for industrial use due to its simpler operation and lower slen-
derness requirements [12]. Similarly, Franca et al. reported robust
correlations (R2 = 0.85-0.89) between dynamic and static MOE in
Southern pines (Pinus spp.) across multiple vibration devices, although
the correlation between dynamic MOE and bending strength was weaker
(R? = 0.38-0.45) [15]. Studies on fast-growing Eucalyptus grandis by
Ettelaei et al. further confirmed the reliability of acoustic NDT methods,
reporting a strong correlation (R2 = 0.89) between dynamic MOE ob-
tained from wave velocity and static MOE [16]. Balasso et al. also
observed that the correlation between dynamic MOE in the green state
(moisture content >25 %) and final static MOE improved significantly
after drying and planing (R? increased from 0.59 to 0.69), highlighting
the potential for early-stage stiffness screening during processing [17].

In China, similar studies have examined Chinese fir for structural use.
Ou et al. established dynamic grading intervals based on for Chinese fir
laminae used in glulam, demonstrating reduced variability in bending
performance and significant influence of both lamina grade and lay-up
configuration on final product performance [18]. Gong et al. evalu-
ated glulam fabricated from Chinese fir and reported that products
composed of both uniform and mixed-grade laminae met the strength
(>28 MPa or >24 MPa) and stiffness (MOE >8000 MPa) requirements
specified for TC128 and TCyp24 grades in GB/T 26899 [6,19]. These
studies collectively confirmed the feasibility of manufacturing glulam
from Chinese fir. They also highlighted that grading based on dynamic
MOE and optimizing lamina lay-up can effectively enhance the me-
chanical performance of glulam. Additional research has also explored
the application of Chinese fir in CLT panels [8,20].

Despite these advances, several critical issues remain to be
addressed:

@ For Chinese fir, fundamental data on resonance frequencies across
varying dimensions are limited. In particular, the dimensional
dependence of longitudinal and transverse fundamental fre-
quencies—critical for estimating dynamic MOE—remains unclear.

@ In previous studies on Chinese fir, grading intervals were often
determined solely using dynamic MOE and applied in glulam lay-up
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design, without direct validation against code-defined static strength
grades.

@ While China’s glulam standard GB/T 26899 [19]—adapted from
Japan’s JAS 1152 [21]—requires flatwise static bending tests for
lamina grading, most experimental studies on fast-grown plantation
species have employed edgewise bending tests.

These discrepancies highlight the need for a harmonized and data-
supported grading framework that reflect both domestic resource
characteristics and standardization requirements.

To address these challenges, this study investigates the feasibility of
using resonance frequency methods to determine the dynamic MOE of
fast-grown Chinese fir and evaluates its potential for mechanical
grading. It further analyzes the statistical characteristics and dimen-
sional effects of resonance-derived dynamic MOE and density to ensure
the reliability of dynamic measurements across varying specimen sizes.
Quantitative relationships between dynamic and static bending prop-
erties are established through regression modeling, providing a predic-
tive basis for mechanical grading. Finally, the study assesses the grading
thresholds of dynamic MOE corresponding to the strength classes
defined in JAS 1152 [21], supporting the development of a
resonance-based grading framework tailored to domestic fast-grown
timber. Collectively, these objectives aim to provide a scientific foun-
dation for the structural utilization of Chinese fir, promoting its
high-value application and contributing to the reduction of dependence
on imported structural timber in China’s sustainable construction sector.

2. Material and methods
2.1. Material and specimens

Chinese fir timber was sourced from Nanping City, Fujian Province,
China, with tree ages of 10-13 years. A total of 162 specimens were
prepared based on a full factorial combination of three levels of thick-
ness (13, 18, and 35 mm), width (45, 60, and 90 mm), and length (750,
1500, and 3000 mm), with six replicates per combination. The average
moisture content was 13.04 % (standard deviation 2.47 %). Density and
mechanical properties are detailed in subsequent sections.

Only visually sound pieces without decay or discoloration were
selected; minor surface cracks were permitted if no wider than 0.5 mm
and no longer than 15 mm. Unlike Machine Stress Rating (MSR) systems,
grading based on the resonance frequency method evaluates the dy-
namic MOE along the full length of the member. In accordance with the
provisions of JAS 1152 [21], no restrictions were imposed on knots or
holes in this study, as their effects on the global stiffness were inherently
captured in the resonance measurement.

2.2. Moisture content and density measurements

Moisture content was measured after bending tests by extracting a
small specimen near the failure zone, with a longitudinal length of at
least 20 mm, using the oven-dry method.

Density was determined following the method in [12]. During
non-destructive testing, global density (pg4p.) Was calculated as mass
divided by volume. In bending tests, local density (p;,.,) Was measured
using a full cross-section specimen (20 mm long) taken near the failure
area. Mass and volume of the same specimen were recorded, and it was
also used for moisture content determination.

Following [14], local density was adjusted to 12 % moisture content
(Procal12) based on the measured moisture content (u) using Eq. (1).
Global density was similarly adjusted to 12 % moisture content
(Pgiobar,12) using Eq. (2), with the average moisture content (us) of all
specimens.

Plocal 1z = plocal(l - 0005(11 - 12) ) (1)
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Pglobal.12 = pglobal(l —0.005(us —12)) (2)

2.3. Dynamic MOE tests

In this study, dynamic MOE was measured using a resonance fre-
quency testing device (Model IET-5, manufactured in Henan, China),
with a frequency response range of 20 Hz to 22 kHz and a resolution of
0.1 Hz. The longitudinal and transverse dynamic MOE were calculated
using Eq. (3) and Eq. (4) respectively, and adjusted to 12 % moisture
content following [12,14].

- m 2 472 U — 12 -9
Edyn.1‘12—4L.h.b'f oL (l—i— 100 )><10 3)
Where Egyni112 is the longitudinal dynamic MOE (GPa), f is the first
longitudinal frequency (Hz), m is the mass (kg), L, h and b are the
specimen’s length, thickness, and width (m).

2 3 _
Egynii2 = ( 4 ) Jmel (1 +& 12) x 1070 4

7187 I

Where Egyn;12 is the transverse dynamic MOE (GPa), fi is the first
transverse frequency (Hz), y; = 2.267, and I is the cross-sectional
moment of inertia (m*).

Eq. (3) is derived from the classical solution for the fundamental
longitudinal vibration of a prismatic bar under free-free boundary con-
ditions. The expression for the dynamic MOE in the longitudinal
fundamental mode is:

Edyn.l = p(z.ﬂ‘)z 5

By substituting the density p, which equals pyq,, in Eq. (2) with
m/(L e h e b), and noting that f represents the resonance frequency of the
first longitudinal mode, Eq. (6) is obtained.

g m o0
Edyn.l—4L.h.b.f ol (6)

u;—12
100

A moisture content adjustment term, <1 + ), is incorporated

based on wood mechanics conventions and the reference [14], and a

a.

Ve Microphone
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factor of 10~° is applied to convert the result into GPa, yielding the final
form of Eq. (3).

Eq. (4) is based on Euler-Bernoulli beam theory for a free-free beam
vibrating in its first flexural mode. The general form of the dynamic
MOE in transverse vibration is:

21\ mL3
Edyn,t = (%) .T (7)

Where f; is the first transverse resonance frequency, f; is the dimen-
sionless frequency parameter for the first mode. For a free-free beam,
f1 = 4.7300408. Letting y, = f§;2/a2 ~ 2.267, the expression simplifies
to the form used in Eq. (4), and the same moisture content adjustment
and unit conversion as in Eq. (3) are applied.

As shown in Fig. 1, both frequencies (f and f;) were extracted from
vibration signals using Fourier Transform. In the longitudinal dynamic
MOE test (Fig. 1-a), the specimen was simply supported on polyurethane
foam pads. A hammer struck one end to induce vibration, and a
microphone at the opposite end captured the signal. For transverse dy-
namic MOE testing (Fig. 1-b), supports were placed at nodal points
(0.224 L from each end). The specimen was struck at mid-span, and a
microphone positioned near and above the end recorded the response.
These frequencies, along with specimen mass and dimensions, were used
to compute the dynamic MOE in both directions.

2.4. Static bending tests

Static bending tests were conducted using an electronic universal
testing machine (model UTM5105, maximum capacity 100 kN) manu-
factured by Shenzhen Sansi Zongheng Technology Co., Ltd. Before
testing, each specimen was visually inspected along its entire length to
identify potential strength-reducing features, including the largest knot
or hole, pronounced grain deviation, and visible cracks. The method for
measuring these defects followed the Japanese standard JAS 1083 [22].
The cross-section containing the most critical defect or combination of
defects, which was considered most likely to govern bending failure, was
assumed to represent the weakest section. In the experimental setup, this
section was positioned directly under the loading head in three-point
bending, and midway between the two loading heads in four-point

b.

0.224L

L/2 L/2

Fig. 1. Experimental setup and schematic diagram for dynamic MOE testing: (a) longitudinal dynamic MOE; (b) transverse dynamic MOE.
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bending.

The bending MOE was determined using a three-point bending test
(Test B) in accordance with JAS 1152 [21], as shown in Fig. 2-a. Spe-
cifically, the maximum applied load was set as the upper limit of the
elastic range, and deflection was measured using a linear variable dif-
ferential transformer (LVDT) as the difference in displacement under
two load levels. The lower and upper limits of the elastic range were
defined to 10 % and 40 % of the estimated maximum failure load,
respectively, and bending MOE was calculated accordingly.

The estimated failure load was obtained by testing ten specimens
randomly cut from areas outside the regions used for the bending MOE
tests of 3000 mm specimens. The mean of these measured maximum
loads was taken as the estimated failure load for each cross-section.
Table 1 summarizes the average maximum load, standard deviation, and
coefficient of variation for all cross-sectional sizes.

According to JAS 1152 [21], the loading rate was maintained below
14.7 MPa/min, and in this study, it was controlled at approximately
13.0 MPa/min. The stress rate (6) was converted to the corresponding
loading rate (P) using Eq. (8), where [ is the span. Table 1 also shows the
corresponding loading rates for each cross-sectional size.

. 2bh?
P="3
Each test was terminated when the applied load reached the upper

limit of the elastic range, and bending MOE at 12 % moisture content
was calculated using Eq. (9):

(8)

:ﬂ(l +0.015(u—12))e 1073 ©)
4bh3 Ay

where E is the bending MOE (GPa), AP is the load difference (N), and Ay

is the corresponding mid-span deflection under AP (mm).

Bending strength was determined using a four-point bending test
(Test C) per JAS 1152 [21], as shown in Fig. 2-b. The loading rate was
also maintained below 14.7 MPa/min and controlled at 13.0 MPa/min
during testing. Unlike the procedure described for the three-point
bending test, under four-point bending conditions, the stress rate (&)
was converted to the corresponding load rate (02) using Eq. (10):

a.

T =

1/2
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P="—"xs¢ (10)

The calculated load rates for the nine cross-sectional sizes are also
summarized in Table 1.

Each test was terminated when visible damage occurred or when the
applied load decreased to less than 80 % of the maximum recorded load,
and bending Strength at 12 % moisture content was calculated using Eq.
(11):

Pl
f =535 (14+0.04(u—12)) (11)

where f is bending strength (MPa), P is max load (N).

It should also be noted that although the 750 mm-long and 35 mm-
thick specimens met the minimum required span-to-depth ratio of 21,
the supports were positioned too close to the specimen ends, leaving
only 7.5 mm on each side. Therefore, the tests were conducted using a
reduced span equivalent to 20 times the thickness.

2.5. Grading procedure for laminae

2.5.1. Strength class requirements

According to JAS 1152 [21], the average bending MOE for me-
chanically graded lamina specimens must meet the specified grade mean
and all individuals must not fall below the grade lower limit. Moreover,
the standard specifies different requirements for laminae depending on
their position in the glulam and the product type. Specifically:

@ For symmetric heterogeneous glulam: laminae used as the outermost
and outer layers.

@ For asymmetric heterogeneous glulam: laminae used as the outer-
most and outer layers on the tension side.

@ For glulam composed of uniform grades: all laminae used in the
product.

For these laminae, the following requirements apply:

R
1/3
1/2

-+
F
N

o
I>hx21

L>hx25
[ |

Fig. 2. Setup and schematic diagrams of the bending tests: (a) bending MOE; (b) bending strength.



F. Kong et al.

Table 1
Failure load statistics and derived loading parameters for bending tests.

Construction and Building Materials 505 (2025) 144798

Specimen design parameters Statistics of failure loads

Elastic Range
™)

Rate of loading
(N/min)

Thickness Width Span Replicates Mean Sd Cv Lower limit Upper limit 3-point bending 4-point bending

(mm) (mm) (mm) N) ) (%)

13 45 273 10 1239 264 21.27 124 496 241 362
60 1342 342 25.50 134 537 322 483
90 2140 389 18.16 214 856 483 724

18 45 378 1587 200 12.62 159 635 334 501
60 1846 251 13.58 185 738 446 669
90 3083 430 13.83 308 1233 669 1003

35 45 735 2495 449 18.00 250 998 650 975
60 3588 646 18.02 359 1435 867 1300
90 4785 924 19.31 479 1914 1300 1950

Note: For specimens with a length of 750 mm and a thickness of 35 mm, the span was set to 700 mm (20 times the thickness). For specimens with widths of 45, 60, and
90 mm, the loading rates in the three-point bending test were 683, 910, and 1365 N/min, respectively, while those in the four-point bending test were 1024, 1365, and

2048 N/min, respectively.

@ Based on three-point bending tests (Fig. 2-a), the mean MOE must
meet or exceed the specified grade mean, and at least 95 % of
specimens must meet the grade’s lower limit.

@ For longitudinal finger-jointed laminae, tested in bending as shown
in Fig. 2-b, the mean bending strength must meet or exceed the
specified grade mean, and 95 % of specimens must reach the lower
strength limit.

To evaluate the proposed mechanical grading method, this study
designed experiments consistent with JAS 1152 [21]:

@ Lamina specimens (although non-finger-jointed) were tested for
bending MOE and bending strength to meet the requirements for
various glulam configurations.

@ Grading was benchmarked against JAS 1152 [21] grade levels (e.g.,
L30, L40, L50), requiring compliance with both mean property tar-
gets and 95 % lower limits at 75 % confidence level. For instance,
L50-grade lamina must exhibit an average bending MOE > 5.0 GPa
(lower limit: 4.1 GPa) and average bending strength > 27.0 MPa
(lower limit: 20.5 MPa).

2.5.2. Derivation of mechanical grading settings

To establish mechanical grading settings, regression models corre-
lating the measured dynamic MOE with the static bending MOE and
bending strength were developed. As JAS 1152 [21] does not prescribe a
method for deriving grading settings, this study refers to the prediction
limit method recommended in EN 14081-2 [23]. Using this approach,
the dynamic MOE thresholds corresponding to the required mean and
lower-limit values of bending MOE and bending strength were calcu-
lated using Eq. (12) — Eq. (16):

E, req,mean ~ bE

SEmean = (12)
ag
E —bg + tyn-
SE,OS _ req,05 £+ n-2 ®S5E (13)
ag
-b
Sf.mean = freq,mean t 14
as
—br + tyn-
Sf.OS =fl’eq.OS 'f + an-2 ® sﬁf (15)
as
S= MaX{SE,mean«, SE,OSa Sf,meam Sf,OS } (16)

Here, S is the grading threshold: if a specimen’s dynamic MOE ex-
ceeds S, the corresponding bending MOE and strength are expected to
meet the grade requirements (Ereqmeans Ereq05> freqmeans and freqos). Pa-
rameters ag, by and aj, by are slopes and intercepts of the respective

regression models. The term t, ,_» represents the critical value from the t-
distribution, accounting for the desired confidence level (a) and degrees
of freedom (n — 2); for a 5% prediction level with assumed large
samples, tyo5., = 1.645.
Standard errors of the estimate, ss ; and s5 s, were computed using Eq.
(17) [24]:
2) sy?

n
=4/—=1
% \/n2<

Where X is dynamic MOE and Y is either bending MOE or strength,
depending on the model. sy, sy, and sx y are the standard deviations and
covariance of the variables.

_ sxy?
SXZSY

a7

2.6. Statistical analysis

The measured density, dynamic MOE, bending MOE, and bending
strength were fitted using normal, lognormal, and two-parameter Wei-
bull distributions. Their probability density functions are shown in Eq.
(18) - Eq. (20):

1 7(*;;)2
flx;u,0%) :\/We 20 18)
] 2 1 7(lnx;2;4)
flx;u,0%) xig\/ﬂe 2 19
. kxR (3
flOek,2) = 7 (Z> e ( ) (20)

The parameters of the normal distribution (mean p; standard devi-
ation o) were estimated using the method of moments, while those of the
lognormal distribution were obtained by applying the same method to
logarithmically transformed data. The Weibull distribution parameters
(shape k; scale 1) were estimated using the maximum likelihood method.

The goodness-of-fit of the normal, lognormal, and Weibull distribu-
tions was evaluated using the one-sample Kolmogorov-Smirnov (K-S)
test. The K-S test statistic, denoted as Dy, represents the maximum ab-
solute difference between the empirical cumulative distribution func-
tion (ECDF) of the sample and the cumulative distribution function
(CDF) of the theoretical distribution, as shown in Eq. (21).

D, = max|F,(x) — F(x) | 21)

Here, F,(x) is the ECDF for a sample of size n, which at any value x is
simply the proportion of observations in the sample that are less than or
equal to x, is formally defined as Eq. (22).
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1 n
Fo(x) = n ZI{XISX} (22)
i=1

Where I, is the indicator function that equals 1 if x; <x and
0 otherwise.

F(x) denotes the CDF of the hypothesized theoretical distribution,
giving the probability that a random variable drawn from this distri-
bution is less than or equal to x.

The p-value associated with the K-S test quantifies the probability of
observing a test statistic as large as, or larger than, the calculated Dy,
assuming the null hypothesis that the sample data follow the specified
theoretical distribution is true. A p-value greater than the significance
level (¢ = 0.05) indicates insufficient evidence to reject the null hy-
pothesis, implying that the theoretical distribution provides an adequate
fit to the observed data [25-27].

The critical value of the K-S statistic at the 5 % significance level,
Dy 005, was calculated using Eq. (23), where n denotes the sample size. It
should be noted that D, s and the p-value represent equivalent ap-
proaches for hypothesis testing. A distribution was regarded as an
acceptable fit only when both of the following conditions were satisfied:
(1) the calculated D, was smaller than Dy, o o5, and (2) the corresponding
p-value exceeded 0.05.

1.35810
Dn,O,OS = T?
To quantitatively compare the relative quality of the three statistical

models, the Akaike Information Criterion (AIC) was also employed [28].
The AIC is calculated as Eq. (24).

> 50 (23)

AIC = —2In(¥) + 2k (24

where 7 is the value of the model’s likelihood function, k is the number
of estimated parameters. The model with the lowest AIC value is
preferred, as it represents the best trade-off between goodness-of-fit and
model complexity.

All statistical computations, including the Dn, p-value, and AIC
calculation, as well as parameter estimation and regression modeling,
were performed using the R programming language [29].

3. Results and discussion
3.1. Nondestructive tests

3.1.1. Density

Fig. 3 presents histograms of global and local density with fitted
normal, lognormal, and Weibull curves. Table 2 summarizes the results
of goodness-of-fit and model comparison based on one-sample K-S test

a.
0.0100
40 tn=162
g
30 OAO()75‘g
=
. & Functions
= 2
2 20 0.0050= — Lognormal
(3 2 = Normal
= = Weibull
=
10 0.0025-3
&
0 0.0000

200 250 300 350 400 450 500
Global density (kg/m®)
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and AIC. For global density, both normal and lognormal distributions
are acceptable (Dn < Dy 005, p > 0.05), with the lognormal distribution
showing a better fit (AIC = 1674.80) than the normal distribution (AIC =
1689.00). For local density, all three distributions provide acceptable
fits. Although EN 14358 assumes a normal distribution [30], the AIC
results indicated that the lognormal distribution offered the best fit (AIC
= 1613.14) in this study.

Fig. 4 shows the regression relationship between global and local
density, with a coefficient of determination R?= 0.5958, indicating a
moderate correlation. In industrial practice, global density is relatively
easy to determine, as it can be calculated online by weighing the timber
and measuring its dimensions [12]. This facilitates the indirect estima-
tion of local density for strength quality control.

3.1.2. Dynamic MOE

Fig. 5 shows the histograms of longitudinal and transverse dynamic
MOE, fitted with normal, lognormal, and Weibull distributions. Table 3
presents the results of goodness-of-fit and model comparison based on
one-sample K-S test and AIC, indicating that both longitudinal and
transverse dynamic MOE conform only to the lognormal distribution (Dy,
< Dy 0.05, p > 0.05), while the normal and Weibull distributions exhibit
significant deviations (D > Dy .05, p < 0.05).

Given the lognormal fit, the expected value E(X) and standard de-
viation ¢(X) of dynamic MOE were calculated using Eq. (25) and Eq.
(26), based on the estimated parameters y and ¢ (Table 3):

Pl
EX)=¢"2 (25)

o(X) = /(e” —1)ex (26)

Table 4 summarizes the sample statistics and lognormal estimates,
including the 5th and 95th percentiles at 75 % confidence. The sample
mean of longitudinal dynamic MOE (7.5023 GPa) closely matches the
lognormal expected value (7.5017 GPa), indicating the sample mean is a
reliable estimator, and a similar agreement is also observed in the
transverse direction. This supports EN 14358, which allows using the
sample mean for stiffness without requiring a distributional assumption
[301.

Fig. 6 illustrates the regression between longitudinal and transverse
dynamic MOE, revealing a strong correlation (R? = 0.8963). This con-
firms the scientific validity of both measurements for Chinese fir mate-
rial across various specimen dimensions, based on the first resonance
frequency. Notably, for 3-meter specimens, the transverse resonance
frequency fell below the device’s detection range (20 Hz to 22 kHz) and
could not be measured. The analysis is therefore based on 108 specimens
of shorter lengths. The following section details the theoretical

b.

0.012
40
=
10.009-2
30 2
. < Functions
= RZ
5 10.0063 — Lognormal
320+ 2 — Normal
= = Weibull
B
] 3
10t 0.003 S
&
0t e 10,000

200 250 300 350 400 450 500
Local density (kg/m®)

Fig. 3. Histograms of global (a) and local (b) density with fitted probability distributions.
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Table 2
Goodness-of-fit and model comparison based on one-sample K-S test and AIC for global and local density.
Density type Hypothetical distribution Parameters Judgement AIC
Global density Normal distribution H o D, D 0.05 p-value
347.3806 43.8890 0.0843 0.1067 0.1995 accept 1689.00
Lognormal distribution 5.8428 0.1218 0.0586 0.1067 0.6334 accept 1674.80
Weibull distribution k i D, Dy 0.05 p-value
7.2364 367.2944 0.1241 0.1067 0.0137 refuse 1728.56
Local density Normal distribution H" o D, Dn0.05 p-value
328.7766 34.9363 0.0347 0.1067 0.9897 accept 1615.08
Lognormal distribution 5.7897 0.1062 0.0511 0.1067 0.7911 accept 1613.14
Weibull distribution k y D, Dh0.05 p-value
9.6614 344.6835 0.0701 0.1067 0.4032 accept 1634.54
calculation of first resonance frequencies across different specimen
500 dimensions.
450 | ¥ 28.57+0.9697x o e ) ) )
— R>=0.5958 . 3.1.3. Theoretical calculation for resonance frequencies
g
"o 400 . . o
< 3.1.3.1. Longitudinal resonance frequency. The first longitudinal reso-
2 350 nance frequency of each specimen can be theoretically determined by
2 . . . . .
§ combining Eq. (2) and Eq. (3), which yielding Eq. (27).
g 0 1+0.01(z, — 12)
Q . U. —
3 E =4p fAt—— = T 1077 27
— 250 amiiz = 4f Lo 0e 19 @7
200 F . . ‘ . . ) Where p;, denotes pgipa12 as defined previously.
200 250 300 350 400 450 500 Given that the average moisture content was 13.04 %, substituting
Global density (kg/m®) us = 13.04 simplifies Eq. (27) to Eq. (28).

Fig. 4. Regression relationship between global and local density.

Edyn,l,lZ

= 28
f \/ 4.062728 x 109 e p,, L2 (28)

Eq. (28) establishes the deterministic physical relationship between
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Fig. 5. Frequency histograms of (a) longitudinal and (b) transverse dynamic MOE with fitted probability distributions.
Table 3
Goodness-of-fit and model comparison based on one-sample K-S test and AIC for dynamic MOE.
Dynamic MOE Hypothetical distribution Parameters Judgement AIC
Longitudinal Normal distribution u c Dy D o.05 p-value
7.5023 1.3169 0.1225 0.1067 0.0155 refuse 552.93
Lognormal distribution 2.0004 0.1713 0.0879 0.1067 0.1634 accept 540.21
Weibull distribution k A D, D 0.05 p-value
5.6914 8.0679 0.1388 0.1067 0.0039 refuse 574.09
Transverse Normal distribution " o D, Dy0.05 p-value
7.3987 1.4809 0.1487 0.1307 0.0169 refuse 395.31
Lognormal distribution 1.9822 0.1939 0.1091 0.1307 0.1530 accept 384.32
Weibull distribution k A D, Dy0.05 p-value
5.0006 8.0168 0.1631 0.1307 0.0064 refuse 407.79
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Table 4
Sample statistics and fitted lognormal distribution parameters for dynamic MOE.

Construction and Building Materials 505 (2025) 144798

Dynamic MOE Sample statistics

Fitted lognormal distribution statistics

Mean Sd Cv EX) o(X) Ps 75 Pys 75
Longitudinal 7.5023 1.3210 17.6079 7.5017 1.2986 5.4481 10.0291
Transverse 7.3987 1.4878 20.1095 7.3979 1.4549 5.1267 10.2778

Note: Ps 75 and Pgs 75 represent the 5th percentile and 95th percentile values, respectively, at a 75 % confidence level for the corresponding distributions.

y=-0.23533+1.029x
R*=0.8963

Transverse dynamic MOE (GPa)

3 5 7 9 11
Longitudinal dynamic MOE (GPa)

Fig. 6. Regression relationship between longitudinal and transverse dy-
namic MOE.

the material properties and resonance frequency.

As established in the preceding sections, the lognormal distribution
is identified as the optimal model for both the global density and the
longitudinal dynamic MOE. Their corresponding probability density
functions are expressed as:

&

10 f :
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2
1 67 (lnxf“ﬁdyn.l.lz) /Z”Edyn.l 12”0 (29)

xo-Edyn.l,lZ V2n

fEdyn.l 12 (X; ”Edmmz ) O-Edyn.l.lZ) =

Where yg, ., = 2.0004 and og,,,,, = 0.1713 (Table 3).

1
X0,,,V 21

2
f;’u (X; Horyo 0-/712) = e—(lnx—#pu) /2{’/’122 (30)

Where Hp,, = 5.8428 and o,,, = 0.1218 (Table 2).

Using these probabilistic models, a Monte Carlo simulation was
performed to predict the theoretical distribution of resonance fre-
quencies [31]. For each specimen length, N random pairs of
Edyn,l.lZ and

p12 were generated. The first longitudinal resonance frequency for
each pair (i) was then calculated using Eq. (31):

f(i) — Edyn.l‘lz(i)
4.062728 x 109 e p,, 012

(3D

A convergence analysis was conducted to determine the optimal
number of Monte Carlo simulations and ensure the stability of the re-
sults. The number of random samples (N) was varied from 500 to
100000 in increments of 500. For each N, the simulation was repeated
20 runs, and in each run, the mean value of the simulated resonance
frequencies was taken as the predicted value. Two relative error metrics
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Fig. 7. Convergence analysis of Monte Carlo simulations. The blue solid line represents the mean relative error calculated from 20 independent runs for each sample
size (N), and the shaded ribbon indicates the standard deviation of the error across these runs. In (a), the reference value corresponds to the mean frequency predicted

at N = 1000000.
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were defined: §,, representing the relative error when the mean fre-
quency predicted at N = 1000000 (reference value) is taken as the true
value, and &, representing the relative error when the experimentally
measured mean frequency is taken as the true value.

As shown in Fig. 7-a, the mean of &, @) decreases as N increases.
While a slight decrease in §, is observed beyond N = 10000, the
maximum error across all specimen dimensions is merely 0.11 % at this
point, which is negligible for practical purposes. Meanwhile, the mean of
8¢ (&) also stabilizes around N = 10000, although its standard deviation
continues to decrease slowly with larger N (Fig. 7-b). These results
demonstrate that the estimates converge and become highly stable at
N =10000. Therefore, a single run with N = 10000 is considered suf-
ficient for reliable frequency estimation and is adopted in all subsequent
analyses.

Fig. 8-a illustrates the decreasing trend of the first longitudinal
resonance frequency as the specimen length increases, while Fig. 8-b
presents the probability distribution of the resonance frequency for
specimens with a length of 3 m. Table 5 provides a summary of both the
statistical results from the experiments and the corresponding theoret-
ical predictions across different specimen lengths.

The resonance frequency declines from 3081.03 Hz at 0.75 m to
770.26 Hz at 3 m. Additionally, the 95 % confidence intervals become
narrower with increasing length—from [2490.41-3757.27 Hz] at
0.75 m to [622.60-939.32 Hz] at 3 m—indicating reduced variability in
longer specimens. The theoretical mean frequencies show strong
agreement with the experimental means; for instance, at 1.5 m, the
theoretical value is 1540.52 Hz, closely matching the sample mean of
1550.16 Hz. Furthermore, the observed frequency range falls within the
predicted confidence intervals, and the maximum absolute mean pre-
diction error is 2.31 %, supporting the reliability of the theoretical
model in estimating resonance frequencies across various specimen
lengths.

3.1.3.2. Transverse resonance frequency. Similar to the longitudinal
case, predicting the transverse resonance frequency requires incorpo-
rating both the transverse dynamic MOE and global density distribu-
tions, combined with a Monte Carlo simulation.

However, Eq. (4) does not explicitly include the density term, so it
must be transformed accordingly. Substituting m = pV = pAL and I =
A o i2, where p denotes Pglobal Of EQ. (2), A is the area of cross-section, i is
the radius of gyration, Eq. (4) becomes:

2f, \? pL* 2nf1)? L4 -12
Edym.u:( h ) ’[)T:(Ll)‘t°/%<l+us ) x 107
nen 2 (pren)t 0 100
(32)
a.

5000 F  £L=0.75m
£=3081.03 Hz
CI = [2490.41 — 3757.27 Hz]

X 4000 f
z
o) L=1.50m
) | =1.
3 S0 f=1540.52 Hz
g CI = [1245.20 — 1878.63 Hz]
B 2000 | L=3.00m
f=1770.26 Hz
CI = [622.60 — 939.32 Hz]
1000
1 2 3 4
Length (m)
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Using Eq. (32), a size-related dimension factor D:%:%4 is

introduced. Combining this with Eq. (2) and incorporating moisture

correction, the transverse dynamic MOE at 12 % moisture content is
expressed as Eq. (33), where p;, also denotes pygp, 1, from Eq. (2):

(2xfi)* 1+ 0.01(u; — 12) S
(V7o) * (1 ~0.005(us — 12)) x 10

Given that the average moisture content was 13.04 %, substituting
u; = 13.04 and y; = 2.267 into Eq. (33) simplifies it to Eq. (34):

(33)

Egynt12=Depjy e

Edyn,t,12

fi= \/ 8.010742 x 10 11 o p,,D 34

The transverse dynamic MOE follows a lognormal probability dis-
tribution, and the corresponding probability density function is given by
Eq. (35), while that of p,, is defined by Eq. (30) before.

2
1 67 <1"X"‘Edyn.‘.1z> / 25Edyn,t,12z 35)

xO-Edyn t12 VY 2r

fEdyn.t.IZ <X; ”Edyn_”w gEdyn.l.lz) =

Where pg, ., =1.9822 and og,,,,, = 0.1939 (Table 3).
Monte Carlo simulation was subsequently employed to compute the
resonance frequency distribution:

f W _ Edyn.t,lz(i)
! 8.010742 x 101 e p,;,0D

(36)

The convergence analysis of transverse resonance frequency simu-
lations yielded results consistent with those obtained for longitudinal
resonance frequencies. Therefore, only the case with N = 10000 samples
was analyzed in this section.

Table 6 summarizes theoretical and sample statistics of first trans-
verse resonance frequencies for varying lengths and thicknesses. Theo-
retical means decrease with increasing length and increase with
increasing thickness. For example, at 13 mm thickness, theoretical mean
drops from 108.96 Hz (0.75 m) to 6.81 Hz (3.0 m). At fixed length
(0.75 m), increasing thickness raises the mean from 108.96 Hz (13 mm)
to 292.59 Hz (35 mm). The sample test means are in close agreement
with the theoretical predictions, with a maximum absolute mean pre-
diction error is 4.52 %. Furthermore, the observed min-max values
generally fall within theoretical confidence intervals.

Notably, for the 3 m specimens, the mean transverse resonance fre-
quency predicted by the simulation fell below the lower detection limit
of the testing equipment, which is consistent with the experimental
observation that these specimens could not be successfully measured.

These findings indicate the potential of estimating resonance
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Fig. 8. Theoretical prediction of the first longitudinal resonance frequency: (a) Variation of the first longitudinal resonance frequency with length; (b) An example

with a length of 3 m.
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Table 5
Statistical summary of the first longitudinal resonance frequency of specimens: comparison between test measurements and theoretical calculations.
Length (m) Theoretical calculation (Hz) Test (Hz) Absolute
N error of mean (%)
Mean sd Lower CI Upper CI Mean Sd Min Max
0.75 3081.03 323.14 2490.41 3757.27 3011.33 239.56 2377.07 3541.35 2.31
1.50 1540.52 161.57 1245.20 1878.63 1550.16 135.65 1283.23 1865.74 0.62
3.00 770.26 80.79 622.60 939.32 774.33 62.92 614.71 889.91 0.53
Table 6
Statistical summary of sampled and theoretically calculated first transverse resonance frequencies.
Length (m) Thickness Theoretical prediction (Hz) Test (Hz) Absolute error of mean (%)
(mm) Mean Sd Lower CI Upper CI Mean Sd Min Max
0.75 13 108.96 12.52 86.34 135.29 110.15 16.45 90.72 146.92 1.08
0.75 18 151.00 17.44 119.48 187.91 144.47 11.93 128.63 167.45 4.52
0.75 35 292.59 33.85 232.52 363.55 296.22 21.65 236.53 327.84 1.23
1.50 13 27.21 3.15 21.57 33.86 26.05 2.82 21.46 32.22 4.45
1.50 18 37.75 4.32 30.10 47.16 39.01 2.90 33.82 44.35 3.23
1.50 35 73.17 8.40 58.31 90.80 75.15 4.13 69.56 84.76 2.63
3.00 13 6.81 0.78 5.39 8.44
3.00 18 9.42 1.07 7.46 11.70
3.00 35 18.32 2.14 14.51 22.86

frequencies using randomly selected specimens characterized by nomi-
nal dimensions, dynamic MOEs, and densities. This method is well
suited for field testing scenarios, as setting appropriate resonance fre-
quency intervals can help reduce the influence of external noise and
resonance interference.

3.2. Static bending tests

Fig. 9 illustrates the frequency histograms of bending MOE and
bending strength, overlaid with fitted curves for normal, lognormal, and
Weibull distributions. Table 7 reports the results of goodness-of-fit and
model comparison based on one-sample K-S test and AIC.

For the bending MOE, both normal and lognormal distributions are
acceptable. The normal fit yields AIC = 563.85, and the lognormal fit
performs better, with AIC = 548.27, indicating superior agreement.
Bending strength data also conform to all three distributions. Among
these, the lognormal distribution shows the smallest value of AIC
(1284.62), indicating a relatively better fit.

Table 8 presents the sample mean, standard deviation, coefficient of
variation, and the expected value and standard deviation under the
lognormal distribution, as well as the 5th and 95th percentile values at a
75 % confidence level for both bending MOE and bending strength [30].
The expected value of the fitted lognormal for bending MOE is
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5.7716 GPa, identical to the sample mean. For bending strength, the
lognormal expectation is 44.6567 MPa, closely matching the sample
mean of 44.4967 MPa.

3.3. Regression models for lamina grading

Fig. 10 presents the regression between global density and bending
properties. The coefficient of determination is low for both bending
MOE (R? = 0.1826) and strength (R? = 0.1789), indicating weak cor-
relations. Figs. 11 and 12 show regressions of longitudinal and trans-
verse dynamic MOE against bending properties. Transverse dynamic
MOE demonstrates slightly better predictive performance, with R?
=0.3717 for bending MOE and R®> = 0.4498 for bending strength,
compared with R?> = 0.3548 and R?> = 0.4043, respectively, for the
longitudinal dynamic MOE.

These R? values are lower than those reported in previous studies
[13,32], mainly due to: (1) The use of flatwise three-point bending with
short spans, leading to more localized variability, while dynamic MOE
reflects global stiffness; (2) The inherently higher variability in me-
chanical properties of fast-grown Chinese fir; (3) The inclusion of
mixed-dimension specimens, introducing size effects that weaken cor-
relations compared with uniform-size datasets.

Despite these limitations, subsequent grading results demonstrate
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Fig. 9. Frequency histograms and fitted probability distributions of (a) bending MOE and (b) bending strength.
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Table 7
Goodness-of-fit and model comparison based on one-sample K-S test and AIC for bending MOE and bending strength.
Bending property Hypothetical distribution Parameters Judgement AIC
E Normal distribution " o D, D 0.05 p-value
5.7716 1.3621 0.1049 0.1067 0.0567 accept 563.85
Lognormal distribution 1.7261 0.2310 0.0592 0.1067 0.6223 accept 548.27
Weibull distribution k A D, Dyy0.05 p-value
4.3369 6.3147 0.1191 0.1067 0.0201 refuse 575.99
f Normal distribution u o D, Dn0.05 p-value
44.4967 12.5296 0.0786 0.1067 0.2693 accept 1292.84
Lognormal distribution 3.7522 0.3049 0.0633 0.1067 0.5344 accept 1284.62
Weibull distribution k A D, Dh,0.05 p-value
3.8557 49.1556 0.0808 0.1067 0.2405 accept 1294.81
Table 8
Sample statistics and fitted lognormal distribution parameters for bending MOE and bending strength.
Bending property Sample statistics Fitted lognormal distribution statistics
Mean Sd Cv E(X) o(X) Ps75 Pys 75
E 5.7716 1.3663 23.67 5.7716 1.3557 3.7233 8.4791
f 44.4967 12.5684 28.2458 44.6567 13.9837 24.7583 73.3546

Note: Ps 75 and Pgs 75 represent the 5th percentile and 95th percentile values, respectively, at a 75 % confidence level for the corresponding distributions.

a. b.
y=1.1642 +0.01326x 90 [ ) =2.5494+0.1208x
b R =0.1826 R*=0.1789
= 75F
= o
a 9 b
% S o0r
on
Q7 Bast
o 7]
g 35 on
=] £ 30}
g h]
m 5
3 A 15t
1 0
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Global density (kg/m®) Global density (kg/m®)
Fig. 10. Regression relationships between global density and (a) bending MOE and (b) bending strength.
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Fig. 11. Regression relationships between dynamic MOE and bending MOE: (a) longitudinal dynamic MOE vs. bending MOE; (b) transverse dynamic MOE vs.
bending MOE.

that mixed-size laminae can still effectively differentiate bending 3.4. Lamina grading results
properties among grades.

In factory production, timber is commonly graded using the longi-
tudinal dynamic MOE [14]. Accordingly, the grading model in this study

11
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Fig. 12. Regression relationships between dynamic MOE and bending strength from four-point bending tests: (a) longitudinal dynamic MOE vs. bending strength; (b)

transverse dynamic MOE vs. bending strength.

is developed based solely on longitudinal dynamic MOE. Model pa-
rameters derived from regression results are listed in Table 9. Target
dynamic MOE values for each grade are calculated using Eq. (12) — Eq.
(17) (results in Table 10), and a summary of specimen statistics after
grading is provided in Table 11.

Results show that specimens are classified into six grades: L30, L40,
L50, L60, L70, and Reject. L40 includes the most specimens (77,
47.5 %), while L70 and the reject group each have only 4 (2.5 %).

To assess whether the graded specimens meet bending property re-
quirements, regression lines between bending MOE and bending
strength were established, along with a 95 % prediction lower limit. The
resulting lower limit (fy os5) is calculated as:

{1 L E-EF _ZE i
SE

Where fy 05 represents the 95 % prediction lower limit of the bending
strength corresponding to a given E, by and ay are the estimated intercept
and slope of the regression equation between fand E (by = 10.207, ar
5.94), a is the significance level (here a = 0.05), n is the sample size
(n =162), sg is the standard deviation of bending MOE, t,,_» =
to.os,160 = 1.654, 555 is the residual standard deviation of the regression
equation established between f and E.

Using the intercept derived from the regression model established
between fpos and the corresponding values of E, the following rela-
tionship is obtained and expressed in Eq. (38):

2
foos =bf+aGE—tyn 2 2r + 8552 37)

foos = — 5.6655 +5.94E (38)

Fig. 13 displays these regression lines, showing that both the pre-
dicted strength and its lower limit exceed the grade requirements, sup-
porting the reliability of the grading. Fig. 14 further presents the
lognormal distribution of bending properties per grade. Mean values for
MOE and strength meet standard thresholds. However, For L60, the 5th
percentile of MOE at 75 % confidence is 4.2 GPa, below the 5.0 GPa
standard; for L70, the 5th percentile of strength is 39.3 MPa, lower than
that of L60 (47.6 MPa). These results indicate that larger sample sizes or
a stricter prediction lower limit are needed to improve grading robust-
ness in future.

Table 9
Regression models for bending MOE and bending strength and statistical pa-
rameters required for grading setting calculations.

Model R? a b S5 t
E =1.1499 + 0.616Eqyn) 12 03548 0616  1.1499 11009  1.645
f= — 089002+ 6.05Eg112 04043 605  -0.8900 97308  1.645

12

Table 10

Calculated dynamic MOE setting values for strength classes in JAS 1152 [21].
Grade Setting (GPa) Range of Eqyn1,12

SE mean Sk,05 Sf.mean Sf0s S

Reject <54
L30 3.0 5.1 3.6 5.4 5.4 >54and < 6.4
L40 4.6 6.4 4.1 5.8 6.4 >6.4and < 7.7
L50 6.2 7.7 4.6 6.2 7.7 >7.7 and < 9.2
L60 7.9 9.2 5.1 6.5 9.2 >9.2and < 10.8
L70 9.5 10.8 5.6 6.9 10.8 >10.8and < 11.6
L80 111 11.6 6.1 7.3 11.6 >11.6 and < S of L90

Note: Settings for other strength classes can also be calculated using Eq. (12)
Eq. (17), which are not listed here.

As shown in Table 10 and Table 11, the bending MOE, particularly its
lower limit, serves as the primary constraint in strength grading. In
contrast, the bending strength within each grade consistently exceeds
the required thresholds—for instance, L60 specimens exhibit a mean
strength of 61.9 MPa and a 5th percentile value (75 % confidence) of
47.8 MPa, satisfying the L140 (mean 54 MPa, lower limit 40.5 MPa) and
approaching the L160 (mean 63 MPa, lower limit 47.5 MPa). Under the
current testing conditions, this indicates that for Chinese fir, bending
strength testing may not be necessary during the derivation of grading
thresholds—dynamic MOE values alone can be calibrated based on
static bending MOE to define strength classes.

Future research will aim to validate this excess strength in Chinese fir
strength grading and may inform revisions to relevant standards to
better capitalize on the material’s relatively high bending strength. In
addition, further investigations will assess the influence of grading based
on single-size groups versus mixed-size specimens, as well as evaluate
the impact of the edgewise bending test (as adopted in EN 338 [33]) on
the predictive accuracy of regression-based grading models for Chinese
fir.

4. Conclusion

This study focused on fast-grown Chinese fir timber, designing
laminae of various dimensions and measuring dynamic MOE using
resonance frequency methods. Based on static bending tests, grading
models were established and grading thresholds were derived. The main
conclusions are as follows:

1. Goodness-of-fit and model comparison, evaluated through the one-
sample K-S test and AIC, demonstrate that the lognormal distribu-
tion provides a superior fit for the density, dynamic MOE, bending
MOE, and bending strength.
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Table 11
Statistics of specimens of assigned grades.
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Grade Strength class specification in JAS 1152 [21] Assigned grade Number Ratio (%)
E (GPa) f (MPa) E (GPa) f (MPa)
Mean Lower limit Mean Lower limit Mean Ps 75 Mean Ps 75
Reject 4.4 2.4 42.0 21.1 4 2.5
L30 3.0 2.5 21.0 16.0 4.9 35 36.3 18.8 26 16.0
L40 4.0 3.3 24.0 18.0 5.5 3.8 40.4 24.4 77 47.5
L50 5.0 4.1 27.0 20.5 6.3 4.1 50.3 329 37 22.8
L60 6.0 5.0 30.0 22.5 7.1 4.2 61.9 47.8 14 8.6
L70 7.0 6.0 33.0 25.0 8.3 6.1 65.1 39.3 4 2.5
L80 8.0 6.5 36.0 27.0 0 0.0
Total 162 100

Note: Ps 75 represent the 5th percentile at a 75 % confidence level.
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Fig. 13. Regression lines and their 95 % prediction lower limits for bending
MOE and bending strength across assigned grades.Note: The vertical lines
represent the 5th percentile values at a 75 % confidence level, as listed
in Table 11.

2. Monte Carlo simulations are used to obtain theoretical calculations
of the first longitudinal and transverse resonance frequencies relative
to specimen dimension. The simulated mean values closely match
theoretical calculations, with the maximum absolute errors for lon-
gitudinal and transverse frequencies being 2.31 % and 4.52 %. This
provides a reliable reference for rapid and accurate measurement of
first resonance frequencies in specimens of different dimensions.

3. Based on regression models correlating longitudinal dynamic MOE
with bending MOE and bending strength, threshold values of dy-
namic MOE corresponding to JAS 1152 grading classes are derived.

a.
0.5¢
04}
E Grade
E = Reject
g 0.3+ = L30
= \ = 140
= \ = L50
z 0.2t \ L60
,.5 \ L70
~ 0.1 ¢F s
0.0 L k x%‘m
z : < Y ' * *
24353844142 61 g 12 16
Bending MOE (GPa)

Samples are classified into six grades (including reject grade), with
L40 containing the largest number of samples (77 pieces, accounting
for 47.5 %). The mean and lower limit of bending MOE and bending
strength of each grade meet the standard requirements, except the
5th percentile (at 75 % confidence level) of bending MOE for the L60
grade (4.2 GPa) was below the standard lower limit (5.0 GPa).

4. The bending MOE, especially its lower limit, is the key mechanical
property that determines the grading. An excess in bending strength
exists across grades. For example, the L60 grade samples show an
average bending strength of 61.9 MPa and a 5th percentile value
(75 % confidence) of 47.8 MPa, which satisfies the requirements for
the L140 grade in the standard (mean 54 MPa, lower limit 40.5 MPa)
and approaches the L160 grade requirements (mean 63 MPa, lower
limit 47.5 MPa). This indicates that for Chinese fir, bending strength
testing may not be necessary during the derivation of grading
thresholds.
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