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Tensile, Edgewise Bending, Flatwise Bending, and Non-
Destructive Evaluations of Visually Graded Fir Boards

Fatih Kurul "= *

Tensile, edgewise, and flatwise bending behaviors of visually graded fir
(Abies nordmanniana subsp. bornmuelleriana) boards were investigated
through destructive and non-destructive testing to evaluate their
mechanical performance and grading accuracy. A total of 724 specimens
were prepared and tested in accordance with EN 408 standards. Knot
diameter ratios (narrow, mean, and parallel) were used to establish three
visual grading methods. Vibration-based (PLG, Hitman) and time of flight
(ToF) (Microsecond Timer, Ultrasonic Timer, and Sylvatest Duo)
techniques were used for non-destructive evaluation (NDE), along with
screw withdrawal tests. The results showed that although the vibration
method had lower dynamic modulus of elasticity (MOEd) values than the
ToF method, it provided stronger correlations with tensile and bending
properties. The mean and parallel knot diameter ratios provided more
reliable grading results than the narrow ratio. Tensile strength was more
affected by defects than bending strength, and the flatwise bending
method consistently produced the highest strength values. The
adjustment from global to local MOE reduced modulus values below 9000
MPa, resulting in lower strength class assignments. Overall, the vibration-
based NDE method proved the most effective for predicting lumber quality,
and the flatwise bending test emerged as a viable alternative to tension
and edge bending methods for structural grading.
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INTRODUCTION

Wood has long been recognized as one of the most sustainable and versatile
materials in structural engineering applications. Its renewability, favorable density/strength
ratio, and natural aesthetic appeal have made it a building material used for centuries
(Ridley-Ellis et al. 2016; Kurul and As 2024). Today, wood, which remains essential in
modern engineering and architecture, is gaining attention as an alternative to steel and
concrete as sustainability becomes a key issue in construction. Beyond its positive aspects,
wood is also a complex engineering material that requires careful attention due to its wide
variation in physical and mechanical properties, driven by its natural structure and inherent
imperfections (Kurul and As 2024; Kurul et al. 2024). Therefore, intensive research is
being conducted on its mechanical behavior and performance under various loading
conditions (Stapel and van de Kuilen 2014; Ridley-Ellis et al. 2016; Kurul et al. 2025).
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In Europe, a series of standards published by the European Committee for
Standardization (CEN) is used to ensure quality control and form the basis for design
calculations in the use of wood for structural purposes (Ridley-Ellis ef al. 2016). These
standards form the basis for visual and mechanical strength grading of wood structural
materials, enabling their safe and economical use in construction. The application of
grading systems for wood structural materials is essential not only for quality control but
also for the reliability of engineering calculations (Steiger and Arnold 2009; Ridley-Ellis
et al. 2016; Kurul and As 2024). The standard EN 1995-1-1 (2023) (Eurocode 5) stipulates
that the strength values of wood used in structural system designs should be determined
according to the classes specified in EN 338 (2020). The EN 338 (2020) standard includes
three systems: “C and D” classes obtained from edgewise bending tests, and “T” classes
obtained from tensile tests. While structural grading in Europe is primarily based on
edgewise bending tests, tensile properties are equally important, especially for elements
such as glulam lamellas (Gil-Moreno et al. 2022). Countries participate in this system by
subjecting tree species to visual or machine strength classification, and the results are
published in the EN 1912 (2024) standard.

Visual grading is a traditional quality assessment method based on measuring the
physical defects of timber, such as the slope of grain, knot diameters, fissures, wane, and
resin pockets (Seco et al. 2004; Stapel and van de Kuilen 2013; Stapel and van de Kuilen
2014; Ridley-Ellis et al. 2016; Kurul et al. 2024; Kurul and As 2024; Kurul 2025). While
each country has its own visual grading criteria, the EN 14081-1 (2019) standard specifies
lower limit values for these defects. All local standards must meet the lower limit values
specified in this standard (Steiger and Arnold 2009; Ridley-Ellis et al. 2016). Visual
grading methods provide a cost-effective and straightforward assessment. However, their
main disadvantage is their reliance on human observation and experience (Brunetti et al.
2016; Kurul and As 2024). Machine grading, performed using non-destructive devices that
automatically measure some mechanical and physical properties of wood, is considered a
more objective and repeatable method (Steiger and Arnold 2009; Nocetti et al. 2010;
Ridley-Ellis et al. 2016; Ravenshorst and van de Kuilen 2016; Kurul and As 2024). This
method typically uses parameters, such as stress wave velocity, vibration frequency, or
flexural modulus, to estimate the timber's strength class (Arriaga ef al. 2012; Brunetti ef al.
2016; Gil-Moreno et al. 2022). The machine classification process, according to European
standards, is defined in EN 14081-2 (2018).

Accurately identifying natural defects within wood is important for visual and
machine strength grading. The measurement principles for all defects in wood materials
intended for structural use are outlined in EN 1309-3 (2018). Knots are among the most
critical natural growth defects in wood construction materials and are a key factor directly
affecting timber’s mechanical strength (As et al. 2006; Roblot ef al. 2010; Guindos and
Guaita 2014). Studies have shown that knot ratio, knot diameter, knot area, and location
are decisive factors in the impact of knots on wood strength. Furthermore, it has been
determined that as the knot diameter increases, the wood’s bending and tensile strengths,
as well as the bending and tensile modulus of elasticities, decrease significantly (As et al.
2006; Roblot et al. 2010; Guindos and Guaita 2014; Qu et al. 2020; Lovri¢ Vrankovic¢ et
al. 2025). Therefore, knot diameter or knot area measurements are among the most
important criteria for determining the visual grade of lumber in national visual
classification standards.

Many studies conducted in Europe have determined the visual and mechanical
strength classes of structural boards, classified using both destructive and non-destructive
methods. The majority of these studies have been based on edgewise bending tests (Fink
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and Kohler 2011; Krajnc ef al. 2019; Rais et al. 2021; Kurul et al. 2024; Kurul 2025; Lovri¢
Vrankovi¢ et al. 2025). However, few studies have simultaneously examined the tensile,
edgewise, and flatwise bending strengths of wood using both destructive and non-
destructive methods. This study aims to compare and correlate the tensile, edgewise
bending, and flatwise bending tests of visually graded fir structural boards using three
methods to determine the knot diameter ratio (KDR). With this, the aim is to select the best
method by examining three methods for measuring KDR. In this context, C and T classes
were separately calculated and compared for each quality class determined by the three
KDR methods for three different tests. In addition, the research aimed to correlate
destructive tests with non-destructive tests (screw withdrawal, stress wave method using
three separate devices, and vibration methods using two separate devices) to estimate wood
quality as accurately as possible and to determine which devices were most efficient.
Finally, 3-point and 4-point bending tests were performed on small-clear specimens to
determine and compare the bending characteristics of the fir species. Thus, it was planned
to increase the usage potential of the fir species, which is suitable for use in engineered
structural wood materials and an important raw material source for the regional industry,
by examining the structural characterization of the most commonly used destructive and
non-destructive methods.

EXPERIMENTAL

Wood Specimens

In this study, 80 samples of fir (4bies nordmanniana subsp. bornmuelleriana) with
dimensions of 30 x 210 x 4000 mm? (thickness x width x length) were used. The wood
pieces were supplied by a commercial firm and dried to 12% (£2) moisture content. These
samples were initially cut as shown in Fig. 1. The evaluations included a tensile test (A1l-
B2), an edgewise bending test (A2-B1), a flatwise bending test (C1-C2), and 3- and 4-point
small-clear bending test samples (D1-D2-D3); a total of 724 test samples were prepared
(Fig. 2). The moisture content of all samples was then measured using an electrical
resistance method, as described in EN 13183-2 (2002) (Fig. 3). The sample code, group
no, test type, dimension, number of samples and average moisture content for each test
group are given in Table 1.

D1 30x20x1700 mm? D2 30x20x1700 mm? D3 30x20x570 mm?

B 30x90x1700 mm® = B2 30x90x1700 mm? _C2 30x904570 myp”

A1 30x90x1700mmé A2 3090x1700mm?__~C1 304306570 e

10
AT T THTH I T 8 T AT T (TS T T A T AT AT 4T A 4T T T T T AT 4 T 8 T T T T T T T TH THTHATH TR TR T WY TRTHTY 4 THITH g

D1 30%20x1700 mm? D2 30%20x1700 mm? D3 30x2bx570 mm?

Fig. 1. Cutting diagram of fir structural boards
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Fig. 2. All test specimens: (A) tension and edgewise bending, (B) flatwise bending, (C) small-
clear specimens for 3 and 4-point bending tests

Table 1. Number of Tested Structural Boards for Each Test Type

Group | Sample Dimensions Number of | Moisture
Species Test Type Specimens | Content
No Code (mm) o
(pcs.) (%)
A1-A2- | Tension and edgewise
1 B1-B2 bending MOE 30 x 90 x 1700 320 13.1
A1-B2 Tension Strength 30 x 90 x 1700 160 13.1
3 | a2y | FEdgewiseBending | 3, g9 1700 160 13.1
Fir Strength
2,3 C1-C2 Flatwise Bending 30 x 90 x 570 160 13.4
D1-D2- 3-Point Bending
A D3 (Small-Clear) 20 x 20 x 300 122 12.3
D1-D2- 4-Point Bending
D3 (Small-Clear) 20 x 20 x 400 122 12.6

Fig. 3. Measuring moisture content using electrical resistance method (Hydrometer HT 65,
GANN, Germany)
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Visual Grading

From the samples prepared according to Table 1, tensile, edgewise, and flatwise
bending samples were visually graded. All defects were measured in accordance with EN
1309-3 (2018b). Visual class limit values for defects were determined according to TS
1265 (2012) as a reference for Class 1, Class 2, Class 3, and Reject (R). Table 2 shows the
lower limit values for knot, slope of grain, and rate of growth according to the TS 1265
(2012).

Table 2. Lower Limit Values for Knot, Slope of Grain and Rate of Growth for
Each Visual Class According to TS 1265 (2012)

Characteristics Grades
Class 1 Class 2 Class 3
Knot: The ratio of the sum of the
_ narrow, mean, and parallel kpot 0.20 033 0.50
dimensions on each face, to twice the
width of the piece (Fig.4).
Slope of grain Deviation in 1 m length is not greater than:
a) In case of the presence of surface 70 mm 120 mm 200 mm
fissure 100 mm 200 mm 300 mm
b) In case of no surface fissure

The area of annual rings

bigger than 4 mm should

Annual ring width not exceed 1/2 of the

whole cross-sectional
area.

No limitation

Knots were evaluated in three different categories based on knot diameter. These
are the narrow knot diameter ratio (NKDR), which refers to the narrow diameter of the
knot; the mean knot diameter ratio (MKDR), which refers to the average of the narrow and
wide diameters of the knot; and the parallel knot diameter ratio (PKDR), which refers to
the diameter parallel to the surface of the knot. Although the limit values in the TS 1265
(2012) are referenced by the PKDR method, the same limit values were used in this study
for the other two methods. Knot diameter measurement methods are shown in Fig. 4. The
knot diameter ratios for each method are obtained by dividing the reference knot diameters
by twice the material width.

A
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Fig. 4. Knot diameter measuring methods
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Non-destructive Tests

After the visual grading, all samples underwent non-destructive testing to
determine their dynamic modulus of elasticity. The non-destructive tests used longitudinal
vibration-based PLG (Portable Lumber Grader, Fakopp, Hungary) and Hitman HM220
(Fibre-gen, New Zealand) devices. Additionally, a Microsecond Timer (Fakopp, Hungary)
based on the time-of-flight (ToF) method, an Ultrasonic Timer (Fakopp, Hungary), and a
Sylvatest Duo (Concept Bois Structure, Switzerland) that generates ultrasonic sound waves
were used. Additionally, screw withdrawal tests were performed on all samples using a
Screw Withdrawal Force Meter (Fakopp, Hungary).

Two dynamic moduli of elasticity based on longitudinal vibration were determined.
First, the dynamic modulus of elasticity (MOEd,rLG) was calculated for tensile, edgewise,
and flatwise bending specimens using the PLG device. The samples were placed on two
specially designed supports of the device. A stress wave was generated by striking the end
of the board with a hammer. The natural frequency of the material was read using a
dynamic microphone and Fast Fourier Transform (FFT) software at the other end of the
sample (Fig. 5a). The obtained natural frequency was multiplied by twice the material
length to calculate velocity (m/s) for all specimens. Because one of the supports served as
a balance, the weight of the specimens was recorded simultaneously. The volume of the
specimens was determined by measuring their cross-sectional dimensions, and the density
p (kg/m?) was calculated by calculating the ratio of mass to volume. Secondly, the dynamic
modulus of elasticity (MOEd,uirman) was calculated for tensile and edgewise bending
specimens using the Hitman HM220 device. The device was pressed against the cross-
section of the specimen, and a stress wave was created at the exact location using a hammer
(Fig. 5b). The velocity value was read from the device’s display and recorded. The dynamic
modulus of elasticity based on longitudinal vibration for all specimens was then calculated
using Eq. 1,

MOE; =V%xp (1)

where V' (m/s) is the velocity for all test methods, respectively, and p (kg/m?) is the full-
size sample’s density.

Fig. 5. Longitudinal vibration test setup using PLG (A) and Hitman HM 220 (B) devices

Three dynamic moduli of elasticity based on ToF method were determined. First,
the dynamic modulus of elasticity (MOEd,ms) was calculated for all samples using a
Microsecond Timer device. The device’s sensors were placed at both ends of the samples,
and the start sensor was struck with a hammer to generate a stress wave. The time required
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for this wave to travel the length of the board between the start and the stop sensors was
recorded in microseconds (Fig. 6a). The stress wave velocity was determined using the
formula distance/time (m/s). Secondly, the dynamic modulus of elasticity (MOEd,ur) was
calculated for all samples using an Ultrasonic Timer device. The device’s sensors were
placed at both ends of the samples and secured with wooden wedges. Before each test,
ultrasonic gel was applied to the sensors to prevent air gaps from forming between the
sensors and the sample. The time required for the generated ultrasonic wave to travel the
length of the board between the start and the stop sensors was recorded in microseconds
(Fig. 6b). The ultrasonic velocity was determined using the formula m/s. Lastly, the
dynamic modulus of elasticity (MOEd,st) was calculated for all samples using the
Sylvatest Duo device. First, 5-mm diameter holes were drilled at the center of each board’s
cross-section. Sensors were placed in these holes, and the time required for the ultrasonic
wave to travel the length of the board between the start and stop sensors was recorded in
microseconds (Fig. 6¢). Ultrasonic velocity was determined using the m/s.

Fig. 6. ToF test setup with Microsecond Timer (A), Ultrasonic Timer (B), and Sylvatest Duo (C)

For all three ToF methods, the dynamic modulus of elasticity was calculated
according to Eq. 1. In accordance with EN 14081-2 (2018), the dynamic modulus of
elasticity for each method was adjusted to a reference moisture content (MC) of 12%.

The final non-destructive test was the screw withdrawal (SW) test. In this test, 4-
mm diameter screws were screwed into all samples to a depth of 18 mm. The device handle
was then rotated clockwise at a speed of approximately 0.5 m/s. The maximum load was
read and recorded in newton (N) from the device (Fig. 7). For tensile and edgewise bending
test samples, measurements were taken from two edges and the average was taken. For
flatwise bending and small-clear samples, a single measurement was taken.
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Fig. 7. Screw withdrawal test setup for all boards (A) and small-clear specimens (B)

Mechanical Tests

After non-destructive tests, tensile (MOET) and bending modulus of elasticity
(MOESB;) tests were conducted on 320 samples coded A1-A2-B1-B2 according to EN 408
(2012). Subsequently, tensile strength (fr) tests were conducted on 160 samples coded Al-
B2 according to the same standard, and edgewise bending strength (fmp) tests were
conducted on 160 samples coded A2-Bl. Taking the EN 408 (2012) standard as a
reference, flatwise bending tests were conducted on 160 samples coded C1-C2, and the
modulus of elasticity (MOEBg ) and bending strength (fm.r) were determined. In addition,
the modulus of elasticity (MOEs,c3) and bending strength (fm,c3) in 3-point bending were
determined on 122 small-clear samples according to ISO 13061-3 (2014) and 13061-4
(2014). Additionally, the modulus of elasticity (MOEB,c4) and bending strength (fm,c4) were
determined in 4-point bending on 122 small-clear samples, using EN 408 (2012) as a
reference.

Tensile strength and modulus of elasticity in tension parallel to the grain were
measured using an 800 kN-capacity horizontal tensile testing machine (BESMAK,
Tirkiye). The distance between the machine grips was set to 810 mm (9xh), and two
LVDTs with 0.001 precision were connected to the gauge at 450 mm (5xh) to measure the
deformation (Fig. 8a). In the tensile modulus of elasticity tests, 10000 N was determined
as the elastic limit load, and the test speed was adjusted to reach this force within 3 to 5
min.

After determining the tensile modulus of elasticity for all samples, the same sample
was subjected to edgewise bending tests to determine the bending modulus of elasticity.
Edgewise bending strength and modulus of elasticity in bending tests were performed on a
300 kN capacity bending testing machine (BESMAK, Tiirkiye). The distance between the
supports was set to 1620 mm (18xh), the distance between the loading points to 540 mm
(6xh), and the deformation was measured at the midpoint of the sample using a single
LVDT with 0.001 precision (Fig. 8b). The elastic limit load for this test was determined as
1200 N. The test speed was adjusted to reach this force within 3 to 5 min. The elastic limit
loads for both the tensile and bending modulus of elasticity tests were determined through
preliminary tests. The modulus of elasticity in tension parallel to grain and the global
modulus of elasticity in edgewise bending were calculated using Egs. 2 and 3, respectively.
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Fig. 8. Test setup for modulus of elasticity in tension parallel to grain (A) and modulus of elasticity
in edgewise bending (B) according to EN 408 (2012)

_ UX(F—-F) 2
MOE; = Ao N/mm 2)
3xalx?-4xa’
MOEp g Frac = = wz—wlf =a— N/mm? (3)

3 —_—
ZXbxhZx(2x Fp—F1 5XGxbxh

In the above equations, MOET is the modulus of elasticity in tension parallel to
grain (MPa), /1 is the gauge length (mm), 4 is the cross-sectional area (mm?), F - F is the
load difference at elastic limit load (N), w2 - wi is the difference between the deformations
corresponding to the loads (F2 and F1, respectively) at the elastic limit (mm), MOEgE F.4c
is the modulus of elasticity in bending (for edgewise, flatwise, and 4-point clear samples)
(MPa), /1is the span distance (mm), a is the distance between a loading point and the nearest
support in a bending test (mm), G is the shear modulus assumed as infinitive, b is the width
in tension, edgewise and small-clear bending test and height in flatwise test (mm), and / is
the height in tension, edgewise, and small-clear bending test and width in flatwise test
(mm).

After the modulus of elasticity tests were completed, tensile strength tests (Fig. 9a)
were conducted on 160 samples coded A1-B2, and edgewise bending strength tests (Fig.
9b) were conducted on 160 samples coded A2-B1. In both tests, test speed was adjusted to
reach maximum load within 3 to 5 min. Tensile strength parallel to the grain was calculated
using Eq. 4, and the edgewise bending strength was calculated using Eq. 5.
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Fig. 9. Tension strength parallel to grain (A) and edgewise bending strength (B)

fr = 2 N/mm? “
3XFmaxX
fmEF3cac = Tza N/mm? )

The bending strength for all tests was determined according to Eq. 5 above.
Flatwise bending, 3-point bending, and 4-point bending tests were performed on a 10 kN
capacity Lloyd LS100 Universal testing machine (METEK, UK). In the flatwise bending
tests (Fig. 10a), the distance between the supports was 540 mm (18xh), and the distance
between the loading points was 180 mm (6xh).

Sk G RN

Fig. 10. Flatwise bending (A), 4-point bending (B), and 3-point bending test for clear samples (C)

In the 4-point bending tests on small-clear specimens (Fig. 10b), the distance
between the supports was 360 mm (18 h), and the distance between the loading points was
120 mm (6xh). In the 3-point bending tests (Fig. 10c), the distance between the supports
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was 280 mm (14xh), and a single loading point was used. Deformation values in the tests
were taken from the machine head. The test speed was adjusted to allow the specimens to
reach maximum load in 3 to 5 min. The global modulus of elasticity for the flatwise
bending and 4-point bending tests on small-clear samples was calculated according to Eq.
3, and the modulus of elasticity for the 3-point bending test was calculated according to
Eq. 6.

(F,—Fy)x13
4Xbxh3X(Wy—w;q)

MOEB,3C = N/mm2 (6)

After each mechanical test, the moisture content and density values of the samples
were calculated (Fig. 11). To do this, 30 to 40 mm clear sections were cut from the samples
near the fracture site after the test. The cut pieces were weighed to the nearest 0.01 g and
their dimensions measured to the nearest 0.01 mm. The moisture content of the same
samples was also determined according to the procedure described in EN 13183-1 (2002).
The test values for all moduli of elasticity and densities of specimens not tested at 12%
moisture content were adjusted using the formulas given in EN 384 (2018).

SlollinlioctoeE e EE 0 W B o

Fig. 11. Moisture content and density samples obtained after mechanical tests

Derivation of Visual Grading Assignments

The method for determining the mechanical property and density characteristic
values indicating the strength class for defined visual class populations is given in EN 384
(2018). The strength values for samples with a nominal depth of 90 mm and 30 mm were
adjusted to a depth of 150 mm by dividing by the kn factor, as specified in EN 384 (2018).
The global modulus of elasticity was adjusted to the local modulus of elasticity, as specified
in the same standard.

After completing the necessary adjustments, the 5 percentile strength values (fo.s),
defect-free density (po.5), and average stiffness values (Eomean) of the fir boards were
determined for each knot measurement method and visual class, as specified in EN 14358
(2016). Thus, the impact of changes in KDR ratios on characteristic values and visual
classification efficiency was analyzed. Furthermore, the differences between means values
were evaluated at a 95% confidence level (p < 0.05) (IBM SPSS 29.0 software, Armonk,
NY, USA) using an independent sample t-test for species comparison and analysis of
variance (ANOVA) for all other groups.
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RESULTS AND DISCUSSION

The results obtained from visual, non-destructive, and destructive tests are
presented separately for each visual grading method and their respective visual classes. The
first group includes the average values of the visual, non-destructive, and static modulus
of elasticity tests performed on samples coded A1-B2-A2-B1 (Table 3), the second group
includes the average values of the visual, non-destructive, and static modulus of elasticity
tests performed on samples coded C1-C2 (Table 4), and the third group includes the
average strength values for the first three groups are presented separately for the visual
grading method and its respective visual classes (Table 5). In the final group, includes the
average values non-destructive and destructive tests performed on samples coded D1-D2-
D3 (Table 7). In addition, the relationships between tensile, edgewise and flatwise bending
tests, non-destructive tests, and knot diameter measurement methods are given in Table 6.
The relationships between 3- and 4-point bending tests on small-clear specimens and non-
destructive tests are given in Table 8. The average values of non-destructive and destructive
tests were adjusted to a 12% M.C.

According to Tables 3 and 4, the average extent of growth for the tested samples
was 2.96 mm. Because the TS 1265 (2012) standard classifies samples with growth greater
than 4 mm as Class 2, the average growth of Class 1 samples was lower than that of the
other groups across all three visual grading methods. The average knot diameter ratios
remained within the class limit values given in the same standard. Only Class 2 samples in
the NKDR group failed to comply with this condition for flatwise bending tests. The effect
of growth was decisive in this group. It was determined that the knot diameter ratios in the
flatwise bending test samples were lower in all groups compared to the tensile and
edgewise bending test samples. The average moisture content of the samples was 12.6%,
and the average air-dry density was 388 kg/m?. Kurul and associates (Kurul et al. 2024;
Kurul 2025; Kurul et al. 2025) determined the air-dry density values for the fir species as
410, 412, and 417 kg/m? in their studies.

Table 3 shows that the average dynamic modulus of elasticity was 9,209 MPa and
8,804 MPa for the Hitman and PLG devices, respectively, measured by the vibration
method. The PLG gave a dynamic modulus of elasticity value approximately 4.6% higher
than the Hitman. The average dynamic modulus of elasticity was calculated as 10,956 MPa
for the MT, 10,428 MPa for the UT, and 12,264 MPa for the ST, measured by the ToF
method. The measurement ratios between the devices were determined as 1, 0.95, and 1.12,
respectively. When the vibration method and ToF methods were compared, it was
determined that the PLG device was 19%, 13%, and 33% lower, respectively, and the
Hitman device was 24%, 18%, and 39% lower, respectively, than the ToF-based devices.
Table 4 shows that the average dynamic modulus of elasticity for flatwise bending samples
was 8,825 MPa for the PLG device. Due to the length of the samples, measurements could
not be made with the Hitman. In devices measuring using the ToF method, the average
dynamic modulus of elasticity was calculated as 9,887 MPa, 10,132 MPa, and 14,217 MPa,
respectively. The measurement ratios between the devices were determined as 1, 1.03, and
1.44, respectively. Compared to the PLG measurement, 12%, 15%, and 61% higher values
were obtained, respectively. It was found that as the sample length decreased, the values
read from the ST increased, and the measurement ratio between the devices increased.
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Table 3. Descriptive Statistics of the Measured Visual, Non-destructive and Static Elastic Properties for Samples coded A1-B2
and A2-B1 (Group 1)

Visual Grading Methods

Method Narrow Knot Diameter Ratio (NKDR) Mean Knot Diameter Ratio (MKDR) Parallel Knot Diameter Ratio (PKDR) Total
Class 1 2 3 R 1 2 3 R 1 2 3 R
Number of 134 133 47 6 85 125 88 22 81 131 81 27 320
samples
Rate of Growth 2.70 3.24 2.88 3.81 2.69 3.00 3.14 3.24 2.7 2.98 3.1 3.36 2.97
(mm) (22.0) (33.2) (30.0) (19.5) (22.1) (32.5) (32.3) (23.9) (22.3) (33.0) (31.2) (25.9) | (30.4)
KDR 0.126 0.241 0.378 0.541 0.122 0.245 0.406 0.595 0.123 0.242 0.393 0.563 0.281
(45.7) (25.0) (12.7) 4.1) (48.3) (22.0) (11.4) (13.9) (49.4) (21.8) (12.2) (17.4) | (52.1)
M.C. (%) 12.4 124 12.3 12.0 12.3 12.3 12.5 12.4 12.3 12.4 12.5 12.4 12.4
e (7.6) (7.8) (7.2) (6.2) (8.0) (7.5) (7.3) (7.5) (8.1) (7.4) (7.1) (8.3) (7.6)
(kg/m?) 399 380 382 395 404 384 380 391 402 386 382 382 389
p g (7.7) (7.2) (7.0) (6.3) (7.9) (7.1) (7.0) (6.5) (8.2) (7.1) (7.7) (5.7) (7.4)
MOEd,pLc 10,166 | 8,818 7,934 6,483 | 10,447 | 9,453 7,557 7,553 | 10,353 | 9,533 8,135 7,423 9,209
(MPa) (15.9) (16.2) (17.6) (12.9) (15.9) (14.3) (19.9) (18.7) (16.0) (14.7) (16.6) (19.8) | (19.0)
MOEd Hirman 9,745 8,414 7,542 6,360 | 10,026 | 9,028 7,888 7,165 9,924 9,104 7,730 7,216 8,804
(MPa) (15.4) (15.8) (15.6) (12.0) (15.3) (14.1) (16.2) (15.5) (15.4) (14.5) (15.4) (18.5) | (18.5)
MOEd,mt 11,607 | 10,611 | 10,302 | 9,190 | 11,755 | 11,006 | 10,336 | 10,058 | 11,730 | 11,063 | 10,324 | 10,089 | 10,956
(MPa) (11.4) (11.4) (12.4) (9.3) (11.8) (10.8) (12.4) (12.5) (11.7) (10.9) (12.3) (13.7) | (12.7)
MOEd,ur 11,154 | 10,053 | 9,708 8,132 | 11,349 | 10,529 | 9,686 9,262 | 11,299 | 10,602 | 9,691 9,180 | 10,428
(MPa) (14.7) (14.5) (15.0) (5.2) (14.7) (13.3) (15.9) (15.0) (14.4) (13.5) (15.7) (16,7) | (15.9)
MOEd,st 12,995 | 11,853 | 11,581 | 10,396 | 13,132 | 12,326 | 11,575 | 11,312 | 13,091 | 12,384 | 11,572 | 11,275 | 12,264
(MPa) (12.0) (12.5) (13.1) (8.6) (12.7) (11.2) (13.7) (13.2) (12.3) (11.6) (13.6) (14.3) | (13.4)
SW (N) 1,194 1,103 1,103 1,218 1,204 1,116 1,131 1,117 1,192 1,130 1,121 1,135 1,144
(15.9) (14.3) (14.2) (10.0) (16.2) (14.9) (15.1) (12.0) (16.7) (14.0) (16.6) (12.3) | (15.4)
MOE~ 9,482 8,155 6,972 5,764 9,762 8,814 7,292 6,561 9,666 8,871 7,283 6,762 8,492
(MPa) (16.7) (18.3) (22.0) (20.9) (16.2) (15.5) (20.3) (23.6) (16.7) (15.8) (20.4) (24.5) | (21.3)
MOEsgEe 8,963 7,732 6,652 5,096 9,240 8,294 6,991 6,146 9,135 8,359 6,948 6,469 8,039
(MPa) (16.1) (16.3) (18.2) (20.6) (15.5) (14.8) (17.2) (20.8) (15.4) (15.3) (18.4) (21.8) | (20.0)
(Values in parentheses represent coefficients of variation, %)
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Table 4. Descriptive Statistics of the Measured Visual, Non-destructive and Static Elastic Properties for Samples Coded C1-C2

(Group 2)
Visual Grading Methods
Method Narrow Knot Diameter Ratio Mean Knot Diameter Ratio (MKDR) Parallel Knot Diameter Ratio (PKDR)
(NKDR Total
Class 1 2 3 R 1 2 3 R 1 2 3 R
Number of 93 51 16 |-| 76 56 24 4 79 48 30 3 160
samples
Rate of Growth 2.71 3.34 2.99 2.70 3.26 3.01 2.33 2.68 3.16 3.29 2.54 2.94
(mm) (22.5) | (30.8) | (385) | " | (226) | (31.0) | (336) | (12.0) | (22.8) | (32.3) | (30.7) (9.8) (29.6)
KDR 0.064 0.195 0.268 ) 0.054 0.211 0.338 0.531 0.055 0.208 0.351 0.548 0.163
(60.3) | (49.2) | (58.6) (65.3) | (42.2) | (41.1) (2.7) (68.5) | (44.2) | (36.6) | (22.9) | (71.4)
M.C. (%) 13.0 12.9 13.0 ) 12.9 13.0 13.0 13.0 12.9 13.0 13.0 12.9 13.0
"~ (4.0) (3.1) (2.6) (4.1) (3.3) (2.6) (3.8) (4.1) (3.2) (2.8) (1.6) (3.6)
(kg/m?) 388 384 376 ) 388 386 385 353 388 387 382 363 386
p K9 (8.1) (6.9) (6.3) (8.3) (7.2) (6.2) (1.6) (8.0) (7.1) (7.4) (5.3) (7.6)
MOEd,rLG 9,347 8,393 7,064 9,388 8,682 7,490 7,934 9,356 8,976 7,326 6,741 8,825
(MPa) (18.1) | (15.1) | (21.9) | * | (175) | (176) | (195) | (26.7) | (17.4) | (155) | (19.8) | (18.5) | (19.3)
MOEd,ur 10,085 9,767 9,065 10,054 9,956 9,271 9,275 10,077 10,133 9,050 9,028 9,887
(MPa) (11.8) | (11.3) | (127) | " | (135) | (13.1) | (11.5) | (13.3) | (13.1) | (12.1) | (12.3) | (14.9) | (13.3)
MOEd,ur 10,337 9,935 9,626 10,354 10,061 9,648 9,695 10,372 10,217 9,409 9,421 10,132
(MPa) (13.7) | (10.9) | (12.0) | * | (12.8) | (13.7) | (10.8) (7.9) (12.6) | (12.8) | (12.1) (9.1) (13.0)
MOEd,st 14,513 13,910 13,429 14,479 14,043 13,791 14,239 14,494 14,249 13,465 13,776 14,217
(MPa) (12.1) | (135) | (136) | " | (11.6) | (15.0) | (12.0) (6.8) (11.3) | (15.1) | (12.1) (4.6) (12.9)
SW (N) 1,126 1,158 1,092 ) 1,127 1,144 1,145 987 1,125 1,145 1,139 1,108 1,133
(20.6) | (19,9 | (19.1) (20.7) | (16,6) | (16,7) (6.9) (20.6) | (19.2) | (19.3) | (24.5) | (20.0)
MOEsF 8,876 7,769 6,611 8,925 8,166 6,819 7,222 8,910 8,396 6,760 5,606 8,307
(MPa) (13.2) | (17.8) | (223) | " | (121) | (16.3) | (23.8) | (30.9) | (11.9) | (15.2) | (21.1) (2.4) (17,6)
(Values in parentheses represent coefficients of variation, %)
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In similar studies in the literature, the vibration method was reported to be
approximately 16% lower than the ToF method by Kurul (2025) and Kurul and As (2024),
and approximately 14% lower by Montero et al. (2015). This is because, in the TOF
method, the generated stress wave is less affected by defects as it travels the shortest
distance between the two sensors, whereas in the vibration method, it is more affected by
defects as it scans the entire wood volume (Kurul and As 2024).

According to Tables 3 and 4, the screw withdrawal forces for the samples were
1,144 N and 1,133 N, respectively. The average values of the modulus of elasticity in
tensile, edgewise bending, and flatwise bending were determined as 8,492, 8,039, and
8,307 MPa, respectively. The ratios between the tests were calculated as 1, 0.95, and 0.98,
respectively. A higher modulus of elasticity was determined in flatwise bending tests than
in edgewise bending tests. Similarly, Kurul (2025) reported that a higher global modulus
of elasticity was obtained in flatwise bending tests. However, when explicitly examined in
terms of visual classes, it was observed that edgewise tests yielded higher elastic modulus
values than flatwise tests. Higher values of tensile modulus were obtained than in both the
bending test methods. An ANOVA was performed to determine whether the knot diameter
measurement methods differed statistically in their estimates of modulus of elasticity.
Then, the Duncan test was performed to determine which group or groups showed
significant differences from each other. The lowercase letters above the values in Fig. 12
indicate the difference between the visual grading methods for each test. According to the
results, the NKDR measurement method differed from the other methods only for Class 2
boards. This is thought to be due to the growth effect in Class 2 samples. Therefore, it can
be concluded that the knot diameter measurement methods did not cause a significant
difference in the average modulus of elasticity values for the three test types.

Modulus of Elasticity in Tension (MPa) Modulus of Elasticity in Edgewise Bending (MPa) Modulus of Elasticity in Flatwise Bending (MPa)
10000 g . [9sed
Class 1 :] . 97623 [9_1_353
= ==Chss2 19482 : = -,
@ 9000 —Chss3 - g 82408 19"
H e i lgeri]b /8963) ——
8814 @8 e o a
§ ; B204P FOCC = b
-f-; 8000 {9]55]3 A8294| / L 8396
a a . ~ |p1eg] kit
- - a G 60482 7769®  [1222b
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§ 561/ [6a69]? 6652 = 6611]2 £a 16760)
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Visual Grading Method

Fig. 12. ANOVA result for each stiffness test according to visual grading method

Table 5 presents the average tensile strength, edgewise bending strength, and
flatwise bending strength for visual classes for each visual grading method. Flatwise
bending strength was found to be approximately 16% higher than edgewise bending
strength and approximately 31% higher than tensile strength for Class 1 for all visual
grading methods. It was found to be approximately 27% to 65% and 31% to 76% higher
for Class 2 and Class 3, respectively. Comparing edgewise bending strength with tensile
strength, it was determined that the values were approximately 11%, 38%, and 45% higher
for Class 1, Class 2, and Class 3, respectively. As visual class deteriorates, the difference
between tensile and bending strengths increases. It can be said that tensile strength is more
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affected by defects than bending strength. Higher bending strength values were calculated
in flatwise bending compared to edgewise bending. This may be because the effect of the
height (h) value in the denominator of the bending strength formula is greater than the
effect of the maximum force (Fmax) obtained (Kurul 2025). Furthermore, the lower knot
ratios in the flatwise samples also affected this situation.

Table 5. Descriptive Statistics of the Destructive Tests for Samples Coded A1-
B2, A2-B1, and C1-C2 (Group 3)

Visual Grading Methods

Method Narrow Knot Diameter Ratio Mean Knot Diameter Ratio Parallel Knot Diameter Ratio
(NKDR) (MKDR) (PKDR)
Class 1 2 3 R 1 2 3 R 1 2 3 R
Number
of 65 71 22 2 39 63 49 9 38 68 41 13
samples
fr 35.7 22.9 18.8 8.5 38.9 28.1 19.6 14.7 38.6 27.9 19.3 17.4
(MPa) | (32.2) | (37.0) | (23.7) | (7.5) | (28.3) | (33.0) | (35.1) | (38.0) | (29.4) | (32.3) | (36.8) | (55.0)
Number
of 69 62 25 4 46 62 39 13 43 63 40 14
samples
fm,E 40.9 33.5 27.4 17.3 | 42.7 36.8 27.9 248 | 42.2 37.9 28.2 23.2
(MPa) | (22.3) | (26.6) | (30.4) | (50.4) | (18.2) | (23.9) | (29.7) | (41.5) | (19.2) | (23.2) | (30.2) | (32.3)
Number
of 93 51 16 - 76 56 24 4 79 48 30 3
samples
fm,F 489 | 41.3 315 49.7 | 43.6 334 34.8 | 495 | 447 33.8 26.2
(MPa) | (16.0) | (20.3) | (25.6) ) (15.3) | (17.4) | (25.7) | (36.7) | (15.3) | (15.9) | (23.8) | (16.8)

(Values in parentheses represent coefficients of variation, %)
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Fig. 13. ANOVA result for each strength test according to visual grading method

An ANOVA was conducted to determine whether the visual grading methods
differed statistically during the strength tests. Then the Duncan test was conducted to
determine which groups caused the differences. The lowercase letters above the values in
Fig. 13 indicate the difference between the visual classification methods for each test. The
results obtained were similar to those for the modulus of elasticity. Therefore, it can be
concluded that differences in the visual classification methods did not result in a significant
difference in average strength values.

Kurul (2026). “Visually graded fir board evaluation,” BioResources 21(1), 1364-1387. 1379



PEER-REVIEWED ARTICLE

bioresources.cnr.ncsu.edu

A Pearson correlation matrix was created to show the relationships between static
tests, non-destructive tests, and visual grading methods (Table 6). In Table 6, bold numbers
indicate strong correlations, underlined number indicate moderate correlations, and italic
number indicate weak correlations.

Table 6. Correlation Matrix for Destructive Tests, Non-destructive Tests, and
Visual Grading Methods in Group 1, 2, and 3 Tests

R Static Tests Non-destructive Tests Visual Grading Methods
MOEr | fr | MOEggr | fmier | MOEd pie | MOEG pimman | MOEd wr | MOEd ur | MOEdsr | SW | NKDR | MKDR | PKDR
MOEr 1 0.817 | 0917 0.711 0.922 0.927 0.822 0.843 0.785 | 0.797| 0497 | 0518 | 0.504
F o817 | 1 | 075 - | 0792 0.803 0656 | 0667 | 0621 | 0207] 0597 | 0626 | 0626
MOEsg | 0.917 | 0.751 1 0.759 | 0.929 0.934 0.854 0.856 0810 | 0279| 0.532 | 0558 | 0.524
fme | 0711 - | 0759 | 1 | 0659 0682 0579 | 0566 | 0557 | 0185] 0524 | 0566 | 0543
MOEsr | - 1 | 0831 0839 : 0603 | 0699 | 0695 | 0060] 0301 | 0369 | 0413
fm 0.831 1 0.723 0.518 0.536 0533 [0.179| 0437 | 0484 | 0.508
Among the visual classification methods, MKDR and PKDR showed similar

correlations and were higher than NKDR. In non-destructive measurements, the two
devices used in the vibration method produced similar results, with the Hitman device
slightly ahead. Although the same pattern was observed in all three devices used in the ToF
method, the Ultrasonic Timer device was seen to be one step ahead. The vibration method
was found to be more successful in predicting material quality than the ToF method and to
have higher correlations. Kurul and As (2024), Arriaga et al. (2012), Gil-Moreno et al.
(2022), and Nocetti et al. (2010) also reported a stronger correlation with the vibration
method than with the ToF method. When examining the static tests, very high correlations
were found between tensile and edgewise bending tests. The relationships between strength
values and knot ratios, in particular, indicate that knot ratios should be considered as a
variable in machine strength classification. Screw withdrawal shows a weak correlation
with strength and elasticity. Because the test is applied at a local point and the samples
contain defects, it is believed that it alone cannot provide a reliable estimate of material
strength.

Table 7. Descriptive Statistics of the Non-destructive and Destructive Tests for
Samples Coded D1-D2-D3 (Group 4)

Method 3-Point Bending 4-Point Bending Total
Number of samples 122 122 244
MC (%) 11.7 (5.0)2 12.1 (6.0)2 11.9 (5.8)
o (kg/m?) 401 (8.4)2 399 (9.2)? 400 (8.8)
MOEd,ut (MPa) 9,103 (13.1)? 9,169 (13.0)2 9,136 (13.0)
MOEd,ut (MPa) 9,855 (15.3)? 9,762 (14.9)2 9,809 (15.1)
M((I\)AE,‘;’;T 15,133 (15.2)° 15,091 (15.3)° 15,112 (15.2)
SW (N) 1,363 (16.9)° 1,370 (18.4)° 1,367 (17.6)
MOEsc (MPa) 6,759 (16.2)? 8,349 (15.5)° -
fmc (MPa) 47.7 (15.5)° 53.3 (14.8)° -

Table 7 shows the destructive and non-destructive test results for 3- and 4-point
bending tests on small-clear samples. A t-test was conducted to determine whether there
was a statistically significant difference between the three-point and four-point bending
tests. Lowercase letters above the mean values in the table indicate differences between
groups. For defect-free samples, the average dynamic modulus of elasticity was calculated
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as 9,136 MPa for the MT, 9,809 MPa for the UT, and 15,112 MPa for the ST, all using the
ToF method. The measurement ratios between the devices were determined to be 1, 1.07,
and 1.65, respectively. Although the results were similar to those obtained for the sample
which has a defect, the values obtained with the ST device were even higher. The screw
withdrawal force was 1,367 N. Because defect-free surfaces were used for the tests on
defective samples, the results were similar. The average values of the modulus of elasticity
in 3- and 4-point bending were determined as 6,759 MPa and 8,349 MPa, respectively. Due
to the lower support span (14 h) in the 3-point bending test, the 4-point test yielded a 23%
higher value. Kurul et al. (2025) reported a 31% difference in their study. In 4-point
bending, similar values were obtained for the modulus of elasticity of flatwise bending
tests in Class 1. When the average modulus of elasticity values in 3- and 4-point bending
were compared, it was seen that the modulus values obtained in 4-point tests were higher.
Fatih ef al. (2025) found similar results in their study. The average bending strength was
47.7 and 53.3 MPa for the 3-point and 4-point tests, respectively. Although Kurul et al.
(2025) found the values obtained from the 4-point tests to be higher in their study, they did
not detect a statistically significant difference. The difference found in this study was
statistically significant. When compared with flatwise and edgewise bending strength in
Class 1, defect-free samples exhibited higher bending strength, as expected. Table 8 shows
the correlations between the 3- and 4-point bending tests performed on defect-free samples
and with non-destructive tests. Among the non-destructive devices, UT showed the highest
correlation with the other devices. In the screw withdrawal tests, moderate correlations
were found with the strength properties after the influence of defects was eliminated.
Strong correlations were found for the strength and stiffness properties, as in the other test
groups.

Table 8. Correlation Matrix for Destructive and Non-destructive Tests in Group 4

R Static Tests Non-destructive Tests
MOEsc fm,c MOEd,mt MOEd,ur MOEd st SW
MOEg,c3 1 0.852 0.771 0.813 0.783 0.298
fm,c3 0.852 1 0.521 0.590 0.512 0.513
MOEBg,c4 1 0.736 0.766 0.860 0.850 0.149
fm,ca 0.736 1 0.532 0.669 0.652 0.335

Figure 14 shows that an ANOVA test was conducted to examine whether the
average dynamic modulus of elasticity values obtained from the non-destructive devices
used for each test group differed. Lowercase letters in parentheses indicate differences in
Group 1, lowercase letters in parentheses indicate differences in Group 2, and lowercase
numbers indicate differences in Group 4. Accordingly, it was determined that the test
devices used for each group differed statistically. While the PLG, MS, and US devices
yielded lower dynamic modulus of elasticity as the sample length decreased, the ST device,
conversely, yielded higher values. The use of the Hitman and PLG devices was restricted
as sample lengths decreased.

Table 9 shows the characteristic values for each visual class for the three visual
grading methods, determined separately for the tensile (T), edgewise, and flatwise bending
(C) tests according to EN 338 (2020). Bending strength classes are given in parentheses
next to the tensile strength classes, and tensile strength classes are given in parentheses
next to the bending strength classes, in reference to EN 14080 (2013). While the MKDR
and PKDR methods exhibited similar tension strength properties, the NKDR method
showed lower-strength classes. For all visual grading methods, density was the determining
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characteristic for Class 1 boards, modulus of elasticity for Class 2 boards, and tensile
strength for Class 3 boards.
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Fig. 14. Moisture content and density samples obtained after mechanical tests

The bending strength classes calculated from edgewise bending tests showed
similar properties in the MKDR and PKDR methods, such as tensile tests. Lower-strength
classes were obtained using the NKDR method. Class 3 boards were not assigned to any
strength class. The modulus of elasticity was the grade-determining property in all visual
classes. The same strength classes were calculated for all methods as a result of the flatwise
bending tests. The modulus of elasticity was the grade-determining property, like in the
edgewise test. Because lower modulus values were calculated in flatwise tests compared
to edgewise tests for Class 1, the strength classes for Class 1 boards were also lower. Class
2 boards were assigned to similar strength classes. Class 3 boards, however, were not
assigned to a strength class as in the edgewise tests.

A comparison of all tests revealed that similar strength classes were obtained using
three different visual grading methods. Because the modulus of elasticity was determined
locally, it is thought that the resulting strength classes will be similar. Kurul and As (2024)
reported in their study that local modulus of elasticity tests yielded values approximately
15% higher than those of global modulus of elasticity tests. Furthermore, when the
conversion from global to local modulus of elasticity is applied according to the EN 384
(2018) standard, samples with modulus of elasticity values lower than 9,000 MPa result in
lower modulus of elasticity values (Kurul 2025). This resulted in lower modulus of
elasticity values in Class 2 and Class 3 samples. Consequently, differences in strength
classes were observed.
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Table 9. The Characteristic Values for Each Visual Class According to all Visual Grading and Test Methods.

Test Visual Grading Visual fmean fos Strength Eo,mean Strength Pmean Strength Result
Type Methods Grade (MPa) (MPa) Class (MPa) Class (kg/m?®) pos Class esu
= Narrow Knot 1 32.2 16.2 T16(C27) 10,112 T13(C22) 397 331 | T12(C20) | T12(C20)
S | Diameter Ratio 2 20.5 9.3 To(C14) 8,672 T10(C16) 378 331 | T12(C20) T9(C14)
=3 3 17.0 10.1 T10(C16) 7,802 To(C14) 381 329 | T11(C18) T9(C14)
5 Mean Knot 1 35.2 19.6 T18(C30) 10,455 T13(C22) 407 335 | T12(C20) | T12(C20)
& Diameter Ratio 2 25.1 12.2 T12(C20) 9,380 T11(C18) 377 335 | T12(C20) | T11(C18)
c 3 17.7 8.8 T8(C14) 8,005 T10(C16) 379 327 | T11(C18) T8(C14)
g barallel Knot 1 34.9 18.7 T18(C30) 10,242 T13(C22) 403 333 | T12(C20) | T12(C20)
o Diametor Ratio 2 24.9 12.4 T12(C20) 9,409 T11(C18) 380 337 | T12(C20) | T11(C18)
3 17.4 8.6 T8(C14) 8,044 T10(C16) 383 326 | T11(C18) T8(C14)
Narrow Knot 1 36.9 22.7 C22(T13) 9,374 C18(T11) 401 357 | C18(T11) | C18(T11)
2 Diametor Ratio 2 30.2 17.6 C16(T10) 7,852 C14(T8) 384 333 | C14(T8) C14(T8)
2= 3 24.7 12.7 - 5,840 - 383 333 - -
= Mean Knot 1 38.6 26.5 C24(T14) 9,667 C20(T12) 402 356 | C24(T14) | C20(T12)
25 | Dameter Ratio 2 33.2 19.9 C18(T11) 8,603 C16(T10) 390 338 | C20(T12) | C16(T10)
=0 3 25.2 14.4 C14(T8) 6,428 - 381 337 | C20(T12) -
5 Sarallel Knot 1 38.1 25.7 C24(T14) 9,534 C20(T12) 401 359 | C24(T14) | C20(T12)
& Diameter Ratio 2 34.2 20.5 C20(T12) 8,761 C16(T10) 392 339 | C20(T12) | C16(T10)
3 25.5 13.9 - 6,427 - 381 330 C18(T11) -
Narrow Knot 1 37.6 27.6 C27(T16) 9,315 C18(T11) 388 332 | C20(T12) | C18(T11)
o Diametor Ratio 2 31.8 20.9 C20(T12) 7,800 C14(T8) 384 336 | C20(T12) C14(T8)
5 E 3 24.2 12.9 - 6,215 - 377 330 C20(T12) -
5= Mean Knot 1 38.2 28.5 C27(T16) 9,381 C18(T11) 388 330 | C20(T12) | C18(T11)
P25 | Diamoter Ratio 2 33.6 23.9 C22(T13) 8,343 C16(T10) 386 336 | C20(T12) | C16(T10)
23 3 25.7 14.2 C14(T8) 6,500 - 386 341 | C22(T13) -
25 1 38.1 28.5 C27(T16) 9,361 C18(T11) 388 332 | C20(T12) | C18(T11)
T DF.’a"a”te' ’g“? 2 34.4 252 C24(T14) 8,658 C16(T10) 397 | 336 | C20(T12) | C16(T10)
lameter Ratio 3 26.0 15.2 C14(T8) 6,419 ; 382 330 | C20(T12) ;
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CONCLUSIONS

1.

While there were no significant differences in the average strength and modulus of
elasticity across all tests based on visual grading methods, significant differences
were found in the characteristic strength values. The MKDR and PKDR methods
yielded higher correlations with destructive and non-destructive tests than the NKDR
method. Furthermore, these two methods achieved higher tensile and bending
strength classes. Because the MKDR and PKDR methods yield similar results, they
are considered interchangeable. The EN 1309-3 (2018) standard recommends the
MKDR method and emphasizes the PKDR method as an alternative. In practice, the
PKDR method is considered a step ahead because it offers easier, faster measurement
opportunities.

According to non-destructive test results, a difference of approximately 5% was
found between the PLG and Hitman devices, which are based on the vibration
method. The Hitman device stood out for its stronger correlation with destructive
tests. Moderate correlations were observed between the MT, UT, and ST devices and
destructive tests. When all correlations were examined, the UT was found to be the
leading device. However, because the UT and ST methods require preprocessing
during application, the MT is considered more advantageous in practice. It was
determined that the MOEd obtained with the ToF method was generally higher than
the MOEd obtained with the vibration method. Furthermore, the vibration method
showed higher correlations with destructive tests than the ToF method. Therefore, it
proved more successful in determining wood quality. However, the ToF method may
be preferred for short sample lengths and for in-situ applications (e.g., evaluating
structural elements in a wooden building or bridge). It is thought that screw
withdrawal tests alone are not sufficient to understand material quality and can be
used in integration with other non-destructive methods.

According to the destructive test results, the highest strength values were found in
flatwise bending, edgewise bending, and tensile tests, respectively. The order of
elastic modulus values was the opposite. Tensile strength was found to be more
affected by defects than bending strength. Furthermore, there was a significant
decrease in strength as the knot diameter ratio increased. When adjustment from
global to local modulus of elasticity, lower values were obtained for modulus of
elasticity below 9,000 MPa. Therefore, Class 2 and Class 3 materials were assigned
to lower strength classes despite having high strength values. It is believed that higher
strength classes can be achieved for visual and machine strength grading by opting
for local tests.

Tensile and bending characteristic values were calculated for three different visual
grading methods and for each visual class. For all methods, it was determined that as
the visual class deteriorates, the strength classes decrease. Although tensile tests yield
higher strength classes than bending tests based on strength and stiffness
characteristic values, when all parameters are evaluated, it was determined that
similar strength classes are obtained in tensile and bending tests. In this context,
flatwise bending can be considered as an alternative to tensile and edgewise tests
when determining strength classes, as they require a smaller sample size.
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