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Abstract: This study determined the Hankinson’s formula coefficient n for red pine (Pinus densiflora) using 
the indirect elastic wave transmission test under varying moisture contents (12%, 15%, and 18%). Hankinson’s 
formula is a mathematical relationship used to predict the mechanical properties of wood at any angle relative 
to the grain. With information on the elastic wave transmission speed parallel (P, 0°) and perpendicular (Q, 90°) 
to the fiber direction, the wave transmission speed at intermediate angles can be predicted using Hankinson’s 
formula. A visually defect-free 81- to 90-year red pine board (400 × 400 × 50 mm) was selected as the test 
specimen. The moisture content of specimens was adjusted to 12%, 15%, and 18%. Coefficient n of Hankinson’s 
formula, was calculated by taking measurements were taken at grain angles of 0°, 15°, 30°, 45°, 60°, 75°, and 
90° using both ultrasonic and stress waves by the indirect transmission method.
The coefficients (n) obtained from ultrasonic wave measurements were 2.0, 1.9, and 1.9 at 12%, 15%, and 18% 
moisture contents, respectively. The values determined from stress wave measurements were 1.7, 1.7, and 1.6 
at the same moisture contents, respectively. These results indicate that the transmission path of elastic waves in 
red pine can be effectively modeled using the coefficient n from Hankinson’s formula, which varies with moisture 
content. This suggests the potential applicability of the formula in evaluating internal defects or decay in wood 
through quantitative wave-based analysis.
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Introduction
Wood is an organic material that varies in moisture content 
based on the surrounding environment. High moisture wood 
contents favor insect and fungal attack. Insect activity within 
the wood causes structural damage that is often hidden from 
view and may not be detected until significant destruction 

has occurred (Verbist et al. 2019). This reduces the strength 
of wooden structural members, leading to overall damage 
in wooden buildings (Ghaly and Edwards 2011; Wang et al. 
2018). Damage caused by termites is increasing due to climate 
change (Buczkowski and Bertelsmeier 2017; Lee et al. 2021).

The carbon emission reduction benefits of wooden structures 
for carbon neutrality increase with long-term use of wood 
(Churkina et al. 2020; Starzyk et al. 2024). To ensure the long-
term use of wooden structures, it is essential to evaluate the 
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strength of structural members. Strength evaluation methods 
are divided into destructive and nondestructive techniques. 
Destructive testing damages the material and can render it 
unsuitable for prolonging building life (Shabani et al. 2020). 
In contrast, nondestructive methods can predict strength with-
out damaging the material, making them ideal for preserving 
wooden structures, cultural heritage sites, or for safety evalu-
ations of existing buildings (Riggio et al. 2014).

Therefore, to extend the lifespan of wooden structures, nonde-
structive evaluation methods should be applied. Additionally, 
safety assessment protocols based on the degree of deterioration 
need to be established.

Various nondestructive testing methods for wooden structures 
have relied on experience, such as craftsmen’s intuitive judg-
ment, visual inspection, and tapping tests that diagnose through 
the sound produced by tapping wood (Azzi et al. 2025). Such 
empirical diagnoses lack accuracy and consistency, and thus 
lack a scientific basis for safety assessment of wooden struc-
tures (Kim et al. 2003). Therefore, a quantitative evaluation 
method using nondestructive testing is needed.

Currently, the most commonly used nondestructive testing 
methods include drilling resistance tests, X-rays, and elastic 
wave nondestructive tests (Ondrejka et al. 2020). Among these, 
nondestructive tests using elastic waves are advantageous for 
field application because the test process is fast and simple 
(Zielińska and Rucka 2021). This method measures the time 
of flight (ToF) for elastic waves to penetrate the interior of a 
member and calculates the transmission speed to detect decay 
and defects. The transmission speed of elastic waves is affected 
by the moisture content in the wood. As wood moisture content 
increases, the stiffness decreases (Kretschmann 2010), and 
the transmission speed of elastic waves slows (Montero et al. 
2015; Yang et al. 2015).

Many studies have been conducted to detect internal decay 
using elastic nondestructive testing (Niederleithinger and 
Vössing 2018). However, most studies have been conducted 
using the direct measurement method, where transducers are 
placed face to face and measured. Since this direct measure-
ment method is difficult to apply when the opposite side of 
the wood used in a wooden structure is not exposed, research 
on the indirect method, where the transducers are placed side 
by side and measured, is necessary.

The propagation of elastic waves through wood follows the 
fastest path between the transmitter and receiver (Figure 1, 
Path A). When decay or defects are present, the elastic waves 
detour around the cavity and travel along the fastest available 

path (Figure 1, Path B). As the waves travel around the cavity 
perimeter, the transmission distance becomes longer than in 
intact wood, resulting in a relatively lower measured velocity 
(Du et al. 2018; Pahnabi et al. 2024). During this detour, the 
elastic waves travel at various angles relative to the fiber di-
rection. If the transmission velocity at different angles of fiber 
direction is known, the wave propagation path can be predicted.

Hankinson’s formula (Eq. 1) provides a mathematical relation-
ship to predict compressive strength when a load is applied at 
an angle between the parallel direction and the perpendicular-
to-the-fiber direction in wood. The formula can predict both 
the strength and the elastic wave velocity according to the fiber 
orientation angle (Afoutou et al. 2024; Kabir 2001). In this 
equation, the coefficient n represents the degree of anisotropy. 
For isotropic materials, n equals 1, and it increases as anisotropy 
increases. For wood, n must be determined experimentally 
and typically ranges between 1.5 and 2.5, depending on the 
tree species (Bachtiar et al. 2017; Mascia et al. 2011; Senalik 
and Farber 2021).

where, N is the predicted elastic wave propagation velocity, 
P is the wave velocity along the fiber direction (0°), Q is the 
wave velocity perpendicular to the fiber direction (90°), and 
θ is the angle of fiber direction. 

Red pine (Pinus densiflora) has traditionally been used as 
beams and roof structures in Korean cultural heritage build-
ings, highlighting its historical and structural relevance. There 
is currently no established Hankinson’s formula coefficient for 
red pine. To enhance measurement accuracy under varying 
field moisture conditions, coefficients were determined for 
moisture levels of 12%, 15%, and 18%.

Materials and methods
Materials

Specimen preparation 
Test specimens were prepared by selecting defect-free sec-
tions from 81- to 90-year-old pine boards grown in Bonghwa, 
Gyeongbuk. A total of 15 specimens of 400 × 50 × 400 mm 
(longitudinal × radial × tangential) were produced. The specific 
gravity of the specimens was 0.50 ± 0.01.

Moisture content control
A thermo-hygrostat (Daihan Labtech, LTH-2250C, Namyangju-
si, Korea) was used to control the moisture content of the test 
specimens. To achieve the target moisture contents of 12%, 

[1]𝑁𝑁 = 𝑃𝑃 × 𝑄𝑄
𝑃𝑃 × sin𝑛𝑛(𝜃𝜃) + 𝑄𝑄 × cos𝑛𝑛(𝜃𝜃) 
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15%, and 18%, the temperature and relative humidity were set 
according to the values shown in Table 1 (Kang et al. 2008). 
The same 15 specimens were used to measure response at 
each moisture content. The specimens were stored under these 
controlled conditions until their masses stabilized.

Methods
Measurement angles of fiber direction 

To determine the coefficient for Hankinson’s formula, mea-
surements were taken on the wide face at seven angles spaced 
at 15° intervals from 0° to 90°. The measurement paths, each 
300 mm in length, were marked as shown in Figure 2. Here, 
the fiber direction was defined as 0°, and the direction per-
pendicular to the fibers was defined as 90°. Prior to testing, 
all specimens were visually inspected to ensure that the 0° 
direction was fully aligned with the fiber direction. 

Indirect elastic wave measurement method 
Elastic wave transmission velocity is calculated by dividing 
the distance by the time of flight between the transmitter and 
receiver (Huan et al. 2018; Liang et al. 2010; Wang et al. 2001). 
Ultrasonic and stress wave measurements were conducted 
by the indirect method, in which the transmitter and receiver 
were placed side by side on the surface, as shown in Figure 2 
(Nowak et al. 2019). Transmission velocity was measured 
30 times for each angle, yielding a total of 210 data sets per 
specimen. The origin was set at the point where all the angles 
converge, with the transmitter fixed at this origin and the re-
ceiver positioned at the endpoint corresponding to each angle. 
The transmitter remained stationary when changing angles, 
and only the receiver was moved.

Ultrasonic measurement method. 
The ultrasonic transmission speed was measured using Pundit 
Lab equipment (Proceq, Pundit Lab, Switzerland) (Figure 3). 
The frequency of the ultrasonic transmission speed measure-
ment was fixed at 54 kHz (Bucur and Feeney 1992; Espinosa 
et al. 2019; Tanasoiu et al. 2002).

The contact surfaces of the measuring terminals were circular 
with a diameter of 50 mm, and the measurement distance was 
taken between the centers of the transmitter and receiver. To 
ensure accurate measurements, ultrasonic couplant (SLTECH, 
ULTRASONIC COUPLANT, Korea) was applied to the ter-
minals before testing (Fang et al. 2017).

Stress wave measurement method 
The stress wave transmission speed was measured using a 
Micro Hammer device (iML, Micro Hammer, Germany) 

Table 1. Temperature and relative humidity conditions used to achieve 
target moisture contents.

Temperature Relative Humidity

Target Moisture 
Content

12% 20℃ 65%

15% 20℃ 77%

18% 20℃ 85%

Figure 2. A schematic diagram of a specimen.

Figure 1. Changes in the path of acoustic wave transmission due to defects.
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(Figure 3). The measurement involves striking the transmit-
ter with a hammer connected to the device, generating a stress 
wave that is detected by the receiver. To account for variations 
in force and angle of striking, three measurements are taken 
and averaged. 

Stress wave transmission velocity was measured by inserting 
the transmitter and receiver screws into the specimen. The 
insertion depth was set to 40 mm to ensure the screws were 
securely fixed and stable during the impact (Wang 1999).

Data processing
A total of 450 data sets per angle were collected from 15 red 
pine specimens with 30 repetitions each. Since the calculation 
of coefficient n using the Root Mean Square Error (RMSE) 
method is highly sensitive to outliers, the data were statisti-
cally analyzed to identify and remove outliers, as illustrated 
in Figure 4 (Shcherbakov et al. 2013).

Outlier removal using IQR method 
The interquartile range (IQR) method identifies outliers based 
on the central 50% range of the data. The IQR is calculated by 
subtracting the lower 25th percentile (first quartile, Q1) from 
the upper 75th percentile (third quartile, Q3), representing the 
range of the middle 50% of the data. Values lying beyond 1.5 
times the IQR below Q1 or above Q3 are considered outliers, 
and in this study, it was chosen to remove them for increased 
reliability of the statistical analysis (Danasingh and Leavline 
2016). This outlier removal was applied to each set of 30 rep-
etitions, after which the average was calculated. In the case of 
ultrasonic wave measurements, 0 to 6 outliers were removed 
per set, whereas for stress wave measurements, 0 to 14 outliers 
were removed. These 15 mean values, each representing one 
specimen at a given angle, were then collectively subjected to 
a second round of IQR-based outlier detection. After removing 
outliers from this group, the final representative mean for each 
angle was calculated.

Calculating coefficient n using RMSE 
The predicted values were calculated by substituting the actual 
measured transmission velocities at 0° and 90°, with outliers 
removed, into Hankinson’s formula, where variables P and Q 
represent the velocities at 0° and 90°, respectively. The angle θ 
was set at 15° intervals and converted to radians based on the 
fiber orientation. The coefficient n was varied from 1.5 to 2.5 
in increments of 0.1, and the predicted transmission velocities 
for ultrasonic and stress waves were calculated accordingly.

To select the most appropriate coefficient n, the accuracy 
of each prediction model was evaluated against the actual 
measurements using the RMSE. RMSE is a useful statistical 
measure for assessing the precision of prediction models. The 

Figure 3. Examples of the ultrasonic wave (left) and stress wave (right) measuring devices on a test sample.

Figure 4. Data handling steps.



Wood and Fiber Science, January 2026, V. 58(1)28	

RMSE formula is provided in Equation 2. The n value with 
the smallest RMSE was selected as the optimal coefficient.

[2]

[3]

[4]

NRMSE value is to 0, the more closely the predicted values 
match the actual values, indicating higher prediction accuracy.

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = √1
𝑛𝑛∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖̂𝑖)2𝑛𝑛

𝑖𝑖=1   

𝑅𝑅2 = 1 −
∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖̂𝑖)2𝑛𝑛
𝐼𝐼=1

∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖̅𝑖)2𝑛𝑛
𝐼𝐼=1

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚−𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

  

where, n is the number of data points, 𝑦𝑖  is the measured value, 
and 𝑦𝑖̂  is the predicted value. 

Evaluating prediction model accuracy using R2 and NRMSE 

The coefficient of determination (R², Eq 3) measures how 
well a prediction model explains the actual observed data by 
comparing the residual sum of squares (SSE) to the total sum of 
squares (SST). Values closer to 1 indicate a higher explanatory 
power of the model, while values closer to 0 indicate lower 
explanatory power.

where, 𝑦i  is the measured value, 𝑦𝑖̂  is the predicted value, and 
𝑦𝑖̅  is the average of the measured values.

Normalized RMSE (NRMSE; Eq 4) is a metric that evaluates 
the relative accuracy of a model’s predictions by normalizing 
the RMSE value (Shcherbakov et al. 2013). The closer the 

Table 3. Average change in acoustic wave transfer velocity after outlier removal due to change in moisture content.

Average MC 0° 15° 30° 45° 60° 75° 90°

UW
12% 5293 4530 2898 1947 1579 1331 1258
15% 5123 4229 2597 1845 1544 1289 1233
18% 5070 4183 2761 1784 1443 1228 1222

SW
12% 2477 2072 1564 1249 1110 1018 993
15% 2414 2037 1489 1201 1071 976 960
18% 2374 1935 1435 1158 1023 941 933

Table 2. Effect of grain angle on ultrasonic wave and stress wave velocity of red pine at 12% to 18% moisture content.

Velocity(m/s)

MC Wave Type 0° 15° 30° 45° 60° 75° 90°

12%
UW

5293 4530 2898 1947 1579 1331 1258
[194] [374] [427] [454] [316] [309] [273]

SW
2477 2072 1564 1249 1110 1018 993
[135] [183] [164] [145] [159] [115] [69]

15%
UW

5123 4229 2597 1845 1544 1289 1233
[191] [400] [468] [457] [289] [309] [238]

SW
2414 2037 1489 1201 1071 976 960
[135] [165] [146] [147] [138] [105] [64]

18%
UW

5070 4183 2761 1784 1443 1228 1222
[272] [388] [255] [411] [307] [273] [223]

SW
2374 1935 1435 1158 1023 941 933
[76] [191] [150] [142] [147] [97] [79]

Values represent the mean of samples, while tables in brackets represent the standard deviation.

where, Xmax is the maximum value of the data, Xmin is the 
minimum value of the data.

Results and discussion
Average velocity of elastic waves under the moisture 
content variations 

Both ultrasonic and stress wave tests exhibited a consistent 
trend of decreasing average transmission velocity as the angle 
increased from 0° to 90° (Figures 5–7). The repeated observa-
tion of similar trends under various specimens and moisture 
conditions provides important evidence supporting the appli-
cability of the indirect measurement method for elastic wave 
nondestructive testing.

Calculating representative values by grain angle
Table 2 presents the averages and standard deviations of the 15 
specimens for each angle after outlier removal, under moisture 
contents of 12%, 15%, and 18%.

Table 3 shows the elastic wave transmission velocities of 
ultrasonic and stress waves according to changes in moisture 
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Figure 6. Effect of grain angle on transmission speed of ultrasonic waves (A) and stress waves (B) at 15% moisture content.

Figure 7. Effect of grain angle on transmission speed of ultrasonic waves (A) and stress waves (B) at 18% moisture content.

Figure 5. Effect of grain angle on transmission speed of ultrasonic waves (A) and stress waves (B) at 12% moisture content.

content and fiber orientation angle. Average transmission speed 
decreased as the angle increased from 0° to 90°. This behavior 
is attributed to the anisotropic nature of wood, where elastic 
waves propagate through cell walls. At 0°, fibers are long and 
most aligned, resulting in a relatively shorter transmission 
path. At 90°, the cell walls are densely arranged nearly perpen-
dicular to the wave path, creating a longer transmission path, 

increased transmission time, and thus lower speed (Espinosa 
et al. 2019; Li et al. 2021).

Comparison of predicted and measured values according 
to changes in coefficients of Hankinson’s formula 

The results comparing the predicted and measured values for 
different values of n are presented in Figures 8 to 10.
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Figure 8. Effect of coefficient n on transmission speed of ultrasonic waves (A) 
and stress waves (B) in wood at 12% moisture content.

Figure 9. Effect of coefficient n on transmission speed of ultrasonic waves (A) 
and stress waves (B) in wood at 15% moisture content.

Figure 10. Effect of coefficient n on transmission speed of ultrasonic waves (A) 
and stress waves (B) in wood at 18% moisture content.

Table 4. Effect of varying the coefficient n on RMSE in ultrasonic 
and stress wave analysis of red pine under different moisture content 
conditions. 

MC 12% MC 15% MC 18%

n UW SW UW SW UW SW

1.5 455.60 70.60 343.44 68.39 364.81 40.84

1.6 370.72 31.55 262.91 33.93 284.51 *11.39

1.7 287.10 *17.65 185.75 *28.29 206.22 40.06

1.8 205.81 53.41 117.76 59.56 132.71 77.57

1.9 129.99 92.48 *82.91 96.60 *76.56 115.34

2.0 *75.12 131.79 114.54 134.56 82.98 153.04

2.1 90.43 171.13 179.45 172.79 142.44 190.66

2.2 155.27 210.49 252.49 211.15 213.82 228.25

2.3 230.48 249.94 327.83 249.64 287.92 265.89

2.4 308.20 289.55 403.95 288.32 362.81 303.65

2.5 386.78 329.40 480.40 327.23 438.01 341.61

* The smallest value as a result of RMSE calculation. Adopt the corresponding coefficient n.

The measured ultrasonic and stress wave transmission velocities 
at moisture contents of 12%, 15%, and 18% are represented 
by v, while the predicted values corresponding to coefficient 
n varying from 1.5 to 2.5 are shown as thin solid lines.

Results of adopting coefficient n using RMSE 
Based on the predicted and measured values shown in Figures 
8 to 10, the RMSE was calculated to compare the errors of each 
prediction model as the coefficient n varied. The results are 
summarized in Table 4, and the coefficient n with the lowest 
RMSE was selected as the optimal value for each moisture 
content, ultrasonic wave, and stress wave.
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Figure 11. Effect of grain angle on stress wave and ultrasonic wave 
transmission speed when the coefficient calculation uses RMSE for wood at 
12% moisture content.

Figure 12. Effect of grain angle on stress wave and ultrasonic wave 
transmission speed when the coefficient calculation uses RMSE for wood at 
15% moisture content.

Figure 13. Effect of grain angle on stress wave and ultrasonic wave transmission 
speed when the coefficient calculation uses RMSE for wood at 18% moisture 
content.

The values marked with * in Table 4 indicate the cases where 
the RMSE between the predicted and measured values was 
the smallest. The corresponding coefficient n was adopted as 
the optimal value for each condition. For moisture contents 
of 12%, 15%, and 18%, the optimal n values were 2.0, 1.9, 
and 1.9 for ultrasonic waves, and 1.7, 1.7, and 1.6 for stress 
waves, respectively.

Results of evaluating the accuracy of the prediction 
model using R2 and NRMSE 

As moisture content increased, both wave types showed de-
creasing transmission velocities and lower n values, indicating 
a reduction in anisotropy within the wood.

By substituting the optimal coefficient n, Hankinson’s for-
mula for red pine was established for each moisture content 
condition (12%, 15%, and 18%). The predicted and measured 
values for each angle based on this formula are presented in 
Figures 11 to 13.

The coefficients of determination (R²) were all very close to 
1, indicating that the prediction model based on the adopted 
coefficient n explains the actual values very well. Additionally, 
the NRMSE results for ultrasonic and stress waves under the 
same conditions are presented in Table 5. In all cases, the 
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Table 5. Predictive model accuracy evaluation results using NRMSE.

MC n NRMSE

12%
UW 2.0 0.0186

SW 1.7 0.0120

15%
UW 1.9 0.0213

SW 1.7 0.0199

18%
UW 1.9 0.0199

SW 1.6 0.0081

NRMSE values ranged between 0 and 0.1, confirming that the 
completed Hankinson’s formula had high prediction accuracy.

As shown in Table 5, the coefficient n gradually decreases 
with increasing moisture content. This occurs because higher 
moisture content enhances the viscoelastic effects within 
the wood, leading to a more uniform mechanical stiffness as 
moisture penetrates the cell structure (Eitelberger et al. 2012).

These changes reduce the anisotropy of the wood, which 
consequently lessens the variation in elastic wave propagation 
velocity with angle. This effect is reflected as a flatter slope 
in the angle-velocity graphs shown in Figures 14 and 15. 
Therefore, this reduction in anisotropy caused the coefficient 
n in Hankinson’s formula to decrease.

Determining the effect of function ratio on elastic wave 
propagation speed 

Ultrasonic waves consistently exhibited higher transmission 
velocities than stress waves, which is consistent with the find-
ings of Chuang and Wang (2001). This trend was observed 
across most moisture content conditions and specimens, provid-
ing experimental support for the applicability of Hankinson’s 
formula.

Figure 14 shows the change in transmission speed according 
to varying moisture content for ultrasonic waves, while Figure 
15 illustrates the change in transmission speed for stress waves 
under different moisture content levels.

As the moisture content of the specimen increased from 12% 
to 18%, the elastic wave propagation velocity showed an 
overall decreasing trend, with a reduction of approximately 
3% to 10% at each angle, as shown in Figure 16.

Generally, the propagation velocity of elastic waves increases 
when the increase in elastic modulus outweighs the increase 
in density. However, below the fiber saturation point, as the 
moisture content increases, density increases while the elastic 
modulus decreases, resulting in a decrease in elastic wave 
velocity (Liu et al. 2014; Montero et al. 2015).

Figure 14. Effect of wood moisture content on ultrasonic wave transmission 
speed measured at different grain angles, including comparison between 
measured and predicted values.

Figure 15. Effect of wood moisture content on stress wave transmission speed 
measured at different grain angles, including comparison between measured 
and predicted values.

Figure 16. Effect of grain angle and wood moisture content on the velocities of 
ultrasonic and stress waves in red pine.

Conclusions
As moisture content increased, elastic wave velocity decreased, 
with ultrasonic waves consistently exhibiting higher velocities 
than stress waves. The optimal coefficient n in Hankinson’s 
formula was identified for each moisture level, allowing for 
the development of a predictive model specific to red pine. 
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While stress wave velocities were much lower than ultrasonic 
wave velocities, Hankinson’s formula effectively predicted 
both types of velocities across a range of grain angles and 
varying moisture conditions. These findings support the ap-
plicability of the formula in nondestructive testing (NDT) 
for evaluating wave propagation in moisture-affected wood. 
The methodology presented in this study may be repeatable 
with other wood species, suggesting broader applicability of 
Hankinson’s formula in the field of NDT.
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