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Research paper

Effect of the Grain Direction on Acoustical, Vibrational, and
Mechanical Properties of Laminated Veneer Lumber

Chih-Hsien Lin”  San-Hsien Tu”  Cheng-Jung Lin"  Te-Hsin Yang™”

[ Summary ]

The objectives of this study were to evaluate the mechanical properties of laminated veneer
lumber (LVL) with different grain angles by 3 non-destructive tests (NDTs). The grain angles of
LVL ranged from 0° to 90° at 15° intervals. The bending, compression, and shear strength of LVL
decreased by 50% when the grain angle respectively increased to 30°, 45°, and 60°. The constant
of Hankinson’s formula was 2.58 for LVL, calculated with bending properties by the 3 non-de-
structive methods. The predictive accuracy calculated by Hankinson’s formula and plate vibration
testing was higher compared to the modulus of elasticity of different grain angles (MOE; with an
R’ value of 0.97) and was close to the experimental results.

Key words: non-destructive method, laminated veneer lumber, direction of grain angle, plate vibra-
tion testing, Hankinson formula.
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Location of accelerometer

NI modulus \

(2,0) 0,2)

Fig. 1. Diagram of suitable grids on the surface of laminated veneer lumber (LVL) by 100 x 100
mm, an accelerometer placed (black point) on the LVL bottom surface, and 3 main plate vibration

mode shapes by the plate vibration test method.

Fig. 2. Bending specimens of laminated veneer lumber (LVL) according to the grain

angle on the surface.
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Fig. 3. Compression test specimen of
laminated veneer lumber (LVL).

Fig. 4. Shear test specimen of laminated
veneer lumber (LVL).
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Table 1. Three vibration mode frequencies of laminated veneer lumber (LVL) by plate vibrational
testing (PVT)

. DMOEy, DMOEvy,
Thickness (1,1 0,2) 2,0
(GPa) (GPa)
12 mm 48 Hz (2.56) 45 Hz (3.56) 155 Hz (1.79) 9.78 (4.74) 0.84 (7.35)
18 mm 71 Hz (1.84) 63 Hz (2.67) 206 Hz (4.15) 7.11 (10.37) 0.65 (6.74)
28 mm 98 Hz (1.86) 86 Hz (3.10) 332 Hz (3.11) 7.49 (8.19) 0.49 (6.58)

Values in parentheses are coefficients of variation (%).
DMOEYy, dynamic modulus of elasticity by plate vibration testing at 0° (DMOEv,) and 90° (DMOEv,,).

Table 2. The ultrasonic surface velocity (Vs) of laminated veneer lumber (LVL) with
different grain angles

Thickness
Angle 12 mm 18 mm 28 mm

V, Vo/ Ve  d% V, Vo/ Ve  d% V Vo / Vg d%
0°  4582(2.27) 4.36(5.92) 4288 (3.69) 4.30 (5.74) 4347 (3.46)  4.80(7.32)
15 3760 (431) 3.58(6.16) 18 3501(4.99) 3.51(5.65) 18 3275(11.63) 3.61(13.36) 25
30°  2635(5.01) 2.51(6.35) 42  2363(7.68) 237(7.29) 45 2077(11.24) 2.29(10.93) 52
45° 1874 (7.03) 1.79(6.58) 59 1687 (6.66) 1.69(7.31) 61  1314(8.79) 1.45(7.45) 70
60°  1471(7.08) 1.40(7.17) 68 1319(9.18) 1.32(9.40) 69  1037(7.93) 1.14 (8.17) 76
75°  1251(6.66) 1.19(6.55) 73  1121(6.41) 1.12(5.90) 74 971 (9.27) 1.07(7.19) 78
90°  1051(6.02) 1.00(0.00) 77 999 (3.81) 1.00(0.00) 77 910 (6.28) 1.00 (0.00) 79

Values in parentheses are coefficients of variation (%).
The d (%) is the decreasing rate of different grain angles ultrasonic surface velocity (V) for longitudinal ultra-
sonic surface velocity (V).
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Table 3. Ultrasonic velocity of bending sample (Vb) of laminated veneer lumber (LVL) with
different grain angles

Thickness
Angle 12 mm 18 mm 28 mm

V, Vo/ Vo d% V, Vo/ Vo d% Vo Vy Vg d%
0° 4689 (3.19) 3.83(3.71) 4420 (4.05)  3.69 (4.77) 4696 (3.86)  4.21(5.73)
15° 3927(4.85) 3.20(3.92) 16 3770(4.71) 3.15(5.59) 15 3902 (4.15) 3.51 (6.21) 16
30° 2766 (4.91) 226(3.47) 41 2661(3.82) 223(4.82) 40 2665(3.51) 2.39(559) 43
45° 2008 (4.74) 1.64(3.47) 57 1944(3.12) 1.62(4.88) 56 1899(3.86) 1.70(5.87) 60
60° 1591 (4.44) 130(3.29) 66 1561 (3.45) 1.30(3.52) 65 1477(5.10) 1.33(6.07) 68
75°  1355(3.70) 1.10(2.18) 71 1337(3.36) 1.12(4.77) 70 1233(3.12) 1.11(3.55) 74
90° 1226 (2.46) 1.00(0.00) 74 1197 (4.11) 1.00(0.00) 73 1116(3.57) 1/00(0.00) 76

Values in parentheses are coefficients of variation (%).
The d (%) is the decreasing rate of different grain angles ultrasonic bending velocity (V) for longitudinal ultrasonic
bending velocity (V).

Table 4. Correlations among surface velocity (Vs), bending velocity (Vb), surface dynamic
modulus of elasticity by ultrasonic wave test (DMOEus), bending dynamic modulus of
elasticity by ultrasonic wave test (DMOEub), MOE, and modulus of rupture (MOR) values
analyzed by the linear regression formula (Y = ax + b) for laminated veneer lumber (LVL)

y X a b R F value
Vb Vs 0.99 293.00 0.97 12,373%*%*
MOE DMOEus 0.76 0.30 0.95 7077***
MOE DMOEub 0.71 0.01 0.97 12,419%**
MOR MOE 7.79 0.93 0.92 1579%**

w55 p < 0,001,
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Table 5. Mechanical properties of laminated veneer lumber (LVL) with different grain angles

Thicknessv Grain angle (°)
(mm) 0 15 30 45 60 75 90
MOE 8.48° 6.61° 3.19° 1.66° 0.92° 0.92¢ 0.43"
(GPa) (GPa) (11.30) (8.99) (9.53) (11.31) 9.97) (9.84)
MOR 76.38" 59.57° 26.20° 12.76° 7.59¢ 5.56° 471°
0 (MPa)  (11.44) (12.38) (1438)  (17.25) (13.69) (14.12) (18.54)
Cs 29.93" 25.52° 17.70° 13.01¢ 9.45¢ 8.50° 7.96°
(MPa) (8.04) 9.20) (6.30) (11.92) (7.40) (16.39) (10.59)
Ss 6.23" 5.54% 5.62° 4.4 3.49° 3.11¢ 2.92°
(MPa)  (20.81) (12.62) (1827)  (30.60) (24.46) (24.29) (13.19)
MOE 6.28" 5.13° 261° 1.29° 0.79° 0.52¢ 0.41°
(GPa)  (14.99) (10.06) (8.82) (12.81) (14.04) (11.77) (22.21)
MOR 48.20" 37.72° 17.51° 8.81¢ 5.89% 431° (17.53)
8 (MPa)  (13.43) (21.55) (21.08)  (21.17) (21.50) (29.00) (17.53)
Cs 31.57° 24.59° 17.09° 13.19¢ 10.13° 8.24° 7.69°
(MPa) (8.90) 9.95) (6.79) (13.11) (10.05) (9.96) (16.03)
Ss 7.90" 7.99* 6.44° 5.70% 429 3.26° 3.05¢
(MPa)  (16.13) (15.74) (17.58)  (18.66) (17.04) (17.72) (22.46)
MOE 7.28" 5.29° 2.40° 1.10° 0.67° 0.45¢ 0.33°
(GPa) 9.92) (9.80) (8.91) (9.33) 9.71) (15.61) (10.12)
MOR 44.69* 29.45 11.63¢ 5.26° 3.65¢ 2.85¢ 2.69°
- (MPa)  (17.60) (14.01) (12.94)  (18.58) (17.27) (16.22) (17.76)
Cs 34.29° 24.60° 15.06° 12.02¢ 9.91% 8.46° 7.21°
(MPa)  (12.01) (10.14) (11.41)  (12.76) (6.13) (7.99) (13.32)
Ss 6.62" 6.23% 6.39" 4.93™ 448" 3.11° 3.17¢
(MPa)  (22.06) (20.78) (24.25)  (21.94) (34.98) (17.26) (18.26)

Values in parentheses are coefficients of variation (%).

Different letters (a~f) in a given row indicate a significant difference at the 0.05 level by Tukey’s test and an ANOVA.

MOE, modulus of elasticity; MOR, modulus of rupture; Cs, compression strength; Ss, shear strength.




SR 37(2): 85-98, 2022

& > PUIE T B2 E (MO E R 6 35 AT 1y 5y
IOk - G FURRAIEY SR A ANO VAR

60° ~ 75°H190° & 58 LI SRS 2 72 3R -

MREEHDERECZEH B
B 0T I0°K » =fEELVLZMOEH
MORZIEEFRKR0% » {5 A AE90°.2 J1E
5 (Q) B RTR fH 002 J1 5258 5 (P) LU LLAE(Q/P
EDEUR » KEMEZQ/P{H]0.2050.05 » Q/
P{E 8/ NAIMOE S AR ER £ 5 (2 5 B8 K (Forest
Products Laboratory 2010) » KRXELVLEE
12 ~ 18F128 mmZQ/P{H 43 A }0.050 ~ 0.065F1
0.045 » =FHERELVLZ Q/P{EAENT » BURAH
AERIMHLVLARRI S - FURGRERIET )]
ST 0 ERCR R A =R LVLAT
R FE BB T - FEANO VA% L B[R] '
R E S AT A SRR SRR DR A B 2 A
JE B M iR m S - HZ A FE AT A
URR O 5 BB 5 A M R R R % -

Kawahara et al. (2015)Z 5 ARE /A R AR
M BRWEZZE M RARBEAEZ
MOE k10 GPa » KB A 90°2 MOEHI N
$50.9 GPa » ERBLARGER30°0F » 5REHEK
GifEFF—%E © Wang and Weng (1996)3{5a A
£ LR DR B A SRR R A Ry 450
DA R 2 AR BiIeR i B I 8% 72 5 Gupta and
Sinha (2012)£R5 AEH £ 5 35 51 50 1 12 A SR A
A RELAEE OB T 2290°. 2 B Jy o 4E 2L 3R
F565.2% » HA KRB ME30°E60° 2 HERE
29% » AREEC LVLE ST by g —ryph K
DY 35 B A Y T A - KB
FEE0° 30 M LVL.Z MOEZ B i Ry BB » H188
BN AR A E30°0F - BAFRERS0%LLE ;
LR 58 B T BT 7 58 E 4 1 Ry R BH A 2 45°F160°
DUEIE » BERZEFS0% L -

= JEREEEA B M B BT M T (E
HEaE
BEMWE IRV R E R A E A R
ZHRERHEERHER A 205 > HhilEE
i Ry T LA 25 JE Rl AR 7 20(Wang et

93

al. 2008, Yang et al. 2008, Ettelaei et al. 2019) »
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Fig. 5. Overestimated value of the modulus of elasticity (MOE) by the surface ultrasonic dynamic
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Fig. 6. Overestimated value of the modulus of elasticity (MOE) by the bending ultrasonic dynamic
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Table 6. Bending properties by the non-destructive test and bending test
Thickness DMOE, (GPa) DMOE,, (GPa)
MOE // (GPa) MOE, (GPa)
(mm) v us us ub
9.78 10.79 11.63 8.48 0.84 0.57 0.77 0.43
(4.62)  (528)  (6.57) (10.87) (7.17)  (1233) (5.0 (9.84)
7.11 8.97 9.83 6.28 0.65 0.49 0.72 0.41
(10.11)  (8.10)  (8.79) (14.99) 636) (815  (13.20) (22.21)
7.49 8.82 10.95 7.28 0.49 0.39 0.61 0.33
(895  (8.73)  (10.45) (9.92) (6.61)  (1238)  (8.53) (10.12)

Values in parentheses are coefficients of variation (%).

DMOEv is the dynamic modulus of elasticity by plate vibration testing (V).

DMOEUus is the DMOE by ultrasonic wave testing (us) of the laminated veneer lumber (LVL) surface.
DMOEub is the DMOE by ultrasonic wave testing of LVL bending (ub) sample.

MOE // is the longitudinal modulus of elasticity by a static test.

MOE L is the transverse modulus of elasticity by a static test.

Table 7. The n value of Hankinson’s formula by non-destructive testing (NDT) and bending test

NDT

Thickness MOE
Vs Vb DMOEus DMOEub

12 mm 2.11 2.02 222 2.51 3.04

18 mm 2.02 2.05 2.19 2.52 3.06

28 mm 1.83 2.11 2.30 2.72 297

Vs, surface; Vb, bending velocity; DMOEus, DMOE by ultrasonic wave testing of the laminated veneer lumber (LVL)
surface; DMOEub, DMOE by ultrasonic wave testing of LVL bending sample; MOE, modulus of elasticity.
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Fig. 7. Relationship between Hankinson’s formula and the grain angle (thickness 12 mm
laminated veneer lumber (LVL)). The modulus of elasticity (MOE) and bending ultrasonic
dynamic MOE (DMOEub) (GPa) are experimental values; nDMOEus, nDMOEub, nMOE and
nRef are predicted values by Hankinson’s formula.
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Fig. 8. Relationship between Hankinson’s formula and the grain angle (thickness 18 mm of
laminated veneer lumber (LVL)). The modulus of elasticity (MOE) and bending ultrasonic
dynamic MOE (DMOEub) (GPa) are experimental values; nDMOEus, nDMOEub, nMOE and
nRef are predicted values by Hankinson’s formula.
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Fig. 9. Relationship between Hankinson’s formula and the grain angle (thickness 28 mm of
laminated veneer lumber (LVL)). The modulus of elasticity (MOE) and bending ultrasonic
dynamic MOE (DMOEub) (GPa) are experimental values; nDMOEus, nDMOEub, nMOE and
nRef are predicted values by Hankinson’s formula.
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Fig. 10. Relationship between the dynamic modulus of elasticity (DMOE) (n = 2.58) and
MOE. (p <0.001)

S OEANE - AT 3] A 52k
(DMOE) SR LB FHE I (MOE) ELA AR

M AR TN E B B E Sk R - A Brown HP, Panshin AJ, Forsaith CC. 1952.
PPV THEST 58 22 JERIE MRS - BL G S Textbook of wood technology Vol 1. p.127-54.
AT B LVLIE R S8 i I i M B 7 Chen BJ, Wang SY. 1999. The relationship

B B E I E AR M BT - BB R8s 0.97 - between the degree of flake alignment and




98 MEEE

sound velocity of China fir OSB. For Prod Ind
18(3):269-78. [in Chinese].

Cho CL. 2000a. Vibrational properties of ori-
ented strand board. Q J Chin For 33(4):549-58.
[in Chinese].

Cho CL. 2000b. Measurement of modulus of
elasticity and shear modulus of structural lum-
ber using complex vibration method. For Prod
Ind 29(4):227-36. [in Chinese].

CNS 2013. Chinese National Standards (CNS)
CNS 453 (2013) Wood—Determination of com-
pression properties. Bureau of Standards. Tai-
pei, Taiwan: Bureau of Standards, Metrology
and Inspection (BSMI), Ministry of Economic
Affairs, R.O.C.

CNS 2013. Chinese National Standards (CNS)
CNS 454 (2013) Wood—Determination of static
bending properties. Bureau of Standards. Tai-
pei, Taiwan: Bureau of Standards, Metrology
and Inspection (BSMI), Ministry of Economic
Affairs, R.O.C.

CNS 2013. Chinese National Standards (CNS)
CNS 455 (2013) Wood—Determination of
ultimate shearing stress parallel to grain. Bu-
reau of Standards. Taipei, Taiwan: Bureau of
Standards, Metrology and Inspection (BSMI),
Ministry of Economic Affairs, R.O.C.

Ettelaei A, Layeghi M, Zarea Hossenabadi
H, Ebrahimi G. 2019. Prediction of modulus
of elasticity of poplar wood using ultrasonic
technique by applying empirical correction
factors. Measurement 135:392-9.

Fathi H, Nasir V, Kazemirad S. 2020. Pre-
diction of the mechanical properties of wood
using guided wave propagation and machine
learning. Construct Build Mater 262:120848.
Forest Products Laboratory. 2010. Wood
handbook—Wood as an engineering material.
Gen. Tech. Rep. FPL-GTR-190. Madison, WI:
US Department of Agriculture, Forest Service,

— AR A RGN B RS SREEE

Forest Products Laboratory. Chapter 5. p 1-46.
Gupta R, Sinha A. 2012. Effect of grain angle
on shear strength of Douglas-fir wood. Holz-
forschung 66:655-8.

Hankinson RL. 1921. Investigation of crush-
ing strength of spruce at varying angles of
grain. Air Force Inform Circ 3:259.

Holmberg H. 2000. Influence of grain angle
on Brinell hardness of Scots pine (Pinus syl-
vestris L.). HolzalsRoh Werkstoff 58:91-5.
Huang YS, Chen SS. 1997. Effect of grain
angle and moisture content on acoustic proper-
ties of wood for musical instruments. Taiwan J
For Sci 12(3):355-61. [in Chinese].
Kawahara K, Ando K, Taniguchi Y. 2015.
Time dependence of Poisson’s effect in wood.
IV: influence of grain angle. J] Wood Sci
61:372-83.

Logsdon NB, Finger Z, Henrique de Jesus
JM. 2014. Influéncia do angulo entre a forca e
as fibras da madeira naresisténcia a tragdo. Adv
For Sci Cuiaba 1(3):95-100.

Wang SY, Weng LH. 1996. Effects of grain
angle on the compressive strength, hardness
and sandblasting properties of five wood
species. For Prod Ind 15(4):547-73. [in
Chinese].

Wang SY, Chen JH, Tsai MJ, Lin CJ, Yang
TH. 2008. Grading of softwood lumber using
non-destructive techniques. J] Mater Process
Technol 208(1):149-58.

Yang TH, Chen BJ, Wang SY. 2002. Proper-
ties of light weight oriented strand board made
from PF-resin impregnated flakes. For Prod
Ind 21(1):39-50. [in Chinese].

Yang TH, Wang SY, Lin CJ, Tsai MJ. 2008.
Evaluation of the mechanical properties of
Douglas-fir and Japanese cedar lumber and its
structural glulam by nondestructive techniques.
Construct Build Mater 22:487-93.




