PEER-REVIEWED ARTICLE b | oresources.com

Quality Assessment of Scarf Joints Considering the
Acoustic Parameters: A Nondestructive Approach

Ali Yavari @* and Mehran Roohnia ?

The present research studied the acoustic properties of 40 oak timber
samples (Quercus castaneifolia): the acoustic coefficient (K) and acoustic
conversion efficiency (ACE) in free vibration mode, using the free-free bar
method with different planes of vibration, i.e., tangential (LT) and radial
(LR). These acoustic parameters were considered for both primary virgin
wooden beams and modified beams carrying a single scarf joint in four
different bonding angles (60°, 65°, 70°, and 75°), individually glued with
two different adhesives (isocyanate and polyvinyl acetate). Comparing the
acoustic properties of primary solid beams with scarf jointed beams of oak
wood in LT and LR planes, the steeper joint angles of 70° and 75° did not
result in any serious changes with polyvinyl acetate adhesive. Scarf-
jointed beams with smaller joint angles (60° and 65°) had significant effect
on the acoustic properties relative to larger angles. Thus, beams having
larger joint angles and beams glued using polyvinyl acetate may have
enhanced acoustic properties.
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INTRODUCTION

Various joints are used in places where acoustical properties are considered high
priorities (theaters, cinemas, and wood product industries). Hence, perceiving the necessity
of applying joints, several studies have been performed in recent years to shed light on
some important factors: joints geometry and configuration (Roohnia et al. 2012); the
influence of commonly used adhesives (Hemmasi et al. 2014), considering the advantages
of nondestructive methods such as accuracy, portability, in-situ assessment capabilities,
and desirable correlation coefficient of static and dynamic young modulus, (Divos and
Tanaka 2005; Biechele et al. 2010 ) resulting in increased life span of wood products and
quality assurance.

Considering the importance of acoustical properties of scarf joints, numerous
research studies have been completed and significant progress has been made (Deng et al.
2014; Roohnia et al. 2014). Herak et al. (2009) studied the mechanical properties of scarf
joints and evaluated the influence of joint slope on the mechanical properties and found
that scarves of 60° and 75° were the most efficient slopes for joints of spruce wood.

Atar et al. (2008) studied the influence of polyvinyl acetate (PVACc) on different
joint types and found that the highest shear strength occurred with a 78° joint glued with
polyvinyl acetate. In a similar study, tensile strength of wooden furniture with numerous
adhesives and different joint angles was studied, indicating that European oak with PVAc
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glue and a joint angle of 84° had the highest tensile strength (Atar et al. 2010). Several
cutting angles (in a range of 90° to 180°) were investigated regarding the influence of joint
angle on mechanical properties of wood, and a 170° cutting angle was found to be the most
reliable using PVAc (Karastergiou and Ntalos 2005). The effect of joint angles on
mechanical properties of wood has been evaluated by other studies. Roohnia et al. (2014)
studied the elastic modulus in the acoustic properties of scarf-jointed wooden beams with
different cutting angles (60°, 65°, 70°, and 75°); the best performance of studied joints was
detected at 75° scarf joints.

Similar studies have been done on the effect of finger length on mechanical
properties of joints. Hemassi et al. (2014) studied the mechanical and acoustical properties
of finger-jointed beams (glued with PVAc and isocyanate adhesives), demonstrating that
joints glued with PVAc showed higher mechanical and acoustical properties and
concluding that longer finger lengths had higher levels of acoustic and mechanical
properties such as MOE, acoustic coefficient (K), and acoustic conversion efficiency
(ACE). In another study, the influence of finger length (glued with PVVAc) on the bending
strength of finger-jointed treated and untreated beech wood was studied by Vassilious et
al. (2009), showing that longer finger lengths improved the mechanical properties (e.g., the
modulus of rupture (MOR)), and demonstrating that steam-treated samples had a higher
modulus of elasticity (MOE) compared to un-steamed samples.

Acoustical performance of the joints and impact of commonly used adhesives on
acoustical properties of wood products is of great importance for amphitheaters and
soundboard producers; hence, taking into account the previous research findings on
vibration based methods (as NDT methods), these factors have been considered, and
concerns over quality control have been dealt with.

Method

Oak logs (Quercus castaneifolia) were obtained from Nowshahr—Mazandaran
province, Iran, where high quality oak wood is abundant and could be easily obtained. The
best and clear samples (120) with nominal dimensions of 20 mm x20 mm x360 mm
(widthxheightxlength, RxTxL) were randomly collected from trees (pith to bark). The
samples were selected in accordance with 1ISO 3129 (2012) and did not have any obvious
defects. Nondestructive evaluation was formulated according to Timoshenko’s improved
flexural equations (Bordonné 1989; Brancheriau and Bailleres 2002). Timoshenko’s
correlation coefficients (greater than 0.99) were the criteria for sample selection. Thus, 40
clean rectangular samples were chosen for further experimentations. Samples were kept in
room condition (22 °C and 65% relative humidity until their moisture content was
stabilized (9%)). Using a linear equation, longitudinal modulus of elasticity, acoustic
coefficient, and acoustic conversion efficiency were determined. The Timoshenko model
was initially fitted to isotropic materials (Roohnia et al. 2010, 2011). Thus, any decrease
in the Timoshenko’s correlation coefficient might have been strongly related to a defect or
to an unacceptable sample.

One of the most important elements specifying the acoustical properties of wood is
the acoustic coefficient which is influenced by the modulus of elasticity and density.
Acoustic properties of oak wood (K and ACE) are derived from the following formulas:

K= |= @)
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In Eq. 1, E is the longitudinal modulus of elasticity (Pa), p is the density of air-dried wood
samples (kg/m?), and K is the acoustic coefficient (m¥kg-s).
Damping can be driven from a logarithmic decrease in the acoustic coefficient (tan
0) or internal friction (Bodig and Jayne 1989) (Eg. 2), where a combination would result
in acoustic converting efficiency (Eq. 3). Damping is given by,
Tans =1 2

T

where 4 is the logarithmic decrement and tan ¢ corresponds to the damping of vibration
(Bremaud 2008).
ACE = _K
tan & (3)

SPSS V16.0 software (IBM, USA) was used. Analysis of variance (ANOVA) and
Duncan tests were used for comparing different means of analyzed parameters.

The longitudinal modulus, obtained from LR (parallel to radial surface) compared
to LT (parallel to tangential surface) flexural vibration, was also applied for a tighter
selection of the best samples according to Eqg. 1 (Roohnia et al. 2011). Specimens with
ALE values higher than 5%, calculated using Eqg. 1, were eliminated,

LELT — LELR

ALE (%) = x 100 4)

LT

where LELT and LELrrepresent the longitudinal modulus of elasticity obtained from LT and
LR flexural vibration tests, respectively. An NDT-lab® (Iranian portable system setup that
can evaluate the mechanical properties of wood, developed at the Islamic Azad University
Karaj Branch) (Roohnia et al. 2006), was used to evaluate the mechanical properties.

The scarf joints (40 scarf-jointed beams) were categorized in various controlled
path ways; they were divided into two groups of four in terms of adhesives; polyvinyl
acetate and isocyanate were applied independently (Table 1).

Fabricating scarf joints, four different cutting angles (60°, 65°, 70°, and 75°) on the
tangential surface of the beams were created, facing the tangential surface (Fig. 3).

Unidirectional
microphone g
Wood sample

Steel baIII Elastic support

Transversal test

Fig. 1. Schematic view of the beam under flexural vibration
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Table 1. Patterns Used for Creation of Scarf-jointed Beams
Scarf joints

Isocyanate Polyvinyl acetate
60° 65° 70° 75° 60° 65° 70° 75°
(5 speci- | (5 speci- | (5 speci- | (5 speci- | (5 speci- | (5 speci- | (5 speci- | (5 speci-
mens) mens) mens) mens) mens) mens) mens) mens)

Fig. 2. The 60° and 750 scarves as an example of beams jointed with different scarf angles

RESULTS AND DISCUSSION

The purpose of this research study was to determine the influence of adhesives
(PVAC and isocyanate) and scarf joints cutting angles (60°, 65°, 70°, and 75°) on acoustic
parameters (i.e., acoustic coefficient and acoustic conversion efficiency) using the flexural
vibration method.

Considering the flexural vibration planes (LT and LR) of both jointed and solid
samples, it was revealed that the cutting angles, plane of vibration, and adhesives had
significant effects on the acoustic properties of samples (Tables 2 and 3).

Taking into account the previous findings regarding the influence of adhesives on
elastic properties of joints (Hemmasi et al. 2014; Roohnia et al. 2014), it was confirmed
that the flexural vibration method is sensitive enough for evaluating the acoustical
performance of scarf joints. The best performance of the joints was found to be at scarf of
75°.

Considering the acoustical properties of small cutting angles (60° and 65°), gluing
scarf joints with isocyanate (in comparison with PVAc), the combination of joints angles
(60° and 65°), and applying isocyanate resulted in the weakest acoustical performance of
the joints (Figs. 3 and 4); thus, the superiority of acoustical properties of jointed beams
glued with polyvinyl acetate was clearly indicated.

Bearing in mind that the acoustic conversion efficiency influenced by both kinds of
adhesives (PVAc and isocyanate; in 65° scarf joints), the significant influence of adhesives
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on acoustic conversion efficiency was observed. Samples glued with isocyanate had a
positive effect on the acoustic conversion efficiency (especially in the LT plane of
vibration), while PVAc adhesive did not have any significant effect on the acoustic
conversion efficiency, and the influence on the LR plane of vibration weakened the
correlation between the jointed versus reference solid beams (Fig. 4).

Regarding 70° cutting angles, the impact of isocyanate and PVVAc adhesives on the
acoustic properties of the beams was examined. With respect to PVAc adhesive application
(rather than isocyanate adhesive), both acoustic coefficients (Fig. 5) and acoustic
conversion efficiency (Fig. 6) remained unchanged, and PVAc adhesive did not show any
significant effect on the acoustical properties. Samples glued with isocyanate adhesive had
considerably weaker acoustical properties.

As theoretically assumed and confirmed by previous research findings (Herak et al.
2009; Hemmasi et al. 2014; Roohnia et al. 2014), considering the steepest angle (75°), the
same trend was observed: a significant difference in the performance of PVAc and
isocyanate glued samples in different planes of vibration, comparing the acoustical
properties of the solid and jointed samples.

The acoustical properties of jointed beams glued with polyvinyl acetate were
considerable in the LR plane of vibration, emphasizing the presumption that applying
PVAC increases the acoustical properties. The acoustical properties of jointed beams glued
with polyvinyl acetate were similar to reference samples in the LR plane of vibration. The
consistent trend was obvious in all joints, and a significant correlation between the jointed
beams glued with PVAc and the solid samples was found (Figs. 5 and 6).

As itis seen in Eq. 3, ACE is influenced by two factors: (1) the acoustic coefficient
of damping due to radiation (K); and (2) damping (tan 9).

Damping (tan ) is one the chief factors forming ACE (due to internal friction), so
any variation in damping would lead to a drastic change in the acoustic conversion
efficiency. The damping comparison of solid beams and jointed beams is depicted in Fig.
1.

Regarding the fact that K (acoustic coefficient) is derived from E (longitudinal
modulus of elasticity) and p (density of air-dried wood samples), the acoustic coefficient
and acoustic conversion efficiency were greatly affected by the scarf joints (the density of
solid oak beam is approximately 0.71 to 0.77 g/cm®), while the density in jointed beams is
as high as 0.81g/cm?® which is affected by gluing and has higher density (PVAc is 1.19
g/lcm3 and I1SO is 1.10 g/cm3) (Tables 4 and 5).

Table 2. Duncan Multiple Comparisons Test for the K

Direction N Subset for alpha=.05
1 2
R 40 1.64947E2
T 40 1.30261E3
L 40 1.71956E2
Sig .924 1.000
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Table 3. Duncan Multiple Comparisons Test for ACE

Direction N Subset for alpha=.05
1 2
R 40 1.02327E4
L 40 1.13482E4
- 40 1.13482E4
Sig 0.203 1.000

Table 4. Physical and Chemical Properties of Isocyanate Adhesive

Ingredients(w/w) CASNo. EINECSNo. conc. (%) Classification

Methylenediphenyl-

diisocyanate )

Isomers 101-68-8 | 202-966-0 25-45% |  R40-
42/43

homologues

Benzoyl Chloride 98-88-48 202-710- 2.5-10% Xi;R36/38

Form and color Density (water=1) Solubility

Liquid, light brown 1.10g9/mL(10,43- Not miscible with water

Table 5. Technological Properties of PVA Adhesive

Trade name

Viscosity(M.Pa.s)

pH

Ash ratio (%)

Express 45n

22000

6

48.30%
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Fig. 3. The acoustic coefficient (m%kg-s) obtained from LR and LT flexural vibration for 60° and

65° scarf jointed beams versus reference solid beams
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Fig. 4. The acoustic conversion efficiency obtained from LR and LT flexural vibration for 60°and
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Fig. 7. Damping comparison obtained from LR and LT flexural vibration for scarf jointed beams
versus reference solid beams. (Adhesive used: I=lsocyanate, P=Polyvinyl acetate, Angle: 1=60°,
2=65°, 3=70°, and 4=75°)

CONCLUSION

The significance of joint acoustic properties in wood products engineering like
resonators is undeniable; therefore, the investigation of factors such as joint angles and
adhesive types is crucial. Considering scarf joint angles (0°, 60°, 65°, 70°, and 75°) and
joint adhesives (isocyanate and polyvinyl acetate), the following are summarized:

1. Polyvinyl acetate adhesive did not significantly affect the acoustic properties of the
samples (i.e., K, ACE), so polyvinyl acetate enhanced the acoustical properties of
beams. Therefore, the samples glued with polyvinyl acetate had acoustic properties
analogous to the solid beams (i.e., control).

2. Considering joint types, isocyanate glued joints had significant effects on the acoustic
efficiency of the samples and notably decreased the acoustic coefficient and acoustic
conversion efficiency of the joined beams.

3. The trend of acoustical factors was significant in the radial direction of vibration
compared to tangential direction.

4. Lower joint angles (60° and 65°) considerably affected the acoustic properties of
beams.

5. Considering the correlation coefficient of the first, second, and third mode of vibration
in free-free bars, the flexural vibration seems to be sensitive enough for evaluating the
strength performance of scarf joints.

6. The best performance of joints (comparable with clean beams) was detected at 75°
glued with polyvinyl acetate.

7. The small jointed angles using isocyanate adhesive (rather than PVA) resulted in the
weakest joint.
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8. Regardless of the jointed angle and the adhesive used, the flexural vibration seems to
be sensitive enough for evaluating the strength performance of scarf joints.

ACKNOWLEDGMENTS

The authors are grateful for the support of the Grant Agency of the Faculty of
Forestry and Wood Sciences, Project No. 20143127. Also, our appreciation goes to Dr.
Martin Bohm for his assistance and support in preparing the initial drafts of this report.
Portions of this article are based on the Ph.D. dissertation of Ali Yavari (Department of
Wood Products and Wood Constructions, Faculty of Forestry and Wood Sciences, Czech
University of Life Sciences, Prague, Czech Republic).

REFERENCES

Atar, M., Keskin, H., and Gii¢li Yavuzcan, H. (2008). “Impacts of adhesive processing
with polyvinyl acetate and Desmodur-VTKA on the shear strength of dovetail joint,”
in: Enhancing Bondline Performance — Final Conference of COST E34 Bonding of
Timber, University of West Hungary, Faculty of Wood Sciences, Institute of Product
Design and Technology, Sopron, Hungary, May 6-7, 2008.

Atar, M., Keskin, H., Peker, H., Ustiindag, A., Togay, A., and Candan, Z. (2010).
“Tensile strength of wooden furniture,” BioResources 5(1), 343-355. DOI:
10.15376/biores.5.1.343-355

Biechele, T., Chui, Y., and Gong, M. (2010). “Assessing stiffness on finger-jointed
timber with different non-destructive testing techniques,” The Future of Quality
Control for Wood & Wood Products, 4-7 May 2010, Edinburgh. The Final
Conference of COST Action E53.

Bodig, J., and Jayne, B. A. (1989).Mechanics of Wood and Wood Composites (Persian
Translation by G. Ebrahimi), Tehran University Press, Tehran, Iran.

Bordonné, P.A. (1989). Module Dynamiqueet Frottement Intérieur dans le Bois: Mesures
sur Poutres Flottantes en Vibrations Naturelles, Ph.D. dissertation, INP de Lorraine,
Vandoeuvre-les-Nancy, France.

Brancheriau, L., and Bailleres, H. (2002). “Natural vibration analysis of clear wooden
beams: A theoretical review,” Wood Sci.Technol. 36(4), 347-365. DOI:
10.1007/s00226-002-0143-7

Bremaud, 1. (2008), “Caracterisation mecanique des bois et facture: Origins et
recensement de la variabilite,” Acte de la Journee d'etude Le bois: Instrument du
Patrimoine Musical—Cite de la Musique (29), 24-46.

Deng, J., Li, H., Zhang, D., Chen, F., Wang, G., and Cheng, H. (2014). “The effect of
joint form and parameter values on mechanical properties of bamboo-bundle
laminated veneer lumber (BLVL),” BioResources 9(4), 6765-6777.

Divos, F., and Tanaka, T. (2005). “Relation between static and dynamic modulus of
elasticity of wood,” Acta Silv. Lign. Hung. 1, 105-110.

Herak, D., Miller, M., Chotéborsky, R., and Dajbych, O. (2009). “Loading capacity
determination of the wooden scarf joint,” Res. Agr. Eng. 55(2), 76-83.

Yavari & Roohnia (2015). “Quality of scarf joints,” BioResources 10(3), 5083-5095. 5094



PEER-REVIEWED ARTICLE b | oresources.com

Hemmasi, A. H., Khademi-Eslam, H., Roohnia, M., Bazyar, B., and Yavari, A. (2014).
“Elastic properties of oak wood finger joints with polyvinyl acetate and isocyanate
adhesives,” BioResources 9(1), 849-860. DOI: 10.15376/biores.9.1.849-860

1ISO 3129 (2012). “Wood-sampling methods requirements for physical and mechanical
tests,” International Organization for Standardization, Geneva, Switzerland.

Karastergiou, S., and Ntalos, G. (2005). “Bending strength properties of scarf jointed
European spruce wood (Picea excelsa),”Proceedings of International Scientific
Conference Engineering Design “Interior and Furniture Design,” Sofia, Bulgaria,
Oct. 15-17.

Roohnia, M., Bremaud, I., Guibal, D. and Manouchehri, N. (2006). “NDT-LAB,;
Software to evaluate the mechanical properties of wood,” in: Proc. International
Conference on Integrated Approach to Wood Structure Behaviour and Applications,
Joint Meeting of ESWM and Cost Action E35, DISTAF — University of Florence,
Florence, Italy, May 15-17, pp. 213-218.

Roohnia, M., Yavari, A., and Tajdini, A. (2010). “Elastic parameters of poplar wood with
end-cracks,” Ann. For. Sci. 67(4), 409-414. DOI: 10.1051/forest/2009129

Roohnia, M., Alavi-Tabar, S. E., Hossein, M. A., Brancheriau, L., and Tajdini, A. (2011).
“Dynamic modulus of elasticity of drilled wooden beams,” Nondestruct. Test Eva.
26(2), 141-153. DOI: 10.1080/10589759.2010.533175

Roohnia, M., Kohantorabi, M., Latibari, A. J., Tajdini, A., and Ghaznavi, M. (2012).
“Nondestructive assessment of glued joints in timber applying vibration-based
methods,” European Journal of Wood and Wood Products 70(6), 791-799.

Roohnia, M., Hemmasi, A. H., Yavari, A., Khademi-Eslam, H., and Bazyar, B. (2014).
“Modulus of elasticity in scarf-jointed wooden beams: A case study with polyvinyl
acetate and isocyanate adhesives,” J. Wood Sci. 60(5), 321-326. DOI:
10.1007/s10086-014-1413-3

Vassiliou, V., Barboutis, I., Ajdina, D., and Thomas, H. (2009). “PVAc bonding of
finger-joint beech wood originated from Albania and Greece,” in: International
Conference “Wood Science and Engineering in the 3™ Millennium ”— ICWSE 2009,
June 4-6, Brasov, Romania, pp. 715-721.

Article submitted: February 19, 2015; Peer review completed: May 15, 2015; Revised
version received: May 26, 2015; Accepted: June 13, 2015; Published: July 1, 2015.
DOI: 10.15376/biores.10.3.5083-5095

Yavari & Roohnia (2015). “Quality of scarf joints,” BioResources 10(3), 5083-5095. 5095



