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Joints are used to join furniture parts, and they represent a critical part of 
the structure of furniture. The quality of joints is greatly affected by the 
accuracy of their execution. When designing furniture, it is important to 
carefully consider the type of joint used so that it can hold all the joined 
elements together. Under loading of the joined structures, internal forces 
develop, which can lead to failure of the joints. This study investigated the 
elastic stiffness of spruce (Picea abies L.) dowel joints. The effects of 
selected factors such as the type of loading (compressive versus tensile), 
the size of the dowels (one-half versus one-third of the thickness of the 
joined elements), the type of adhesive used (polyvinyl acetate versus 
polyurethane), and annual ring deflection were examined. Spruce dowel 
joints exhibited the highest elastic stiffness values with a higher-diameter 
dowel glued with PUR adhesives and subjected to compressive loading. 
The impact of annual rings was not a significant factor. Finally, the 
reference type joints were compared with other commonly used types, 
such as three types of mortise and tenon joints (simple, haunched, and 
dovetail). 
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INTRODUCTION 
 

The joints are the most important parts of wooden structures. These elements 

significantly affect the overall behavior of the structure of the joined components. Joints 

provide continuity to the member and strength and stability to the structure. Proper joint 

design is important so that joints can carry a load safely in service conditions without 

excessive deformation or failure (Eckelman et al. 2003). The mechanical strength of a piece 

of furniture depends mostly on the strength of its joints. One of the main advantages of 

using wood as a structural material is that each structural element can easily be connected 

with a wide range of fasteners, and the joints may entirely consist of wooden members 

(Gaff and Babiak 2017). 

The dowel joint is used often in the furniture industry. In this type of joint, a short 

wooden rod is inserted into a wooden drill hole for the proper connection. In historical 

timber structures, traditional carpentry joints were used, while wooden dowels fixed the 

mutual position of the elements. Dowels are often used as primary connectors in furniture 

frames constructed of both solid wood and wood-based composites (Fukuyama et al. 

2007). However, because wood is hygroscopic, it is common to see the wood dowel 

become unfastened in the furniture joint. Drilling dowels uses less energy than milling. 

Less waste is created, simplifying the production process and making it faster, as the 

necessary profile and holes for the dowels are formed by one machine. This increases 
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manufacturing productivity and reduces production costs. 

The dowel joints have some advantageous aspects that may compensate for their 

lower strength. Due to their profile and hole formed by one machine, their production is 

fast and simple, which increases productivity and reduces production costs. (Efe et al. 

2005; Hrovatin et al. 2013; İmirzi et al. 2015). The strength of these joints is somewhat 

limited relative to the strength of the joint member, so unless they are properly designed, 

they may be the weakest part of the furniture frame. In a furniture frame, dowel joints may 

be subjected to axial, shear, tensional, and bending forces (Pizzi et al. 2004). The 

knowledge of the mechanical behavior of these dowel-type connections (the loading 

distribution, ultimate strength, and failure modes) is important for their intelligent 

application. The complex behavior is governed by several geometric, material, and load 

parameters (e.g., wood species, dowel diameter, end and edge distance, space between 

connectors, clearance, friction, and load configuration) (Vaziri et al. 2010). Some 

techniques have been developed to assess the relationship between the parameters and the 

mechanical behavior of the connectors and joints in different timber structures (Albin 1989; 

Eckelman 1989; Eckelmann and Rabiej 1985; Loferski and Gamalath 1989; Ozcifci 1995; 

Kanazawa et al. 2005; Martins et al. 2013). Generally, the size of the bending moment and 

the stiffness of the dowel joints is affected by the dowel spacing, diameter, and the depth 

of the dowel (Warmbier and Wilczynski 2000). Zhang (1991) stated that the optimal 

diameter was 8 mm, the optimal depth of dowel embedment in a face member was 16 mm, 

and the optimal depth of dowel embedment in the edge member of the corner joints was 

25.4 mm. Joint stiffness increases when a greater number of dowels is used. Adhesive 

bonding technology has played an essential role in the development and growth of 

conservation and the repair of timber structures (Gaff et al. 2016). Better joint stiffness is 

achieved with a thicker joint, but this property is influenced by other factors, particularly 

the type of adhesive used. Tankut (2007) emphasized the importance of the choosing the 

right type of adhesive.  

The aim of this study was to determine the elastic stiffness of spruce dowel joints 

under the influence of the selected factors of dowel size (diameters of 8 mm and 12 mm), 

adhesive used (PVAc and PUR), type of loading (tensile and compressive force in angular 

plane), and annual ring deflection. The use of the joints was compared with that of the 

traditional constructional joint. 

 

 

EXPERIMENTAL 
 
Materials 

Spruce wood (Picea abies L.) was used in the experiment to make the corner dowel 

joint (Polana, Slovakia). A diagram of the tested joints is shown in Fig. 1. The cutting was 

performed at a moisture content of 10%, relative humidity of 55%, and a temperature of 

20 °C. According to EN 942 (2007), ČSN 91 0001 (2007), and ČSN 91 0000 (2005), the 

moisture content corresponds to the equilibrium moisture content of the furniture 

components intended for indoor environments. The specimens for mechanical testing were 

made from dried lumber using woodworking machines at a vocational school in Spišská 

Nová Ves (Slovakia). To connect the joint elements, spruce dowels with a diameter of 8 

mm and 12 mm and a length of 50 mm were used. 
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Fig. 1. Structure and dimension of the tested dowel joint 

 

Using 8 mm and 12 mm drill bits, holes were drilled according to the dowel sizes 

and rails. Joints with 8 mm dowels corresponded to a joint thickness that was 1/3 the 

thickness of the rail, and 12 mm dowels corresponded with a joint 1/2 the thickness of the 

rail. The location of the dowels and their dimensions are shown in Fig. 2.

 
Fig. 2. Geometries of (A) dowel with 8 mm diameter; (B) dowel with 12 mm diameter 

 

Two types of adhesives were used in the joining elements: a single-component, 

waterproof polyvinyl acetate adhesive (PVAc) AG-COLL (EOC, Oudenaarde, Belgium) 

8761/L D3 (EOC, Oudenaarde, Belgium) and a single-component polyurethane adhesive 

(PUR) NEOPUR 2238R (NEOFLEX, Madrid, Spain). Detailed parameters of these 

adhesives are shown in Table 1. The adhesives were applied manually to the holes in a 

single-sided coating of 150 g/m2 to 180 g/m2 for PVAc, and 180 g/m2 to 250 g/m2 for the 

PUR adhesive. The test specimens were cold-pressed in manual clamps. After the pressing, 

the samples were conditioned in a climatic chamber at 20 °C and at a relative humidity of 

55%. 

 

(A)            (B) 
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Table 1. Parameters of the PVAc and PUR Adhesives 

Technical Data for Adhesive AG-COLL 8761/L D3 NEOPUR 2238R 

Viscosity (mPa) 5000 to 7000 at 23 °C 2000 to 4500 at 25 °C 

Working time (min) 15 to 20 60 

Density (g/cm3) 0.9 to 1.1 at 23 °C ca. 1.13 

NCO content (%) - ca. 15.5 to 16.5 

Color White, milky Brown 

Open time (min) 15 ca. 20 to 25 

Dry matter content (g) 49 to 51 100 

pH to 4.5 - 

 

The effects of the annual rings with angles of 45°, 45° to 90°, and 90° were 

investigated, as shown in Fig. 3. The effect of annual ring deflection was evaluated 

separately from other monitored factors.  

 
Fig. 3. Schematic of annual ring deflection: (A) 45°; (B) 45 to 90°; (C) 90° (Záborský et al. 2018) 
 

A total of 80 joint specimens representing two types of dowel joints were 

constructed of spruce wood (Picea abies L.). The monitored factors affected the elastic 

stiffness of joints were joint thickness (1/2 and 1/3), type of loading (compressive and 

tension) and type of adhesive (PUR and PVAc). For each monitored factor, 10 samples 

were created in each test group. Figure 4 shows the classification of the tested joints.  
 

Methods 
All joint samples were conditioned and kept at approximately 12% moisture content 

before and during the testing time. These calculations were performed according to ISO 

13061-1 (2014). The density of the specimens was evaluated per the ISO 13061-2 (2014) 

standard. The specimens were obtained in oven-dry state according to ISO 13061-1 (2014). 

 A universal testing machine TIRA 50 (TIRA System GmbH, Schalkau, Germany) 

for compressive and tensile loads was used to measure the elastic stiffness of the corner 

joint. This study used the same type of steel clamp that was used in the work of Podlena 

and Borůvka (2016). Figure 5b shows the experimental testing of the corner joint and its 

mounting on the device. Figure 5a shows that the testing samples were loaded by the 

bending moment with the tensile and compressive forces applied in an angular plane. 

 

(A)                (B)       (C) 
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Fig. 4. Classification of the tested half and one third thickness joints 
 

 
 
Fig. 5. (A) Diagram showing the bending moment of tension a compressive load; (B) test sample 
attached to the test device 

 

The change in the distance between the dowels of the device was recorded (L → 

L´) and used to calculate the angle arc-sin function γ´ (Záborský et al. 2018, Warmbier and 

Wilczynski 2000). Equation 1 was used to calculate the angular displacement ∆γ. 

∆γ = 90 ± γ’         (1) 

(A)                (B)  
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Table 2. Basic Statistical Analysis of Density and Elastic Stiffness of Wood Joints 

Type of 
Loading 

Thickness 
of Joints 

Type of 
Glue 

Density (g/cm3) Elastic Stiffness (Nm/rad) 

Mean 
Standard 
Deviation 

Coefficient of 
Variation (%) 

Mean 
Standard 
Deviation 

Coefficient of 
Variation (%) 

Compressive Third PVAc 0.393 0.019 4.8 270 104 38.5 

Compressive Half PVAc 0.405 0.019 4.8 444 98 22.1 

Compressive Third PUR 0.403 0.011 2.7 633 156 24.7 

Compressive Half PUR 0.418 0.028 6.8 921 257 27.9 

Tension Third PVAc 0.411 0.018 4.3 209 53 25.4 

Tension Half PVAc 0.409 0.023 5.6 309 79 25.5 

Tension Third PUR 0.407 0.028 6.9 545 298 54.6 

Tension Half PUR 0.422 0.022 5.2 779 195 25.0 
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Equation 2 was used to calculate the change in torque ∆M, 

∆M = ∆F × l0         (2) 

where Δ F represents the difference between the two forces (N) that was recorded in the 

stress-strain diagrams at 10% to 40% of the maximum joint strength, and l0 represents the 

vertical arm (mm) of the tested joint in the direction of loading force. 

The elastic stiffness, celast (Nm/rad), was calculated according to Eq. 3 as the ratio 

of the change in torque to the angular displacement in radians. 

         (3) 

 
 
RESULTS AND DISCUSSION 
 

Table 2 shows a statistical analysis of the density and elastic stiffness of spruce 

wood joints. For spruce specimens, the average density was 0.408 g/cm3, and the average 

elastic stiffness was 514 Nm/rad, which is lower than that of the beech dowel joint at 940 

Nm/rad (Záborský et al. 2018). A relatively large variation coefficient, as was observed, 

that can be explained by undetected defects in the wood structure. The maximum elastic 

stiffness was reached in samples with a half-thickness joint bonded with PUR adhesive 

under compressive loading (Table 2), which is nearly the same result as that obtained by 

Jivkov (2002) for 25 mm particle board with a half-dowel thickness joint under 

compressive loading (Derikvand and Ebrahimi 2015). The thickness of the joints also had 

an important impact on the stiffness of the joint; the stiffness of the joint increased as the 

diameter of the dowel increased (Záborský et al. 2016).  

Table 3 presents the results of the four-factor ANOVA test that evaluated the effect 

of individual factors and their interaction on the elastic stiffness of the joints. It was clear 

from the significance level p-value that the thickness of the joints and type of glue were 

statistically significant factors for the one-factor analysis. 

The effect of the loading type in itself was not shown to be statistically significant, 

and in interaction with all the other factors its effect was insignificant according to the 

significance level p-value. 

The elastic stiffness was affected by the type of loading, thickness of samples (half 

versus one-third joints), and type of adhesive (PVAc or PUR). The samples were tested 

under a compressive test, which showed 23% greater elastic stiffness (Fig. 6a) than the 

tensile loading test. As shown in Fig. 6b, the half-thickness joints exhibited approximately 

32% higher elastic stiffness than the one-third thickness joints, whereas in the results for 

the beech wood, the half-thickness dowel joints had 66.6% higher elastic stiffness 

compared to the joints with one-third thickness (Záborský et al. 2018). For adhesive type 

(Fig. 6c), the elastic stiffness of joints bonded with PUR adhesive and tested with both 

types of loading (compressive and tensile) and both types of joints (half thickness and one 

third thickness) was 133% higher than that of joints bonded with PVAc adhesive. Figure 

6d shows that the elastic stiffness was affected by the growth ring direction, and higher 

stiffness was achieved with intermediate annual rings, but we can see that there wasn’t 

statistical significant difference. 
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Table 3. Multifactor Analysis of Variance for Elastic Stiffness of Wood Joints 

Monitored Factor 
Sum of 
Squares 

Degree of 
Freedom 

Variance 
Fisher´s 
F-test 

Significance 
Level1 

Intercept 16532352 1 16532352 530.6927 P < 0.01 

1 - Type of loading 172499 1 172499 5.5373 P = 0.02 

2 - Thickness joint 553622 1 553622 17.7714 P < 0.01 

3 - Type of glue 2594288 1 2594288 83.2773 P < 0.01 

4 - Deflection of annual rings 73993 2 36997 1.1876 P = 0.31 

1*2 20540 1 20540 0.6593 P = 0.42 

1*3 9887 1 9887 0.3174 P = 0.58 

2*3 69165 1 69165 2.2202 P = 0.14 

1*4 143364 2 71682 2.3010 P = 0.11 

2*4 75935 2 37967 1.2188 P = 0.30 

3*4 210364 2 105182 3.3764 P = 0.04 

1*2*3 9976 1 9976 0.3202 P = 0.57 

1*2*4 48363 2 24181 0.7762 P = 0.47 

1*3*4 54913 2 27456 0.8814 P = 0.42 

2*3*4 44888 2 22444 0.7205 P = 0.49 

1*2*3*4 31018 2 15509 0.4978 P = 0.61 

Error 1744534 56 31152   

1 Significance was accepted at P < 0.01 
 

 
A 

 
B 

 
C 

 
D 

 

Fig. 6. Graphic visualization of the (A) type of loading; (B) joint thickness; (C) type of glue; and 
(D) deflection of annual ring on elastic stiffness on mean values of elastic stiffness 
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Figure 7a shows that with the compressive loading test, the half-thickness joints 

had approximately 51% higher elastic stiffness than the one-third thickness joints. The 

effect of the half-thickness joints showed higher elastic stiffness under both types of 

loading. The elastic stiffness of the joints bonded with PUR and PVAc adhesive (Fig. 7b) 

was lower under tensile loading as compared to compressive loading. The elastic stiffness 

of the PVAc adhesive under compressive loading was 38% higher than that under tensile 

loading, and in the case of PUR adhesive, the elastic stiffness under compressive loading 

reached a 17% higher value compared with tensile loading. Therefore, the elastic stiffness 

of joints (half joints and one-third thickness joints) bonded with PVAc and PUR adhesive 

was higher under compressive loading than under tensile loading. 

 

 
A 

 
B 

 
                                   C 

 

Fig. 7. The effect of (A) joint thickness and type of loading; (B) type of glue and type of loading; 
(C) joint thickness and type of glue on mean values of elastic stiffness 
 

Figure 7c shows the interaction of the elastic stiffness of joints bonded with PVAc 

and PUR adhesives with one third and half joint thickness. The elastic stiffness of the one- 

third joints bonded with PVAc was 46% lower than the PUR adhesive with the one third 

joint. The elastic stiffness of the half joints with PUR adhesive was 126% higher compared 

to the joint bonded with PVAc, and similar results were found with tenon joints (Gaff et 

al. 2018). Thus, in both cases (the half joint and one third thickness joints), the PUR 
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adhesive showed higher values of elastic stiffness compared with the PVAc adhesive. 

The elastic stiffness of joints bonded with PVAc (half and one-third thickness joint) 

under compressive loading (Fig. 8) was 38% higher compared to those under tensile 

loading, while with PUR adhesive the elastic stiffness was 17% higher for compressive 

loading. The elastic stiffness of the one-third thickness joints bonded with PUR adhesive 

under compressive loading was approximately 134% higher compared to that of PVAc, 

and under tensile loading it was 273% higher. In the case of the half thickness joints bonded 

with PUR under compressive loading, it was 107% higher compared to PVAc, and with 

tensile loading that with PUR was 152% higher compared to PVAc. The elastic stiffness 

of the PUR adhesive bonded with half and one-third thickness joints under both types of 

loading (compressive and tensile) was 134% higher compared to that for PVAc. 

 

 
 

Fig. 8. Synergistic effect of the type of glue, joint thickness, and type of loading on the mean 
values elastic stiffness 
 

Figure 9 shows correlation between the elastic stiffness and density of wood (r = 

0.21), which indicates that the elastic stiffness of dowel joints can be poorly predicted 

based on the density of wood. 

Figure 10 shows that there was a linear dependence between the elastic stiffness 

and the stiffness at the maximum load. This dependence is expressed by the correlation 

coefficient r = 0.84, which means that the maximum stiffness of the joint can be predicted 

based on the elastic stiffness. 
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Fig. 9. Dependence of elastic stiffness on density for wood joints 

 

 
 

Fig. 10. Dependence of stiffness at the maximum load on elastic stiffness in wood joints 
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CONCLUSIONS 
 

1. Spruce dowel joints had higher elastic stiffness with PUR adhesive than PVAc, with 

respect to compressive and tensile loading, with half and one-third joint thickness. The 

test results revealed that half thickness joints had a higher elastic stiffness than one- 

third thickness joints.  

2. In spite of this result, there were significant differences between the average elastic 

stiffness of joints glued with PVAc and those glued with PUR; the average elastic 

stiffness for PUR was approximately twice that of the average value for PVAc. 

3. The maximum average elastic stiffness was obtained for half-thickness joints bonded 

with PUR adhesive under compressive loading, which was 921 Nm/rad, and the 

minimum average value of elastic stiffness, 209 Nm/rad, was reached in samples with 

one third thickness joints bonded with PVAc adhesive under tensile loading. 

4. Although elastic stiffness varies from joint to joint, the size of the dowel should be 

standardized. Future studies will have to investigate the elastic stiffness of different 

species of dowel with different loads (compressive and tensile) and different adhesives. 
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