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Abstract: The traditional tenon and mortise joint has low processing efficiency and a weak theoretical basis, making the structure easy to deform and damage, reducing the safety, and increasing waste of resources. This study aims to determine the optimum dowel center spacing parameter for chamfered-joint components and the maximum value of the strength of joints loaded into bending strength and tensile strength. In this study, an integrated optimization method combining the single-factor test and one-way ANOVA analysis was proposed to study the influence of the dowel center spacing on the bending strength and the tensile strength of chamfered-joint components made by Cupressus funebris wood. The results revealed that the bending strength of chamfered-joint components decreases linearly with the increase of the dowel center spacing. In addition, the tensile strength of chamfered-joint components increases first and then decreases with the increase of the dowel center spacing, showing parabola change. The relational expression between dowel center spacing, the bending strength, dowel center spacing and the tensile strength were obtained.

Keywords: Dowel center spacing; chamfered-joint; bending strength; tensile strength; Cupressus funebris wood



1  Introduction

Wood and bamboo are the most important natural and endless renewable sources of structural materials [1,2]. The chamfered-joint structure is improved from the most commonly used mortise-and-tenon joints and is widely used in the wood structure and furniture industry. The stability of wood structures depends significantly on the solidity and stability of the joints, and the bending strength and tensile strength are two common strength types of mortise-and-tenon joints [3,4]. Many factors affect the bending and tensile strength of mortise-and-tenon joints, such as moisture content, type of joint, type of adhesive, interference fit and clearance fit parameters between dowel and components, dowel spacing, dowel diameter, dowel insertion depth [5–9].

China is the country of origin of Cupressus funebris, and C. funebris wood is a good material for constructing buildings, ships, packing, and furniture. Several studies have focused on forest resource management, forest genetics and breeding, essential oils, and the main components of C. funebris. Few studies have investigated the joint performance of C. funebris wood parts connected by hardware connectors or mortise-and-tenon joints [10] and the physical and mechanical properties of C. funebris wood [11].

As early as the 1970s, some researchers studied the effect of structural parameters on the structural performance of solid wood mortise-and-tenon joints and found that structural parameters, including wood species, could affect structural properties [12–14]. Tankut et al. [15] found that joint geometry has a significant effect on the strength of particular joints, and rectangular end mortise-and-tenons were approximately 15% stronger than both round-end mortise-and-tenons, and rectangular end tenons fitting into round end mortise joints. Dourado et al. [16] developed a three-dimensional finite element model, which was applied in a larger range of possible combinations of distances to obtain global trends of the initial stiffness and moment-carrying capacity of L-shaped configuration joints formed by wood members and a thick metal plate fastened with steel dowels. Wang et al. [17] studied an accelerated decay test to explore the strength degradation of decaying wood members under long-term exposure to natural environments and found that the mechanical properties of the accelerated decay were highly correlated with those in the natural environment, both of which decreased in the same trend. Wu et al. [18] found that round rectangular-shaped mortise-and-tenon joints were comparable with traditional joints in terms of structural performance but were time-and labor-saving, which is a good way to combine the traditional joinery method with modern wood products and manufacturing technology.

Several researchers have studied the coupling effect of metal connectors, mortise, and tenon joints. Li et al. [19,20] adopted the reinforcement method of a flat steel clip to improve the mechanical properties of mortise-and-tenon joints, whereas Zhu [20] adopted the composite method of beech wood and tapping screws to improve the strength of wood structures. In the numerical optimization of components, Smardzewski [21] studied the mechanical properties of joints of tenon shoulders without compression and obtained the related equations when the tenon shoulders without compression were subjected to bending. Zhong et al. [22] studied three types of ellip mortise-and-tenon joints with different wood densities and obtained the optimal interference fit parameter of the ellip mortise-and-tenon joints of three types of wood through experiments. Wang studied mechanical properties such as bending strength, torsional strength, and stiffness of pine ellip mortise-and-tenon joints and obtained a quadratic equation to predict the strength of the joints [23]. Eckelman et al. [24] introduced the finite element theory into the analysis of wood product structures. Since then, other improved finite element models have been investigated by many researchers to analyze the mechanical properties of wood products by combining the geometric dimensions of the components and material properties [25,26].

Tenon geometry (length, width, and thickness) are the basic parameters of mortise-and-tenon joint structures, which directly affect joint strength. However, most mortise-and-tenon joint fitting parameter studies have focused on the joint performance of common structure components such as mortise-and-tenon joints, ellip tenon joints, and dowel joints, whereas few studies have focused on chamfered-joint components made by a specific wood species with dowels.

This study had three objectives. The first was to investigate the optimum dowel center spacing parameter for chamfered joint connections with C. funebris wood components. The second objective was to determine the effects of tension and compression bending failure load behavior of chamfered-joint connections with C. funebris wood components. The third objective was to provide rules and regulations for the design and processing of C. funebris-made wood products.

2  Material and Methods

2.1 Essential Properties of Wood Material

The C. funebris wood used in this study was purchased from the same batch of Yulong Furniture Co., Ltd., Chengdu, Sichuan Province, China. The density, average moisture content, and modulus of elasticity (MOE) of the C. funebris wood were determined to be 0.69 g/cm3; 10.80% and 8100 MPa, respectively. Dowels with a size of 8 × 40 mm (diameter × length) were prepared from Eucalyptus robusta wood, which was purchased from Yingguxuan Hardware Products Co., Ltd., Shanwei, Guangdong Province, China. The density and average moisture content were 0.67 g/cm3 and 8.4%, respectively. All dowels were neat and clean, and no wood fibers were loose or torn on them. The two structural parts of the specimens were joined together by two dowels with 48.60% solid content polyvinyl acetate adhesive; the viscosity was 48.6% Pa·s, and the pH value was 6.70.

2.2 Specimen Configuration

The C. funebris wood material was machined to a size of 20 mm × 70 mm × 200 mm (thickness × width × length) using a planar machine and sliding table saw by turn. In addition, 45° oblique angle was sawed cutting at the end of mortise specimen, two holes were arranged on the straight line at 1/2 of the thickness direction of the cut incline plane. The holes were located on both sides of the central point of the inclined plane of the cut. Therefore, the distances between the two holes and the center point are equal. The dowel was screw thread type, the clearance fit between the dowel length, and the depth of the mortise hole was 2 mm, and the gap between dowel diameter and mortise hole diameter was 0 mm; that is, the diameter of the mortise hole was 8 mm, and the depth of the mortise hole was 22 mm. The mortise hole center spacing or dowel center spacing was set as A, and five treatment levels in the test were designed; the values of dowel center spacing A: 20 mm, 24 mm, 28 mm, 32 mm, and 36 mm. All the components were numbered sequentially. An assembly scheme diagram of the dowel center-spacing specimen is shown in Fig. 1.
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Figure 1: Assembly scheme diagram of dowel center spacing specimen (unit: mm)

2.3 Experimental Design

Two structural parts were joined with dowels to test the influence of dowel center spacing on the bending and tensile strength of chamfered joints. Subsequently, the specimens were tested after two weeks of standing time. Tests were conducted using a Reger microcomputer-controlled electronic universal testing machine (Shenzhen Reger Instrument Co., Ltd., Shenzhen, China), displacement-loading curves were obtained as shown in the Fig. 2. Five groups were selected for the bending strength test using an electronic universal testing machine, and another five groups were selected for tensile strength testing using an electronic universal testing machine. The test setup is shown in Fig. 3.
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Figure 2: Typical displacement-loading curve
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Figure 3: Setup of bending strength loading (a) and tensile strength loading (b) in chamfered-joint tests (unit: mm)

The general configuration of the specimens and the schematic diagram for chamfered joints in the bending strength tests are shown in Fig. 3a, and those for tensile strength tests are shown in Fig. 3b. Each specimen consisted of two structural members made of C. funebris wood and two dowels made of E. robusta wood.

3  Results and Discussion

3.1 Influence of Dowel Center Spacing on Bending Strength of Specimen

Failure mode analysis was performed, and the failure characteristics of the bending strength tests are shown in Fig. 4. Five treatment levels of dowel center spacing in the test were designed, and all level tests were repeated six times.
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Figure 4: Failure modes of the specimens in bending strength tests of chamfered joints at different dowel center spacing

The top rows of the dowels were all near the outer-right angle of the chamfered joints, which were uniformly called outer dowels. In addition, the bottom row of the dowels were all near the inner right angle of the chamfered joints, which were uniformly called inner dowels.

Overall, the broken dowels were mainly concentrated on the side of the inner dowels, whereas the outer dowels were not broken or obviously torn, which was primarily due to different stresses on the inner and outer dowels when the bending strength was loaded.

The outer dowels are first affected by the external force exerted by the horizontal parts. The external force consists of the bending force that causes the outer dowels to bend and the pull-out force that causes the outer dowels to displace. Once the pull-out force of the outer dowels exceeded the bending force, the displacement degree of the outer dowels was greater than that of the inner dowels; however, the damage degree significantly exceeded that of the inner dowels.

When the displacement of the outer dowels reaches a certain point, the force is transmitted to the inner dowels, and a bending force is generated in the inner dowels. At this time, the pull-out force was relatively small and was mainly reflected in the bending deformation. When the bending force is greater than the strength of the inner dowels, the inner dowels bend or fracture.

The compressive stress on the inner wall of the mortise decreased with an increase in dowel center spacing, resulting in a decrease in the failure threshold of the specimens, which leads to a decrease in the bending strength with an increase in dowel center spacing.

The original data of the bending strength of the 30 specimens at five different dowel center spacing levels are shown in Table 1. As shown in Fig. 5, there is a positive linear correlation between dowel center spacing and bending strength for chamfered joints, which is dissimilar to those of other observations and studies on the influence of dowel center spacing on bending strength in two medium-density fiberboard structural members and two Japanese white birch dowels L-shaped joints [9,27], in which the structure is that two dowels side by side joined two structural members; however, the joint in this study was joined by the upper and lower dowels.
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Figure 5: Linear fitting diagram for bending strength of dowel center spacing specimens

When the dowel center spacing was 20 mm, the values of bending strength reached a peak of 1964.17 N, which is also shown in Tables 1 and 2. As shown in Fig. 5, the regression equation was derived as follows: P = −19.525A + 2332.3, with 97.76% accuracy.
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The preliminary analysis and calculation of the bending strength data of the specimens at different dowel center spacings are shown in Table 2. It can be observed from the average value that the bending strength decreases with increasing dowel center spacing. Further calculation and analysis show that the decrease in the value of each adjacent test level is approximately 120 N, and the extreme difference in the bending strength of the five test levels is 327.67 N.

Table 3 shows ANOVA table of bending strength of specimens a different dowel center spacing, with a confidence level of 95%. P = 0.000927678, that is, P < 0.01, indicating that the bending strength of chamfered-jointed members is significantly affected by the dowel center spacing.
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The mean value of the bending strength of chamfered joints ranged from 1600 to 2000 N at five experimental levels. It can be seen that the bending strength of chamfered joints decreases with an increase in dowel center spacing, indicating that dowel center spacing is negatively correlated with the bending strength of chamfered joints. It is suggested that the dowel center spacing between two dowels can be reduced properly in the actual machining process; thus, the bending strength of the chamfered joints can be higher.

3.2 Influence of Dowel Center Spacing on Tensile Strength of Specimen

Typical failure characteristics in the tensile strength of the dowel center spacing tests were obtained, as shown in Fig. 6. Thirty pairs of dowels in the dowel center-spacing specimen were tested at five experimental levels.
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Figure 6: Failure modes of the specimens in tensile strength tests of chamfered joints at different dowel center spacing

Overall, the damage to the dowel center-spacing specimen was mainly concentrated on the two dowels, and the degree of damage of the outer dowels was slightly greater than that of the inner dowel. The main reason for this is that tensile loading has different effects on inner and outer dowels. First, displacement occurred on the inner dowel when tensile loads were applied. No bending strength is involved in this process, and the inner dowel does not bend. When the tensile strength is greater than the bonding force between the inner dowel and the mortise inner wall, the adhesive layer is damaged, accompanied by the tearing of wood fibers, and the connection between the inner dowel and C. funebris wood-chamfered joints fails. After the connection fails, the force begins to be transferred to the outer dowel. Because the inner dowel has been displaced for a distance, although the outer dowel has no displacement or the displacement degree is less than that of the inner dowel, the inner dowel will be subjected to bending force, and the bending axis is located at the right angle outside the miter plane; the outer dowel at this time is also affected by the pull-out force. When the dowel center spacing increases, the displacement gap between the inner and outer dowels increases, and the difference in the damage degree of the inner and outer dowels is greater. However, owing to the continuous increase in dowel center spacing, the mechanical properties around the location of the outer dowel will be weakened; thus, the damage degree of the outer dowel will be reduced, and it is obvious that when the dowel center spacing is 32–36 mm, the damage to the outer dowel is alleviated. When the dowel center spacing was between 20 mm and 32 mm, the damage degree of the chamfered joint test specimen gradually increased, whereas when the dowel center spacing was between 32 mm and 36 mm, the damage degree of the chamfered joint test specimen showed a decreasing tendency.

The original data of the tensile strength of 30 pairs of specimens with five different dowel center spacing levels are shown in Table 4. As shown in Fig. 7, there is a parabolic relationship between the dowel center spacing and the tensile strength of chamfered joints. It can be seen that when the dowel center spacing is 20 mm to 32 mm, the tensile strength of the chamfered joints increases continuously and peaked in 713.83 N at 32 mm. The tensile strength of the chamfered joints decreased when the dowel spacing was between 32 mm and 36 mm, as shown in Table 5 and Fig. 7. As shown in Fig. 7, the quadratic equation was derived as follows: P = −2.4732A2 + 145.75A-1445, with 95.75% accuracy.
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Figure 7: Linear fitting diagram for tensile strength of dowel center spacing specimens

The preliminary analysis and calculation of the tensile strength data of the specimens at different dowel center spacings are shown in Table 4. It can be seen from the average value that the tensile strength first increases and then decreases with increasing dowel center spacing, as shown in Fig. 7 and Table 5. Further calculation and analysis show that the extreme difference in the tensile strength of the five test levels is 223.33 N.

Table 6 shows ANOVA table of tensile strength of specimens with different dowel center spacing, with a confidence level of 95%. P = 8.53448E−16, that is, P < 0.01, indicating that the tensile strength of chamfered-jointed members is significantly affected by the dowel center spacing.
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With an increase in dowel center spacing, the tensile strength of the chamfered joints changes in a parabola, first increasing and then decreasing. Specifically, when the dowel center spacing was from 20 mm to 32 mm, the tensile strength of the chamfered joints increased continuously. When the dowel center spacing was from 32 to 36 mm, the tensile strength of the chamfered joints decreased. When the dowel center spacing was 32 mm, the tensile strength of the chamfered joints reached a maximum value of 713.83 N. In the actual machining process, the dowel center spacing between two dowels is designed to be between 28 and 32 mm, making the C. funebris wood chamfered joints obtain the best tensile strength.

4  Conclusion

The bending strength and tensile strength regression equations were derived with dowel center spacing for C. funebris wood chamfered joints as follows: P1 = −19.525A + 2332.3 and P2 = −2.4732A2 + 145.75A-1445, with 97.76% and 95.75% accuracy, respectively.

The dowel center spacing had a significant effect on the bending and tensile strength of C. funebris wood chamfered joints (p < 0.01). Combined with the failure mode and test data analyses, the optimal dowel center spacing parameters for C. funebris wood chamfered joints in bending loading, and tensile loading were 20 mm and 32 mm, respectively.

In the production of C. funebris wood products, the bending strength of the C. funebris wood members joined with chamfered joints was significantly improved by decreasing the dowel center spacing within the allowable range of the specimen size. In addition, the optimum tensile strength of the C. funebris wood members joined with chamfered joints will be obtained by dowel center spacing values from 28 mm to 32 mm. To achieve the best match between theoretical calculation and practical application, the dowel center spacing in chamfered-joint components made of C. funebris wood should be 28 mm, considering the bending and tensile strength.
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Table 1: Test results of bending strength of specimens at different dowel center spacing

Dowel center spacing (mm) 20 24 28 32 36

Specimen 1 1901.00 1839.00 1867.00 1688.00 1519.00
Specimen 2 1841.00 1853.00 1719.00 1634.00 1659.00
Specimen 3 1848.00 1973.00 1743.00 1895.00 1688.00
Specimen 4 1823.00 1947.00 1737.00 1787.00 1588.00
Specimen 5 2270.00 1770.00 1693.00 1582.00 1590.00
Specimen 6 2102.00 1674.00 1848.00 1716.00 1775.00
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Table 3: Analysis of variance for different dowel center spacing on bending strength of chamfered joints

Source of variance SS df MS F P-value F crit
Among groups 374370.4667 4 93592.61667 6.575276462 0.000927678 2.75871047
Within groups 355850.5 25 14234.02

Total 730220.9667 29
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Table 6: Analysis of variance for different dowel center spacing on tensile strength of chamfered joints

Source of variance SS df MS F P-value F crit
Among groups 190083.467 4 47520.86667 116.8162897 8.53448E ' 275871047
Within groups 10170 25 406.8

Total 200253.467 29
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Table 4: Test results of ultimate tensile strength of specimens at different dowel center spacing

Dowel center spacing (mm) 20 24 28 32 36

Specimen 1 521.00 578.00 680.00 706.00 613.00
Specimen 2 464.00 629.00 695.00 694.00 578.00
Specimen 3 477.00 622.00 676.00 724.00 588.00
Specimen 4 487.00 597.00 668.00 711.00 566.00
Specimen 5 464.00 637.00 704.00 730.00 587.00
Specimen 6 530.00 606.00 712.00 718.00 574.00
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Table 2: Test data analysis for different dowel center spacing on bending strength of chamfered joints

Dowel center spacing (mm)  Number of samples  Sum value (N)  Mean value (N)  Variance

20 6 11785 1964.17 33022.97
24 6 11056 1842.67 12344.27
28 6 10607 1767.83 5162.57
32 6 10302 1717.00 12508.00
36 6 9819 1636.50 8132.30
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Table 5: Test data analysis for different dowel center spacing on tensile strength of chamfered joints

Dowel center spacing (mm)  Number of samples  Sum value (N)  Mean value (N)  Variance

20 6 2943 490.50 817.90
24 6 3669 611.50 485.90
28 6 4135 689.20 296.20
32 6 4283 713.80 168.90
36 6 3506 584.30 265.10
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