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Abstract: For a long time, the geometry dimensions of tenons have been designed through empirical
methods, which is not beneficial to designers and manufacturers and results in more time spent in
construction and a greater amount of waste wood materials. In this study, an optimal methodology
of combining finite element analysis (FEA) with response surface method (RSM) was proposed to
investigate the effect of tenon geometric dimensions (length, width, and thickness) on withdrawal
and bending load capacities of mortise-and-tenon (M-T) joints, with the aim of making the design of
wood products more scientific. The following results were concluded: (1) the effect of tenon length on
withdrawal load capacity was greater than tenon thickness, followed by tenon width; (2) the effect of
tenon thickness on bending load capacity was greater than those of tenon width, followed by tenon
length; (3) it was concluded that the tenon length should be designed to be greater than the tenon
width and smaller than twice the tenon width, especially, when tenon thickness was relatively thin;
(4) quadratic models can be used to predict the withdrawal and bending load capacities of M-T joints
relating the length, width, and thickness of the tenon; (5) the proposed method was capable of being
used to optimize the tenon sizes and get more knowledge of M-T joints visually. This study will
contribute to reducing the costs of time and materials, and it will result in M-T joints being designed
more rationally.

Keywords: geometric dimensions; mortise-and-tenon joint; withdrawal; bending; FEA

1. Introduction

Mortise-and-tenon (M-T) joints have commonly been used in traditional wood frame-
works, and are still used in wood structures and wood furniture. It is known that the
mechanical properties of M-T joints influence the strength of the whole wood frame-
work [1,2]. Withdrawal and bending loads are two common loading types that M-T joints
are subjected to. It has been reported in previous studies that factors including wood
species, joint type, glue type, loading type, and assembly time seriously influence the
withdrawal and bending load capacities [3–9].

Previous studies have done some works on the withdrawal load capacities of M-T
joints; Eckelman and his team did a series of studies on this topic, considering factors
influencing the withdrawal load capacities [3]. In addition, the effect of wood species and
tenon length on the withdrawal load capacity of M-T joint T-shaped samples has been
studied [4], indicating that the glue line in the length of the tenon had a significant effect
on the withdrawal load capacity of M-T joints. Additionally, Diler et al. [6] investigated the
withdrawal load capacity of T-shaped M-T joints made from heat-treated pine, common ash,
and irokowood, indicating that heat-treated wood reduced the withdrawal load capacity of
the joint by 25%. Furthermore, Barboutis and Melissides [10] reported that the withdrawal
load capacity decreased with the increase of assembly delay, which might be the result
of the rheology (relaxation and creep) of the wood. The methods used to increase the
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withdrawal load capacity of M-T joints, through using greenwood shrinkage as a clamping
force, was proposed by Renbustu and Koizumi [11]. However, few studies have been
found relating to the effect of tenon geometry dimensions on withdrawal load capacities.

In the case of bending load capacities or the bending moment of M-T joints, some
experimental tests have been conducted to investigate the tenon geometric dimensions on
the bending moment strength of M-T joints. The following listed studies are representative
of these: The effect of tenon geometric dimensions on the bending moment and stiffness
were investigated by Wilczyński and Warmbier [12] through the use of the diagonal tension
test method. The results suggested that the effect of tenon length on joint strength was
greater than tenon width, followed by tenon thickness. The relationship between bending
moment and rotation characteristics were investigated in relation to tenon geometry, grain
orientation, length, and shoulder fit [13]. In addition, Oktaee et al. [14] reported that
the effects of tenon length on the bending moment resistance of M-T joints were more
significant than tenon width when they were subjected to compression and tension. Kasal
et al. [15] also studied the bending moment resistances of L-shaped M-T joints subjected
to both compression and tension loadings, considering the effects of tenon sizes (width
and length). Their results also showed that the tenon length had a greater effect on the
bending moment resistance than the tenon width. Additionally, Erdil et al. [16] reported
that the effect of tenon width on bending moment resistance was more significant than
tenon length. Furthermore, the effects of tenon thickness on the bending elastic stiffness of
samples were investigated, and the results suggested that the effect of tenon thickness on
the bending elastic stiffness was more significant [17].

Tenon sizes (length, width, and thickness) are basic parameters of M-T joints, and
they affect the strength of M-T joints directly [18]. However, how to design the tenon
geometry sizes rationally while considering the bending and withdrawal load capacities of
M-T joints together has rarely been studied because a large amount of work is required to
make it feasible. Finite element analysis (FEA) has been confirmed as an effective method
commonly used in wood engineering [19–23]. Previous studies also proved that FEA can
be used to analyze M-T joints [24–28].

Therefore, in this study, a methodology has been proposed: The size effects of tenon
geometry dimensions (length, width, and thickness) on the withdrawal and bending load
resistances of M-T joints were investigated numerically by first using FEA. The relationship
between withdrawal and bending load resistances relating to tenon geometric dimensions
(length, width, and thickness) were then investigated using the response surface method
(RSM), with the aim of resolving the issue of how to design tenon geometry rationally.

2. Materials and Methods
2.1. Mechanical Properties of Wood

The wood used to prepare the T-shaped specimens was beech (Fagus orientalis Lipsky)
(Nanjing Wood Lumber, Nanjing, China). The density of the beech was 0.69 g/cm3 and the
moisture content (MC) was 10.8%. The basic mechanical properties of beech wood have
been tested in our previous study [29]. Table 1 shows the basic mechanical properties of
beech wood, and these are basic parameters used in the finite element model, including
elastic moduli, Poisson’s ratios, shear moduli, yield strengths, and ultimate strengths.
Polyvinyl acetate (PVA) was used to connect the mortise and tenon, and the bonding
strengths of the M-T joints is also shown in Table 1 [30].
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Table 1. Basic mechanical properties of beech and bonding strengths of Mortise-and-tenon (M-T) joints.

Beech wood

Moduli of Elasticity (MPa) Poisson’s Ratio

EL ER ET υLR υLT υRT υTR υTL υRL
12,205 1858 774 0.502 0.705 0.526 0.373 0.038 0.078

Shear Modulus (MPa) Yield Strength (MPa) Ultimate Strength (MPa)

GLR GLT GRT L R T L R T
899 595 195 53.62 12 6.23 59.20 48.88 23.82

M-T joint
Shear strength GI (MPa) Shear strength GII (MPa) Normal strength (MPa)

3.49 2.45 1.23

E refers to elastic modulus (MPa); υ infers Poisson’s ratio; G is shear modulus (MPa); L, R, and T are longitudinal, radial, and tangential
grain orientations of beech, respectively; shear strength GI refers to the shear strength parallel to the direction of the tenon withdrawal
direction; shear strength GII is the shear strength perpendicular to the withdrawal direction; and normal strength is the internal bonding
strength of the glued M-T joint in the flat contact surface.

2.2. Configurations of Specimen

Figure 1 shows the configurations of the T-shaped specimen and the M-T joint evalu-
ated in this work. The dimensions of the post leg are 200 mm × 40 mm × 40 mm (length
× width × thickness). The stretcher measured 160 mm long × 30 mm wide × 30 mm
thick (length × width × thickness). Meanwhile, the dimensions of the tenon geometric
dimensions were the variables evaluated in this study, i.e., tenon length (l): 20 mm, 30 mm,
and 40 mm; tenon width (w): 15 mm, 20 mm, and 25 mm; and tenon thicknesses (t): 7.5 mm,
10 m, and 15 mm. According to common wood M-T joint techniques, the 0.2 interference fit
was applied between tenon width and mortise height, and the relationship between tenon
thickness and mortise width was a 0.2 mm clearance fit.
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Figure 1. Dimensions of specimen: (a) T-shaped sample; (b) mortise-and-tenon joint.

2.3. Finite Element Model

Figure 2 shows the finite element models of the samples evaluated in this work sub-
jected to withdrawal and bending load using ABAQUS 6.14-1 (Dassult, Providence, RI,
USA) considering orthotropic properties, large deformation, and damage to the wood. The
mechanical properties used in the models are shown in Table 1. In this study, Ductile Dam-
age law was adopted as a stress criterion in the finite element model, and the parameters
inputted were fracture strain of 0.00833, stress triaxiality of 0.33, strain rate of 0.01, and
displacement at failure of 0.6452 mm. Local coordinates were used to define the grain
orientations of the leg and the stretcher, i.e., the directions of x, y, and z corresponded
to the longitudinal, radial, and tangential grain orientations, respectively. The oval M-T
joint model was regarded as a semi-rigid joint. Surface-to-surface contact was applied
as the interaction method between mortise and tenon. For the curve contact surfaces of
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the M-T joint, a 0.2 mm interference fit was exposed to simulate assembly force, and the
Penalty Contact Property was applied with a friction coefficient of 0.54 [31] to simulate the
friction behavior between the mortise and the tenon. For the flat contact surfaces of the
M-T joint, Maximum Stress law was used as a criterion to simulate the bonding behavior
of the glue line between the M-T joint, and the parameters needed in ABAQUS were the
bonding strengths of the glue joint shown in Table 1. A displacement load was applied to
the reference loading point at the end of the stretcher to get the withdrawal load capacity
(Fw) shown in Figure 2a, and a displacement load was imposed on the loading head to
obtain the bending load (Fb) shown in Figure 2b. The mesh of the model is also shown in
Figure 2, and the seed sizes of all elements were approximately 5 mm. In the case of contact
parts, the seed sizes of the elements were about 2 mm. The C3D8 element was assigned to
the T-shaped sample.
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2.4. Experimental Design

Firstly, experimental tests were designed to verify the effectiveness of the finite element
model. The setup for testing withdrawal and bending load capacities are shown in Figure 3.
A T-shaped mortise-and-tenon sample, with dimensions of 20 mm × 25 mm × 10 mm
(length × width × thickness), was selected to verify the finite element model, with 10
replications for withdrawal and bending load tests.
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Then, a complete 3 × 3 × 3 factorial numerical test was implemented to investigate the
effect of tenon sizes on withdrawal and bending load resistances. Therefore, twenty-seven
T-shaped M-T joint finite element modes were established and analyzed to evaluate the
influences of tenon geometry dimensions on the withdrawal and bending load resistances
of M-T joints.

2.5. Statistical Analysis

The simulation results of withdrawal and bending load resistance were analyzed
and optimized using the statistical software Design Expert (Version 8.06, Stat-Ease, Inc.,
Minneapolis, MN, USA) based on the RSM. The response surface models were built by the
regression method, and the model terms were analyzed by analysis of variance (ANOVA),
statistically. Model optimizations were also conducted by Design Expert.

3. Results
3.1. Verification of Finite Element Model

Figure 4 shows the withdrawal and bending load capacities of the experiments and
FEA, which suggests that the ultimate withdrawal load and bending load of the experi-
mental tests are similar to those of FEA. Although, in some, local parts of the curves are
different, the general trends of the FEA curves are well consistent with those of the experi-
mental tests, especially for the bending load-deflection curve. This is because the cohesive
elements of the glue layer degraded fast, causing the load to decrease instantaneously, but
the elements of the wood were not damaged; therefore, the bending load increased after
instantaneous decrease. Table 2 shows the comparisons of the experimental tests with
FEA regarding withdrawal and bending load capacities, indicating that the finite element
established in this study is capable of optimizing the tenon geometric dimensions of M-T
joint furniture.
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Figure 4. Comparisons of results between experiment and finite element analysis (FEA): (a) with-
drawal and (b) bending load capacities.

Table 2. Comparison results of experiment and FEA.

FEA (N) Experiment (N) Ratio

Withdrawal 5813 5133 (4.3) 1.13
Bending 1163 1008 (6.8) 1.15

3.2. Withdrawal Load Capacities of FEA

Figure 5 shows two typical failure modes of the finite element model when subjected
to withdrawal load. Figure 5a shows that the tenon detached from the mortise without
obvious damage. Figure 5b shows the tenon damage before being pulled out from the
mortise.
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detached from tenon without damage, and (b) fracture of tenon.

Table 3 shows the values of withdrawal load resistances of all finite element models
evaluated in this study.

Table 3. Comparisons of withdrawal load capacity for tenon thickness within each combination of
tenon length and tenon width.

Tenon Length (mm) Tenon Width (mm)

Tenon Thickness (mm)

7.5 10 15

(N)

20
15 6047 6969 8779
20 5771 6359 8041
25 5483 5813 7252

30
15 6045 * 7433 10,324
20 7903 8280 11,192
25 7968 8427 10,372

40
15 5738 * 7457 * 10,407 *
20 8150 * 9928 13,795
25 10,036 11,028 13,661

* The values with an asterisk indicate that the failure of the joint was caused by the fracture of the tenon.

Table 4 lists the results of the statistical analysis used to select models to predict the
withdrawal load capacity of M-T joints. The principles used to select the model were: (1)
SD is the standard deviation of the error; the smaller the better; (2) R2 and related Adjusted
R2 statistics should be close to 1, which infers that the ideal case where 100 percent of the
variation in the observed values can be explained by the chosen model; (3) the Predicted
R2 evaluates the amount of variation in new data explained by the model. The closer to
1, the better the predicted R2 is; (4) the value of predicted residual error sum of squares
(PRESS) shows how well the model fits the data. The PRESS for the chosen model should
be small, relative to the other models under consideration. Therefore, the quadratic model
was chosen based on all of the above principles and is shown as Equation (1). The Predicted
R2 of 0.9737 is well consistent with the Adjusted R2 of 0.9880, which indicates that this
model can be used to predict the withdrawal load capacities of the M-T joints evaluated in
this study.

Fw = 4386.5 − 228.5l + 344.8w − 265.4t + 15.5lw + 15.2lt − 16.6wt − 0.84l2 − 14.3w2 + 25.7t2 (1)

where Fw is withdrawal load capacity (N); l, w, and t are tenon length, tenon width, and
tenon thickness (mm), respectively.
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Table 4. Model summary statistics of withdrawal load resistance.

Model SD R2 Adjusted R2 Predicted R2 PRESS

Linear 605.80 0.9443 0.9350 0.9118 1.046 × 107

2FI 353.05 0.9842 0.9779 0.9670 3.908 × 106

Quadratic 259.85 0.9932 0.9880 0.9737 3.118 × 106

Cubic 271.13 0.9969 0.9870 0.9203 9.448 × 106

Note: 2FI: two factors interaction linear model.

Table 5 shows the ANOVA of the model in terms of the response surface quadratic
model. The F value of 193.78 indicates that the model is significant. Values of p less than
0.05 suggests that model terms are significant. In this case, l, w, t, lw, lt, wt, w2, and t2 are
significant model terms. p values greater than 0.1 suggest that the model terms are not
significant. In this case, l2 is not a significant term, suggesting that the effect of tenon width
on withdrawal load capacity is not significant. In addition, the F value of tenon length is
bigger than tenon thickness and tenon width, which indicates that the tenon length has a
greater effect than tenon thickness, followed by tenon width, on withdrawal load capacity.

Table 5. ANOVA of model terms in the response surface quadratic model of withdrawal load
capacity.

Source F Value p Value

Model 193.78 <0.0001
l 419.50 <0.0001
w 7.07 0.0208
t 386.85 <0.0001

lw 37.10 <0.0001
lt 35.05 <0.0001
wt 10.48 0.0071
l2 0.43 0.5222
w2 7.86 0.0159
t2 6.56 0.0249

The tenon geometry dimensions were optimized to get the maximum withdrawal
load capacity. Equation (1) was set as the objective function. The constraints were that the
tenon length was between 20 mm and 40 mm, the tenon width was in the range of 15 mm
to 25 mm, and the tenon thickness changed from 7.5 mm to 15 mm. The final goal was to
get the maximum withdrawal load capacity. Based on the above conditions, Figure 6 shows
the cubic space of the withdrawal load capacity relating to the tenon geometric dimensions
(length, width, and thickness). The optimal solution was that the tenon length, tenon
width, and tenon thickness were 39.97 mm, 24.77 mm, and 14.99 mm, respectively, with the
maximum withdrawal load capacity of 13,799.8 N, which was close to the simulation result.Forests 2021, 12, x FOR PEER REVIEW 8 of 12 
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3.3. Bending Load Capacity of FEA

Figure 7 shows two typical failure modes of the M-T joint finite element model when
subjected to bending load. In the case of the failure mode shown in Figure 7a, the tenon
was crushed at the front end. meanwhile, for Figure 7b, the tenon was fractured at the root.
These two phenomena resulted from the ratio of tenon length to tenon width. When the
ratio is smaller than 1, the M-T joint will be damaged, as in Figure 7a, otherwise the M-T
joint will fracture as in Figure 7b.
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and (b) damage at the root of the tenon.

Table 6 shows the bending load capacities of all tested finite element models with the
different tenon geometric dimensions evaluated in this study.

Table 6. Comparisons of bending load capacities for tenon thickness within each combination of
tenon length and tenon width.

Tenon Length (mm) Tenon Width (mm)

Tenon Thickness (mm)

7.5 10 15

(N)

20
15 615 748 935
20 771 921 1187
25 796 * 1163 * 1408 *

30
15 650 778 982
20 811 985 1276
25 990 1218 1546

40
15 654 885 989
20 816 993 1283
25 1004 1222 1618

* The values followed by an asterisk indicate that the failure of the joint was caused by the crushed tenon.

Table 7 lists the statistics used to compare models. The quadratic model (Equation (2))
was selected to predict the bending load capacity of the M-T joint relating to the tenon
size based on the selection principles described previously. The Predicted R2 of 0.9683 is
well consistent with the Adjusted R2 of 0.9822, indicating that the model was capable of
predicting the bending load resistance of the M-T joints evaluated in this study.

Fb = 143 + 10.5l − 18.8w + 72.9t + 0.4lw + 0.17lt + 3.5wt − 0.26l2 + 0.26w2 − 3.9t2 (2)

where Fb is withdrawal load capacity (N) and l, w, and t are tenon length, tenon width, and
tenon thickness (mm), respectively.
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Table 7. Model summary statistics of bending load capacity.

Model SD R2 Adjusted R2 Predicted R2 PRESS

Linear 65.21 0.9471 0.9402 0.9209 1.4641 × 105

2FI 44.28 0.9788 0.9724 0.9547 83,906.93
Quadratic 35.61 0.9884 0.9822 0.9683 58,684.91

Cubic 40.04 0.9913 0.9775 0.9070 1.722 × 105

Table 8 shows the ANOVA of model terms in the response surface quadratic model.
The F value of 160.25 indicates that the model is significant. Values of p less than 0.05 suggest
that the model terms are significant. In this case, l, w, t, wt, and t2 are significant model
terms. Values of p greater than 0.1 indicate that the model terms are not significant. In this
case, lw, lt, and w2 are not significant. In addition, the F value of tenon thickness is much
bigger than tenon width and tenon length, suggesting that the effect of tenon thickness on
bending load capacity is greater than that of tenon width, followed by tenon length.

Table 8. Results of ANOVA of model terms in the response surface quadratic model.

Source F Value p Value

Model 160.25 <0.0001
l 37.47 <0.0001
w 641.20 <0.0001
t 742.65 <0.0001

lw 4.01 0.0615
lt 0.41 0.5282
wt 41.79 <0.0001
l2 3.14 0.0941
w2 0.19 0.6658
t2 10.59 0.0047

The tenon sizes were optimized to get the maximum bending load resistance using
Design Expert software. Equation (2) was set as the objective function, and the constraints
of the objective function were that the tenon length changed from 20 mm to 40 mm,
the tenon width was in the range of 15 mm to 25 mm, and the tenon thickness was
between 7.5 mm and 15 mm. The final goal was to get the maximum withdrawal load
capacity. After calculation, Figure 8 shows the cubic space of bending load capacity
relating to tenon geometric dimensions. The optimal solution was that the tenon length,
tenon width, and tenon thickness were 39.97 mm, 24.88, and 15 mm, respectively, with
a maximum withdrawal load capacity of 1591.59 N, which was well consistent with the
simulation result.
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4. Discussion
4.1. Effect of Tenon Geometry Dimensions on Withdrawal Load Capacity

The withdrawal load capacities increased remarkably with the increase of tenon
length. The withdrawal load capacities also increased with the increase of tenon thickness
compared within the same row. Comparing the withdrawal load capacities in the same
column with the tenon length of 20 mm, the withdrawal load capacities decreased slightly
with the increase of tenon width. When the tenon length is 30 mm, the withdrawal load
capacities increased slightly with the increase of tenon width. In the case of a tenon length
of 40 mm, the withdrawal load capacities increased with the growth of tenon width, except
for a tenon thickness of 15 mm. In summary, it can be inferred that the longer the tenon
is, the higher the withdrawal load capacity is, which is consistent with the results of [3,4].
However, when the tenon length is twice as big or equal to the tenon width, the material
of the tenon will be damaged before being pulled out, which will reduce the withdrawal
load capacity. Therefore, it is recommended that the tenon length is greater than the tenon
width and smaller than twice the tenon width, especially, for M-T joints with a thin tenon
thickness.

4.2. Effect of Geometric Dimensions of Tenon on Bending Load Capacity

The tenon geometry dimensions have significant effects on bending load capacity, and
the bending load capacity increases with the increase of tenon sizes [12,14,15]. However,
tenon thickness and tenon width have a greater effect on bending load resistances than
tenon length with the dimensions evaluated in this study, which is in agreement with [16]
but contrary to [12,14,15]. This may be because the loading types adopted in [12,14,15]
were diagonal compress or tension with L-shaped samples, but in this study, and in [16],
the loading type was compress perpendicular to the stretcher of the T-shaped specimens.
Therefore, further studies will focus on explaining this difference, and on studying other
types of M-T joints with FEA.

5. Conclusions

In this study, the effects of tenon geometric dimensions, including tenon length,
tenon width, and tenon thickness, on bending and withdrawal load capacity were studied
through the use of FEA and RSM. The following conclusions were drawn:

(1) The tenon length has a greater effect on withdrawal load resistance than tenon
thickness, followed by tenon width, while the effect of tenon thickness on bending load
resistance is greater than that of tenon width, followed by tenon length.

(2) It is recommended that the tenon length is greater than the tenon width and smaller
than twice the tenon width (w < l < 2w), especially for relatively thin tenon thicknesses.

(3) Quadratic models relating to the tenon lengths, tenon widths, and tenon thicknesses
proposed in this study was validated as an effective method to predict and optimize the
withdrawal and bending load capacities of M-T joints.

(4) The maximum withdrawal and bending load resistances were obtained in this
study when the tenon sizes were approximately 40 mm long × 25 mm wide × 15 mm
thick.

In conclusion, the proposed method combining FEA with RSM is capable of being
used to evaluate and design M-T joints, and to get more knowledge of M-T joints visually.
This study contributes to reducing the costs of both time and materials used in conducting
experiments.
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