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ABSTRACT

The effect of tenon length and tenon width on withdrawal load capacity of mortise and 
tenon (M-T) joint was studied based on the finite element method (FEM), and the relationship 
of withdrawal load capacity relating to tenon length and tenon width was regressed using 
response surface method. The results showed that the tenon length and tenon width had 
remarkable effects on withdrawal load capacity of M-T joint T-shaped sample. The effect of 
tenon length on withdrawal load capacity was greater than tenon width. The regression equation  
used to predict the withdrawal load capacity was capable of optimizing the tenon sizes of M-T 
joint with R-square of 0.926. Using FEM can get more knowledge of M-T joint visually, and 
reduce the costs of materials and time of experiments.

KEYWORDS: Withdrawal load capacity, finite element method, tenon size effect, mortise and 
tenon joint. 

INTRODUCTION

Mortise and tenon (M-T) is a traditional joint type commonly used in wood structures 
and wood products, which dominates the strength of the whole framework. Withdrawal load 
capacity is a common load type imposed on M-T joint. Many studies have investigated the 
factors influencing the withdrawal resistance of M-T joint, such as wood species, adhesive 
type, tenon geometry etc. (Záborský et al. 2017, Zhao et al. 2019). Diler et al. (2017) studied 
the withdrawal resistance of T-shaped joint made from heat-treated pine (Pinus sibirica) and 
common ash (Fraxinus excelsior) and iroko (Chlorophora excelsa) wood. The results showed  
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that the withdrawal resistances of joints constructed from common ash and iroko wood were 
higher than the joint made from heat-treated wood. Heat-treated wood reduced the withdrawal 
resistance of joint by 25%. Renbutsu and Koizumi (2018) used greenwood shrinkage as a clamping 
pressure to increase the withdrawal resistance. The results showed that proposed shrink-fitted 
glued round M-T joint exhibited sufficient withdrawal strength, and after applying four humidity 
cycles to simulate seasonal variations in moisture content, withdrawal strength did not decrease 
significantly. In addition, Eckelman et al. (2004) studied the withdrawal resistance of pined and 
unpinned round M-T joint. The results showed that cross-pined round M-T joints enhanced  
the withdrawal resistance, which would be usable in the construction of furniture where adhesives 
were unobtainable. Derikvand et al. (2013) studied the effect of wood species and loose tenon 
length on the withdrawal force capacity of M-T joint T-shaped sample. The results showed that 
the gluing in length of the tenon exerted a significant influence on the withdrawal force capacity 
of the joints. Tenon sizes, length and width, are basic parameters of M-T joint, which affect  
the strength of M-T joint directly. A huge amount of experimental tests were conducted  
to investigate the tenon sizes on bending moment strength of M-T joint (Wilczyński and 
Warmbier 2003, Edirl et al. 2005, Likos et al. 2012, Oktaee et al. 2014, Kasal et al. 2016), 
and tenon shoulder on strength of M-T joint (Eckelman and Haviarova 2006, Džinčić 2016). 
However, the effect of tenon sizes on withdrawal load capacity of M-T joint was rarely studied. 

Finite element method (FEM) has been confirmed as an effective method commonly used 
in wood engineering (Zhou et al. 2017, Liu et al. 2018, Hu et al. 2019, Xi et al. 2020). Previous 
studies also proved that the FEM can be used to analyse the M-T joint (Smardzewski 2008, 
Silvana and Smardzewski 2010, Çolakoglu and Apay 2012, Zhou 2018, Kilic et al. 2018, Chen 
2019). Therefore, in this study, the effect of tenon sizes (length and width) on withdrawal 
load capacity of M-T joint was investigated numerically based on FEM, and the relationship  
of withdrawal load capacity relating to tenon length and tenon width was regressed using response 
surface method. This study will contribute to reduce the costs of experiments through using FEM 
and response surface method.

MATERIAL AND METHODS
Material properties of wood

The wood used to prepare the T-shaped specimens was beech (Fagus orientalis Lipsky) 
(Nanjing Wood Lumber, Nanjing, China). The physical and mechanical properties of beech 
wood were measured in the authors’ previous study (Hu and Guan 2017a). The specific gravity of 
beech averaged 0.69, and the moisture content was 10.8%. Tab. 1 shows the mechanical properties 
of beech wood which are basic parameters used in the finite element model, including elastic 
moduli, Poisson’s ratios, shear moduli, yield strengths and ultimate strengths.

Tab. 1: Mechanical properties of beech wood (Hu and Guan 2017a).

Modulus of elasticity (MPa) Poisson’s ratio
EL* ER ET nLR nLT nRT nTR nTL nRL

12205 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

Note:* E is elastic modulus (MPa); n is Poisson’s ratio; G is shear modulus (MPa); L, R, and T refer to the longitudinal, 
radial, and tangential directions of beech wood, respectively.
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Dimensions of M-T joint specimens
Fig. 1 shows the configurations of T-shaped specimen evaluated in this study. The 

dimensions of the post leg were 200 × 40 × 40 mm (length × width × thickness). The stretcher 
measured 160 mm long × 30 mm wide × 30 mm thick. The dimensions of tenon length and 
tenon width were variables studied in this study, while the tenon thickness was a constant. The 
fit between tenon width and mortise height was 0.2 interference fit, and 0.2 mm clearance fit 
was applied between tenon thickness and mortise width according to common wood M-T joint 
technique. The polyvinyl acetate (PVA) was used to connect mortise and tenon, and the bonding 
strengths of M-T joint were shown in Tab. 2.

 

              
                                   (a)                                                       (b) 

Fig. 1: Dimensions of specimen: (a) T-shaped sample, (b) mortise and tenon joint (unit mm).

Tab. 2: Bonding strength of mortise and tenon joint (Hu and Guan 2019).

Bonding strength (MPa)

Shear strength GI Shear strength GII Internal bonding strength

3.49 2.45 1.23

Finite element model
Fig. 2 shows the finite element model of the M-T joint T-shaped sample subjected 

to withdrawal load established using finite element software (ABAQUS 6.14-1, Dassult, 
Providence, RI, USA). The mode considered the orthotropic properties of wood. The 
mechanical properties used in this model were shown in Tab. 1. In this study, ductile damage was  
used in the finite element model to judge the failure of elements with the parameters of fracture 
strain 0.00833, stress triaxiality 0.33, strain rate 0.01 and displacement at failure 0.6452 mm. 
Local coordinates were used to define the grain orientations of the leg and the stretcher, i.e., x, y, 
and z corresponded to the longitudinal, radial, and tangential directions, respectively. The oval 
M-T joint model was regarded as a semi-rigid joint. The interactions of the mortise and tenon 
were surface-to-surface contact. For the curve contact surfaces of the M-T joint, the penalty 
friction formulation was specified with a friction coefficient of 0.54 (Hu and Guan 2017b)  
to simulate the friction behaviour between the mortise and tenon with a 0.2 mm interference 
fit. For the f lat contact surfaces of the M-T joint, Traction-Separation law was used as criterion  
to simulate the cohesive bonding behaviour, and the parameters needed in ABAQUS were 
bonding strengths of glue joint in different directions shown in Tab. 2. The loading conditions 
was that a displacement load applied at the loading point at the end of the stretcher to get the force 
(F) shown in Fig. 2. The mesh of the model is also shown in Fig. 2, and the sizes of most elements 
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were approximately 5 mm. For contact parts, the sizes of elements were about 2 mm. The element 
type was C3D8, an 8-node linear brick element that was assigned to the T-shaped sample.

Fig. 2: Finite element models of T-shaped mortise and tenon joint subjected to withdrawal load.

Tab. 3: Combinations of tenon width and tenon length evaluated in this study.

Tenon size (mm) Width (W)

Length (L) 15 20 25
10 L10-W15 L10-W20 L10-W25
20 L20-W15 L20-W20 L20-W25
30 L30-W15 L30-W20 L30-W25
40 L40-W15 L40-W20 L40-W25

 
Statistical analysis

All data were analyzed by Design expert (Version 8.06, Stat-Ease, Inc. Minneapolis,  
MN, USA) using the response surface method, and the model terms were statistically analyzed 
by analysis of variance (ANOVA).

RESULTS AND DISCUSSION

Stress distributions of M-T joint
 Fig. 3 shows stress distributions of a typical T-shaped M-T joint (L10-W15) during 

withdrawal process. Most simulation results were in the same trend. Figs. 3a-d suggested the 
initial state, interference fit, half-tenon withdrawal and complete withdrawal states, respectively.

             
                                    (a)                                                      (b) 
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                                    (c)                                                      (d) 

Fig. 3: Stress distributions of M-T joint T-shaped specimen subjected to withdrawal load: (a) initial state, 
(b) interference fit state, (c) half-tenon withdrawal state and (d) complete withdrawal state.

Withdrawal load capacity of M-T joints
Fig. 4 shows the withdrawal load and displacement curves of all M-T joint T-shaped 

finite element models. Most curves were in the same trend that the withdrawal load increased 
linearly until reaching the peak value, and then dropped linearly until the tenon completely 
pulled out. These curves reflected the process of tenon pulled out the mortise smoothly and  
the most materials of tenon were in elastic stage. However, the curves of L30-W15, L40-W15 and  
L40-W20 had different trends at the dropped stage of curves, which caused by different failure 
modes of M-T joint.

Fig. 4: Withdrawal load-displacement curves of T-shaped specimens with different tenon sizes.

Fig. 5a-c show the failure modes of M-T joint with the tenon sizes of L30-W15, L40-W15 
and L40-W20, respectively. In case of Fig. 5b, the tenon damaged before pulled out, so the 
withdrawal load decreased once reaching the peak value. In case of Fig. 5a and 5c, in the dropped 
stage of curves, the withdrawal load decreased nonlinearly, since most materials of tenon were in 
plastic stage, especially for M-T joint with tenon sizes of L30-W15. It can be inferred that when 
the tenon length is twice bigger than or equal to tenon width, the materials of tenon have the risk 
of suffering plasticity or fracture. Therefore, it is recommended that the tenon length is greater 
than tenon width and smaller than twice tenon width in designing the tenon sizes of M-T joint 
of wood products especially subjected to withdrawal load.
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                  (a)                                         (b)                                         (c)

Fig. 5: Stress distributions and failure modes of T-shaped specimens subjected to withdrawal load:   
(a) 30-mm tenon length by 15-mm tenon width (L30-W15), (b) 40-mm tenon length by 15-mm tenon 
width (L40-W15) and (c) 40-mm tenon length by 20-mm tenon width (unit MPa).

Fig. 6 shows the simulation results of withdrawal load capacities of M-T joint with 
different tenon sizes. Apart from the tenon sizes of L40-W15, when the tenon width is fixed 
at a certain value, the withdrawal load capacities increased remarkably with increase of tenon 
length (Derikvand et al. 2013). However, when the tenon length kept at a certain constant, the 
withdrawal load increased or decreased slightly with the tenon width increasing. All of above 
results indicated that the tenon length affected the withdrawal load capacity greater than tenon 
width.

Fig. 6: Withdrawal load capacities of mortise and tenon joint with different tenon sizes.

Modelling of withdrawal load capacity
In this model, the result of M-T joint with dimensions of L40-W15 was eliminated from the 

data for its failure mode (Fig. 5b) different from others. Therefore, the response surface model 
was regressed based on 11 runs. Fig. 7 shows the 3D surface of the model, and the corresponding 
response surface model equation was shown in Eq. 1:

F = 4720.9 + 834.5 × A - 650.8 × B + 8.8 × AB - 34.2 × A2 + 11.1 × B2 + 0.44 × A3                      (1)

where:  F is withdrawal load capacity (N); 
     A and B are tenon length and tenon width (mm), respectively.
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Fig. 7: 3D surface of response surface model of withdrawal capacity of mortise and tenon joint relating to 
tenon length and tenon width.

Tab. 4 shows that analysis of variation (ANOVA) of the response surface reduced cubic 
model. The F-value of 61.29 implies the model is significant. There is only a 0.07% chance 
that a F-Value this large could occur due to noise. The F-value of length was much bigger than  
the one of width indicating that the effect of tenon length on withdrawal load capacity was greater 
than tenon width, which was consistent with the results of simulation (Fig. 6).

Tab. 4: ANOVA of response surface reduced cubic model.

Source F-value p-value
Model 61.29 0.0007

Length (A) 10.33 0.0325
Width (B) 0.15 0.7165

AB 6.03 0.0700
A2 0.80 0.4219
B2 1.01 0.3720
A3 5.56 0.0779

The p-values less than 0.05 indicate model terms are significant. The p-values greater 
than 0.1 indicate the model terms are not significant. The p-values between 0.05 and 0.1 are 
moderately significant Therefore, A is significant model terms, AB and A3 are moderately 
significant, and B, A2 and B2 are not significant. In addition, the "Pred R-Squared" of 0.9261 is 
in reasonable agreement with the "Adj R-Squared" of 0.9731. Therefore, this model can be used 
to predict the withdrawal capacity of M-T joint.
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CONCLUSIONS

In this study, the effects of tenon sizes, length and width, on withdrawal load capacity 
of M-T joint were studied numerically using FEM combining with response surface model. 
Following conclusions were drawn: (1) The tenon sizes have remarkable effect on withdrawal 
load capacity of M-T joint. (2) The effect of tenon length on withdrawal load capacity of M-T 
joint is greater than the one of tenon width. (3) It is recommended that the tenon length is greater 
than tenon width and smaller than twice tenon width in designing the tenon sizes of M-T joint 
especially subjected to withdrawal load. (4) The method of combining FEM and response surface 
method is an efficient way to optimize the tenon sizes, which can help researchers and engineers, 
know more about the details of wood structures visually and reduce the costs of time and materials 
used to conduct experiments.

Further studies can focus on numerically and experimentally optimizing the tenon sizes 
of M-T joint considering the tenon length, tenon width and tenon thickness together when 
subjected to bending and withdrawal loads.
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