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This study deals with calculating and comparing the bending moments 
of two types of corner joints for commercially produced wooden sashes. 
The triple tenon and mortise joint was compared to a dowel joint on the 
sash of a window profile IV 92, made of spruce glued laminated timber. 
On the testing machine, the maximum force in the angular plane 
of a window sash under compression or tension mode was applied, 
and the measured values were converted to the bending moments. 
A  significant difference between the bending moments for the mortise and 
tenon joint, and dowel joint were determined. The dowel joints achieved 
167 Nm in a tensile test and 168 Nm in a compression test, while the 
mortise and tenon joint achieved 344 Nm in a tensile test and 325 Nm in 
a compression test. However, a significant difference was not revealed 
between the compression and tension tests for both types of joints. 
The differences for both types of joints were explained via the different 
sizes of the bonded surfaces, which was higher for the tested triple tenon 
and mortise joint by 29%. 
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INTRODUCTION 
 

 At the end of the 20th and at the beginning of the 21st centuries, thermo-technical 

properties of opening windowpanes were improved through the use of glued laminated 

timber, insulating glass, and a multipoint locking system. The size of a window profile was 

gradually expanded in the direction of the temperature gradient from 68 mm, through 72 

mm, 78 mm, and 88 mm, to 92 mm and higher. According to the standard DIN 68 121-1 

(1993), window profiles are labelled with letters “IV,” having the reference of a single 

window (or doors) fitted with insulating glass. An opened single tenon and mortise was 

used as a corner joint on the smallest profile, which was replaced by a double, then triple 

tenon and mortise as the profile increased. Larger profiles allowed for thermally insulating 

double and triple glazing to be fitted, which helped with decreasing the heat transfer 

coefficient by as much as 75%, compared to single glazing (Hochberg et al. 2010). Through 

their glazing, windows represent a structural element that contributes to improving the 

energy performance of the entire building (Pantaleo et al. 2013). However, due to the 

weight of the insulating glass, increased demands are placed on the strength of the corner 

joints. Here it was necessary to achieve greater strength and stiffness of the corner joints, 

which increases along with the increasing bonded surface (Warmbier and Wilczyński 

2000; Wilczyński and Warmbier 2003; Hajdarević and Šorn 2012). For utilizing passive 
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solar gains, glass surfaces also have tended to be maximized in the curtain walling of 

buildings, thereby again increasing the load on the corner joints of window sashes. 

The IV 92 window profile with tenon and mortise in the corner joint is currently 

the most commonly used window profile. Dowel joints are the most frequent alternative to 

tenon and mortise (Bahlmann 2011; Hrovatin et al. 2013a; Pantaleo et al. 2013). Dowel 

joints provide many advantages for manufacturers. The top and bottom rails are always 

shorter by two widths of a bonded profile because they do not need material for the creation 

of joints, such as in the case for an opened tenon and mortise joint. Drilling dowels uses 

less energy than milling, and less waste is created. The production process is thus 

simplified and faster, due to the necessary profiles and holes for the dowels being formed 

by one machine. This increases manufacturing productivity and reduces production costs. 

The dowels are therefore able to compete with the tenon and mortise joint by accepting a 

lower strength (Efe et al. 2005; Hrovatin et al. 2013a; İmirzi et al. 2015). Despite the 

overall lower strength of dowel joints (Pantaleo et al. 2013), the experimental tests and 

modelling using the finite element method have established that dowelled window sashes 

with the application of structural silicon still have sufficient stiffness. Generally, the size 

of a bending moment and the stiffness of dowel joints can be affected by the dowel spacing, 

diameter, and depth of dowels (Warmbier and Wilczyński 2000). The comparison also 

showed that beech dowels in beech wood species have a higher strength than the oak 

species. Therefore, the wood species is also important. 

Another fastener is the Hoffmann Dovetail Key joint (Joščák and Kollár 2007), 

and further research was performed for the substitution of the mentioned joints with a 

wooden ring (Hrovatin et al. 2013b). Table 1 shows that the variability of the strengths of 

joints is primarily affected by the type of corner joint, the type of adhesive, wood species, 

and the size of the profile, which, like the type of joints, relates to the size of the bonded 

surface. In addition, the glue line thickness (Hajdarević and Šorn 2012; Ratnasingam and 

Ioras 2013) and the temperature (Altinok and Kiliç 2004) also affect the strengths of the 

joints. The wood moisture content can have an effect with a different type of adhesive on 

the breaking strength too (Tankut 2007; Bomba et al. 2014). The measurement results are 

dependent on the methodical measurement procedure, which is not unified for testing the 

corner joints of wooden windows. Pantaleo et al. (2014) also mentioned that there are no 

specific procedures for testing rectangular corner joints. At this time only one standard 

for testing the corner joints of plastic windows, EN 514 (2000), has been proposed. 

The present research included the testing of the corner joints of window profiles 

in the angular plane under compression or tension under normal conditions until a load 

at maximum force (Fmax) was attained. However, the values of the joints can also 

be measured in the elastic area, such as in Podlena and Borůvka (2016), wherein it was 

determined, when comparing profiles IV 78 and IV 92, that the values of stiffness from 

the elastic area (10% and 40%) correlate (0.69 to 0.84) to the values from the maximum 

stiffness. During the testing of the corner joints, the progressions of forces derived from 

the moving crosshead of the testing machines are recorded depending on the displacement. 

As Table 1 shows, the force is also the most frequently monitored variable, but its value 

depends on the arm length. According to the size of the displacement, through 

the trigonometric function, the change in the inner angle is calculated for rectangular joints 

(Simeonova et al. 2015). The bending moment (M) is directly proportional to the size 

of the loading force and moment arm (l) (Eckelman 1971), and the resulting stiffness 

of the corner joints is calculated using the proportion of the bending moment to the change 

in the internal angle (c) (Erdil et al. 2005).  
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Table 1. Summary of the Various Corner Joints Applied to Wooden Windows 
Tested in Compression and Tensile Testing in the Angular Plane of Window Sash 

Type 
of 

Load 

Type of 
Corner Joint 

Name of 
Adhesive 

Wood 
Species 

Size 
of 

Profile 
(mm) 

Ultimate 
Strength  

(N) 

Angular 
Deformation 

(°) 

Bending 
Moment 

(Nm) 

Stiffness 
(Nm/rad) 

T
e
n
s
ile

 

Double 
tenon and 
mortise1 

PVAc,      
Mekol 1141 

Pine 68 832.5 - - - 

PVAc,      
Duplit AL-NBU 

Pine 68 1030 - - - 

Double 
tenon and 
mortise2 

- Spruce 68 - 0.68 369.6 9369 

Double 
tenon and 
mortise3 

- Spruce 78 - - - 4130 

Triple tenon 
and mortise3 

- Spruce 92 - - - 7882 

Wooden 
ring1 

PVAc,     
Mekol 1141 

Pine 68 1170 - - - 

PVAc,      
Duplit AL-NBU 

Pine 68 1115 - - - 

Dowel joints1 
PVAc,     

Mekol 1141 
Pine 68 530 - - - 

Hoffman 
Dovetail 

Key2 
- Spruce 68 - 0.65 310.2 8278 

C
o
m

p
re

s
s
io

n
 

Double 
tenon and 
mortise4 

 (PVAC, two-
component D4 

+ 5% Turbo 
hardener 303-

5) 

Black 
Locust 

55 9251.8 - - - 

Sessile 
Oak 

55 9037 - - - 

Scots 
Pine 

55 5432.9 - - - 

Double 
tenon and 
mortise5 

PVAc,   
Kleiberit 303 

Pine 
60 

2080 - - - 

Fir  1781 - - - 

Double 
tenon and 
mortise2 

- Spruce 68 - 3.51 184.6 4149 

Double 
tenon and 
mortise3 

- Spruce 78 - - - 4485 

Triple tenon 
and mortise3 

- Spruce 92 - - - 6658 

Hoffman 
Dovetail 

Key2 
- Spruce 68 - 3.40 245.9 5232 

Double 
tenon and 
mortise6 

PVAc,   
Protovil D4 

Red 
oak 

68 1342.9 - 264.7 - 

- This parameter is not specified. 
1: Hrovatin et al. (2013a); 2: Joščák and Kollár (2007); 3: Podlena and Borůvka (2016); 
4: Altinok et al. (2013); 5: Altinok et al. (2010); 6: Pantaleo et al. (2014) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Podlena et al. (2017). “Bending dowel & tenon joints,” BioResources 12(2), 4202-4213.  4205 

Most researchers have only conducted tests on profiles IV 68 and smaller, which 

have now been replaced by bigger profiles. Measurements for this study were therefore 

performed on samples of window sashes with a profile IV 92 joined with a triple tenon and 

mortise, which was compared with a dowel joint. The bending moment calculated from the 

maximum load was selected as a characteristic for the strengths of the corner joints, which 

are comparable with the other joints. 

 
 
EXPERIMENTAL 
 

Materials  
 Test samples used were sash frames manufactured from spruce glued-laminated 

timber in accordance with the standard EN 14220 (2007) on profile IV 92 (Fig. 1a). 

The samples were supplied by window manufacturers conforming to their production 

standard. The length of each sample arm was measured as 350 mm. Batches of 51 corner 

joints were fitted with triple tenon and mortise (Figs. 1b and 2a), and the second series had 

32 corner joints connected with five oak dowels (Figs. 1c and 2b). The dowels had 

dimensions of 8 mm x 50 mm with a spiral pattern on the surface. Two holes 

with diameters of 11 mm ± 0.5 mm were drilled through the corner joint members using 

a radian drilling machine (TOS Svitavy, Czech Republic) to affix the samples by  pins 

in the test grips (Podlena et al. 2015). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Samples of the corner joints prepared for the bending test (a) with mortise and tenon (b), 
and dowel joints (c) 

b) 
 
 

c) 
 
 

a) 
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Tests were performed on bonded and milled corner joints whose surfaces did not 

have a completed surface treatment. The rabbates and grooves on the profiles differed 

in terms of the milling tools used by the window manufacturers. The outside rabbets 

of sash profiles were three-fold with grooves, which accommodate window fittings 

and rubber seals. The dimensions of the tested window profiles (including characteristic 

dimensions of corner joints) in mm are shown in Fig. 2.  

 
                 a)                                                                               b)    

Fig. 2. Geometry of the window profiles IV 92 with triple mortise and tenon (a), and dowel joints (b) 
with dowel, in millimetres 

The corner joints were bonded using thermoplastic dispersion of polyvinyl acetate 

(PVAc) adhesives with D4 durability class according to the standard EN 204 (2001). 

The series of samples with triple tenon and mortise were bonded using the adhesive 

D4 Leim 1K (GreenteQ, Gillingham, United Kingdom). The 1K Holzkaltleim D4 1K 

adhesive (Würth, Künzelsau, Germany) was used for the second series of joints. 

The selected characteristic properties specified in the technical sheets of the 

aforementioned adhesives are summarized in Table 2. The specified pH values of the 

adhesives were determined at a temperature of 20 °C according to ISO standard 976 (2013) 

and the viscosity of adhesives according to ISO 2555 (2015).  

 

Table 2. Properties of Adhesives Applied on the Testing Samples 

Type of Joint Mortise and Tenon Dowel Joints 

Adhesive GreenteQ, D4-Leim 1K WÜRTH, 1K Holzkaltleim D4 1K 

Density 1 g/cm3 1.1 g/cm3 

pH Value approx. 3.5 approx. 3 

Viscosity approx. 5000 to 6000 mPa.s approx. 7000 mPa.s 

Minimum Temperature of 
Film Formation 

approx. + 8 °C approx. +7 °C 

 

Methods 
 To eliminate moisture content’s effect on the strength of the joints, the equilibrium 

moisture content of all samples was stabilized in a climate chamber (Memmert GmbH + 

Co. KG, Schwabach, Germany) with a temperature of 20 °C ± 2 °C and a relative humidity 

of 65% ± 5%. The corner joints samples were then taken for mechanical tests (                   a)                                          

b)                                               c) 

https://en.wikipedia.org/wiki/K%C3%BCnzelsau
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Fig.) in an angular plane of compression (Fig 3a), or tension (Fig 3b). 

         
                   a)                                          b)                                               c) 
 

Fig. 3. Schematic of the bending tests for compression testing (a) and tensile testing (b) with set-
up of corner joints in the testing machine TIRA 50 (c) 

The test machine used was the universal tensile testing machine TIRA 50 (TIRA 

GmbH, Schalkau, Germany) with a loading range up to 50 kN using TIRA software 

(TIRAtest, Version 4.6.0.40, Schalkau, Germany). The designed fixing component was 

mounted in the testing machine, and two pins affixed the test samples of the corner joints. 

Either a compression or tension test was performed with the same component according to 

the configured crosshead direction of displacement. Deformations in the holes of 

the member were neglected in both the methodological tests and both types of joints 

because they were not important in terms of overall deformations. During the test, 

the machine applied a constant load speed of 50 mm/min to adhere to the time course of the 

test of approximately 2 min. The values of the forces at maximum load in compression 

(Fc,max) and tension (Ft,max) were ascertained using the TIRA software. The resulting 

bending moments of the corner joints under compression (Mc,max) and tension (Mt,max) were 

then calculated according to the following Eqs. 1 and 2 according to the load method 

(Jivkov et al. 2008): 

   Mc,max (N ×  m) = Fc,max (N) ×  l (m)    (1) 

   Mt.max (N ×  m) = Ft,max (N) ×  l (m)    (2) 

Perfect rigid members were expected during the calculations. The moment arm (l) 

is the perpendicular distance from the line action of the force to the axis of the rotation. The 

centre of moments is located at the intersection of the lines that are parallel with the edges of 

the members and pass through the centre of the pins in the fixing component. An analysis of 

variance (single-factor ANOVA) and a multiple comparison test (post-hoc Tukey) were 
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performed for a statistical assessment of the calculated results by software Statistica (StatSoft, 

Version 12. 0, Tulsa, Oklahoma, USA). 

When comparing the triple tenon and mortise to the dowels, the impact of the size 

of the bonded surface, which was measured based on the given dimensions of the joints, 

was also taken into consideration. The bonded surfaces were added at the point 

of the members contact, regardless of the fibre orientation. Because the dowels are a type 

of fastener that penetrates into both members symmetrically, the total surface area 

of the dowels was calculated by adding up half of the surface of all five dowels with 

the contact surface of both members. 

 
 
RESULTS AND DISCUSSION 
 

 The results of the calculated bending moments for the corner joints of the window 

sashes on profile IV 92 are specified in Table 3. The data was divided according to the type 

of corner joints and load method used.  

Table 3. Bending Moment Results 

Bending Moment  
Triple Tenon and Mortise Dowel Joint 

Compression Tensile Compression Tensile 

Mean (Nm) 325 344 168 167 

Median (Nm) 335 338 166 170 

Standard Deviation (Nm) 44 49 18 17 

Specimens Counts 25 26 16 16 

Minimum (Nm) 210 254 141 129 

Maximum (Nm) 401 452 197 188 

Coefficient of Variation (%) 13 14 11 10 

 

The triple tenon and mortise tensile (344 Nm) achieved the highest bending 

moments, and it was followed by the values from the compression test (325 Nm). The size 

of the bending moment of the tensile tests was therefore 5% greater than that in the 

compression. The dowel joints were found to have approximately one-half of the tensile 

(167 Nm) and compression (168 Nm) test values compared to the triple tenon and mortise. 

Therefore, the result of the tensile test for the tenon and mortise achieved a 49% higher 

value when compared to the tensile test for the dowel joints. In terms of the compression 

test, the difference in the values was greater than 52%. In terms of the tensile 

and compression test values for dowel joints, the difference was less than 1%.  

A significant difference (P = 0.000147) was demonstrated at 95% confidence 

between the bending moments for the triple tenon and mortise and for the dowel joints. In 

contrast, significant difference between type of loading (compressions and tension) for the 

triple tenon and mortise (P = 0.3109) or dowel joints (P = 0.999985) was not demonstrated. 

Furthermore, significant difference was not also proven between the average values of the 

maximum load on an angular plane of a window sash in compression or tensile tests for 

the tested triple tenon and mortise or dowels (Fig. 4).   

The failure modes examples are presented in Fig. 5. Failure modes occurred 

in the wood and joint in both cases, so that used adhesives provided sufficient strength. 

Samples of triple tenon and mortise joint were damaged in the tests as a result of the joint 

rotation according to the type of load. The triple tenon and mortise is an open type of joint 
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whose bonded surfaces adhered with the side surfaces several times. Through 

the multiplicity of the tenon, the bonded surface was thus increased, and so was 

the strength of the joint. Dowel joints were pulled out of the wood on the inner side during 

tensile test, or on the outer side during compression test. This behaviour explains 

the different failure mode of the dowels in the Fig 5b. For the expression of the stress 

distribution in the wooden window frame connected with dowels, Pantaleo et al. (2013) 

previously used finite element modelling. 

 

Fig. 4. ANOVA results (vertical bars denote 95% confidence interval); the X-axis represents the 
type of corner joint and the Y-axis represents ultimate bending strength 

 

                    a)                        b) 

Fig. 5. Example of failure modes in compression: triple tenon and mortise (a) and dowel joint (b)  

The fact that strength of the corner joint increases with increasing bonding surface 

was discussed in the Introduction, and such a dependency already has been established by 

many authors such as Warmbier and Wilczyński (2000), Wilczyński and Warmbier (2003), 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Podlena et al. (2017). “Bending dowel & tenon joints,” BioResources 12(2), 4202-4213.  4210 

and Hajdarević and Šorn (2012). Accordingly, higher bending moment values of the triple 

tenon and mortise could be partially explained through the size of bonded surfaces. The 

sum of the bonded surfaces achieved 10260 mm2 for the tested triple tenon, but for the 

dowel joint the surface contact only achieved 7298 mm2. Thus, a lower bending moment 

of dowel joint was expected. The overall bonded area of the dowel joint was given by the 

sum of the sizes of the contact surfaces of both members (3905 mm2) and half of the total 

surface area of five dowels with dimensions of 8 mm x 50 mm (3393 mm2). Therefore, 

only the surface of the dowels that penetrated the member of the second arm was taken into 

consideration. The 49% difference in bending moments in the tensile and 52% in the 

compression strengths between both joints could be partially explained by the smaller size 

of the bonded surfaces, wherein the bonded surface for the dowel joints was 29% smaller. 

The results of the bending moments were partially comparable to the values 

specified in Table 1, as its size depended on the arm length. Joščák and Kollár (2007) tested 

a smaller 68 mm profile produced from a bonded spruce glued laminated timber with 

double tenon and mortise, which was compared to the Hoffmann Dovetail Key. The tenon 

and mortise in tensile mode showed 369.6 Nm in tension and 184.6 Nm in compression 

mode, whereas on the same profile the Hoffmann Dovetail Key only achieved 310.2 Nm 

in tension, but 245.9 Nm in compression. The large difference in compression or tension 

mode that these researchers achieved was interesting. A different double tenon and 

mortise, which was made from red oak, achieved average values of 264.7 Nm 

in compression with another 68 mm profile (Pantaleo et al. 2014). Based on the results 

of the bending moments of this research, the authors confirmed that the tenon and mortise 

joints had the highest strength of all of the researched types of joints. However, the 

diversity of the samples and methodological procedures did not allow for a comparison of 

the findings of all the other studies with sufficient precision. 

When comparing dowel joints, it is important to emphasize that the window 

manufacturer used uncommon oak dowels on the test samples of this research. The findings 

from other studies show that the strength of the tested dowel joint can be optimized using 

beech dowels, or by increasing the number of dowels in the corner joint, which increases 

the bonded surface of the joint. The question remains to what extent these changes would 

weaken the cross-section of the members.  

 
 
CONCLUSIONS 
 

1. In the IV 92 window profile, the triple tenon and mortise joint achieved a bending 

moment value of 344 Nm at a load in an angular plane for tension, and 325 Nm 

for compression. A statistically significant difference (P = 0.3109) at a confidence level 

of 95% was not demonstrated among the results of the tensile and compression values 

for tenon and mortise. 

2. In the IV 92 window profile, the dowel joints demonstrated significantly lower values 

of bending moments in the tensile test at 167 Nm, and 168 Nm in the compression test. 

A statistically significant difference (P = 0.999985) at a confidence level of 95% was 

also not demonstrated among the results of dowel joint tensile and compression tests. 

3. Via a single-factor analysis of variance test, a statistically significant difference 

(P = 0.000147) at a confidence level of 95% was demonstrated for the bending 
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moments for triple tenon and mortise and for dowel joints. Specifically, this was a 49% 

difference in the tensile test and 52% in compression between both joints. 

4. The bonded surface of the tested triple tenon and mortise (10261 mm2) had a 29% 

greater bonded surface size compared to the dowel joints (7298 mm2) that were 

commercially made, which significantly affected the rigidity of the corner joints, 

and the size of the bending moment. 

5. Given the measured results and the increasing demands and requirements for load 

bearing of fillings of a frame structure, it was better to particularly prioritize tenon and 

mortise as a type of corner joint for large windows. Adversely, dowel joints could be 

used successfully for smaller windows. 
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