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ABSTRACT 
This study applied six failure criteria to estimate the shear strength of wood adhesive joints 
subjected to tension and compression loads as a function of fiber inclination. Shear 
stresses in the adhesive line were determined through experimental tests using specimens 
obtained from 12 Eucalyptus saligna beams. These specimens were prepared with variable 
fiber inclinations (0º, 15º, 30º, 45º, 60º, 75º, and 90º) relative to the load application, 
following the NBR 7190 standard. The experimental results were statistically analyzed in 
conjunction with the six failure criteria (Hankinson, DIN 1052, Tsai-Hill, Hyperbolic, 
Keylwerth, and Karlsen), allowing for the adaptation of the models to determine the shear 
strength of the adhesive line as a function of fiber inclination. In their original form, the 
Hankinson, DIN 1052, Tsai-Hill, and Hyperbolic models did not show statistical significance 
(p < 0.05). However, after modifications, all models demonstrated statistical significance, 
with the best fits being provided by the DIN 1052, Keylwerth, Hankinson, Karlsen, 
Hyperbolic, and Tsai-Hill models, in order of significance. Due to ease of application, the 
most recommended models for predicting the shear strength values of the adhesive line 
under compression and tension, as a function of fiber inclination, are the DIN 1052 and 
Hankinson formulas. 
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RESUMO 
Este estudo aplicou seis critérios de falha para estimar a resistência ao cisalhamento de 
juntas adesivas de madeira submetidas a cargas de tração e compressão em função da 
inclinação das fibras. As tensões de cisalhamento na linha adesiva foram determinadas por 
meio de ensaios experimentais utilizando corpos de prova obtidos de 12 vigas de 
Eucalyptus saligna. Esses corpos de prova foram preparados com inclinações variáveis 
das fibras (0º, 15º, 30º, 45º, 60º, 75º e 90º) em relação à carga aplicada, seguindo a norma 
NBR 7190. Os resultados experimentais foram analisados estatisticamente em conjunto 
com os seis critérios de falha (Hankinson, DIN 1052, Tsai-Hill, Hyperbolic, Keylwerth e 
Karlsen), permitindo a adaptação dos modelos para determinar a resistência ao 
cisalhamento da linha adesiva em função da inclinação da fibra. Em sua forma original, os 
modelos Hankinson, DIN 1052, Tsai-Hill e Hiperbólico não apresentaram significância 
estatística (p < 0,05). Entretanto, após modificações, todos os modelos demonstraram 
significância estatística, com os melhores ajustes sendo fornecidos pelos modelos DIN 
1052, Keylwerth, Hankinson, Karlsen, Hiperbólico e Tsai-Hill, em ordem de significância. 
Devido à facilidade de aplicação, os modelos mais recomendados para previsão dos 
valores de resistência ao cisalhamento da linha adesiva sob compressão e tração, em 
função da inclinação das fibras, são as fórmulas DIN 1052 e Hankinson. 
 
Palavras-chave: Resistência ao cisalhamento. Inclinação da fibra. Juntas adesivas. 
Tração. Compressão. 
 
RESUMEN 
En este estudio se aplicaron seis criterios de falla para estimar la resistencia al corte de las 
uniones adhesivas de madera sometidas a cargas de tracción y compresión en función de 
la inclinación de la fibra. Las tensiones de corte en la línea de adhesivo se determinaron 
mediante ensayos experimentales utilizando probetas obtenidas de 12 vigas de Eucalyptus 
saligna. Estas probetas fueron preparadas con inclinaciones de fibra variables (0º, 15º, 30º, 
45º, 60º, 75º y 90º) en función de la carga aplicada, siguiendo la norma NBR 7190. Los 
resultados experimentales fueron analizados estadísticamente junto con los seis criterios 
de fallo (Hankinson, DIN 1052, Tsai-Hill, Hyperbolic, Keylwerth y Karlsen), permitiendo la 
adaptación de los modelos para determinar la resistencia al corte de la línea adhesiva en 
función de la inclinación de la fibra. En su forma original, los modelos Hankinson, DIN 
1052, Tsai-Hill e Hiperbólico no mostraron significancia estadística (p < 0,05). Sin embargo, 
después de las modificaciones, todos los modelos demostraron significancia estadística, 
siendo los modelos DIN 1052, Keylwerth, Hankinson, Karlsen, Hyperbolic y Tsai-Hill los que 
proporcionaron los mejores ajustes, en orden de significancia. Por su facilidad de 
aplicación, los modelos más recomendados para predecir los valores de resistencia al corte 
de la línea adhesiva bajo compresión y tracción, en función de la inclinación de las fibras, 
son las fórmulas DIN 1052 y Hankinson. 
 
Palabras clave: Resistencia al corte. Inclinación de fibra. Uniones adhesivas. Tracción. 
Compresión. 
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INTRODUCTION 

Wood, a natural polymer primarily composed of cellulose, hemicellulose, and lignin, 

has been an essential construction material due to its mechanical properties and 

sustainability. Cellulose, the main structural component, provides wood with strength and 

rigidity, while hemicellulose and lignin offer cohesion and flexibility. The polymeric structure 

of wood, with its specifically oriented fibers, plays a crucial role in determining its 

mechanical properties, such as compressive and tensile strength [1]. 

The behavior of wood under compressive load, especially when applied at an angle to 

the fibers, has been extensively studied [2-7], with the influence varying according to the 

wood species. However, few studies address the influence of fiber inclination on shear 

strength in bonded joints under compression, and there is still controversy over which 

failure theories are most appropriate [8-12]. Conversely, the influence of fiber inclination on 

shear strength under tension is even less explored, with few studies available [13-21]. 

Adhesive polymers, such as epoxy, polyurethane, and phenol-formaldehyde resins, 

are widely used to form bonded joints between wood elements. These adhesives are 

chosen for their chemical adhesion properties, aging resistance, and ability to form durable 

bonds even under adverse conditions [22]. The shear strength of the adhesive line is a 

critical property that determines the effectiveness of bonded joints. This strength is 

influenced by several factors, including the chemical composition of the adhesive, the 

preparation of wood surfaces, the method of adhesive application, and curing conditions. 

The interaction between the adhesive and the wood is also significantly affected by the 

inclination of the wood fibers relative to the adhesive line [23]. 

Wood is a unique and variable material due to its natural defects and anisotropic 

characteristics. Thus, failure theories are quite complex [24-26]. There are no specific 

failure criteria to determine the shear strength of the adhesive line in compression as a 

function of wood fiber inclination. There are only failure criteria for wood compression, 

tension, and shear [24, 27, 28]. Among the numerous failure criteria, the Hankinson, 

Karlsen, DIN-1052, Keylwerth, Hyperbolic, and Tsai-Hill formulas are the most used to 

estimate the strength of wood when loaded at an angle to the fibers. 

Researchers such as [3, 29-33] studied the influence of the direction of load 

application relative to wood fibers on shear strength, using principles and theories applied 

to wood compression strength. Some established theoretical models, generally considering 

orthotropic wood, while others established empirical models based on test results. The 
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types of failures that can occur in specimens, due to the anisotropy of the material, are 

difficult and complicated to evaluate due to the interaction of various mechanisms, such as 

material defects, load application conditions, environmental conditions, and wood 

mechanical properties in different directions [25]. 

The integrated analysis of studies on shear strength under compression and tension 

actions allows for a comprehensive understanding of the mechanical properties of bonded 

wood joints. Experimental tests were conducted with specimens obtained from 12 

Eucalyptus saligna beams, made with varying fiber inclinations (0°, 15°, 30°, 45°, 60°, 75°, 

90°) relative to the load application, following the [39] prescriptions. The test results were 

analyzed using six failure criteria: Hankinson, DIN 1052, Tsai-Hill, Hyperbolic, Keylwerth, 

and Karlsen. 

Robust statistical analysis of the results allowed for the adaptation of models to 

determine the shear strength of the adhesive line as a function of wood fiber inclination. 

Initially, the Hankinson, DIN 1052, Tsai-Hill, and Hyperbolic models did not show statistical 

significance in their original format. However, with modifications made to the models, all 

formulations showed statistical significance, with the best fit, in order of significance: DIN 

1052, Keylwerth, Hankinson, Karlsen, Hyperbolic, and Tsai-Hill. 

The ease of application of the models was also considered, with the most suitable 

models for predicting the shear strength values of the adhesive line, both under 

compression and tension, as a function of fiber inclination being the DIN 1052 and 

Hankinson formulas. These models provide a solid basis for the development of more 

efficient bonded joints, significantly contributing to materials engineering and the 

construction of wooden structures. 

Thus, wood, as a natural polymer, and the adhesive polymers used in bonded joints 

play crucial roles in determining the mechanical properties and structural performance of 

wooden constructions. Detailed investigation of the interactions between wood and 

adhesives, considering fiber orientation and load conditions, is essential for the 

development of accurate predictive models and the optimization of bonded joints in 

structural applications. This study provides a comprehensive and integrated understanding 

of the mechanical properties of bonded joints, providing valuable data for the design and 

construction of safer and more durable wooden structures. 
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METHOD 

THEORETICAL ANALYSIS 

The theoretical analysis of the shear test specimens (TSs) for the adhesive line under 

compression was conducted considering the classical theory of material strength. Figure 1a 

illustrates the test model for determining shear under compression, while Figure 1b shows 

the static equilibrium and Figure 1c presents the stress distribution. In Figure 2a, the TS for 

the adhesive line shear under tension is shown, consisting of two wooden plates covering 

the joint (bonded connection). The load transferred in this type of joint occurs through the 

shear stresses of the adhesive line. Due to the material discontinuity in the TSs, failure can 

occur by tension or compression perpendicular to the fibers. The simplified analysis 

considered the classical theory of materials, with the stress distribution along the adhesive 

line being nonlinear in the elastic phase and uniform in the plastic phase, as illustrated in 

Figure 2b. 

 

Figure 1. (a) Test model for determining shear under compression, (b) Static 
equilibrium, and (c) Stress distribution. 

 
a)                                                    b)                                                   c) 

Source: The authors 
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Figure 2. (a) Test model for determining shear under tension, and (b) Static 
equilibrium. 

 
a)                                                    b)                                                   c) 

Source: The authors 

 

To verify the failure mode, we considered the stress distribution through the adhesive 

line, which presents a triangular shape in the compressed zone and parabolic in the 

tensioned zone, as illustrated in Figures 1c and 2c. This distribution is due to the higher 

resistance of wood to compression perpendicular to the fibers compared to tension 

perpendicular to the fibers. 

The theoretical analysis of the stress distribution was performed using the following 

equations: 

Balancing forces, we have: 
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Where fc,90 is the wood resistance to compressive stress perpendicular to grain, ft,90 is 

the wood resistance to tensile stress perpendicular to grain, M is the bending moment, NA 

is the neutral axis, Lc is the length of the glue line, yʹ is the distance of the upper grain to 

the neutral axis, yʺ is the distance of the lower grain to the neutral axis, a is the width of the 

piece, fv is the wood resistance to shear stress, e is the eccentricity of the applied load, and 

Ac is the glued surface. 

Therefore, the failure of the bonded joint occurs when the shear stress at all points of 

the adhesive line reaches the plasticization value of the shear stress of the adhesive or the 

adhesive-wood interface. 

 

FAILURE THEORIES FOR WOOD 

The six formulas presented below are derived from the application of various failure 

criteria used to obtain the compressive strength inclined to the fibers but can be used to 

predict the inclined fiber shear strength under tensile or compressive loading [20, 33]. 

According to [3], the empirical model proposed by Hankinson recommends using the 

exponent (n=2). [34] recommend an empirical model with an exponent (n=3) (Karlsen). The 

[35] DIN 1052 standard uses the equation with an exponent (n=1). Keylwerth [33] 

developed an empirical expression with an exponent (n=2) for the variation of the modulus 

of elasticity as a function of fiber inclination, which for strengths assumes a specific form. 

[28] and [24] present the Tsai-Hill theory as an extension of the Von Mises criterion for 

isotropic materials, while [36] proposes a hyperbolic formula with an exponent (n=0.01). 

The following equations were modified to predict the shear strength of the adhesive 

line under compression and tension inclined to the wood fibers: 
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Where: fva?,  = shear strength inclined to the fibers under compression or tension, 

fva?,  = shear strength parallel to the fibers under compression or tension, fva?,  = shear 

strength normal to the fibers under compression or tension, fva?,  = shear strength at 45 

degrees to the fibers when subjected to compression or tension, and θ = angle between the 

fibers and the load application. 

There is controversy among authors about the value of the exponent (n) of the 

trigonometric terms in equations 4 to 8. Some authors indicate different coefficients 

depending on the type of loading, while others indicate different coefficients for different 

moisture contents of the wood. 

 

MATERIALS 

To ensure a representative sampling, the wood beams were randomly selected in 

small batches from sawmills at different times. The wood used for the TSs was Eucalyptus 

saligna (E. saligna Sm., Myrtaceae), with a maximum thickness of 55 mm and varying 

widths. The wood moisture content ranged from 11.44% to 25.33%, while the apparent 

density varied between 690 kg/m³ and 860 kg/m³. This variation is relevant to ensure that 

the test results are widely applicable to different moisture and density conditions found in 

practice. 

The choice of adhesives was based on the principle that wood, being highly polar, 

presents good affinity with adhesives of similar or intermediate polarity. According to [22, 

37, 38], the most suitable adhesives for structural applications include polyvinyl acetate, 

phenol-formaldehyde, resorcinol-formaldehyde, urea-formaldehyde, melamine, and 

melamine-urea-formaldehyde. For the tests, a resorcinol-based adhesive was chosen. This 

adhesive consists of a liquid resin used with a powder catalyst, with proportions 

recommended by the manufacturer (Hexion Chemical Industry and Trade). Both the resin 

and the catalyst were weighed on an electronic balance with centigram precision and then 

mixed until complete homogenization. The temperature during preparation and application 

ranged from 20°C to 30°C. 

The TSs were made from twelve randomly chosen beams, whose surfaces were 

carefully prepared. The adhesive was applied by brushing, followed by the application of 1.5 

MPa pressure, as recommended by the manufacturer. This pressure was maintained for a 

minimum period of eight hours to ensure proper curing of the adhesive. 
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TEST SPECIMENS (TSS) 

To evaluate the shear strength of the adhesive line under compression 

96 TSs were made, with 84 TSs for adhesive line shear tests, with one of the TS 

elements bonded with fibers inclined relative to the load application (12 TSs for each 

inclination) and 12 TSs for moisture and density (following the recommendations of [39] and 

[40]), Figure 3. 

 
Figure 3. Test specimens with variable fiber inclination relative to the applied load. 

 
Source: The authors 

 

To evaluate the shear strength of the adhesive line under tension 

The TSs were designed according to the tensile TSs proposed by [41] and the 

Brazilian standard [39]. The side plates of the TSs were prepared by varying the inclination 

of the wood fibers relative to the applied load (Figure 4). A total of 96 TSs were made, with 

84 TSs for adhesive line shear strength tests, with the side wood plates bonded with fibers 

at an angle relative to the load application (12 TSs per angle) and 12 TSs for moisture and 

density (following the recommendations of [39] and [40]), Figure 4. 

 
Figure 4. Test specimens with varied grain angles in relation to the load applied 

(mm). 

 
Source: The authors 
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For wood characterization 

The dimensions of the TSs for shear tests were: 6.4 cm x 5 cm x 5 cm, with a small 

step of 1.4 cm x 2 cm x 5 cm for fixing the test equipment, and a bonded area of 5 cm x 5 

cm. To determine moisture and density, the dimensions were: 2 cm x 3 cm x 5 cm [39, 40]. 

 

EXPERIMENTAL PROCEDURE 

The shear tests of the adhesive line, both under compression and tension, were 

performed on an Instron/Emic universal testing machine with a capacity of 300 kN. The 

applied load was monotonic at a rate of 2.5 MPa per minute until the TSs failed. An abrupt 

and instantaneous failure of the test specimens was observed, characterizing a brittle 

failure. After each shear test, moisture and density tests were performed to obtain values at 

the time of the test, allowing the correction of the result to the reference moisture content of 

12%. For this, equation 11 was used [39]. 

 

 

Where: fva?, ,12= shear strength of the adhesive line under compression or tension 

inclined at an angle (θ) relative to the wood fibers, at the reference moisture content of 

12%; fva?, ,U%= shear strength of the adhesive line under compression or tension inclined at 

an angle (θ) relative to the wood fibers, at the moisture content U%, at the time of the test. 

For the statistical analysis of the test results, we used the Minitab 16 program, 

especially for null hypothesis tests and one-way ANOVA. 

 

RESULTS AND DISCUSSION 

The results presented here are crucial for understanding how wood and polymeric 

adhesives interact under different loading conditions and how these interactions affect 

structural integrity. 

Table 1 presents the shear stress results at adhesive failure under compression, 

tension, and in the wood, corrected for the reference moisture content of 12%. The stresses 

vary with the inclination of the wood fibers, demonstrating the significant influence of fiber 

orientation on shear strength. 

Figure 5 shows the graph of adhesive shear stress under compression versus fiber 

inclination, displaying the experimental values (including the confidence interval) and the six 
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equations with the exponent suggested by the authors. It is noted that the curves of all 

equations fall outside the confidence interval of the experimental results for at least one 

fiber inclination, indicating that the "n" exponents of the equations should differ from those 

suggested by the authors. 

 
Table 1: Shear stress of the adhesive line under compression, tension, and shear 
stress of the wood, corrected for standard moisture of 12% (MPa). 

B Ty 0o 15o 30o 45o 60o 75o 90o B Ty 0o 15o 30o 45o 60o 75o 90o 

 
1 

C 11.43 11.02 10.91 8.13 6.90 4.32 3.81  
7 

C 10.95 8.79 7.10 6.74 5.54 5.66 4.69 

T 10.19 9.27 8.96 3.09 2.99 1.96 1.75 T 13.84 11.68 11.92 5.06 2.65 1.56 1.08 

W 15.65 12.87 12.25 13.28 10.09 9.06 8.44 W 12.64 12.04 10.95 9.63 8.43 7.34 6.50 

 
2 

C 14.15 11.76 10.86 9.47 8.27 8.27 7.07  
8 

C 13.16 13.13 11.45 8.16 10.13 7.89 7.89 

T 7.97 7.07 7.37 1.59 1.00 0.80 0.40 T 13.29 11.84 11.84 3.82 2.24 1.45 1.18 

W 17.14 15.44 14.35 11.36 12.95 10.16 9.76 W 14.47 11.97 10.00 9.60 9.74 6.71 6.97 

 
3 

C 9.29 8.68 7.35 6.33 5.82 3.27 2.14  
9 

C 13.66 12.88 9.75 8.71 8.06 7.15 6.50 

T 9.60 9.60 8.68 5.92 3.27 2.25 0.82 T 12.62 12.49 10.01 7.67 4.03 1.17 1.04 

W 18.68 16.95 14.19 11.84 11.64 11.74 12.56 W 15.87 15.35 13.40 15.35 9.23 10.93 9.49 

 
4 

C 15.34 14.65 10.32 8.85 6.88 6.59 4.33  
10 

C 15.68 13.58 13.44 13.30 10.50 10.50 7.42 

T 12.00 10.03 7.57 5.80 2.85 1.87 1.28 T 14.42 13.72 13.16 7.70 4.48 1.82 0.84 

W 17.85 16.12 14.75 12.68 13.08 13.47 11.31 W 17.78 16.10 12.32 13.44 11.90 11.06 11.48 

 
5 

C 15.35 14.71 8.47 7.09 7.20 7.24 6.88  
11 

C 11.72 11.23 8.88 7.63 6.34 6.24 4.90 

T 11.11 10.16 9.21 6.56 3.60 2.75 1.91 T 10.26 9.31 8.51 4.78 2.66 1.56 1.01 

W 14.29 9.53 9.84 12.28 11.43 7.94 7.94 W 15.19 12.98 11.97 11.08 9.76 8.85 8.30 

 
6 

C 12.39 11.15 8.56 9.01 8.56 8.33 4.84  
12 

C 11.62 11.16 8.80 7.51 6.52 6.15 4.81 

T 11.60 10.02 8.22 6.76 2.93 1.46 0.45 T 10.18 9.23 8.42 4.68 2.61 1.50 0.90 

W 14.08 14.19 11.60 10.47 10.14 9.01 8.22 W 14.05 12.14 11.33 10.83 9.72 8.78 8.22 

 
M 

C 12,90 11,90 9,66 8,41 7,56 6,80 5,44  
SD  
 

C 2,00 1,98 1,83 1,81 1,59 1,92 1,71 

T 11,42 10,37 9,49 5,29 2,94 1,68 1,06 T 1,90 1,78 1,86 1,84 0,89 0,50 0,45 

W 15,64 13,81 12,25 11,82 10,68 9,59 9,10 W 1,87 2,23 1,64 1,69 1,49 1,95 1,87 

B = Beam, Ty = Type, C = Compression, T = Tension, W = Wood, M = Mean, SD = Standard Desviation. 

 
 
Figure 5. Shear stress of the adhesive line under compression relative to fiber 
inclination. 

 
Source: The authors 
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Figure 6 presents the graph of shear stress of the adhesive line under tension relative 

to fiber inclination, showing the experimental values (including the confidence interval) and 

the six equations with the exponent suggested by the authors. 

 
Figure 6. presents the graph of shear stress of the adhesive line under tension 
relative to fiber inclination, showing the experimental values (including the 
confidence interval) and the six equations with the exponent suggested by the 
authors. 

 
Source: The authors 

 

Assuming the experimental results follow a normal distribution, as shown by the 

Anderson-Darling test (p-value > 0.05) for both tension and compression, and through the 

statistical analysis of the null difference hypothesis, for comparing pairs of individuals and 

groups of individuals, the experimental values were compared with the equivalents 

calculated by equations 8 to 13, using the variation of the exponents (n) of the trigonometric 

functions. Thus, the value of the exponent n that provides the best fit for each equation was 

obtained. Table 2 presents the results of the null difference tests, obtained with the 

application of the Minitab 16 program and its analysis. 

Observing Table 2, it is noted: the Hankinson expression (equation 5) has statistical 

validity for shear under compression, provided the exponent "n" is in the range 2.19 ≤ n ≤ 

2.63, and the exponent that provides the best fit is n = 2.386. For shear under tension, the 

range is 3.97 ≤ n ≤ 4.79, and the exponent that allows the best fit is n = 4.364. The 

traditionally used value of n = 2 does not have statistical validity and shows high rejection. 

The values found by [31,12] for Perobamica wood (Aspidosperma populifolium), when 
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analyzing the influence of wood fiber direction on shear strength, also lack statistical validity 

(n = 2.05 and range of 1.88 ≤ n ≤ 2.05). 

 

 

Table 2: Results of tests of zero difference between the experimental values and 
equations 8 to 13, varying the exponent "n" (significance level of 95%), with tcr = 
1.992. 

Eq. Shear stress n Mean Difference t p Confidence interval 

5 C 2.386 0.000 0.00 0.999 -0.737 ; 0.002 

T 4.346 0.000 0.00 1.000 -0.402 ; 0.402 

6 C 3.113 0.000 0.00 1.000 -0.310 ; 0.310 

T 6.485 0.000 0.00 0.999 -0.284 ; 0.284 

7 C 1.791 0.000 0.00 0.999 -0.275 ; 0.275 

T 1.887 -0.000 0.00 0.999 -0.249 ; 0.249 

8 C 2.409 0.000 0.00 0.999 -0.246 ; 0.246 

T 3.60 -0.262 -1.16 0.250 -0.712 ; 0.188 

9 C 1.528 0.000 0.00 0.999 -0.348 ; 0.348 

T 3.722 0.001 0.00 0.996 -0.454 ; 0.456 

10 C 0.0043 0.000 0.00 0.998 -0.264 ; 0.264 

T 0.0018 0.000 0.00 0.999 -0.485 ; 0.484 

Eq. 5 = Hankinson, 6 = Karlsen, 7 = DIN-1052, 8 = Keylwerth, 9 = Tsai-Hill, 10 = Hyperbolic. C = 
Compression, T = Tension. 

 

For the Karlsen expression (equation 6) to have statistical validity for shear under 

compression, the exponent "n" must be in the range of 2.50 ≤ n ≤ 4.07, and the exponent 

that provides the best fit is n = 3.113. For shear under tension, the range is 5.60 ≤ n ≤ 7.63, 

and the exponent that provides the best fit is n = 6.485. The traditionally used value, 

recommended by [34], of n = 3 has statistical validity. However, the value found by [31] is 

different, n = 2.13, lacks statistical validity, and shows high rejection. 

The DIN-1052 expression (equation 7) will have statistical validity for shear under 

compression, provided the exponent "n" is in the range of 1.45 ≤ n ≤ 2.29, and the exponent 

that allows the best fit is n = 1.791. For shear under tension, the range is 1.64 ≤ n ≤ 2.19, 

and the exponent that provides the best fit is n = 1.887. The value used by this standard, n 

= 1, is outside the range, indicating it lacks statistical validity. The value found by [31], n = 

1.21, lacks statistical validity and shows high rejection. 

For the Keylwerth expression (equation 8), it was not possible to find the lower limit of 

the statistical validity range for the expression's exponent, both for shear under 

compression and tension. It seems there is a singularity in the expression that allows 

finding another exponent value that provides a highly significant model fit. The range for 

shear under compression is "open value" ≤ n ≤ 2.93, and the exponent that provides the 
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best fit is n = 2.409. For shear under tension, the range is "open value" ≤ n ≤ 4.79, and the 

exponent that provides the best fit is n = 3.60. The traditionally used value, n = 2, 

recommended by [3], has statistical validity. The value found by [31] is different, n = 2.04, 

with statistical validity. 

Still analyzing Table 2, it is observed that the expression provided by the Tsai-Hill 

theory (equation 9) has statistical validity for shear under compression, provided the 

exponent "n" is in the range 1.34 ≤ n ≤ 1.78, and the exponent that provides the best fit is n 

= 1.528. For shear under tension, the range is 3.31 ≤ n ≤ 4.205, and the exponent that 

provides the best fit is n = 3.722. The value indicated by [24, 25], of n = 2, lacks statistical 

validity and shows high rejection. 

The Hyperbolic formula (equation 10) has statistical validity for shear under 

compression, provided the exponent "n" is in the range 38.7x10⁻⁴ ≤ n ≤ 47.9x10⁻⁴, and the 

exponent that provides the best fit is n = 43.34x10⁻⁴. For shear under tension, the range is 

17.4x10⁻⁴ ≤ n ≤ 28.3x10⁻⁴, and the exponent that provides the best fit is n = 22.24x10⁻⁴. The 

value indicated by [24, 25], of n = 100x10⁻⁴, lacks statistical validity and shows high 

rejection. 

For a more robust evaluation in choosing the best model representing the 

experimental results, a One-way ANOVA analysis was conducted. In this context, the 

methods of Dunnett, Tukey, and Fisher were used. All theoretical equations have high 

significance. 

Finally, to visualize the variation of shear stresses as a function of fiber inclination, 

from all equations, within the confidence interval of the experimental adhesive line shear 

stresses under compression and tension (significance level of 95%), a graphical 

representation of the shear stresses of these equations was prepared, using the exponent 

"n" that resulted in the greatest statistical significance, and the experimental values, Figures 

7 and 8. 
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Figure 7. Shear stress of the adhesive line under compression relative to fiber 
inclination. equations with the "n" exponent that showed the greatest statistical 
significance. 

 
Source: The authors 

 

Figure 8. Shear stress of the adhesive line under tension relative to fiber inclination. 
equations with the "n" exponent that showed the greatest statistical significance. 

 
Source: The authors 
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From the analysis of the graphs in Figure 7 (shear under compression) and 

considering the statistical analyses, it can be stated that, in order of significance, the 

equations that best represent the experimental values of shear stress under compression 

are: DIN 1052 (equation 12), Keylwerth (equation 13), Hankinson (equation 14), Karlsen 

(equation 15), Hyperbolic (equation 16), and Tsai-Hill (equation 17). 

 

 

Analyzing the graphs in Figure 8 (shear under tension) and considering the statistical 

analyses, it can be stated that, in order of significance, the equations that best represent 

the experimental values of shear stress under tension are: DIN 1052 (equation 18) and 

Karlsen (equation 19). 

 

 

The results obtained demonstrate that the shear resistance of the adhesive line is 

significantly influenced by the inclination of the wood fibers. The equations adjusted with the 

new "n" exponents provide a better fit to the experimental data, indicating that the 

traditionally used values are not suitable for all situations. Compression and tension tests 

allow for a more comprehensive understanding of the mechanical behavior of structural 

woods and the adhesives used. Robust statistical analysis, including the use of ANOVA 

models, confirms the significance of the adjusted equations. 
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CONCLUSIONS 

Regarding failure criteria models, none of the six mathematical models evaluated 

(Hankinson, DIN 1052, Tsai-Hill, Hyperbolic, Keylwerth, and Karlsen) showed statistical 

significance in their original form. This indicates that the traditional exponents used in these 

models are not adequate for accurately predicting the shear resistance of the adhesive line 

as a function of fiber inclination. 

With the modifications made to the models, all equations showed statistical 

significance. The adjustments to the "n" exponents resulted in models that better fit the 

experimental data, providing more accurate predictions of shear resistance. The models 

that showed the best fit, in order of significance, were: DIN 1052, Keylwerth, Hankinson, 

Karlsen, Hyperbolic, and Tsai-Hill. 

Due to ease of application and accuracy in predictions, the most recommended 

models for estimating the shear resistance values of the adhesive line, both in compression 

and tension, as a function of fiber inclination, are: DIN 1052, Hankinson, and Keylwerth. 

The analysis of shear tests in compression and tension provides a more complete 

understanding of the mechanical behavior of structural woods and polymeric adhesives. 

These results are crucial for the development of more accurate and reliable models, which 

can be used in the design and construction of wooden structures. 

The resorcinol-based adhesive proved effective in bonding wood pieces, showing 

shear resistance consistent with theoretical predictions. The application of DIN 1052 and 

Karlsen models, after adjustments to the exponents, provided the best estimates for the 

shear resistance values of the adhesive line under tension and compression. 
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