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RESUMO

A maioria dos estudos realizados no Brasil sobre o comportamento de conexdes em estruturas de madeira
¢ de natureza experimental, com poucos utilizando analises numéricas baseadas no Método dos Elementos
Finitos (FEM). Em testes de embutimento, além de determinar os valores experimentais de resisténcia, é cru-
cial entender os pontos de concentragdo de estresse para identificar os principais modos de falha. Este estudo
teve como objetivo apresentar uma estratégia de modelagem numérica para monitorar o comportamento dos
espécimes em testes de embutimento de acordo com a norma BS EN 383: 2007 [1]. Para a simulagdo numérica,
utilizou-se o software ANSYS [2], considerando varios critérios de resisténcia para os materiais envolvidos. Os
modelos incorporaram propriedades elasticas e plasticas dos materiais, obtidas por caracteriza¢ao experimental
em laboratorio. Foram realizados testes experimentais de embutimento em espécimes nas diregdes paralela e
perpendicular as fibras, usando pinos metalicos de 6.72 mm de didmetro para calibracao dos resultados numéri-
cos. A estratégia de modelagem numérica proposta permitiu a analise global dos espécimes de teste de embuti-
mento, bem como a investigacao de aspectos localizados de interesse, como concentragdes de estresse, um fator
dificil de quantificar em analises experimentais.
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ABSTRACT

Most studies conducted in Brazil to analyze the behavior of connections for wooden structures have an
experimental nature, and few studies consider numerical analyses based on the Finite Element Method (FEM).
In embedment tests, understanding stress concentration points is crucial for identifying primary failure modes
and determining the experimental strength values. The objective of this study was to present a numerical
modeling strategy to monitor the behavior of test specimens in embedment tests according to BS EN 383:
2007 [1]. The ANSYS [2] software was employed for numerical modeling, considering various strength
criteria for the involved materials. The models incorporated elastic and plastic properties of the materials
obtained through laboratory experimental characterization. Experimental embedment tests were conducted
on specimens in parallel and perpendicular directions to the fibers, using 6.72 mm diameter metal pins for
numerical result calibration. The proposed numerical modeling strategy allowed for the global analysis of
embedment test specimens and the examination of localized aspects of interest, such as stress concentrations,
a factor challenging to quantify in experimental analyses.
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1. INTRODUCTION

For the development of timber structures, understanding the behavior of connections between their elements is
crucial [3, 4]. The highest stresses are concentrated in the connection regions, considered fundamental points
for the structure’s safety. In the design of pin connections, two possible forms of failure are considered: the
bending of the metal pin and the embedment of the pin in wood [5]. These two failure modes can result in
different types of failures, which are listed in the Brazilian standard ABNT NBR 7190-1 [6], depending on
the connected elements (wood-to-wood or wood-to-steel plates) and the type of joint (single or double shear).
Embedment is characterized by localized crushing or splitting that occurs in wood due to compression stresses
originating from the contact of the metal pin with the wood, and this phenomenon is more commonly observed
in connections [7].

The embedding behavior of solid timber has been studied by several researchers, and empirical equa-
tions to determine the due strength have been adopted by normative documents. It is noted that the embedding
strength is influenced by several factors [8]. Most works in the literature regarding determining wood embed-
ment strength are experimental [5, 9—-11]. Furthermore, these models generally seek to restrict the behavior of
structures to linearly elastic limits rather than considering true failure criteria for materials, thus yielding overly
conservative responses [12—15].

The structures analyzed this way can withstand much higher loads than those considered during
design [16]. However, the stresses and deformations generated by external loads often exceed the elastic lim-
its of materials, and therefore, the structural response of materials should not be studied as linearly elastic.
The results obtained from the linear analysis are valid if plastic deformations are small and material failure
occurs for loads approaching ultimate values. It can also be stated that the geometry of structural elements,
especially in connection regions, can elevate stress states to maximum levels, leading to material failure under
service loads. For these reasons, the use of numerical models that allow for a more accurate determination of the
proper structural behavior of materials, especially in connection regions, is of fundamental importance.

Among the existing tools for numerical analysis, some specific commercial software stands out, such
as ANSYS, ABAQUS, and ADYNA, among others. These software packages are based on the Finite Element
Method (FEM), and specifically, ANSYS [2] uses the Hill strength criterion as a failure criterion, which allows
for the numerical reproduction of the behavior of structural elements and even entire structures, avoiding costs
associated with experimental testing [15, 17]. Numerical simulation enables a detailed analysis of aspects of
interest, such as stress concentrations in regions close to the most solicited areas of the analyzed element, which
may not be observed in experimental tests [18, 19].

The objective of this study was to present numerical simulation strategies to represent the behavior of
wooden test specimens with steel pins of diameter 6.72 mm in embedment tests, in both parallel and perpen-
dicular directions to the wood fibers, following BS EN 383: 2007 [1]. The method outlined in BS EN 383:2007
[1] is identical to the one currently presented in ABNT NBR 7190-3 [20]. This was achieved through non-linear
computational models incorporating orthotropy. The results of this research were used as a parameter for the
adoption of the Brazilian test method ABNT NBR 7190-3 [20].

2. MATERIALS AND METHODS

2.1. Materials used

Australian Cedarwood (Toona ciliata), classified as C20, was employed for the experimental embedment tests,
utilizing nails with a diameter of 6.72 mm.

2.2. Equipment used

The mechanical tests were conducted using the EMIC universal testing machine, which has a capacity of
300 kN and a specially designed metallic support device for the pin. Displacements in the embedment tests
were quantified using an LVDT-type displacement transducer (Figure 1).

2.3. Experimental method

Initially, cedarwood was characterized to obtain its main physical and mechanical properties (elastic and plastic)
based on ABNT NBR 7190-3: 2022 [20]. The specimen geometry and embedment test procedures followed the
methodology of the European standard BS EN 383: 2007 [1], which is the same model as those adopted by the
Brazilian method ABNT NBR 7190-3: 2022 [20]. The comprehensive study presented in this research consid-
ered a total of 216 embedment tests.
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Figure 1: Scheme of the embedment test on the EMIC universal testing machine. Source: The Authors.
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Figure 2: Parameters for mesh definition in embedment models: (a) (b) (c) Parameters for the wooden specimen (d) (e)
Parameters for the metal pin (f) Finite element mesh in ANSYS (2020). Source: The Authors.

2.4. Numerical method

The ANSYS (2020), version 20, software was employed to generate numerical models of the embedment test
specimens, experimentally tested in parallel and perpendicular directions to the wood fibers. Two types of mate-
rials were considered: the prismatic wooden specimen and the metal pin. The construction of the models incor-
porated the elastic and plastic properties of the materials.

Solid45, available in the internal library of ANSY'S (2020), was employed to discretize the wooden spec-
imen and the metal connector. This element was chosen for its representativeness in simulating the behavior.
The Solid45 element (Figure 2) is a hexahedral element with eight nodes and three degrees of freedom per node
(translations along the x, y, and z axes) and enables the consideration of important effects such as plasticity and
orthotropy for the involved materials.
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Table 1: Meshes tested for the European standard test specimen model in both parallel and perpendicular directions to the
fibers. Source: The Authors.

MESH N® Nmm Ny’l(s) Ny,z“) N, © N,,© N, Nr® N,©
ml 4 28 2 6 6 3 1
m2 5 35 3 6 6 3 2
m3 6 42 3 6 11 6 11 4 3
m4 6 42 3 6 15 6 15 4 3

Notes: )N, = the number of elements in the thickness direction of the wooden specimen; ®N, | = the number of elements in the length direc-
tion of the metal connector; ‘”Ny_l = the number of elements in the width direction of the wooden specimen; “N o= the number of elements
in the width direction of the wooden specimen in the region around the hole; ®N_ | = the number of elements in the height direction of the
wooden specimen in the upper region of the test specimen; ("’)Nz’2 = the number of elements in the height direction of the wooden specimen
in the region around the hole; ‘”NL3 = the number of elements in the height direction of the wooden specimen in the lower region of the test
specimen; N, = the number of elements in the region around the hole of the wooden specimen and in the direction of the radius of the metal
connector; “N_ = number of elements in the thickness or radius direction of the metal connector.

The adopted strength criterion for steel was the von Mises criterion for isotropic materials. For wood, the
Hill strength criterion was used, considering orthotropy and plasticity for the three orthogonal directions of the
wood. The behaviors of wood in tension and compression were assumed to be equal.

2.5. Mesh definition

The finite element meshes were generated and discretized within ANSY'S (2020). The wood and the metal con-
nector were generated separately; however, in the regions of the test specimen holes, the mesh discretization of
the pin and wood considered coincident nodes at the contact interface. According to the European standard, the
geometries of the test specimens in the parallel and perpendicular directions to the fibers were different, so it
was necessary to develop two numerical models. Model 1 corresponds to the embedment test specimen model
in the parallel direction to the fibers, and Model 2 corresponds to the embedment test specimen model in the
perpendicular direction to the fibers.

The mesh refinement in the x, y, and z directions was defined by nine main parameters, determining the
number of divisions made in each direction of interest for the test specimen. Figure 2 presents these parame-
ters used in creating the test specimen model according to the European standard for the direction parallel to
the wood fibers. This mesh construction and refinement strategy was also applied to Model 2 for the direction
perpendicular to the fibers. The mesh refinement process was carried out until the simulation results, in terms of
displacements and deformations, were deemed satisfactory, as shown in Table 1.

The mesh m3 was the most refined and showed the best results, so it was chosen to construct the embed-
ment test specimen model parallel to the fibers. Meshes m1 and m2 encountered convergence errors during the
model processing, which were related to excessive displacements and deformations in the X, y, and z directions.
Mesh m5 was used for the test specimen in the perpendicular direction to the fibers.

2.6. Material properties

An orthotropic behavior was assumed for wood, meaning different mechanical properties for each of the three
orthogonal directions considered (longitudinal, transverse, and radial). Additionally, the Hill strength criterion
associated with isotropic hardening was employed for wood. The Hill criterion is available in the ANSYS soft-
ware library. It extends the von Mises criterion (maximum distortion energy criterion) to account for material
anisotropy, where material failure is independent of hydrostatic stresses. The Hill criterion also considers work
hardening and incorporates different yield stresses along the material’s three orthogonal directions.

The constitutive model used for wood was an elastic-plastic model with bilinear curves. This model had
a region with purely elastic behavior, with the rest exhibiting plastic behavior. Twenty-one constants were used
for wood modeling, representing its physical and mechanical properties (E, v, G, o, E, 7, and G) for the three
material directions (Table 2 and Table 3). The relationships between the mechanical properties of wood were
assumed based on the previous work (Molina 2008).

The relationships between the elastic properties of wood were assumed as E_= E = (E/10); G =
G,=G,=6G,= (E/20). For the plastic properties, the assumptions were: ¢, = f; (csy/csz) =(c/c,) = 0.19;
T, =T,= 0.380;1t =0.0380c;E = ETy =E,, where f_ is the embedment strength.

A bilinear model with isotropic hardening was adopted to represent the metal connector according to
the von Mises yield criterion. Four constants, namely o, (yield stress), E (tangent modulus), p (density), and v
(Poisson’s ratio) (Table 4), were used for modeling the metal connector.
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Table 2: Admitted constants for wood in the calibration of the models (elastic parameter). Source: The Authors.

PARAMETER VALUE UNIT
MODEL 1 MODEL 1
E 10 560 560 MPa
E =D 560 5,600 MPa
E 09 5,600 560 MPa
v, 0.23 0.013 Dimensionless
v, 0.013 0.013 Dimensionless
v 0.013 0.23 Dimensionless
G, 19 280 280 MPa
G, (7 280 280 MPa
G_9 280 280 MPa
E 10 560 560 MPa
E =D 560 5,600 MPa
E 09 5,600 560 MPa

Notes: ("E * = Tangential modulus of elasticity; "E * = Radial modulus of elasticity; "”E * = Longitudinal modulus of elasticity (com-
pression); <‘3)vxy = Poisson’s ratio in the xy plane; "¥v = Poisson’s ratio in the yz plane; "?v_ = Poisson’s ratio in the xz plane; “"’ny =
Transverse modulus of elasticity in the xy plane; "G, , = Transverse modulus of elasticity in the yz plane; "G, , = Transverse modulus of
elasticity in the xz plane.

Table 3: Admitted constants for wood in the calibration of the models (plastic parameters). Source: The Authors.

PARAMETER VALUE UNIT
MODEL 1 MODEL 1

) 437 437 MPa
Gvi(zo) 4.37 4.37 MPa
G, Y 23.1 23.1 MPa
G 8.74 8.74 MPa
T @ 8.74 8.74 MPa
T 09 0.874 0.874 MPa
E, 09 343 343 MPa
ETvi(%) 3.43 3.43 MPa
E, @) 234.33 234.33 MPa
G, 15.06 15.06 MPa
G, 15.06 15.06 MPa
G, 6 0.015 0.015 MPa

Notes: % * = Plastic yield stress (tension and compression) in the x direction; (20)0; = Plastic yield stress (tension and compression) in
the y direction; ?Ys * = Plastic yield stress (tension and compression) in the z direction; “?t = Plastic shear yield stress in the xy plane;
@1, = Plastic shear yield stress in the yz plane; ®¥t, = Plastic shear yield stress in the xz plane; ®E, + = Tangent modulus (tension and
compression) in the x direction; (ZG)ETy:l: = Tangent modulus (tension and compression) in the y direction; *”E_ + = Tangent modulus (tension
and compression) in the z direction; “’”GTXy = Tangent shear modulus in the xy plane; ‘zg)GTyz = Tangent shear modulus in the yz plane;
609G, = Tangent shear modulus in the xz plane.

Table 4: Admitted constants for the steel of the metal connectors. Source: The Authors.

PARAMETER VALUE UNIT
E, 6,328 MPa
c 337 MPa

D

v 0.30 Dimensionless
p 7.85 E-4 N/mm?
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Figure 3: Constraining and loading applications for the numerical model. Source: The Authors.

2.7. Boundary conditions and loading applications

The boundary conditions and loading applications were performed to replicate the conditions of the experimen-
tal tests. For the test in the parallel direction to the fibers, the average failure force (3,064.9 N) obtained in the
experimental test was applied in the z-direction, distributed across all nodes (91 nodes) on the surface of the
test specimen. Thus, an applied force of 33.68 N was considered at each node. The displacements (translations)
of the nodes (in the y and z directions) of the metal pin were also restricted to represent the experimental test.
For the perpendicular direction to the fibers, the average failure force (2,424.20 N) was applied at the center of
the test specimen (91 nodes) in the y-direction, and thus, at each node, a force of 26.24 N was considered. The
displacements in the embedment tests were verified for the central bottom node of the test specimen (Figure 3).

The load increment was controlled using the ANSY'S (2020) feature called “Automatic Time Stepping”.
This feature reduces the increment value when the predicted number of iterations exceeds the established limit
in case increments of plastic deformations greater than 15% are obtained, or excessive displacements occur. The
load steps were controlled using the “Time increment” option, and a convergence parameter with a tolerance of
0.001 was employed.

3. RESULTS AND DISCUSSION

3.1. Model calibration

The calibration curves of the models (Figure 4) compare the embedment force (F ) response versus displacement
(0) of the lower reference point of the test specimen (Figure 3). It is worth noting that each point on the experi-
mental curve represents the average of several curves obtained in the experimental tests. The numerical curves
were plotted up to the point where the numerical models converged.

In general, the numerical force-displacement curves approximated the experimental curves and exhibited
a linear segment followed by a non-linear segment after the onset of material yielding. In the initial segment
of the numerical curve (linear part), the stiffness (characterized by the slope of the curve) was either lower or
higher than the experimental stiffness, depending on the test specimen model. The second part of the curves,
corresponding to the nonlinear segment, showed behaviors like the experimental curves, eventually converging
for values close to the experimental failure force. Model 1 showed an average error of 10% in the linear section
(from 0 to 2,000 N) and 12% in the non-linear section (from 2,000 N to 3,000 N). On the other hand, Model 2
had a higher average error, with 23% in the linear section (from 100 N to 1,500 N). and 6% in the non-linear
section (from 1,500 N to 2,400 N). This difference can be attributed to a significant shift in the experimental
curve at the start of measurements in Model 2, likely due to the settling of the measurement equipment.

The differences between the numerical and experimental curves arise from the complexity of model-
ing wood, given the presence of imperfections (distortions in fiber directions, knots, etc.). In each orthogonal
direction (longitudinal, radial, and tangential), wood exhibits different mechanical properties and behaviors in
tension and compression. In compression, the behavior is approximately plastic and can be approximated by an
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Figure 4: Calibration curves of the numerical models (a) Model 1 (parallel to the direction of the fibers) (b) Model 2
(perpendicular to the direction of the fibers). Source: The Authors.
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Figure 5: Stresses in MPa for Model 1 are parallel to the direction of the fibers in the z-direction. Source: The Authors.

elastic-plastic constitutive law. On the other hand, in tension, wood behaves elastic-brittle, and in this case, the
elastic-plastic behavior does not truly represent the material’s behavior.

It is worth mentioning that the elastic properties of wood did not significantly influence the behavior of
the numerical calibration curve. However, the plastic properties had the most significant impact on the numerical
force-displacement curve response, as the yield stress increased the system’s strength and stiffness.

3.2. Stresses in the embedment test specimen

The computational simulation results evaluated stress levels in the evaluated test specimens, indicating com-
pressions and damages (modes of failure) of wood in the regions of interest, as observed in the experimental
tests.

3.3. Model 1

Figure 5 provides an overview of the stress results obtained for Model 1 after simulation, indicating regions of
higher wood demand.

In Figure 5, the stress concentration in the regions around the hole in the central part of the test specimen
was observed due to the contact of the pin with the wood. The maximum compressive stress occurred in the
upper internal region of the hole and was —25.069 MPa. A maximum tensile stress of +23.891 MPa occurred
in the wood region below the pin. Additionally, near the load application region (top of the wooden specimen),
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Figure 6: Comparison between numerical and experimental results (a) Numerical von Mises stress in MPa (b) Specimen
after embedding test in the hole region. Source: The Authors.

the compressive stress values were approximately three times smaller than those in the contact region between
the pin and the wood. Furthermore, the stress distributions in these two regions were entirely different.

Figure 6 compares the von Mises stresses obtained by numerical Model 1 with the failure mode obtained
by the test specimen in the embedment experimental test.

From the previous figures, it was observed that stress concentrated in the regions around the hole in the
central part of the test specimen due to the contact of the pin with the wood. There was a good approximation
between the stress obtained by the numerical model and the embedment stress obtained in the experimental
test. The maximum numerical stress obtained in Model 1 was 23.26 MPa, while the experimental stress was
27.20 MPa. It was also possible to observe that the stress distribution around the hole was like the deformations
obtained in the test specimen during the experimental pin embedment in wood.

3.4. Model 2

Figure 7 provides an overview of the stress results obtained for Model 2 after simulation, indicating regions of
higher wood demand.

The maximum numerical compressive stress normal to the wood fibers was approximately —6.711 MPa
in the upper internal part of the wood hole. The compressive stress values in the load application region were
approximately 2.5 times smaller than those in the contact region between the pin and the wood. In the lower part
of the pin, below the hole, the maximum tensile stresses reached +5.044 MPa.

Figure 8 compares the von Mises stresses obtained by numerical Model 2 with the failure mode obtained
by the test specimen in the embedment experimental test.

In Figure 8, the maximum von Mises stress obtained by numerical Model 2 was 11.08 MPa. Due to the
pin’s contact with the wood, stress concentrations were observed in the regions around the hole in the central
part of the specimen, and stress distributions around the hole were similar to those obtained in the experimen-
tal test specimen. The results obtained in this study are consistent with previous work for a similar modeling
approach [21].

The numerical modeling strategy developed for the embedment test specimens, which considered ortho-
tropy for wood based on elastic and plastic properties and different strength criteria for the materials involved,
proved to be efficient in evaluating the specimens’ behavior.

The plastic properties had the most influence on the model’s response. Changes in elastic properties did
not result in large differences in stress results. Increases in plasticization stress increased the strength of the test
specimens.
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Figure 7: Stresses in MPa for Model 2 perpendicular to the fibers in the y direction with complete geometry without the
metallic pin. Source: The Authors.
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Figure 8: Stresses in MPa for model 2 perpendicular to the fibers in the y direction with complete geometry, without the
metal pin. Source: The Authors.

On the other hand, as soon as the specimens’ loading process begins, the elastic properties almost com-
pletely lose the influence they exert at the beginning of the behavior of the force versus displacement curve.

The proposed numerical models could simulate the mechanical behavior of the embedment test speci-
mens in the linear elastic and nonlinear phases when the plasticization process begins. Additionally, the models
allowed for the analysis of global aspects, such as the force-displacement relationship, and localized aspects,
such as the verification of stresses in different regions of interest in the models.

4. CONCLUSIONS

The numerical modeling strategy developed for the embedment test specimens, which considered orthotropy for
wood based on elastic and plastic properties and different strength criteria for the materials involved, proved to
be efficient in evaluating the specimens’ behavior.

The plastic properties had the greatest influence on the model’s response. Changes in elastic properties
did not result in large differences in stress results. Increases in plasticization stress increased the strength of the
test specimens.
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On the other hand, as soon as the specimens’ loading process begins, the elastic properties almost com-

pletely lose the influence they exert at the beginning of the behavior of the force versus displacement curve.

The proposed numerical models could simulate the mechanical behavior of the embedment test speci-

mens in the linear elastic and nonlinear phases when the plasticization process begins. Additionally, the models
allowed for the analysis of global aspects, such as the force-displacement relationship, and localized aspects,
such as the verification of stresses in different regions of interest in the models.
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