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Summary 

Wood is a complex, natural material.  It is built up of three main components: cellulose, hemicellulose 

and lignin. Cellulose molecules consist of longitudinal chains of glucose molecules and are very stiff in 

the longitudinal direction. They are surrounded by a soft matrix of lignin and hemicellulose that holds 

the molecules together. Microfibrils are formed by bundles of cellulose molecules. Microfibrils lay 

parallel to each other to form lamellae. In these lamellae, microfibrils are not aligned with the main axis 

of the wood cell, but are rotated. The Microfibril Angle (MFA) differs per wood cell wall layer and 

wood species. Several lamellae are formed on top of each other to form such a wood cell wall layer. A 

wood cell wall consists of nine layers, as is shown in Fig. 1. The middle lamellae connects two adjacent 

cells. On both sides, from inside to outside, the primary layer P and three secondary layers, S1, S2, and 

S3, can be distinguished. The S2 layer is by far the thickest layer of the wood cell wall. The MFA is 

smallest in this layer, making it also the strongest layer. Strength of the wood cell wall is thus mostly 

determined by the strength of the S2-layer.  

Wood’s properties are very unique. Due to the cellular structure, wood is lightweight and relatively 

strong. The properties of wood in the longitudinal and transverse directions are unequal, leading to a 

high extend of anisotropy. This anisotropy can be found in all scale levels. Besides, the mechanical 

properties are dependent on the moisture content of wood. As a natural material, wood is able to adsorb 

and desorb water. Over its lifetime, wood is exposed to varying relative humidity. Under adsorption of 

water wood will swell, and under desorption of water wood will shrink. Shrinking and swelling 

coefficients differ for the three material directions of wood (longitudinal, radial and tangential).  

Anisotropy in swelling and shrinking is responsible for the development of tensile stresses upon drying.  

These drying stresses might eventually lead to failure. Drying processes will not be modelled in this 

study, but damage due to mechanical effects is the focus of this study. This damage, visible in wood as 

cracks, originates from the wood cell wall. Several failure mechanisms are found to play a role under 

tensile loading of wood cells. Delamination of the cell wall layers is possible, as well as transverse 

cracking of the cell wall.  

Both processes are visible in the RT-plane of wood, shown in Fig. 2. As failure at the level of the wood 

cell wall is taken under consideration, it is chosen to model a joint of three cell walls in the transverse 

wood direction. Such a model is produced before and literature is available on the (theoretical) behavior 

of such a model, which can be used as validation material. 

  
 

Fig. 1 Wood cell wall layers      Fig. 2 Planes in wood 

(longitudinal axis normal to (Haygreen and Bowyer, 1982).     the plane of 
drawing). 
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Introduction 

This report describes the study of literature on the topic of microscale failure mechanisms in wood. As 

this topic is not as trivial as it might sound, an intensive research has been conducted. The work is 

carried out under the chair of Applied Mechanics and Design at the unit of Structural Design at the 

faculty of the Built Environment at Eindhoven University of Technology. 

The literature study does not stand on its own, but is part of a larger graduation project. The work 

conducted for the graduation project is divided into several parts.  

- M3 – literature review 

- Research proposal 

- M4 – part 1: geometrical model 

- M4 – part 2: interface model 

The literature study presented here is the first part of the project. It is meant as a basis and reference 

work for further numerical research regarding microscale failure mechanisms in wood. The research 

proposal focuses on the goal and motivation of the graduation project. The research objective can be 

found in the research proposal and is formulated as follows:  

“To determine the failure mechanism of wood cell walls under tension and the parameters that 

affect the failure mechanisms.” 

The M4-project is subdivided into two parts. The first part of the M4-project is a description of the work 

conducted on the geometrical model of a joint of wood cell walls. The geometrical model will be the 

basis of additional research which will be conducted in the second part of the M4-project. The goal of 

the M4-project is to expand the geometrical model by cohesive zone modelling and perform research 

on the topic of failure mechanisms in wood cell walls under tensile loading.  

In the first section of this report, the natural material wood is studied at the different scale levels. This 

starts by understanding tree growth from seeds to mature trees. Then, different scale levels are 

investigated, which are needed later on to understand processes at different scales. The scale levels are 

described from small to large throughout the report. The first section is finished by shortly noting 

different types of wood, but different wood species are not considered. 

The second section focusses on mechanical properties of wood. Density, specific gravity, elasticity and 

plasticity are treated more in general, the strength properties are divided in tensile strength, compressive 

strength, shear strength and bending strength. This division is made, because the strength properties of 

wood differ widely under different loading conditions. The strength properties will be regarded at the 

appropriate scale levels. A short introduction on fracture mechanics is provided in this section. 

The third section discusses the relationship between wood and water. Moisture influences the 

mechanical properties of wood to a large extend. In order to understand this, transport processes in 

wood are investigated. Upon adsorption and desorption, wood experiences dimensional changes, which 

might be severe, so swelling and shrinking are treated. The last part of this section discusses the presence 

of tensile stresses that might develop during drying. These tensile stresses might lead to cracks in wood. 

In order to investigate cracks in wood, deformation and failure mechanisms are be explored in section 

4 and 5. Wood reacts very differently under tensile and compressive loading, therefore, a new section 

is dedicated to each loading case. Besides, the longitudinal direction and transverse direction are treated 

separately. 

Under compressive loading, buckling phenomena are very common at all scale levels of wood, 

especially in the longitudinal direction. In section 4, literature on cellular solids is studied to 

comprehend deformation modes in the transverse plane, which are also applicable to wood. Several 

morphological imperfections are treated as well. 

Under tensile loading, severe damage of wood in the formation of cracks is visible. A comparison with 

fibre metal laminates is made, and especially cracking and delamination are studied. In the final section, 

failure mechanisms in wood under tensile loading are explained.
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Nomenclature 

Abbreviation Meaning      Section first mentioned  

A  surface area      3.1.3 

α  cell wall misalignment     4.2.4 

β  swelling coefficient     3.3.4 

γ  density       2.1 

c  mean macroscopic concentration   3.1.3 

ĉ  mean microscopic concentration   3.1.3 

ċ  concentration increase     3.1.3 
[C]  stiffness matrix      2.2.1 

D  diffusion coefficient     3.1.3 

∂ĉb/∂r|r=r1 gradient of bound water concentration   3.1.3 

E  modulus of elasticity     2.2.1 

ε  strain       2.2.1 

F  diffusion flux      3.1.3 

f  strength      2.3.3 

FML  fibre-metal laminate     5.2.1 

FSP  Fibre Saturation Point     3.1 

G  modulus of shear     2.2.3 

h  radial height of wood cell wall    3.3.4 

J  elasto-plastic fracture toughness   2.5.3 

K  linear elastic fracture toughness    2.5.3 
K  macroscopic thermal conductivity   3.1.3 

l  tangential length of wood cell wall   3.3.4 

λ  load factor      4.2.2 

m  mass       2.1 

MC  moisture content     2.1 

MFA  microfibril angle     1.2.3 

ML  Middle lamella      1.2.3 

dM/dω  rotational stiffness     4.2.2 

ν  Poisson’s ratio      2.2.2 

P  Primary cell wall layer     1.2.3 

R  modulus of rupture     2.3.6 

RH  relative humidity     3.1.1 

RL-plane tangential plane      1.2.5 

RT-plane transverse plane     1.2.5 

RVE  Representative Volume Element   1.2.5 

ρU  internal energy      3.1.3 

s  time       3.1.3 

σ  stress       2.2.1 

S1, S2, S3 secondary cell wall layers    1.2.3 

SG  specific gravity      2.1 

T  temperature      3.1.3 

t  cell wall thickness     3.3.4 

TL-plane radial plane      1.2.5 

V  volume       2.1 

vf  macroscopic volume fraction    3.1.3 

θ  shape angle      3.3.4 

x  position      3.1.3 

w0  cell wall waviness     4.2.4 
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Subscript Meaning      Section first mentioned  

12%  measured at 12% moisture content   2.1 

b  bound water      3.1.3 

c  compressive      2.3.4 

cwm  cell wall      3.1.3 

d  delamination      5.2.1 

e  elastic buckling      4.2.2 

H  hydrostatic      4.2.4 

IC  mode I strength      2.5.3 

Ip  penetration      5.2.1 

L  longitudinal direction     1.2.5 

long  longitudinal direction     2.3.3 

lum  cell lumen      3.1.3 

p  plastic collapse      4.2.2 

R  radial direction      1.2.5 

s  shear       2.3.5 

T  tangential direction     1.2.5 

t  tensile       2.3.3 

trans  transverse direction     2.3.3 

U  uniaxial      4.2.4 

v  water vapour      3.1.3 

y  yield       2.3  
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1 Wood 

Wood is a very complex, natural material. Its structure can be studied at several scale levels, from its 

chemical components (cellulose, hemicellulose and lignin), to the layering structure in the cell wall, the 

arrangement of cells, and the visible formation of year rings. These different structures can all be 

explained by the process of tree growth, explained in the first paragraph. In the second paragraph, the 

structure of wood at different scale levels, from small to large, will be mentioned. The last part of this 

section considers several types of wood. 

1.1 Tree growth 

Tree growth starts by vegetative propagation of seeds. From these seeds, longitudinal hollow cells are 

formed, which can divide themselves to induce growth. These wood cells are found inside a protective 

cover, called the bark, see Fig. 1. This bark consists of two layers: the outer layer, the outer bark, is 

responsible for the protection of the tree and is composed of dead cells. The inner layer, the phloem, 

can be seen as a cover between the rough outer bark and the wood cells inside and is used to grow new 

outer bark if the diameter of the tree expands. The product ‘wood’ as most of men are familiar with, is 

the xylem. Between the xylem and the phloem, a very thin layer called the ‘cambium’ exists. The cells 

in the cambium are the only cells in a tree that can produce new cells. Producing new cells is done by 

dividing a cambium cell in two new cells. New cambial cells are used to add the cambium layer in the 

tangential direction in order to keep up with the expanding diameter of the growing tree. This is called 

anticlinal division. Production of new cells can also add tissue in the radial direction, periclinal division. 

In this case, the cambium cell divides and produces a phloem or xylem mother cell, while the other part 

always remains a cambium cell. The term ‘mother cells’ refers to the fact that the newly formed phloem 

or xylem cell will divide several times before developing into a mature cell. Maturation is characterized 

by a growth of the cell in diameter and length, accompanied by a thickening of the cell wall (Haygreen 

and Bowyer, 1982). A schematic representation of this process is found in Fig. 2. 

   
Fig. 1 Parts of the tree stem    Fig. 2 Schematic representation of the location of 
(Haygreen and Bowyer, 1982)   division of wood cells to induce growth   
      (Haygreen and Bowyer, 1982) 
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As explained before, the cambium layer is situated at the outside of the tree stem, close to the bark. This 

means that new grown cells are situated at the outer part too. The mature xylem cells therefore are 

located closer to the inner circle of the stem. They are not able to divide anymore and do not function  

physically. The cell walls thicken and harden and eventually die, but still provide mechanical support 

to the tree. This death part of the tree is called heartwood. The living part close to the cambium is the 

sapwood, see Fig. 1 (Haygreen and Bowyer, 1982).  

As all vegetation on earth, trees can provide their own food by means of photosynthesis. In this process 

light, water and carbon dioxide are taken up by the tree and processed in the leaves to produce sugar 

and dioxide. Water is imbibed by the roots and is transported through the outer part of the xylem, which, 

as all layers in the living part of a tree, exist of long, hollow cells. These hollow cells are penetrated by 

small pores, called pits, that provide water to flow through the cell wall from one cell into another. 

Carbon dioxide is taken in through tiny hollows in the leaf surfaces. Light is the catalyst to combine 

water and carbon dioxide in the presence of chlorophyll to produce sugars. The sugars are used by the 

tree to provide energy that induces growth. A part of the sugars are transported to the roots to be stored 

for later use (Haygreen and Bowyer, 1982).  

The sugars that are needed by the expanding cells in the cambium to divide are transported from the 

leaves to the rest of the tree in the phloem layer. In order to be transported further from the phloem to 

the inside of the tree, horizontal cells are present. These radially oriented cells are the rays. Rays 

penetrate the stem from the phloem to the inner part of the stem. Rays are essential for survival of the 

living cells. By the division of cambium cells and mother phloem and xylem cells, nutrition by rays is 

a condition to survive. Long cells therefore have more chance of being in the proximity of a ray cell.  

Short cells often die at an early stage in the growing process (Haygreen and Bowyer, 1982).   

1.2 Wood structure 

Wood can be examined at different scales. In Fig. 3 the elements of wood with their corresponding 

scales and unit length are explained. It has a very complex behaviour that can be explained at the 

different levels. Starting with the chemical constituents and the molecule chains, the composition of the 

cell wall, the cell structure and finally the growth rings, the structure of wood is unravelled. 

1.2.1 Components 

Wood is composed of mainly three elemental constituents: carbon, hydrogen, and oxygen. These three 

constituents are combined into different organic compounds: cellulose, hemicellulose, pectin and lignin. 

Together, these four components form the cell walls tissue. All four components have a different 

molecular structure and different task in the structure of cell wall material.  

1.2.1.1 Cellulose 

Cellulose can be considered the most important component of wood. It is manufactured directly from 

glucose by the process of photosynthesis. In a complicated process, a water molecule is removed from 

the glucose molecule, obtaining an anhydride glucose molecule. Cellulose is a chain of approximately 

5.000-30.000 of these anhydride glucose molecules. In a chemical equation this can be written as: 

C6H12O6  – H2O = C6H10O5 with cellulose equal to n(C6H10O5). The schematic molecular structure of 

cellulose is presented in Fig. 4. The length of a cellulose chain is at largest about 5µm (5x10-3 m) and 

the diameter is about 1nm (10-6 m) (Haygreen and Bowyer, 1982). In the longitudinal direction, 

cellulose molecules are covalently bonded. A covalent bond exist of a shared pair of electrons, providing 

a strong and stable connection between the two elements. There are intramolecular hydrogen 

connections existing next to the covalent bonds, that are responsible for the high stiffness of the 

cellulose chain, see Fig. 5. Hydrogen bonds are electrostatic bonds between a hydrogen element  

(deuterium atom), bound to a highly electronegative oxide element, that is attracted to another highly 

electronegative element. Cellulose chains are connected to each other laterally only by hydrogen bonds, 

which are weaker than covalent bonds (Klemm et al., 2005). The high stiffness bonds in the longitudina l 

direction makes cellulose the most important feature when strength is considered. Due to their large 

slenderness the cellulose molecules are transversely anisotropic (Haygreen and Bowyer, 1982). 
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Cellulose molecules are believed not to interact with water, so do not show swelling behaviour or a loss 

of rigidity (Cave, 1978a).  

Cellulose molecules are arranged in different ways, the most common in wood is the Iβ-chain. The term 

‘1β’ refers to a certain composition of the cellulose molecules in the three dimensional plane. This will 

not be further explained here. More information can be found in Nishiyama et al. (2002). 

 
Fig. 3 Scale levels in wood (Adler and Buehler, 2013; Haygreen and Bowyer, 1982; Rafsanjani et al., 2012a). 

 
Fig. 4 Molecular structure of cellulose (Klemm et al., 2005) 
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Fig. 5 Schematic representation of the hydrogen bonds of cellulose Iβ. Carbon, oxygen, hydrogen, and 
deuterium atoms are colored black, red, white, and green, respectively. The numbers indicate the number of 
oxygen atoms. Hydrogen bonds are represented by dotted lines (Nishiyama et al., 2002). 

1.2.1.2 Hemicellulose 

During the process of photosynthesis, glucose is not the only sugar that is produced. Other sugars are 

by example galactose, mannose, xylose and arabinose. From these sugars, along with glucose, 

hemicellulose polymers are synthesized. These exist mainly of branched-chain polymers, compared to 

straight-chain cellulose polymers. Another difference is the number of molecules used to form the 

chain; about 150 anhydride sugar molecules are used to form hemicellulose, compared to maximum 

5.000-30.000 for cellulose (Haygreen and Bowyer, 1982). The hemicellulose chains are connected 

internally by covalent bonding. Hemicellulose chains are linked together laterally by hydrogen bonds. 

Due to this difference in chemical bonding (the hydrogen bonds are more easily broken than the 

covalent bonds), the hemicellulose matrix is anisotropic. Besides, hemicellulose molecules swell on the 

uptake of water, which mostly occurs at the O- and OH-groups. The stiffness of hemicellulose decreases 

upon adsorption (Cave, 1978a). 

1.2.1.3 Pectin 

Pectin is not always mentioned as a component of wood. However, it does play an important role in cell 

growth. It is found in all the primary cell wall layers. In the secondary cell wall layers, pectin is often 

replaced by lignin (Gibson, 2012). Pectin is a complex polysaccharide. The volumetric organization of 

pectin is not understood, nor is it’s reaction on water. It is believed that pectin exists as a continuous 

three-dimensional cross-linked network in primary cell walls. The functional characteristics depend on 

the chemical structures and interactions of the individual molecules, which are numeral. These 

structures and linkages change over time during cell development. The localization and structure of 

pectin influence the cell growth and may, by example, determine if elongation of the cell will occur 

(Ridley et al., 2001). 

1.2.1.4 Lignin 

Lignin is the only component of wood that is not considered a carbohydrate, but is in essence a phenolic 

polymer. It is composed of carbon, hydrogen, and oxygen, although the exact composition of it in wood 

is not known, as lignin occurs in a wide variety of forms. It is quite stable, but difficult to isolate. Lignin 

serves as a binding agent between other components and can be found between individual cell walls 

and within the cell wall. Although lignin is hydrophobic, if lignin reacts with water, it loses its rigidity 

and its dimensions are affected, thus having an important influence on the swelling behaviour of wood. 

Besides, lignin is thermoplastic, meaning that it softens at higher temperatures, and hardens again if the 

temperature decreases (Haygreen and Bowyer, 1982). In the three dimensional plane, the structure of 

the lignin molecules is amorphous, which makes the behaviour of lignin isotropic (Cave, 1978a). 
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1.2.2 Microfibrils 

Bundles of parallel cellulose chains are aligned to form microfibrils, which is shown in Fig. 6. 

Microfibrils are mostly crystalline, intersected by amorphous parts, and consist of 1β cellulose chains 

(Hanus and Mazeau, 2006). The crystalline section is characterized by cellulose chains that are arranged 

neatly together. In other parts, the cellulose molecules do not have a definite arrangement, resulting in 

an amorphous region. The cellulose chains are longer than these crystalline and amorphous parts; in 

one chain about 10 crystalline regions can be recognized, together this is 60-70% of the cellulose 

molecules (Haygreen and Bowyer, 1982). The microfibrils provide stiffness to the cell tissue. 

 
Fig. 6 Composition of a microfibril, composed of cellulose molecules. The bundles of molecules consist of 

crystalline parts and amorphous regions (Haygreen and Bowyer, 1982). 

Hemicellulose chains connect to the cellulose chains to form lamellae, as is shown in Fig. 7. Pectin or 

lignin cross-links the hemicellulose molecules of adjacent microfibrils (Gibson, 2012). Hemicellulose 

and cellulose chains are connected by van der Waals bonds (Hanus and Mazeau, 2006); these are 

electronegative bonds, which are considered weak connections. Lignin is present in between the 

microfibrils and the hemicellulose chains. The role of lignin is to limit the mobility of the microfibrils  

and make the matrix more hydrophobic (Deng et al., 2012). A higher amount of lignin is also known to 

stiffen and strengthen the cell wall material (Gibson, 2012).The whole structure of cellulose, 

hemicellulose, lignin and water is hold together by hydrogen bonds that stabilizes the network and 

transfers forces between the different parts (Deng et al., 2012). In dry wood, less hydrogen bonds are 

available; this affects the mechanical properties of wood. The crystalline parts of the cellulose chains 

are hydrophobic, while the amorphous parts and the matrix of (hydrophilic) hemicellulose and 

(hydrophobic) lignin is hydrophilic, meaning that hemicellulose is responsible for most of the uptake 

of water (about 2.6 times as much as lignin) (Cave, 1978a). These hydrophilic parts are pushed apart 

by water molecules in the case of sorption. This process is responsible for the swelling behaviour of 

wood and a reduction of stiffness and strength (Derome et al., 2013). The lay-out of the stiff microfibrils 

embedded in a relatively soft matrix, makes the microfibril structure stiff in its longitudinal axis, but 

much weaker in the transverse directions, where the matrix is easily deformed. The comparison with 

fibre reinforced composites is often made with wood, as the microfibrils can be seen as reinforcing 

fibres in a softer environment.  

 
Fig. 7 Lamella of cellulose microfibrils (green) and hemicellulose molecules (brown) (Adler and Buehler, 
2013). 
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1.2.3 Cell wall structure 

The microfibrils are connected to each other by hemicellulose bridges and the lignin matrix. 

Microfibrils are laid down next to each other to form a lamella, where all microfibrils have the same 

orientation. Several lamellae on top of each other form a cell wall layer. The cell wall is composed of 

several of these layers, which can be subdivided in primary layers and secondary layer, as shown in Fig. 

8. The primary layers - the middle lamella (ML) and the primary wall (P) - have randomly oriented 

microfibrils and are very thin. The middle lamella is the symmetry axis for two adjacent cell walls and 

is shared by two cells (Cave, 1972). The primary wall is the first part of the new cell to grow and lies 

at both sides of the middle lamella (Haygreen and Bowyer, 1982). When the cell starts to grow, three 

secondary layers develop from the primary wall to the outside of the cell wall, called the S1, S2, and 

S3 layer, respectively.  

 
Fig. 8 Wood cell wall layers. The middle lamella is the grey layer that connects the different cells (Haygreen 
and Bowyer, 1982). 

1.2.3.1 Microfibril angle 

These secondary layers all have an organized microfibril structure, with a specific microfibril 

orientation compared to the longitudinal axis of the cell, also called spiral grain. This orientation is 

indicated by the Microfibril Angle (MFA), and is about 50-70° for the S1 layer, 10-30° for the S2 layer, 

and 60-90° for the S3 layer (Haygreen and Bowyer, 1982). In Fig. 8 the MFA is indicated for the 

secondary layers by the grey lines. These different microfibril angles are the reason the three secondary 

layers have different mechanical properties. The MFA influences, among others, the Modulus of 

elasticity (Cave, 1972; Derome et al., 2013; Kollmann and Côté, 1968), swelling and shrinking 

behaviour (Cave, 1978b, 1972; Deng et al., 2012; Eder et al., 2013), and strength (Eder et al., 2013; 

Kollmann and Côté, 1968). The thickness of these layers varies. The S1 and S3 layers consist of about 

4-6 microfibril lamellae. The S2 layer is comprised of 30-40 microfibril lamellae in earlywood cells up 

to 150 lamellae in latewood (Haygreen and Bowyer, 1982). The S2 layer is thus by far the thickest layer 

and has the largest influence on the properties. This is also the layer where the microfibrils orientation 

is laid closest to the longitudinal axis of the cell direction. As explained before, the microfibril structure 

is stiff in its longitudinal axis, but weak in the transverse direction. The S2 layer is thus the most 

important layer when stiffness and strength are considered. The thinner S1 and S3 layer can be 

considered corsets that wind around the S2 layer and restraints swelling in the transverse direction 

(Derome et al., 2013). Swelling is still much more pronounced in the axis normal to the cell wall than 

along the cell wall (Rafsanjani et al., 2012b). 
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1.2.3.2 Pits 

At several locations, the solid cell walls are interrupted by perforations, called pits. These pits penetrate 

the secondary cell wall layer, the primary cell wall layers remain intact. Pits are used in living trees to 

provide access for water and sugars to be transported through the different cells (Fig. 9). The 

penetrations in the secondary cell wall layers are thus always situated at each side of the primary cell 

wall layer. The thin layer of the primary cell wall forms a pit membrane. Pits can be divided in two 

categories: simple pits and bordered pits, see Fig. 10. Simple pits can be characterized as described 

above. Bordered pits have a somewhat distinctive appearance. The S2 layer forms a conical depression 

that is concave towards the middle lamella (Haygreen and Bowyer, 1982). The differences occur due 

to different cell types that are connected, which will be explained in section 1.2.4.1. Pits form weak 

points in the strong, solid cell wall. The perforations can cause stress concentrations which might be a 

cause for crack initiation and structural failure (Neagu et al., 2006).  

  
Fig. 9 Flow of liquid through pit in cell wall in   Fig. 10 Simple pit, bordered pit and half 
longitudinal direction (Haygreen and Bowyer, 1982). bordered pit (Haygreen and Bowyer, 1982). 

Microfibrils have to orient around the pits, which result in a variation of MFA in the areas close to the 

perforations. The microfibrils have a circular arrangement around the bordered pits, whereas in between 

the pits the MFA is lower, e.g. closer to the longitudinal cell axis. In other cases, the microfibril 

orientation remains unchanged, but crossing of microfibrils with opposing angle is found. The two 

possibilities are shown in Fig. 11. This variation in MFA only occurs in earlywood, in latewood the 

microfibril orientation is approximately uniform. In the case of simple pits, these variations in MFA are 

not found. Furthermore, the orientation of the simple pits is in line with the global MFA (Sedighi-Gilan i 

et al., 2006).  

 
Fig. 11 Two proposed patterns of microfibrils in the vicinity of two bordered pits based on the measured data: 
(a) unidirectional microfibrils’ assumption; (b) crossed microfibrils’ assumption (coniferous)             
(Sedighi-Gilani et al., 2006). 
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1.2.4 Cells 

Cells consist of hollow parts, called lumen, surrounded by the cell walls. The cells are much larger in 

their longitudinal direction than in cross section. Longitudinal cells are closed at the ends and have 

bordered pits to provide liquid to proceed through the wood (Haygreen and Bowyer, 1982). The cross-

section is characterized by a rectangular or honeycomb shape.  

When a single longitudinal wood cell is considered, there exists an obvious distinction between the 

longitudinal direction and the transverse directions. In other words, a wood cell geometry is highly 

anisotropic. But also the radial and tangential plane show differences. For example the cell wall 

thickness. In earlywood cells, the radial walls are relatively thick compared to the tangential walls. Also 

the radial width is larger than the tangential width. Both differences vanish when earlywood cells turn 

into latewood cells (Rafsanjani et al., 2012a).  

1.2.4.1 Cell types 

In wood structures, different cell types can be distinguished. Coniferous species (softwood) consists of 

only a few of these cell types, while the diversity in cells of deciduous species (hardwood) is more 

elaborated. The different cell types that exist in both coniferous species and deciduous species will be 

described in this section. For every cell type, the presence in coniferous species and deciduous species 

will be mentioned. The arrangement of the cells in a three dimensional space is the scope of section 

1.2.5. 

Softwood tracheids 

Very long and slender longitudinal cells in coniferous species are called softwood tracheids. Softwood 

tracheids have a length that is about 100 times larger than their diameter (Fig. 12). Softwood tracheids 

are used both for conductance and strength properties of the wood. Softwood tracheids are closed at the 

cell ends and provide liquids to proceed from one cell to another by bordered pits. The cell ends are 

rounded in the radial direction and pointed in the tangential direction, see Fig. 13.  

     
Fig. 12 Relative dimensions of longitudinal Fig. 13 Longitudinal softwood tracheid  
cells (Haygreen and Bowyer, 1982).  cell (Haygreen and Bowyer, 1982) 
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Fibre  tracheids 

The term fibres is often used as a general time to indicate wood cells, but in wood morphology the fibre 

tracheid is a specific cell type, only present in deciduous species. Fibre tracheids are very similar to 

softwood tracheids, but several differences can be pointed out. Fibre tracheids are significantly shorter 

than softwood tracheids, about 3-4 times, see Fig. 12. The cross-section of  fibres tracheids is almost 

rounded or close to an hexagonal shape, whereas softwood tracheids are mostly rectangular shaped. The 

cell walls of fibre tracheids are relatively thick compared to softwood tracheids and contain simple pits.  

Fibre tracheids do usually not serve for transport, their primary function is to provide strength to the 

tree. Transport occurs through the large diameter vessel elements (Haygreen and Bowyer, 1982).  

Longitudinal parenchyma 

Longitudinal parenchyma cells are shorter versions of coniferous species tracheids and fibre tracheids. 

They have the same general shape, although parenchyma cells have often divided several times along 

their length prior to forming secondary walls. This results in longitudinal strands of short cells that are 

placed in series (Fig. 14)  (Haygreen and Bowyer, 1982).  

Epithelium cells and resin canals 

Sometimes, larges canal are present in coniferous species. These are the resin canals, which cannot be 

considered a ‘cell type’, as they are merely an empty spot (Fig. 15). Resin is a liquid that is believed to 

play an important role in the self-healing abilities of the living tree. The canals are surrounded by 

epithelium cells, which are softwood tracheids that fail to develop a normal cell wall and remain thin 

walled. Resin canals develop both in the longitudinal and radial direction (Haygreen and Bowyer, 

1982).  

         
Fig. 14 Longitudinal parenchyma cells,      Fig. 15 Resin canals surrounded by epithelium 
indicated by the arrows (Honduras mahogany,   cells (ponderosa pine, coniferous, RT-plane) 

coniferous, RL-plane) (Haygreen and Bowyer, 1982). (Haygreen and Bowyer, 1982). 

Vessel elements 

Vessel elements are cells - in contrast to the resin canals which are characterized as open spaces 

surrounded by cells - which have a very large diameter. They are only present in deciduous species. 

Vessels exist of vessel elements which are connected in series to form long tube-like structures. Vessels 

serve as avenues of conduction. In order to make it possible for liquid to process from one vessel 

element to another, the end walls of the vessel elements are perforated. There exist different perforation 

patterns, which distinguish different types of wood, these are shown in Fig. 16. Vessels are connected 

from side to side by bordered pits. A connection between a fibre tracheid and vessel element is made 

by half-bordered pits (Fig. 10c) (Haygreen and Bowyer, 1982).  
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Fig. 16 Three different end walls of vessel elements (Haygreen and Bowyer, 1982). 

Rays 

All above mentioned types of cells are oriented in the longitudinal stem direction. Ray cells are oriented 

in the radial direction of the tree, as is shown in Fig. 17. Ray cells can be either tracheids or parenchyma 

type cells. Also resin canals do exist in the radial direction. The primary function of ray cells is 

conductions from the outer part of the tree to the inner part of the tree. Next to this contribution to 

nutrition transport, rays have an effect on the mechanical properties of wood. As will be explained later 

in paragraph 3.3.4, cells do shrink and swell less in their radial direction than in tangential direction. 

This is attributed to the ray cells, which restrain the swelling and shrinkage in radial direction and are 

therefore partly responsible for anisotropic swelling behaviour in radial and tangential direction. 

Besides, it is believed that rays influence strength properties, since the strength of wood cells is less in 

their transverse direction compared to their longitudinal direction. The rays therefore strengthen the 

radial direction, which is the main direction of the rays. However, especially in deciduous species, the 

influence of rays on strength is still a point of discussion. (Haygreen and Bowyer, 1982).  

  
Fig. 17 Orientation of ray cells in wood (Haygreen and Bowyer, 1982). 

1.2.5 Cell structure 

Each individual wood cell is composed of the five different layers – middle lamella ML, primary layer 

P, and secondary layers S1, S2, and S3 – as explained in Fig. 8. The middle lamella is shared by two 

adjacent cells, composing the complete cell wall of nine layers. The cells themselves however, are 

organized in a more or less repetitive structure. From a larger point of view, cells are arranged in circles 

around the centre of the stem.  

Unit cells are characterized by a more or less hexagonal or rectangular shape. Wood is a natural material,  

and not all cells have exactly the same, perfect shape. This results in an arrangement of cells, here 

indicated by ‘cell structure’, that is organized but imperfect. An example of Norway spruce (coniferous) 

earlywood cells is provided in Fig. 18. 
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Fig. 18 Organization of cells in the RT-plane of earlywood, Norway spruce cells. The cells do not exhibit 
exactly the same shape or dimensions (Norway spruce, coniferous, RT-plane) (Rafsanjani et al., 2012a). 

In the cell structure, three planes can be distinguished (Fig. 19). The tangential plane has its normal in 

the tangential direction of the plane and is also called the RL-plane, because a cut through this lane 

shown the radial and longitudinal direction of wood. It is a cut through the centre of the stem to the 

outer bark. This is the direction the ray cells are laid too. The radial plane (TL-plane) has its normal in 

the radial direction of the plane. It is the plane tangential to the circle formed by the cells. The transverse 

plane (RT-plane) is the plane with the normal in the direction of the stem axis, which is also the cell 

axis (Haygreen and Bowyer, 1982).  

 
Fig. 19 Planes in wood (longitudinal axis normal to the plane of drawing). 

The presence of ray cells in the cells structure might be anexplanation for the anisotropic behaviour of 

wood. Rays contain, like longitudinal tracheids, strong cell walls in their main axis. These cells are 

responsible for an increased strength and Modulus of elasticity in the radial direction, compared to the 

tangential direction. Also, the rays are partly responsible for anisotropy in swelling and shrinking 

behaviour. These processes are more restrained in the radial direction due to the presence of rays (Vural 

and Ravichandran, 2003). However, the influence of rays on the anisotropic behaviour of wood is not 

unchallenged. The parenchyma ray cells are disrupted at several locations along the length, which 

reduces its’ stiffness and strength properties. Other explanations for the anisotropy between the rdial 

and tangential direction could be the annual ring structure, which will be discussed in the next section. 

The third reason could be the difference in cell geometry in the RT-plane (Reiterer et al., 2002).  

In numerical modelling of a cell structure, a Representative Volume Element (RVE) is often used. This 

is a piece of wood on a small scale in radial and tangential direction that is expected to be periodic on 

a larger scale. The RVE can be only one cell, if an ideal honeycomb is modelled, but can also be 

modelled with a (slightly) disordered cell structure as shown in Fig. 18. 

1.2.6 Year rings 

The growth of a tree is linked to the seasonal cycle. In spring, growth is very fast, resulting in a fast 

production of new cells in the cambium. These cells are used for expansion of the tree in all directions. 

Cell lumen are relatively large and the cell walls are thin. In summer, the production rate decreases and 
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cells develop thick cell walls, resulting in small lumen areas. The two distinguished types of wood are 

indicated by earlywood and latewood respectively. These grow cycles are visible with the bare eye as 

growth rings in wood. The dark coloured bands are formed by the latewood cells, the parts with a light 

tint indicate the earlywood cells (Haygreen and Bowyer, 1982). If the wood is given a closer look, one 

might observe that the transition from earlywood to latewood is smooth and no specific border between 

the two can be marked. The development from earlywood to latewood cells is a relatively smooth 

process. However, a sharp line is visible between the latewood cells and the new circle of earlywood 

cells. After the winter period, when no new cells develop, the production of earlywood cells is quite 

sudden (Haygreen and Bowyer, 1982). A photograph of the cells of one year ring is shown in Fig. 20.  

 
Fig. 20 Transition from earlywood to latewood is quite smooth (right side), while the transition from latewood 
to earlywood is rather sudden (left side), (Western larch, coniferous, RT-plane), (Haygreen and Bowyer, 1982).  

As year rings develop as the result of the seasonal cycle, it is not applicable to trees that grow in 

moderate climates, where the seasonal cycle is (more or less) absent. This are mostly deciduous species. 

Deciduous species contain large-diameter pores. In the woods where year rings are hard to detect, these 

pores have about the same size throughout the growth ring and are therefore called diffuse porous (Fig. 

21). In other deciduous species, early in the season large-diameter pores are formed while later in the 

in the year the pores are much smaller and fewer. These wood species are called ring-porous (Fig. 22). 

   
Fig. 21 Diffuse porous (yellow poplar, deciduous,  Fig. 22 Ring porous (northern red oak, deciduous, 

RT-plane) (Haygreen and Bowyer, 1982)   RT-plane) (Haygreen and Bowyer, 1982). 

The size of the diameter is dependent on the amount of auxin, a plant hormone, that is responsible for 

shoot growth. This is in a large amount available in spring time, but only in a small amount later in the 

growing season, due to more unfavourable growing conditions like drought, lower temperature and less 

daylight hours. The thickness of the cell wall is dependent on the amount of sugars that is available after 

photosynthesis. At the start of the growing season, these sugars are used in the growth of new leafs and 

shoots. Later in the season, more sugars are left to be used in the formation of cell wall tissue (Haygreen 

and Bowyer, 1982).  
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1.3 Types of wood 

The general structure of wood is defined in the former section. Many different types of wood exist 

though. All these types of wood are based on this structure, but have a different distribution of the cell 

types. An important distinction can be made between deciduous species and coniferous species. 

Coniferous species are characterized by needle-like leaves. The leaves do not fall off in the winter 

season and the trees are therefore called ‘evergreens’. The seeds of the tree are found in the needles. 

Deciduous species have broad leaves, which fall off in autumn. The seeds are incorporated in fruit 

bodies, acorns or pods (Haygreen and Bowyer, 1982).  

1.3.1 Deciduous species and coniferous species 

Not only do the two types differ in appearance, also the types of cells, their relative numbers, and their 

arrangement characterize the type of wood. An overview of coniferous structure and deciduous structure 

is given in  Fig. 23 and Fig. 24, respectively. Coniferous species are mainly built up by longitudina l 

tracheids and some longitudinal parenchyma cells, which structure is pierced by bundles of clustered 

ray cells. The bundles are only one ray cell in width, but can be many ray cells in height. The coniferous 

structure is interrupted at some places by resin canals, both in the longitudinal and radial direction. 

Deciduous species are characterized by fibre tracheids, interspersed with vessel elements. Large 

amounts of longitudinal parenchyma cells are very common in deciduous species, in contrast to 

coniferous species where they make up only 1-2% of the cell structure. Deciduous ray cell bundles 

occur in bundles with a width (tangentially) of 1 to  30 or even more cells. All ray cells in deciduous 

species are of the parenchyma type, whereas coniferous species ray cells are of both the tracheid and 

the parenchyma type. Deciduous ray cells can be very large compared to the narrow ray cells in 

coniferous species. Softwood tracheid cells are arranged quite strict in radial rows of cells. Deciduous 

species are characterized by a more disordered pattern of fibre tracheids, vessels, and parenchyma cells.  

Finally, the amount of the cell types that appear in the two wood types differ. Coniferous species are 

composed of 90-95% of longitudinal tracheids, the remaining amount is on account of the ray cells and 

parenchyma. Deciduous species always consists of at least four types of cells: longitudinal fibre 

tracheids, vessel elements, longitudinal parenchyma cells, and ray parenchyma cells. All make up at 

least 15% of the wood cells, which make the deciduous structure much more divers (Haygreen and 

Bowyer, 1982).  

1.3.2 Juvenile wood 

Of course, the deciduous species and coniferous species are two categories which contain a large 

amount of tree species. The characterization of these species is left outside this study. But every species 

has some variant types of wood that are related to growing conditions, which will be explained here. 

The first is juvenile wood. Juvenile wood is the first wood formed when the tree is still young: less than 

25 years. The cells of this type of wood tissue are shorter than those of mature wood. There are relatively 

few latewood cells in the juvenile zone, so a high proportion of the cells have thin cell walls. This results 

in a low density and lower strength and stiffness. Also the amount of spiral grain in juvenile wood is 

larger, with all its consequences explained before. The border between juvenile and mature wood is not 

very sharp, it is better seen as a transition zone (Haygreen and Bowyer, 1982). 
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Fig. 23 Coniferous species structure.  
1, latewood of one growth ring; 2-2a, earlywood, 3-3a, latewood of growth ring formed subsequent to 1; 4-4a, 
row of longitudinal tracheids initiated by earlier anticlinal division of cambial initials at  4; 5, longitudinal resin 
canal; 6-6a, row of sectioned ray tracheids; 7-7a, sectioned uniseriate ray; 8-8a, sectioned fusiform ray; 9-9a, 
longitudinal parenchyma strand; 10, fusiform ray; 11, 13-15, uniseriate heterogeneous rays; 12, homogeneous 
ray composed of ray tracheids; A-D, bordered pits; E, epithelial cell; F, longitudinal parenchyma; G, dentate 
ray tracheid; H, ray parenchyma; I, transverse resin canal; J, ray epithelial cells; K, ray tracheid; L, opening 

connecting longitudinal, transverse resin canals; M, longitudinal tracheid (latewood); N, longitudinal tracheid 
(earlywood) (Haygreen and Bowyer, 1982). 

 
Fig. 24 Deciduous species structure. 

1-1a, latewood; 1a-1b, earlywood of succeeding growth ring; 2a-2f, rays; c, earlywood fibre; d, latewood fibre; 
e, longitudinal parenchyma; f, vessel-to-vessel pitting; g, vessel-to-ray parenchyma pitting; h, vessel-to-fibre 
pitting; i, perforation plate between vessel elements; j, ray composed of procumbent ray parenchyma; k, rays in 
end view; m, fibre-to-fibre pitting (bordered) (Haygreen and Bowyer, 1982). 
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1.3.3 Reaction wood 

Furthermore, some external conditions like wind or a slope of the ground are responsible for the tree 

not growing straight. Reaction wood forms to bring the stem back to the original position. If the stem 

of the tree is bended, one side of the stem tends to become shorter and a compressive stress is present. 

The other side of the stem is slightly stretched and tension stresses develop. In coniferous species, the 

reaction wood forms at the compressive side of the stem and is call compression wood, whereas in 

deciduous species the reaction wood forms at the stretched side and is called tension wood (Haygreen 

and Bowyer, 1982).  

Compression wood (Fig. 25)  has different characteristics compared to ‘normal’ wood xylem. The 

longitudinal tracheids are shorter and contain less cellulose and more lignin and hemicellulose. The 

longitudinal shrinkage of compression wood is very large (about 10 to 60 times more). Besides, the 

density of compression wood is large, whereas the strength (compression, tension and bending) equals 

the strength of normal wood. Compression wood appears in the RT-plane as a thick part of the year ring 

(latewood), which is due to its increased density (Haygreen and Bowyer, 1982).  

   
Fig. 25 Compression wood, shown by the    Fig. 26 Tension wood (deciduous) 
thickened year ring (Spruce, coniferous, RT-plane)  (Haygreen and Bowyer, 1982). 
(Haygreen and Bowyer, 1982). 

Tension wood (Fig. 26) has a high cellulose content and the density is slightly larger compared to 

normal wood. This makes tension wood actually stronger in tension than normal wood. However, upon 

drying, tension wood shows a tendency to collapse. Besides, tension wood shrinks significantly along 

the grain (up to 10 times as much as normal wood). Tension wood is not easily to detect, but results in 

an elliptical shape of the year rings, where the larger parts of the year rings indicate tension wood  

(Haygreen and Bowyer, 1982). 
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2 Mechanical properties of wood 

Mechanical properties describe how a material will react to physical forces. Firstly, the calculation of 

density will be explained. In section 2.2 the elastic properties – Modulus of elasticity, Poisson’s ratio,  

and Modulus of shear – of wood will be considered. Section 2.3 focusses on material strength and treats 

tensile strength, compressive strength, shear strength and bending strength separately. In section 2.4, 

some influences that affect the mechanical properties are considered. Section 2.5 provides a small 

introduction on fracture mechanics. The fracture toughness is an important parameter in fracture 

mechanics and will be treated here. Behaviour of the material after its strength is reached will be the 

subject of section 4 and 5. 

The physical-mechanical properties of wood are determined by three characteristics: 

1. The density or specific gravity are used to describe the mass of a material per unit volume. This 

is linked directly to the porosity or void volume of the wood type.  

2. The organization of the cell structure, including the microstructure of the cell wall and cell 

types present.  

3. The moisture content.  

The wood structure at several scales is explained in section 1.2. The density and specific gravity are 

described in section 2.1. The influence of moisture on the mechanical characteristics will be described 

in section 3.2.  

2.1 Density 

The weight per unit volume of wood (macroscale, Fig. 3), i.e. the density, is an important parameter. 

Wood namely has a low density, combined with a relatively high strength, which is important in the 

application of structures. The problem with measuring the density of wood is the varying weight and 

varying volume with moisture content. In different parts of the world, different standards are used, 

which can be based on the green weight, green volume, dry weight, and dry volume in all different 

combinations, or at the weight and volume of a specific moisture content. In most parts of the USA, 

density is calculated as the ovendry weight divided by the volume at a moisture content of 12%: 

𝛾𝑤𝑜𝑜𝑑 =
𝑚𝑜𝑣𝑒𝑛𝑑𝑟𝑦

𝑉12% 𝑚.𝑐.
[𝑘𝑔 𝑚3⁄ ]        (1) 

The density is a property of wood that differs per wood species. They are based on different properties 

of the wood cell, like cell wall thickness, porosity, and the presence of vessels or resin canals (Haygreen 

and Bowyer, 1982). In Table 1 the density of several wood species is recorded. For clearity, the density 

of steel is also inserted. 

In some studies, specific gravity is used instead of density. It is calculated as the density of wood, as 

calculated in (1) divided by the density of water at 4°C (equal to exactly 1000g or 1kg). In equation: 

𝑆𝐺 =
𝑚𝑜𝑣𝑒𝑛𝑑𝑟𝑦

𝑉12% 𝑚.𝑐.
𝛾𝑤𝑎𝑡𝑒𝑟⁄ [−]        (2) 

The specific gravity is therefore normalized and has no units. Numerically, it is equal to the density.  

2.2 Linear elastic behaviour 

Up to a certain stress level, deformation of the solid body is completely recoverably; after removal of 

the stresses, the material turns back to its original geometry. Besides, the relation between stress and 

strain up to this point is linear. This material behaviour is called linear elastic behaviour.  

2.2.1 Modulus of elasticity 

The constitutive behaviour of wood in the elastic region can be characterized by a linear relation 

between stress and strain: 

[𝝈] = [𝑪][𝜺],          (3) 
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where [σ] is the stress matrix stress, [C] is the stiffness matrix, and [ε] is the strain matrix. So, the stress 

is related to the strain by the stiffness matrix, which indicates the modulus of elasticity E. 

Due to the anisotropic (orthotropic) material characteristics, originating from the wood microstructure, 

the modulus of elasticity of wood (macroscale) should be defined for the longitudinal and transverse 

directions. Recall that the longitudinal direction is the main stem axis, and the transverse directions are 

the radial and tangential direction, which are radial and tangential to the wood year rings respectively. 

In Table 1 the modulus of elasticity in the longitudinal and transverse directions of several wood species 

is listed. Also, the modulus of elasticity of steel is added for comparison. 

Table 1 Modulus of elasticity for several wood species. The abbreviations L, R, and T indicate the longitudinal, 
radial and tangential direction respectively (Green et al., 1999). 

 

The longitudinal modulus of elasticity in earlywood cells of coniferous species is relatively low, but 

increases strongly at the transition to latewood cells. In the earlywood region, the radial modulus of 

elasticity is larger than the tangential modulus, but for latewood, the opposite is found. This difference 

can be explained by the cell geometry. In earlywood cells, the radial length of the lumen is quite large, 

having rather thick radial cell walls and thinner cell walls in the tangential direction. The radial cell 

lumen reduces in the transition to latewood cells, where the tangential cell walls thicken. The lumen 

diameter in tangential direction remains constant, with only a slight decrease in the latewood region 

(Rafsanjani et al., 2012b).  

2.2.2 Poisson’s ratio 

If a piece of wood is elongated uniaxially, strains can develop in the transverse directions as well. The 

relation between the amount of strain in the transverse direction and the loading direction is indicated 

by Poisson’s ratio ν. This Poisson’s ratio is dependent on the shape of the cell’s cross section in wood. 

The hexagonal shape works as a harmonica in this way. Poisson’s ratio can even be negative, when the 

cells are re-entrant, as explained in Fig. 27 (Rafsanjani et al., 2013a). In general, the Poisson’s ratio 

between the longitudinal direction and the transverse directions (loading direction) is about 0.4.  When 

loaded in the tangential, Poisson’s ratio between radial and tangential direction varies between 0.6-0.9 

in the case of coniferous woods, for deciduous woods Poisson’s ratio is approximately 0.4. Poisson’s 

ratio between the transverse direction and the longitudinal direction (loading direction) is about equal 

for the radial and tangential direction and has a value of about ν = 0.03-0.06. The Poisson’s ratio 

Wood species Density [kg/m3] E L  [N/mm 2 ] E R  [N/mm 2 ] E T  [N/mm 2 ]

Deciduous

Ash, white 600 13200 1650 1056

Basswood 370 11110 733 300

Birch, yellow 620 15290 1193 765

Maple, red 540 12430 1740 833

Oak, southern red 590 10300 1586 845

Oak, white 680 13530 2205 974

Yellow-poplar 420 11990 1103 516

Coniferous

Baldcypress 460 10890 915 425

Cedar, western red 320 8470 686 466

Douglas-fir, northern 480 13530 920 677

Hemlock, western 450 12430 721 385

Larch, western 520 14190 1121 922

Pine, loblolly 510 13530 1529 1055

Pine, longleaf 590 15070 1537 829

Spruce, Engelmann 350 9790 1253 578

Steel 7850 210000 210000 210000
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between the two tangential direction and the radial direction (loading direction) is about ν = 0.3. The 

Poisson’s ratio shows differences between different wood species, which is set out in Table 2. 

 
Fig. 27 A positive Poisson’s ratio is present in hexagonal cells (left) where compression in one direction leads 
to elongation (tension) in the other direction. A negative Poisson’s ratio is present in re-entrant cells (right), 
where compression in one direction leads to shortening (compression) in the other direction. The grey lines 
indicate the original shape of the cell, the black lines indicate the deformed cell shape. 

Table 2 Poisson’s ratio for different wood species. The abbreviation i,j, with i,j = L,R,T indicate the loading 

direction and the transverse direction respectively (Green et al., 1999). 

 

2.2.3 Modulus of shear 

The shear modulus clarifies the relationship between stress and strain in the case of shear loading and 

is indicated by Gij, with i,j = L, R, T. The shear modulus is thus calculated for the different planes 

distinguished in wood. Due to the anisotropy in wood, these shear moduli differ from plane to plane. 

The shear modulus of coniferous wood is generally lower compared to the modulus of elasticity by a 

factor 14 (Holmberg et al., 1999). Eurocode 5 uses a factor of about 16 (CEN, EN 1995-1-1, 2006). 

The shear modulus for the LT and LR plane is higher compared to the RT plane. Deformations in the 

RT-plane will therefore be larger compared to the longitudinal planes. The shear modulus is slightly 

larger for the radial plane compared to the tangential plane, due to the presence of ray cells (Vural and 

Ravichandran, 2003). The shear modulus for several wood species is given in Table 3. 

 

Wood species Density [kg/m3] ν LR  [-] ν LΤ  [-] ν RT  [-] ν RL  [-] ν TL  [-] ν ΤR  [-]

Deciduous

Ash, white 600 0.371 0.440 0.684 0.059 0.051 0.360

Basswood 370 0.364 0.406 0.912 0.034 0.022 0.346

Birch, yellow 620 0.426 0.451 0.697 0.043 0.240 0.426

Maple, red 540 0.434 0.509 0.762 0.063 0.044 0.354

Oak, southern red 590 0.350 0.488 0.560 0.064 0.033 0.292

Oak, white 680 0.396 0.428 0.618 0.074 0.036 0.300

Yellow-poplar 420 0.318 0.392 0.703 0.030 0.019 0.329

Coniferous

Baldcypress 460 0.338 0.326 0.411 - - 0.356

Cedar, western red 320 0.378 0.296 0.484 - - 0.403

Douglas-fir, northern 480 0.292 0.449 0.390 0.036 0.029 0.374

Hemlock, western 450 0.485 0.423 0.442 - - 0.382

Larch, western 520 0.355 0.276 0.389 - - 0.352

Pine, loblolly 510 0.328 0.292 0.382 - - 0.362

Pine, longleaf 590 0.332 0.365 0.384 - - 0.342

Spruce, Engelmann 350 0.422 0.462 0.530 0.083 0.058 0.255

Steel 7850 0.300 0.300 0.300 0.300 0.300 0.300
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Table 3 Modulus of shear for several wood species. The abbreviations indicate the plane at which the shear is 
applied (Green et al., 1999). 

 

2.3 Material strength 

In most cases, materials behaviour cannot be described well by using only theory of elasticity. The 

linear elastic region is limited and plasticity starts to play a role. The peak stress a material can resist,  

indicates the material strength. Apart from the different scale levels and stress directions that can be 

considered, the nature of loading is important in wood. This section will start by an explanation of 

plastic failure behaviour and quasi-brittle failure behaviour. The section 2.3.2 – 2.3.5 will cover tensile 

strength, compressive strength, shear strength and bending strength separately. 

2.3.1 Plastic failure behaviour 

The yield stress is the stress at which plastic strains develop. When loaded in compression in the 

longitudinal direction, wood’s material behaviour (macroscale) is often schematized as perfectly plastic. 

This means that the yield stress σy is equal to the compressive strength. However, after the yield stress 

level is reached, the stress remains constant while large strains are able to develop. From experiments 

it is known that the real material behaviour is not perfectly plastic but the stress-strain curve is a smooth 

line with a small inclination as shown in Fig 28. The yield stress is the end of the elastic part of the 

curve after which stresses drop slightly and larger strains are able to develop. This concept is called 

strain softening. (Haygreen and Bowyer, 1982). In the transverse directions (radial and tangential) the 

response is also significant non-linear. After an initial linear elastic response, the yield stress is reached. 

In contrast to the longitudinal direction, stresses are able to develop under progressive deformations. 

This response is therefore strain hardening (Schoenmakers, 2010). 

2.3.2 Quasi-brittle failure behaviour 

For wood in tension, the material response is nearly linear elastic up to failure (Fig 28). Prior to failure 

a slight non-linearity is observed. Failure occurs still rather sudden when the tensile strength is reached 

and the failure response is called quasi-brittle. This sudden failure is more pronounced for the transverse 

directions; the longitudinal direction shows slightly more strain hardening before failure. 

Wood species Density [kg/m3] G LR  [N/mm 2 ] G LT  [N/mm 2 ] G RT  [N/mm 2 ]

Deciduous

Ash, white 600 1439 1016 -

Basswood 370 622 511 -

Birch, yellow 620 1131 1040 260

Maple, red 540 1653 920 -

Oak, southern red 590 917 834 -

Oak, white 680 1164 - -

Yellow-poplar 420 899 827 132

Coniferous

Baldcypress 460 686 588 76

Cedar, western red 320 737 728 42

Douglas-fir, northern 480 866 1055 95

Hemlock, western 450 472 398 37

Larch, western 520 894 979 99

Pine, loblolly 510 1109 1096 176

Pine, longleaf 590 1070 904 181

Spruce, Engelmann 350 1214 1175 98

Steel 7850 79300 79300 79300
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Fig. 28 Stress-strain relationship of wood in tension and compression. The abbreviations L, R, and T indicate 
the longitudinal, radial and tangential material directions respectively. The stress-strain curves are based on 
uniaxial loading conditions. The black dots indicate the yield stress (Schoenmakers, 2010) 

2.3.3 Tensile strength 

Failure in tension is characterized by sudden, quasi-brittle failure. It can be studied at several levels, 

from a cellulose molecule chain, via a cell wall and unit cell to the cell structure of a wood sample. 

Tensile strength in the longitudinal direction is regarded in section 2.3.3.1 – 2.3.3.4. In section 2.3.3.5 

tensile strength of the different material directions of wood will be considered. In general, tensile 

strength is higher than compressive strength in wood.  

2.3.3.1 Microfibrils and wood components 

Calculations of the hypothetical tensile strength of a cellulose molecule result in very high values, which 

are never measured in experiments. These calculations are based on the stress needed to split the 

covalent bonds between the molecules. In practice, this strength is never reached, because failure in 

tension occurs by slipping of the molecules along each other. The process starts by amorphous regions 

which interrupt the crystalline regions. The amorphous parts deform more easily and straighten up. This 

results in additional crystallization, which leads to an increase of the internal viscosity, so more potential 

energy can be stored in the molecule. If stress becomes higher, the chains start to slip along each other. 

Gradually, the cross-section of the material decreases, which increases the stress with failure as the final 

event (Kollmann and Côté, 1968).  

The tensile strength ft of the cellulose fibre obtained from tests lies between 750-1000 MPa. Comparing, 

lignin has a tensile strength of only 25-75 MPa (Gibson, 2012). 

2.3.3.2 Cell wall 

The difference in MFA and thickness, introduces different tensile stresses in the different layers. The 

S2-layer is the thickest layer, with the lowest MFA and is therefore determinative for the tensile strength 

of the cell wall (Fortino et al., 2015). An average value for the tensile strength of cell wall material in 

the longitudinal direction is 350 MPa, while the yield strength in the transverse direction is found to be 

approximately 135 MPa (Gibson, 2012). 

2.3.3.3 Single wood cell 

The geometrical features of the single wood cell influences the tensile strength. For example, a large 

difference between latewood and earlywood cells exist under axial tensile loading. On this level, the 

occurring failure mechanism determines the tensile strength (Eder et al., 2008). This will be further 

explained in section 5.1. Besides, under tensile loading, failure occurs at the weakest point in the cell 

or cell wall. The presence of imperfections such as pits or a local enlargement of the MFA influences 

the tensile strength at this level (Eder et al., 2013). 

2.3.3.4 Cell structure of wood sample 

The tensile strength of a wood sample is often found higher than the tensile strength of the single wood 

cell. This is due to the fact that deformations of a single cell are restricted by neighbouring cells when 
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a structure of wood is studied (Eder et al., 2013). This can be explained by the slightly disordered 

structure of the wood cells, where adjacent cells have different cross-section shapes (Rafsanjani et al.,  

2012a).  

2.3.3.5 Wood (macroscale) 

The tensile strength of wood samples can never be fully utilized in practice as failure at the connections 

is far more likely to occur. Wood can only be mechanically fastened, where shear strength along the 

grain is determining and cleavage of wood will occur before tensile failure of the wood fibres. Also 

knots and notches reduce the tensile strength of a wood sample (Kollmann and Côté, 1968).  

2.3.3.6 Material directions 

The tensile strength of wood in the longitudinal is much larger compared to the transverse directions. 

Small differences in strength between the radial and tangential direction can be found, but generally it 

is sufficient to take the strength in both directions equal under normal circumstances. If the difference 

is considered, the radial direction is somewhat stronger (Haygreen and Bowyer, 1982). In Table 4, 

tensile strength of several wood species is listed. The difference between the radial direction and the 

tangential direction is not taken into account here. Data on tensile strength in the longitudinal direction 

is not widely available. In the absence of sufficient tension test data, modulus of rupture values are 

sometimes substituted for tensile strength of small, clear, straight-grained pieces of wood. The modulus 

of rupture is considered a conservative approximation of the longitudinal tensile strength.  

Table 4 Tensile strength in the longitudinal direction (abbreviation long) and the transverse directions (trans). 
The value for the transverse directions is taken as the average between the radial and tangential direction 
(Green et al., 1999). 

 

2.3.4 Compressive strength 

The compressive strength is only about 35% of the strength in tension (Gibson, 2012). From Fig. 28 it 

can be observed that the compressive stress-strain curve follows a different path than the tensile curve. 

The first part of the curve is similar, but after reaching the yield stress, strain softening is found, i.e., 

the stress reduces under developing strains. The compressive strength is the value of the peak in the 

Wood species Density [kg/m3] f t,long  [N/mm 2 ] f t,trans  [N/mm 2 ]

Deciduous

Ash, white 600 103.0a 6.5

Basswood 370 60.0
a

2.4

Birch, yellow 620 114.0a 6.3

Maple, red 540 92.0a -

Oak, southern red 590 75.0a 3.5

Oak, white 680 105.0
a

5.5

Yellow-poplar 420 109.6 3.7

Coniferous

Baldcypress 460 58.6 1.9

Cedar, western red 320 45.5 1.5

Douglas-fir, northern 480 107.6 2.7

Hemlock, western 450 89.6 2.3

Larch, western 520 111.7 3.0

Pine, loblolly 510 80.0 3.2

Pine, longleaf 590 100.0
a

3.2

Spruce, Engelmann 350 84.8 2.4

Steel 7850 235 235
a  Value is modulus of rupture, due to the lack of available data of the tensile strength
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stress-strain diagram. If wood is loaded in the transverse direction, strain hardening occurs after the 

yield stress is reached, i.e. stresses are able to increase under progressive deformations. The post-yield 

behaviour of wood loaded in compression will be discussed in more detail in section 4. 

2.3.4.1 Microfibrils and wood components 

When loaded in compression, first the amorphous parts of the cellulose molecules will be compressed 

more (Gibson, 2012). Due their extreme high slenderness, the compressive strength of cellulose 

microfibrils is of no interest, as instability phenomena will always be determining. The matrix of 

hemicellulose and lignin tries to restrict this buckling somewhat. It is found that especially the lignin 

content is of influence in the case of compressive strength. Species with high lignin content show a 

larger compressive strength strength compared to species that are low on lignin (Kollmann and Côté, 

1968).  

2.3.4.2 Cell wall 

The S2-layer, with its large thickness and low MFA is thereby very important for the strength of the 

cell. Variations in the MFA therefore largely influence the compressive strength in the longitudina l 

direction. An average value for the compressive strength of the cell wall is 120 MPa. In the transverse 

directions however, the strength of the cell wall is not so much affected by a change of the grain angle 

and is roughly 50 MPa (Gibson, 2012). 

2.3.4.3 Single wood cell 

The hollow tube shape of the cells increases the resistance against buckling of the microfibrils. Thereby, 

the thickness of the cell wall, i.e. earlywood or latewood cells, influences largely the occurring failure 

mechanism (Kollmann and Côté, 1968).  

2.3.4.4 Cell structure 

The structure of cells is not nearly as neatly arranged as often is assumed in numerical analyses. But it 

is just this asymmetry of the cell structure that makes a lot of difference when computing the strength 

of wood. Variations of the cell properties, like cell wall thickness, cell shape and cell size cannot be 

captured sufficient by using average values. They all contribute to the extra stiffness and strength of the 

wood structure (Sjölund et al., 2014). 

2.3.4.5 Material directions 

Similar to tension, the compressive strength of wood in the longitudinal direction is much larger 

compared to the transverse directions. Small differences in strength between the radial and tangential 

direction can be found, but generally it is sufficient to take the strength in both directions equal under 

normal circumstances. If the difference is considered, the radial direction is somewhat stronger 

(Haygreen and Bowyer, 1982). In Table 5 the compressive strength of several wood species is provided. 

The difference between the radial and tangential direction is neglected.  
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Table 5 Compressive strength in the longitudinal direction (abbreviation long) and the transverse directions 
(trans). The value for the transverse directions is taken as the average between the radial and tangential 
direction (Green et al., 1999). 

 

2.3.5 Shear strength 

The shear strength of wood is very low compared to the tensile and compressive stress. Especially if 

shear loading is applied in the direction parallel to the grain. Again, the different scale levels will be 

treated to understand this phenomenon. The exact shear strength is hard to measure, as shear stresses 

develop barely on their own, and are mostly accompanied by compressive or bending stresses 

(Kollmann and Côté, 1968).  

Shear behaviour is highly non-linear, and accompanied by strain hardening and large deformation. 

Although, in building practice often linear-elastic behaviour accompanied by brittle failure is assumed 

for reasons of simplicity (Schoenmakers, 2010). In Fig. 29 the shear strength working on the different 

planes is provided. The symbols I,J indicate the plane at which the shear is working (I) and the direction 

in which it is working (J). The planes and directions are indicated in Fig. 30. LT, TL, LR and RL are 

panel shear stresses, whereas RT and TR are called rolling shear stresses.  

2.3.5.1 Microfibrils and wood components 

Shear strength at the nanoscale is determined by the strength and number of the chemical bonds. Shear 

at this level shows two different post yield regimes in the stress-strain diagram. The first regime is 

caused by yielding of the matrix molecules, i.e. the lignin and hemicellulos. The second regime happens 

at a lower stress level and is found to be due sliding of the matrix along the cellulose microfibrils. 

Hydrogen bonds are broken under shear loading to release the shear stress and rebind again at another 

place, as is shown in Fig. 31. This means that shear at this level is accompanied by irreversible 

deformations. The first regime is characterized by a rather smooth plateau. The second regime shows 

several severe drops, which are caused by the sudden debonding and rebonding of the matrix (Fig. 32).  

(Jin et al., 2015) Also, one should notice that shear at this level is counted for as shear loading at the 

angle of the microfibrils, which might result from normal loading at a larger scale.  

Wood species Density [kg/m3] f c,long  [N/mm 2 ] f c,trans  [N/mm 2 ]

Deciduous

Ash, white 600 51.1 8.0

Basswood 370 32.6 2.6

Birch, yellow 620 56.3 6.7

Maple, red 540 45.1 6.9

Oak, southern red 590 42.0 6.0

Oak, white 680 51.3 7.4

Yellow-poplar 420 38.2 3.4

Coniferous

Baldcypress 460 43.9 5.0

Cedar, western red 320 31.4 3.2

Douglas-fir, northern 480 47.6 5.3

Hemlock, western 450 49.0 3.8

Larch, western 520 52.5 6.4

Pine, loblolly 510 49.2 5.4

Pine, longleaf 590 58.4 6.6

Spruce, Engelmann 350 30.9 2.8

Steel 7850 235 235
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Fig. 29 Stress-strain relationship of wood   Fig. 30 Direction of panel shear stresses. The shear  
loaded in shear (Schoenmakers, 2010) stress LT works on the longitudinal plane (L) in the 

transverse direction (T). 

 

  
Fig 31 Hydrogen bonds between cellulose and   Fig 32 Stress-strain relationship for cellulose 

hemicellulose ‘jump’ from one spot to another   and hemicellulose-lignin matrix loaded in  
under shear deformation (no specific wood species)  shear. Two post-yield regimes are visible (no 
(Jin et al., 2015).      specific wood species) (Jin et al., 2015). 

2.3.5.2 Cell wall 

The cell wall dimensions are important in the calculation of the shear strength. The longitudina l 

directions is that large, that failure in shear is not practical and is thus not considered here.  No 

information is found on the shear strength along the cell wall and in the thickness direction. 

2.3.5.3 Single wood cell 

Shear strength in the longitudinal direction of the cell is hard to measure, due to its large slenderness. 

Shear failure in the transverse direction is dependent on the thickness of the wall. Therefore, earlywood 

cells, which possess rather thin tangential walls compared to the radial walls, have a higher shear 

strength in the radial direction than in the tangential direction. For latewood cells, the difference is 

smaller but the tangential shear strength tends to be slightly larger (Holmberg et al., 1999).  
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2.3.5.4 Cell structure 

Compared to the single wood cell, the shear strength and shear modulus of the cell structure are much 

higher. Due to the disorder in cell arrangement in the RT-plane, deformation are restricted. This effect 

has a larger effect on the shear strength compared to the tensile and compressive strength (Sjölund et 

al., 2014). 

In the view of growth rings, shear failure occurs when wood is loaded in the RT-plane under an angle 

to the growth rings. Shear strength of earlywood cells is lower compared to latewood cells. This results 

in shear failure at the start of new earlywood cells in a growth ring (Holmberg et al., 1999).  

Table 6 Rolling shear stress for several wood species (Green et al., 1999). 

 

2.3.5.5 Material directions 

From Fig. 29 it can be observed that shear strength in the longitudinal direction is rather high compared 

to the RT-plane. The long wood cells thus react as reinforcement for the shear strength. If an attempt is 

made to shear wood in the longitudinal direction – not common due to the natural dimensions of wood 

– the wood will be crushed rather than sheared. Shear strength in the radial direction is here assumed 

equal to the tangential direction (Haygreen and Bowyer, 1982). In Table 6, different values for the 

rolling shear strength (RT, TR) are provided.  

2.3.6 Bending strength 

In bending, part of the wood cross-section is in tension, while the other part is loaded in compression. 

As is explained above, there are some differences between tensile strength and compressive strength, 

which characterize the behaviour of wood in bending. In isotropic materials, these stresses are 

distributed linearly and symmetrically over the cross-section. However, for anisotropic materials as 

wood this assumption is not valid above the proportional limit, when strain hardening or softening 

occurs. Besides, a small difference between the two elastic moduli in tension and compression can be 

found sometimes (Kollmann and Côté, 1968).  

The stresses in bending are therefore more complicated, as shown in Fig. 33. The height of the 

compression zone is higher than that of the tension zone. The stress limit in compression is reached 

before the stress limit in tension. This leads to a large part of the compression zone for which the 

Wood species Density [kg/m3] f s,TR  [N/mm 2 ]

Deciduous

Ash, white 600 13.2

Basswood 370 6.8

Birch, yellow 620 13.0

Maple, red 540 12.8

Oak, southern red 590 9.6

Oak, white 680 13.8

Yellow-poplar 420 8.2

Coniferous

Baldcypress 460 6.9

Cedar, western red 320 6.8

Douglas-fir, northern 480 9.7

Hemlock, western 450 8.6

Larch, western 520 9.4

Pine, loblolly 510 9.6

Pine, longleaf 590 10.4

Spruce, Engelmann 350 8.3

Steel 7850 176
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maximum crushing strength is reached. Failure of the wood cells in compression occurs by plastic 

failure. From this point, large deformation will occur, until the beam fails when the fibres in tension 

reach their maximum tensile strength, Fig 34. Beam failure is characterized as quasi-brittle failure 

(Kollmann and Côté, 1968).  

    
Fig. 33 Stress distribution over the height of   Fig. 34 Stress-strain relationship for beams in  
the cross-section of a piece of wood loaded    bending. Failure of the beam is due to quasi- 

in bending shown at three, increasing, stress   brittle failure of the wood cells in tension  
levels (no specific wood species)    (no specific wood species)  
(Kollmann and Côté, 1968).    (Kollmann and Côté, 1968). 

2.3.6.1 Modulus of rupture 

The modulus of rupture is sometimes used as an indication of the bending strength. The modulus of 

rupture is defined as the stress in a material just before it yields in a flexural test. The modulus of rupture 

is not equal to the maximum compressive strength, as might be expected. This is due to imperfections, 

which might affect the bending strength. Because in bending only the outermost fibres are loaded to the 

maximum, local defects here have a larger effect and lead to localized stresses (Kollmann and Côté, 

1968). In Table 7 the modulus of rupture for several wood species is listed. 
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Table 7 Modulus of rupture (R) for several wood species (Green et al., 1999). 

 

2.4 Effects that influence the material properties 

The MFA influences all strength properties of wood. A higher MFA, slipping of cellulose microfibrils 

along each other is more pronounced, which reduces the strength (Kollmann and Côté, 1968).  

Density also is an influencing factor. Density is closely related to cell wall thickness. Thicker walls 

provide a larger cross-section, resulting in a higher tensile strength. The compressive strength increases 

by increasing density, not only for single species, but also for the total range of densities of all species.  

It is understood that bending strength is determined by tensile strength of the outermost cells, and is 

thus increased by increasing density (Kollmann and Côté, 1968).  

Notches and knots decrease tensile strength to a larger degree than compressive strength. The modulus 

of rupture is negatively influenced by the presence of notches and knots (Kollmann and Côté, 1968). 

The effect of moisture on mechanical properties will be described in more detail in section 3.2. In short, 

a higher moisture content leads to a lower compressive strength, the tensile strength is hardly affected 

by the moisture content. The bending strength is determined by the tensile strength of the outermost  

fibres and is thus hardly affected. The modulus of rupture, which indicates the bending stiffness, is 

reduced significantly, due to the effect of reduced compressive strength (Kollmann and Côté, 1968).  

Temperature has similar effect on strength properties as moisture, but the effect is small compared to 

the effect of moisture under normal circumstances, i.e. extreme heat or cold is not taken into account. 

When the effect of temperature is considered, compressive strength and bending strength are decreased 

by increasing temperature, but the tensile strength is affected to a less extent (Kollmann and Côté, 

1968).  

2.5 Fracture mechanical properties 

The term fracture mechanics describes the local detachment of material cohesion in a solid body. It  

concerns a process that either partially disrupts the body which leads to the development of incipient 

cracks or entirely destroys it. The actual fracture process occurs locally by means of elementary failure 

mechanisms on a microscopic level of the materials and is determined by its physical and micro-

structural properties. Fracture of solids starts at the atomic scale and is present at all scales from 

Wood species Density [kg/m3] R [N/mm 2 ]

Deciduous

Ash, white 600 103.0

Basswood 370 60.0

Birch, yellow 620 114.0

Maple, red 540 92.0

Oak, southern red 590 75.0

Oak, white 680 12.3

Yellow-poplar 420 10.9

Coniferous

Baldcypress 460 9.9

Cedar, western red 320 51.7

Douglas-fir, northern 480 90.0

Hemlock, western 450 78.0

Larch, western 520 90.0

Pine, loblolly 510 88.0

Pine, longleaf 590 100.0

Spruce, Engelmann 350 64.0

Steel 7850 235
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microscale, via mesoscale to macroscale. Different theories are developed in order to better understand 

and predict fracture of solids (Kuna, 2013).  

The classical theory of strength, which is used in the former sections to define material strength,  

assumes deformable bodies with a given geometry and material. The structure is an ideal continuum 

without any defects. The strains and stresses inside the body are computed as a direct result of applied 

external loads and follow a specific deformation law. Most used deformation laws are elasticity and 

plasticity. Failure is determined as the point where the internal stresses exceed the maximum stress the 

material can withstand, i.e. its strength. It is assumed that the material parameters represent every local 

point in the geometry (Kuna, 2013).  

These strength theories often fail in describing fracture processes and predicting cracking well. This is 

due to the fact that fracture occurs at places of localized stress concentrations or material flaws. In 

fracture mechanics, it is assumed that every component and every real material possesses flaws or other 

defects. These are not modelled as an average damage parameter, but modelled as actual cracks of a 

certain size. At the crack tip, very high inhomogeneous states of stress and deformation will develop, 

which cannot be treated by the aforementioned strength theories (Kuna, 2013). In fact, the theoretical 

strength of a material as calculated from the atomic bonds, is never reached in materials. Local flaws 

reduce the material strength up to 10 times the value of the theoretical strength. However, in fracture 

mechanics, the stress at the crack tip is a very localized stress, which approaches infinity for linear 

elastic fracture mechanics and approaches the theoretical strength in elasto-plastic fracture mechanics. 

In order to calculate with this local strength a new material parameter is introduced, which characterizes 

the material’s resistance against crack propagation. This parameter is the fracture toughness (section 

2.5.3). A high fracture toughness is not always the most important parameter. In the case of materials 

with small cracks, a high yield strength is preferable, while for materials containing large cracks, a high 

fracture toughness is recommended (Gdoutos, E.E., 2005).  

2.5.1 Crack propagation typology 

In fracture mechanics, it is assumed that a crack at macroscopic level is already present. As long as this 

crack does not change, it is called a stationary crack. The moment at which crack propagation starts, 

usually as the critical stress is reached,  is described as crack initiation. As long as the crack is growing, 

the situation is called unsteady. Unsteady crack propagation is found unstable if no increased loading 

is necessary for the crack to increase in size. If additional loading is needed for the crack to develop, 

we speak of stable crack growth. The case that the crack is no longer growing is called crack arrest 

(Kuna, 2013). 

2.5.2 Crack modes 

A crack is described as a perfectly plane separation of a body, consisting of two crack faces (2D) or two 

crack surfaces (3D). The crack tip (2D) or crack front (3D) is assumed to be ideally sharp with a zero 

notch radius. Cracks appear in three different modes, which are withdrawn from the movements of the 

two crack surfaces relative to each other. Mode I cracks are cleavage fractures, with the applied force 

normal to the crack faces. Mode II and mode III cracks are both shear cracks. Mode II cracks occur by 

in-plane sliding of the two crack faces along each other. Mode III crack faces are teared apart out-of-

plane by a shear load. These three modes, provided in Fig. 35, are regarded basic kinematic modes and 

all types of crack deformation are superposed from one of these modes (Kuna, 2013).  

 
Fig. 35 The three basic crack modes (Kuna, 2013). 
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2.5.3 Fracture toughness 

Fracture toughness is described as the ability of wood to resist fracture in the presence of a crack. 

Measurement of fracture toughness helps identifying the length of the critical flaws that initiate failure 

in materials. The linear-elastic fracture toughness of a material is determined from the stress intensity 

factor KIC at which a thin crack in the material starts to grow. The stress intensity factor is denoted by 

the units of Pa√m. The elasto-plastic fracture toughness is a measurement of the energy required to 

grow a thin crack and is denoted by JIC and the units J/cm2. The abbreviation I indicates crack mode I 

(Green et al., 1999).  

In wood, the fracture toughness is determined for several planes, as shown in Fig. 36. The first letter 

indicates the normal of the crack plane, and the second letter indicates the direction in which the crack 

propagates. Four systems are of practical importance, because the crack will propagate along the lower 

strength path parallel to the grain: RL, TL, TR, and RT. Especially RL and TL orientations will 

predominate. The fracture toughness for both planes and for crack mode I KIC and crack mode II KIIC is 

given in Table 8. Generally, the fracture toughness for mode II cracking is four to five times higher than 

mode I cracking. It is therefore that mode I cracking is most likely to appear in wood.  In Fig. 37 and 

38 the wood failure models for mode I and mode II cracking are shown (Tan et al., 1995). 

 

Fig. 36 Possible crack propagation systems for wood.  

Table 8 Fracture toughness of several wood species for the RL and TL direction and crack mode I and II. 

 

  

K IC  [kPa √m] K IIC  [kPa √m]

Wood species Density [kg/m3] RL TL RL TL

Deciduous

Maple, sugar 540 480

Oak, northern red 630 410

Yellow-poplar 420 517

Coniferous

Douglas-fir, northern 480 360 320 2230

Hemlock, western 450 375 2240

Pine, southern 510 375 2070

Pine, western white 380 260 250

Spruce, red 350 420 1665 2190

Steel 7850 50000 50000 50000 50000
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Fig. 37 Wood failure model for mode I fracture in the TL-plane. (a) some microcracks form in front of the main 
crack tip in earlywood. (b) Few macrocracks can form because of the stress state. (c) The macrocrack 
propagates across the cell walls. (d) A single macrocrack has been formed (Tan et al., 1995). 

 

Fig. 38 Wood failure model for mode II fracture in the TL-plane. (a) Microcracks form in earlywood along the 

whole ligament. (b) The microcracks develop into macrocracks parallel to the longitudinal direction in different 
layers. (c) The long parallel cracks link and wood tracheid walls are broken. (d) Some wood fibres (cell walls) 
are warped and block the slide process (Tan et al., 1995).  



 

 

 

41 Literature 

  



 
42 Microscale failure mechanisms 

3 Wood and moisture 

It is well known that moisture has a significant influence on the behaviour of wood. Already in the 

roman times Vitruvius reported on this (Vitruvius, 15AD): 

“When put in shape for use in buildings they are tough and, having no stiffness on account of the weight 

of the moisture in them, soon bend. But when they become dry with age, or are allowed to lose their sap 

and die standing in the open, they get harder, and from their toughness supply a strong material for 

dowels […].”  

This citation remarks the fact that the Romans already knew that an increased moisture content 

decreased the bending stiffness of wooden beams. A few passages later, he remarks on the fact that 

moisture induces decay of the material. In another phrase he explains that dense wood species, like oak 

“cannot take in liquid on account of its compactness, but, withdrawing from the moisture, it resists it 

and warps, thus making cracks in the structure in which it is used”. In fact, Vitruvius is talking about 

drying stresses. 

Recently, a large amount of research studies has been published regarding the relationship between 

moisture and behaviour of wood. The processes in wood in the presence of water will be explained, 

starting with the transport of moisture through the wood structure. The influence of moisture on 

mechanical properties will be treated, as well as the swelling and shrinking behaviour. Finally, tensile 

stresses during drying will be considered, which are important in the initiation of cracks upon drying.   

3.1 Moisture transport processes 

Moisture is a vital part of a living tree. The cell structure has been organized in such a way, that liquids 

and nutrients from the roots and the leaves can be transported through the tree to all places where they 

are needed in the growing and heeling processes. It is therefore obvious that, at the moment a tree is 

felled, a certain amount of moisture is present in the wood. This freshly felled wood, with its moisture 

content, is called green wood. In green wood, moisture is present in different forms: free liquid in the 

cell lumen, water vapour in the cell lumen, and bound water in the cell walls, as shown in Fig. 39. 

(Haygreen and Bowyer, 1982). The liquid phase solely exists in the living tree or in wood that is in 

contact with water. If wood is exposed to air, the liquid water evaporates, leaving only water vapour 

and bound water in the wood. The point at which all liquid water is removed is called the fibre saturation 

point (FSP). A moisture content below the FSP is the prevailing condition in wood in structures and 

many other purposes (Eitelberger et al., 2011a).  

 
Fig. 39 Location of the different forms of water in wood cells (Haygreen and Bowyer, 1982). 
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3.1.1 Moisture content 

The moisture content is a measure for the amount of water present in wood. It is commonly measured 

as the weight of water in wood divided by the moisture free weight of the wood species. The moisture 

free weight is taken the same as the oven dry weight (OD weight); the weight after a piece of wood has 

been dried for a long time span at relatively high temperatures. The weight of the moisture in wood is 

then calculated as the weight of the wood containing moisture minus the weight of the oven dry wood. 

In equation form: 

% 𝑀𝐶 =  
𝑚−𝑚𝑜𝑣𝑒𝑛𝑑𝑟𝑦

𝑚𝑜𝑣𝑒𝑛𝑑𝑟𝑦
× 100%        (4) 

Because the denominator is not the total weight, but the ovendry weight, the moisture content can 

exceed 100% (Haygreen and Bowyer, 1982). 

The moisture content can vary over time, for example, during the lifetime of structures or furniture. The 

moisture content is affected by the moisture content of the environment, the Relative Humidity (RH). 

The moisture content in wood is always changing so as to be in equilibrium with the constantly changing 

environment. In order to reach equilibrium conditions, the different forms of water are transported 

through the wood (Haygreen and Bowyer, 1982).  

3.1.2 Liquid water transport in wood 

Liquid water transport in wood is only present above the fibre saturation point. This means that the 

environment and the wood sample exchange water. The easiest way for liquid water to be transported 

is through the cell lumen. Therefore, cell lumen play an important role in liquid water uptake. From the 

cell lumen, water is transported further into the cells through pits. In radial and tangential direction 

though, the openings in the pit membranes are far from circular, and form a large barrier for water 

transport. The rate is determined by the largest opening if openings are laid parallel, while the smallest 

opening is determinative in the case of opening series (Stamm, 1967). 

Movement of liquid water can be described by pressure permeability. This process makes advantage of 

the capillary structure of pores. Variations in structure can thus affect the type of movement as well as 

the rate. This also explains why liquid water transport differs for the three main directions of wood 

(Stamm, 1967). 

When wood is exposed to liquid water, this water is adsorbed by the wood sample. In longitudina l 

direction, the tracheids, vessels, resin canals and fibres provide easy access for free water and show 

little imperfections (Stamm, 1967). In the transverse directions, latewood cells show a large role in 

liquid water uptake compared to earlywood cells. This is due to the fact that the lumen in latewood cells 

are smaller and they possess fewer bordered pits on the radial and tangential walls. Therefore, 

longitudinal transport of liquid water though the latewood cells is preferred. (Derome et al., 2013). 

The process of liquid uptake in the radial direction differs from the tangential direction. In tangential 

direction, the latewood cells take up the liquid and from there the water is transported in tangential 

direction with a subsequent redistribution in radial direction (Derome et al., 2013). 

In radial direction, ray tracheids contribute significant to liquid transport. However, the growth rings 

form boundaries in the liquid transport, assuming that a significant portion of ray cells are interrupted 

at these places (Derome et al., 2013). 

The uptake of liquid water in the cell lumen is accompanied by adsorption of water in the cell wall in 

the form of bound water, especially if the uptake is induced in the radial direction (Derome et al., 2013). 

3.1.3 Water vapour and bound water diffusion 

Below the fibre saturation point, only water vapour and bound water are present. These phases exhibit 

different thermodynamic properties and cannot be treated together. The main transport mechanism of 

the two water phases is diffusion. Each diffusing phase exhibits its own diffusion process. In order to 

reach a state of equilibrium between the two phases, sorption at the interface of cell lumen and cell wall 

is established: adsorption from the vapour to the bound water and desorption from the cell wall to the 

cell lumen. This process involves changes in energy: adsorption is an exoteric process, i.e. releases 
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energy, while desorption is endothermic and requires energy. Due to this change of energy, a heat flux 

is initiated in the direction of the moisture flux (Eitelberger et al., 2011b).   

3.1.3.1 Fick’s law of diffusion 

Transport of water vapour can be described by Fick’s laws of diffusion. Fick’s first law of diffusion (5) 

describes the concentration of water vapour at a certain point in the wood sample at a certain moment 

in time, which changes due to a flow of water through the wood, i.e. describes steady state conditions 

(Eitelberger et al., 2011b).  

𝐹 = −𝐷
𝜕𝑐

𝜕𝑥
          (5) 

Where F is the diffusion flux, in amount of substance per unit area per unit time [mol/m2/s]. D is the 

diffusion coefficient [m2/s], c is the concentration [mol/m3], and x is the position [m]. 

Fick’s second law (6) describes the change of the flow over time, i.e. transient conditions. Water vapour 

concentrations in wood changes over time, due to the small openings (pits) through which water vapour 

can move from cell to cell. The processes of adsorption and desorption of water vapour in the cell wall 

material itself (bound water) makes the water flow rather slow (Eitelberger et al., 2011b).  

𝜕𝑐

𝜕𝑠
= 𝐷

𝜕2 𝑐

𝜕𝑥2
          (6) 

Where c is the concentration [mol/m3], s is the time [s], D is the diffusion coefficient [m2/s], and x is 

the position [m]. 

3.1.3.2 Static conditions 

In Fig. 40 the process of water and heat flow at the cell wall (microscale) is explained. In Fig. 40a static 

conditions are drawn, where both conditions of water vapour and bound water are equal over the width. 

A transition of water vapour and bound water is present at the microscale, which goes both ways, 

without the existence of moisture transport.  

3.1.3.3 Steady state conditions 

In so called steady state conditions, Fig. 40b, bound water and water vapour are in equilibrium and 

adsorption is equal to desorption, although the concentrations of water vapour and bound water might 

differ. (Eitelberger et al., 2011a). The concentrations of water vapour and bound water are linked by a 

sorption isotherm. Water is transported by diffusion. This diffusion process lead to a moisture flux J, 

which is equal in both phases (water vapour to bound water and bound water to water vapour). The first 

phase, the adsorption of vapour to bound water (left side of the cell wall in Fig. 40b) is accompanied 

by energy release. The second phase, desorption of bound water to water vapour (right side of the cell 

wall in Fig 38b) results in absorption of energy. The change in energy thus goes both ways between the 

cell wall and cell lumen, and so does the heat flux. This does not lead to a macroscopic change in energy 

and temperature. (Eitelberger et al., 2011b). Because of the macroscopic isothermal equilibrium of 

bound water and water vapour and no macroscopically relevant change in energy, steady state diffusion 

in wood can be described by Fick’s first law of diffusion, equation (5) (Eitelberger et al., 2011a).  

3.1.3.4 Transient conditions 

In transient transport processes, Fig. 40c, a water flow upon drying is present in the wood cell wall.  

Bound water from the cell wall diffuses to water vapour into the cell lumen. This process is present at 

the outer layers of the cell wall, so the bound water concentration over the width of the cell wall varies. 

The concentration in the middle of the cell wall is higher than the concentration at the edges. The mean 

microscopic concentration is ĉb at the cell wall edges is not equal to the macroscopic concentration cb, 

which is the average concentration in the cell wall. Fick’s second law can be used to describe transient 

moisture processes, but fails in the case of wood, because of this disequilibrium.  



 

 

 

45 Literature 

The desorption on both surfaces of the cell wall in 

Fig. 40c results in an absorption of energy on both 

sides. Thus, an energy decrease is present at the 

macroscopic scale. Fick’s second law of diffusion 

is used to describe the mass balance of both the 

bound water phase (7) and the water vapour phase 

(8). 

𝜕𝑐𝑏

𝜕𝑡
= 𝐷𝑏

𝜕2 𝑐𝑏

𝜕𝑥2
+ 𝑐̇  (7) 

𝜕𝑐𝑣

𝜕𝑡
= 𝐷𝑣

𝜕2 𝑐𝑣

𝜕𝑥2
− 𝑐̇

𝑣𝑓𝑐𝑤𝑚

𝑣𝑓𝑙𝑢𝑚
  (8) 

In these equation, cb is the macroscopic 

concentration of bound water, cv is the 

macroscopic concentration of water vapour, Db is 

the macroscopic diffusion coefficient of bound 

water, Dv is the macroscopic diffusion coefficient 

of water vapour, ċ is the concentration increase in 

the bound water phase in the cell walls upon 

adsorption, and the term vfcwm/vflum converts ċ from 

the water concentration in the cell wall to a basis 

of water concentration in the lumens. The 

abbreviations cwm and lum indicate the 

macroscopic volume fraction of the cell walls and 

the lumens, respectively. 

A third equation is used to describe the 

conservation of energy: 

𝜕𝜌𝑈

𝜕𝑡
= 𝑲

𝜕2 𝑇

𝜕𝑥2
+ 𝐷𝑏

𝜕2 𝑐𝑏

𝜕𝑥2
ℎ𝑏 𝑣𝑓𝑐𝑤𝑚 +

𝑐̇∆ℎ𝑏𝑣𝑣𝑓𝑐𝑤𝑚 ,   (9) 

Where ρU denotes the internal energy, K the 

macroscopic thermal conductivity tensor and T the 

temperature. The second term on the right hand 

side describes the transport of heat due to the 

diffusion of bound water, where the last term takes 

into account the energy release due to the 

transition of bound water to water vapour. Δhbv is 

the enthalpy of phase transition from the bound 

state to the vapour state. 

The coupling term ċ is the flux of water from the 

lumens into the cell wall related to the cell wall 

volume. It is positive for adsorption and negative 

for desorption. It is described in accordance with 

Fick’s first law of diffusion: 

𝑐̇ = −
𝐴𝑐𝑤𝑚,𝑙𝑢𝑚

𝑉𝑐𝑤𝑚
𝐷𝑐𝑤𝑚

𝜕𝑐̂𝑏

𝜕𝑟
|

𝑟=𝑟1

,        (10) 

Where the ratio of surface areas of the wood cell walls to their volume is described by Acwm,lum/Vcwm. 

Dcwm is the transverse diffusion coefficient of the cell wall, and ∂ĉb/∂r|r=r1 the gradient of bound water 

concentration in the cell wall at the lumen surface.  

Locally, a heat flux in the direction of the moisture flow will initiate, increasing or decreasing the 

temperature at microscale. The sorption isotherm is dependent on the microscopic temperature, and 

Fig. 40 Moisture and heat transport at the    
microscale. (a) static conditions, (b) steady 
state conditions, and (c) transient conditions 
(Eitelberger et al., 2011a). 
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therefore a new equilibrium moisture content will be found with the adapted sorption isotherm 

(Eitelberger et al., 2011b). 

The model that describes transient moisture conditions is rather complex. However, it is found that 

bound water has little or no significant influence on the outcome of the model that describes water 

transport by the two mass balance equations and the coupling term. Therefore, it is sufficient to describe 

transient conditions with the bound water diffusion omitted, which results in eqation (5) and (6) for 

steady state conditions. Only for high relative humidity, the results are influenced by the bound water 

diffusion (Hozjan and Svensson, 2011).   

3.1.4 Hysteresis 

The equilibrium moisture content in wood at a certain RH is dependent on the fact if the equilibrium 

moisture content was reached from a lower RH or from a higher RH. When wood is dried from the 

green state (at the fibre saturation point) the equilibrium moisture content decrease with the relative 

humidity, as shown in Fig. 41, ‘first desorption’. When the relative humidity increases again, adsorption 

results in lower equilibrium moisture content curve, shown as ‘first adsorption’ in Fig. 41. Second 

desorption will result in an equilibrium MC that is in-between the first adsorption and first desorption 

curve. Any addition adsorption and desorption will follow the loop formed by the curves of first 

adsorption and second desorption (Derome et al., 2013).  

This difference in moisture content upon desorption and adsorption is called hysteresis.  Hysteresis is 

believed to be due to the hydroxyl groups of cellulose and lignin. Upon drying of wood, the hydroxyl 

groups release water molecules and draw closer together. The hydroxyl groups may then satisfy each 

other instead of binding water molecules. When water is adsorbed some of the hydroxyl groups may 

continue to satisfy each other and are no longer available to bind water molecules (Kollmann and Côté, 

1968).  

 
Fig. 41 Desorption and adsorption curve showing hysteresis of wood. First desorption is from the green state 
(Spruce, coniferous) (Derome et al., 2013). 

3.1.5 Paths for moisture transport 

Movement of water vapour and bound water not only exists on the border of cell lumen and cell wall,  

but also in the connected cell walls and from lumen to lumen through pits water is transported. In 

general, three different paths for moisture transport can be distinguished, which are shown in Fig. 42. 

The first is movement of moisture through the connected cell walls (1). The second is movement of 

water from cell lumen, through the cell wall to the next cell lumen (2). The last possibility is water 

vapour being transferred through the pit openings from one cell lumen to the other (3) (Han et al., 2013).  
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Fig. 42 Paths for moisture transport (Han et al., 2013). 

In all three wood planes these paths can be found. These different paths have different diffusion rates, 

i.e. different values of the amount of moisture transported within a certain amount of time. The diffusion 

rate of water through pits and cell walls is lower than it is in cell lumen. The flow of moisture in the 

longitudinal direction is far larger than in the transverse directions, because of the small number of cell 

walls and pits that are delaying transport in this direction. Moisture movement in the radial direction is 

about 20% faster than in the tangential direction, which can be explained by the presence of ray cells.  

Resistance of moisture transport inside the cell walls is the highest compared to the other paths (Han et 

al., 2013).  

The resistance of pits and rays is linked to the permeability of wood, and is higher than the resistance 

of water vapour that diffuses from cell lumen to cell lumen through the cell wall. The concentration of 

water is the potential that drives diffusion. In the tangential and radial direction, the diffusion decreases 

when moisture content decreases (drying). In the longitudinal direction, the diffusion increases as 

moisture content decreases, except below a MC of 5%. As the moisture content decreases during drying, 

bound water diffusion through the cell wall (1) in tangential and longitudinal directions decreases, while 

water vapour diffusion through lumens (2) becomes more dominant. In both directions, the fraction of 

water vapour diffusion through pits (3) is below 1% (Han et al., 2013).  

The radial plane has not been investigated in the research of (Han et al., 2013), but it can be assumed 

that a similar tendency is present in this plane. The results are obtained from experiments on Korean 

pine, coniferous wood.  

3.2 Influence of moisture on mechanical characteristics 

To understand why moisture can influence the properties of wood, again the three basic components of 

woo – cellulose, hemicellulose, and lignin – are considered.  

Cellulose microfibrils consist of crystalline and amorphous regions. The crystalline parts are connected 

through OH-bonds, leaving no spots free for water molecules to bound to the cellulose chains. In the 

amorphous regions, however, the chains are not bonded laterally and the hydroxyl groups are available 

for adsorption of water (Haygreen and Bowyer, 1982). However, these regions are so small that the 

elastic properties of cellulose are considered independent of moisture changes. This might explain why 

the effect of moisture on the tensile strength of wood is limited (Neagu et al., 2006).  

Hemicellulose is a polar polymer, which means that it is softened by polar solvents, such as water. 

Hemicellulose stiffness is strongly affected by changes in moisture content (Fig. 43). Lignin shows an 

initial increase in stiffness when the moisture content is increased from the ovendry state, but reveals a 

degradation in modulus of elasticity when the moisture content is further increased. However, it is not 

affected by the same extent as hemicellulose (Neagu et al., 2006).  
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Fig. 43 Decrease of stiffness of hemicellulose   Fig. 44 Decrease of stiffnes of wood with moisture 
and lignin with moisture content (Neagu et al., 2006). content in the longitudinal direction E11, radial 
       direction E22, and tangential direction E33 
       (Spruce, coniferous) (Derome et al., 2013). 

The longitudinal modulus of elasticity of wood decreases as the moisture content increases as well, as 

shown in Fig. 44. This is attributed to the fact that bound water reacts with the hemicellulose-lign in 

matrix and softens this. Similar results are shown since then by (Derome et al., 2013; Neagu et al., 2006; 

Thuvander et al., 2002). 

The network of cellulose, hemicellulose, and lignin is bound together by hydrogen bonds. The effect of 

these bonds has been modelled by Deng et al. (2012). In dehydrated wood (below 5% MC), less water 

molecules are present, thus also fewer hydrogen bonds can be created. The network loses some of its 

rigidity. This affects the elastic moduli and the strength of wood. The elastic moduli of dehydrated wood 

is lower compared to hydrated wood (above 5% MC). Both the strength and the critical strain are smaller 

for dehydrated models. This effect is more pronounced for small MFA. As it is mostly the S2-layer 

where the MFA is quite small, the loss of strength and stiffness in this layer is significant. The S2-layer 

is the thickest layer of the cell wall, so together with the S2-layer, the cell wall’s strength and stiffness 

decrease (Deng et al., 2012). The effect has been noticed in several studies, where the peak at 5% 

moisture content is found, for wood within a large range of specific gravity. Below this moisture 

content, wood is dehydrated, and the material’s stiffness is found to decrease, see Fig. 45 (Kollmann 

and Côté, 1968).  

 
Fig. 45 Effect of moisture content on modulus of elasticity for different wood densities (Spruce, coniferous, L-
direction) (Kollmann and Côté, 1968). 
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3.3 Swelling and shrinking 

Moisture influences several mechanical properties of wood. However, one of the most important effects 

of moisture on wood is the volumetric change under changing humidity. In practice, this leads to special 

care for wood structures and details. If this volumetric change is not permitted by the design, severe 

stresses can eventually lead to damage or even failure of the structure. Swelling and shrinking behaviour 

will be explained by the processes at the chemical constituents. Differences between several types of 

wood are described. Anisotropy in swelling and shrinking has been studied intensively in the recent 

years, as well as several factors that might influence the swelling and shrinking. Anisotropy in swelling 

and shrinking behaviour will be investigated in more depth in section 3.3.4.  

3.3.1 Introduction 

Shrinking or swelling of wood under changing moisture content only occurs below the fibre saturation 

point, because above this point liquid water is moving in and out of the cell lumen, but the bound water 

content does not change. Water vapour does not enhance any volumetric change, for it is also present 

in the cell lumen. The presence of bound water, which exists inside the cell wall material, is the main 

catalyst for induced swelling or shrinking. Bound water can be extracted but also added to wood, and 

shrinking and swelling are reversible processes (although hysteretic) (Haygreen and Bowyer, 1982).  

Swelling is often expressed by the swelling coefficient, and is defined as the percentage of strain divided 

by the percentage of moisture content: 

𝛽 =
 % 𝑠𝑡𝑟𝑎𝑖𝑛  

% 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
.          (11) 

The moisture content is mostly the control parameter and the strain the measured effect. Larger strains 

result in larger deformations upon swelling, and thus larger swelling coefficients. The swelling 

coefficients for Norway Spruce (coniferous) are found to be βR = 0.17 in the radial direction, βT = 0.31 

for the tangential direction, and βL = 0.009 for the longitudinal direction (Rafsanjani et al., 2012b). In 

Table 9 the radial and tangential swelling coefficient is given for several wood species. 

Table 9 swelling coefficient in radial and tangential direction for several wood species. The strains are 
measured at a moisture content between 0-12% (Kollmann and Côté, 1968).  

 

3.3.2 Components 

Shrinking of the cell wall occurs as bound water molecules escape from between cellulose and 

hemicellulose molecules, which makes it possible for these long-chain molecules to move closer 

together. Swelling is the reverse of this process. The cellulose molecules themselves are not assumed 

to be reactive with water (Haygreen and Bowyer, 1982).  

Hemicellulose and lignin both swell on the uptake of water, that mostly occurs at O and OH-groups. 

Hemicellulose can adsorb about 2.6 times as much water compared to lignin.  Because the water is 

bounded by the OH-groups, which also forms bonds within the matrix and between the matrix and 

cellulose molecules, the OH-bonds are disrupted and the matrix is softened (Cave, 1978a). 

Wood species Density [kg/m3] βR  [-] βΤ  [-]

Deciduous

Ash 695 0.21 0.38

Beech 675 0.22 0.38

Maple 615 0.20 0.30

Oak 695 0.19 0.32

Coniferous

Fir 410 0.19 0.33

Larch 635 0.24 0.44

Pine 510 0.19 0.32

Spruce 375 0.19 0.37
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3.3.3 Types of wood 

The amount of shrinkage is generally proportional to the change in moisture content for earlywood 

cells, as shown in Fig. 46c,d. High density wood species loose more water per percent moisture content 

reduction, which means that high density species shrink more severe than low-density species at equal 

percentage moisture change, Table 9. Several wood extractives, like resin, tend to block the cell wall.  

Therefore, it is less easy for water to leave these cell walls and this makes the wood more dimensionally 

stable. (Haygreen and Bowyer, 1982). Latewood cells, which have thicker cell walls, show larger 

swelling strains compared to earlywood. Besides, the hysteresis in swelling and shrinking is more 

pronounced, as shown in Fig. 46, (Derome et al., 2013).  

 
Fig. 46 Swelling and shrinking strains of wood as a function of relative humidity. Comparison of earlywood and 
latewood, and tangential and radial strains (Spruce, coniferous) (Derome et al., 2013). 

3.3.4 Anisotropy 

Swelling and shrinking of wood is a highly anisotropic process. This is not only explained by the 

direction of the microfibrils. The respective contributions of the structural disorder, periodicity of the 

microstructure and the anisotropy of the solid material are known to all play a role, but to what extend 

is not yet evident (Rafsanjani et al., 2012a). 

3.3.4.1 Components 

Lignin appears in amorphous form in wood and is present all over the cell wall. It has no preferred 

orientation in the three dimensional plane. Therefore, swelling of lignin is isotropic. Hemicellulose 

chains are partly laid parallel to the cellulose chains. Therefore, hemicellulose is expected to show 

anisotropy between the longitudinal direction and the transverse direction. There is no evidence to 

suggest strong anisotropy in the transverse plane, so hemicellulose is considered transversely isotropic 

(Cave, 1978a). The same is true for the long cellulose chains. 
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3.3.4.2 Cell wall 

The uptake of water molecules does not so much affect the longitudinal directions, as in this direction 

far fewer bonds between molecules are present. The direction of the molecule chains (MFA) is thus 

important in the amount of shrinking and swelling of the different wood planes. The cellulose 

microfibrils swell more in their transverse direction than their longitudinal direction. The different cell 

wall layers have a different MFA, and thus different shrinking and swelling coefficients. The thickest 

part of the cell wall, the S2-layer, has a MFA that is close to the longitudinal direction of the wood cells. 

This layer affects the shrinking and swelling of wood most, which explains why wood volumetric 

change is more pronounced in the transverse directions compared to the longitudinal direction. The 

amount of this effect is reduced by the high MFA in the S1- and S3-layer, which act as corsets that 

restrain the swelling and shrinking of the S2-layer (Haygreen and Bowyer, 1982). For all the above 

reasons, the cell walls swell to much less extent along the wall than in the thickness direction 

(Rafsanjani et al., 2012a). Studies into anisotropic material properties show that the anisotropy of the 

cell wall material influences the macroscopic anisotropy in swelling and shrinking (Rafsanjani et al.,  

2013a). 

3.3.4.3 Single wood cell 

The shape of a symmetric periodic honeycomb (Fig. 47) influences the swelling coefficients. The 

thickness of the cell wall, the shape angle, and the aspect ratio (l/h) all have their effect on the swelling 

behaviour. It is found that the shape angle has a more clear effect on the swelling coefficient in the case 

of high porosities, e.g. in the case of slender cell walls.  The swelling coefficients in the radial direction 

are not significantly influenced by the porosity. When the shape turns from rectangular into honeycomb 

like, the swelling coefficients decrease, with perfect honeycombs showing no anisotropy at all. This 

isotropy is found even if the material properties are assumed anisotropic. For every shape of the 

honeycomb, the behaviour is isotropic if the cell wall properties are isotropic (Rafsanjani et al., 2012a). 

 
Fig. 47 Symmteric, periodic honeycomb. The shape angle is given by θ, the aspect ratio equals l/h. The blue 
arrows indicate the direction parallel to the cell wall //, and the direction perpendicular to the cell wall ┴ 
(Rafsanjani et al., 2013a). 

It is found by Rafsanjani et al. (2012b) that the swelling coefficients in the tangential plane are large 

compared to the radial plane, except for the cells that are located at the end of a growth ring. This might 

be due to the shape of the cells. In earlywood, the cell shapes are rectangular, with the long side in the 

radial direction. For latewood cells, the shape turns from rectangular to square and eventually, in the 

last rows, the tangential width becomes larger than the radial width, see Fig. 48. Latewood cells show 

higher swelling deformations than earlywood cells. The difference between swelling coefficients in 

earlywood and latewood cells is larger for the radial direction compared to the tangential direction. This 

is in line with the increased cell wall thickness in the tangential walls compared to the radial walls. 

From this it can be concluded that anisotropy in swelling and shrinking in the transverse plane can be 

linked to the cell geometry and the orthotropic cell wall properties (Rafsanjani et al., 2012b). 
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Fig. 48 Change of cell size and proportion of radial to tangential width of cells over one year ring (Norway 
Spruce, coniferous, RT-plane) (Rafsanjani et al., 2012b). 

3.3.4.4 Cell structure 

Swelling and shrinking in the radial and tangential direction might be both significant, they are not 

equal to each other. Tangential shrinking is often 1.5-3.0 times as large as the radial direction. Swelling 

strains for earlywood and latewood for both radial and tangential directions are shown in Fig. 49. This 

is due to several aspects, like the presence of ray cells in radial direction, frequent pitting on the cell 

walls on the radial plane, and differences in the amount of cell wall material between the radial and 

tangential direction (Haygreen and Bowyer, 1982). Ray cells restrain the shrinkage of longitudinal cells 

in the radial direction, because the ray cells are very stiff in the radial direction and shrinkage is 

determined by shrinkage of the ray cells. Pits form disordered locations on the cell wall, which deform 

less easily. Therefore, the walls that obtain more pits are less affected by shrinkage and swelling. In 

earlywood cells, the radial walls are thicker compared to the tangential walls, therefore offering more 

resistance against swelling strains along the cell wall. This results in a larger distortion of the cell shape. 

In latewood cells, the thickness of the tangential walls approaches the thickness of the radial walls, 

resulting in more equal swelling strains, so cells keep their original shape. 

 
Fig. 49 Swelling strains along the cell wall in earlywood and latewood cells for the radial and tangential 
direction (Norway Spruce, coniferous) (Rafsanjani et al., 2012b). 

For real cellular structures (Fig. 50), which cannot be described by regular honeycombs, the swelling 

anisotropy is much less compared to the periodic honeycombs. The swelling in radial direction is more 

pronounced for these real structures, while tangential swelling was overestimated by the periodic 

models, see Fig. 51a and b. Anisotropy increases with porosity, as was already found for the unit cell.  

However, anisotropy is not so much pronounced for real structures, compared to the honeycomb 

models, as is shown in Fig. 51c. There is a similar trend shown for the elastic moduli of the periodic 

models and the real structures. The radial modulus of elasticity of real cellular structures is close to the 

modulus of symmetric honeycombs, the tangential modulus of elasticity is described better by the 

disordered honeycombs. The smaller swelling coefficients in real structures are attributed to more 

restraining mechanisms in these irregular structures (Rafsanjani et al., 2012a).  
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Fig. 50 Models of (a, b) real structure, (c) symmetric honeycomb, and (d) a disordered honeycomb (Norway 
Spruce, coniferous, RT-plane) (Rafsanjani et al., 2012a). 

 
Fig. 51(a) Radial and (b) tangential swelling strains decrease with increasing porosity. (c) Anisotropy of real 
structures is much less compared to symmetric or disordered honeycombs (Norway Spruce, coniferous) 
(Rafsanjani et al., 2012a). 

3.3.4.5 Year rings 

When a complete growth ring is studied, it is found that the tangential swelling is greater than the radial 

one. In tangential direction, the latewood bands, with their thick cell walls, show larger swelling 

deformations, but are also stronger than the earlywood cells, thus forcing the earlywood cells to swell 

more. The tangential strain shows thus little variation over the year rings and equals about 6%, as is 

indicated in Fig. 52 by the constant blue line. In the radial direction, the red dotted line in Fig. 52, 

earlywood cells swell to a much smaller extent, of approximately 2%. Latewood cells show radial 

swelling strains of about 6%, similar to tangential swelling. Latewood cells thus shows rather isotropic 

cellular deformations in the transverse plane under induced swelling. This means that the cells keep 

their original shape (Rafsanjani et al., 2013b).  

The difference between swelling of latewood and earlywood cells has influence on the swelling of wood 

on a macroscopic scale, where year rings are visible. In the middle of the growth ring, the transition 

zone between earlywood and latewood, the highest swelling deformations are discovered for the radial 

direction. In Fig. 52 the peak of the radial strain is found just before the end of the year ring. This is due 

to the fact that latewood, with its thick cell walls, swells significantly more and pushes aside the less 

stiff transition zone wood cells (Rafsanjani et al., 2013b). 

The green line in Fig. 52 indicates shear strains, which are found to play a small role in the experimental 

results.  
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Fig. 52 Swelling strains along several year rings found by simulations (a) and experiments (b) on Norway 
spruce (coniferous wood). The swelling strain is given in the radial direction εR, tangential direction εT, and is 
provided for the shear strain εRT (Rafsanjani et al., 2013b). 

3.4 Tensile stresses during drying 

In the previous paragraph, the strains and deformations under change of moisture content were 

explained. If the swelling and shrinking of cell walls is not restrained, deformations can develop without 

introducing internal stresses. However, due to the (varying) thickness of the cell wall and significant 

swelling and shrinking in this direction, together with irregularities in the cell structure and possible 

imperfections in this structure, free swelling and shrinking is not possible in wood structures. Thus, 

upon drying of green wood, internal stresses are likely to develop. The stress-free state is found at high 

moisture contents (below the fibre saturation point) (Cave, 1972). 

3.4.1 Above the fibre saturation point 

Upon drying of wood above the fibre saturation 

point, free water in the cell lumen is sucked 

into adjacent cells through the pits. In these 

pits, a curved surface (meniscus) at the air-

liquid interface is formed, where a hydrostatic 

stress is developed. If this stress exceeds the 

strength of the cell wall, the cell collapses, the 

process is shown in Fig. 53. One meniscus can 

influence many cells, as all of these cells are 

coupled. This cell collapse is a time-dependent, 

plastic process. This cell collapse is observed 

mostly in earlywood, because of the thinner 

cell walls. Latewood cells do not suffer 

significantly from this buckling of the cell 

walls. The collapse is normally larger in the 

tangential direction compared to the radial 

direction (Kauman, 1964a). In order to prevent 

this, it is recommended to dry the wood step by 

step, not at once (Kauman, 1964b). 

 

 

 
Fig. 53 Stresses in the cell wall and cell lumen in the 

process of cell collapse of a rectangular cell. In the first 
stadium of cell collapse, loads are applied in the direction 
of the stress (a), (b). When water is pushed out of the cell 
lumen, these inward loads increase (c), (d) with cell 
collapse as the final result (Kauman, 1964a). 
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3.4.2 Below the fibre saturation point 

At the level of the cell wall, different layers can be distinguished that can be regarded a laminate. 

Shrinking is more pronounced at the transverse microfibril directions. However, adjacent layers have 

different microfibril angles and thus shrinking coefficients in the longitudinal, parallel and normal 

direction of the cell wall differ per layer. The layers are coupled to each other by a soft matrix composed 

of lignin and hemicellulose, thus stresses between these layers will develop. These stresses do not lead 

to macroscopic external loads (Thuvander et al., 2002).  

 
Fig 54 Local coordinate systems of secondary cell wall layers S1, S2, and S3 (no specific wood species) 
(Thuvander et al., 2002). 

In their study, Thuvander et al. (2002) calculated the theoretical stresses in the wood cell walls as a 

function of the relative humidity. As the moisture content of wood decreases from the green state, 

compressive stresses develop in the local longitudinal direction of the microfibrils, see Fig. 54 and 55a. 

These stresses are higher than the compressive strength of wood under normal circumstances, so 

mechanisms for stress relaxation must be present. The compressive stresses are the highest in the S3-

layer and the lowest in the S2-layer. These compressive stresses can be understood by the difference in 

MFA. In the S3- and S1-layer, the MFA is rather large, and spiralled along the cell. Upon shrinkage, 

the microfibril will shrink more in the transverse direction than the longitudinal direction. Shrinkage of 

the longitudinal direction of the microfibrils under a large angle is thus more pronounced than the 

shrinkage of the S2-layer, where the MFA is small. The spiralled microfibrils push the wood cell in the 

longitudinal direction. 

In the transverse direction, tensile stresses develop in all layers (Fig. 55b ). These stresses are highest 

in the S3-layer and lower in the S2-layer. Again, the calculated stresses exceed the strength of wood. 

Viscoelastic effects may explain part of the stress relaxation mechanism, but irreversible material 

damage, e.g. cracks, is an additional possibility. Viscoelastic effects may occur mostly at high relative 

humidity, when hemicellulose and lignin are then more easily conformed to dimensional changes. At 

low moisture content however, lignin and hemicellulose are in a glassy state and stress relaxation rate 

is low. Irreversible damage mechanisms are more likely to be of importance here (Thuvander et al.,  

2002). 
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Fig. 55 Longitudinal (a) and transverse (b) stresses in the secondary layers of the wood cell wall at increasing 
relative humidity (no specific wood species) (Thuvander et al., 2002). 
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4 Deformation and failure under compressive loading 

Wood strength properties have been regarded in section 2. However, it is not unambiguously what 

happens when the stresses (in some part of) the cell wall reach the critical value. In some cases, large 

deformations develop under constant loading. In other cases cracking of the material leads to a loss of 

load bearing resistance. The deformation and failure mechanisms for compression and tension differ 

widely and will therefore be treated in different sections. First, mechanisms under compressive loading 

will be treated here. A distinction is made between the longitudinal direction and the transverse plane. 

The relevant scale levels will be regarded.  

4.1 Longitudinal direction 

Under compressive stresses, roughly two possible failure modes are important. First is crushing of the 

wood cells. The second is the instability mode of buckling of the cells. Several factors influence the 

resistance against both phenomena; the mode with the lowest resistance is determinative. On smaller 

scales, complex mixes of both modes result in different failure mechanisms.  

4.1.1 Components 

Buckling of the microfibrils plays a significant role in the deformation of the cell wall. The stiff 

cellulose microfibrils are embedded in a soft, amorphous matrix. The microfibrils themselves are 

susceptible to buckling, due to their high slenderness. Their bonding with the matrix leads to uniform 

out of plane bulging. In some cases, under progressive loading, the microfibrils form localized waves, 

called a microfibril kink band. Formation of a microfibril kink band (Fig. 56) may be due to failure of 

the matrix, which also leads to fracture of the microfibrils (Adusumalli et al., 2010). All the microfibrils 

have buckled when kink band formation occurs. This indicates that local buckling of microfibrils 

initiates failure of the cell wall. Microfibril kink band formation is localized to the regions with low 

hemicellulose density. From this it is concluded that hemicellulose molecules are important in 

preventing the structure from buckling (Deng et al., 2012). 

 
Fig. 56 Microfibril kink band, buckling of microfibrils (Balsa, deciduous, RL-plane) (Vural and Ravichandran, 
2003). 

4.1.2 Cell wall 

The influence of the cell wall material on failure can be investigated on a portion of the cell wall as 

done by Adusumalli et al. (2010). A pillar of S2-layer is isolated from the cell wall and subjected to 

compressive load. 

The mechanism shows yielding as a distinct change of slope in the stress-strain curve. Strain hardening 

is due to an increase in cross-sectional area. In some cases a second change in slope follows the first,  

which is assumed to be due to mis-orientation of the microfibrils. Micro-images of the cell wall material 

show bulging and micro-cracks on the cut surface. The deformation mechanism is not axisymmetric. 

This is attributed to the effect of disordered MFA or to the presence of a bordered pit. The out-of-plane 
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bulging suggests that buckling of the microfibrils is critical in the deformation of the cell wall. The 

micro-cracks develop under the circumferential stress due to bulging. In some cases, a load drop in 

stress was observed in the stress-strain diagram in the post-yield regime. This indicates localized failure 

in the form of a microfibril kink band or shear band (Adusumalli et al., 2010).  

 

Fig. 57 Stress-strain curve of cell wall material subjected to compressive loading. Strain hardening is present 
after the yield point is reached. The change in slope is assumed due to micro fibril mis-orientation (Spruce, 

coniferous) (Adusumalli et al., 2010). 

4.1.3 Single wood cell 

The mechanism of compressive deformation in the axial direction is fundamentally different from the 

transverse directions. There is little evidence of cell-wall bending in the linear-elastic regime; instead, 

the cells compress uniaxially. When loaded beyond their strength, the cells collapse by end cap collapse 

(Gibson and Ashby, 1997). End caps of the longitudinal cells can be regarded as pyramid shaped 

elements. When loaded axially, tensile stresses develop in the triangular faces, which will eventually 

lead to yielding of the end cap (Vural and Ravichandran, 2003). The cells are then forced to move 

between each other like teeth, see Fig. 58. This is shown by a significant drop in the stress-strain 

diagram, Fig. 59. The cells slide along each other until the next end cap is reached. Under progressive 

loading, the second layer of end caps will collapse and the process repeats (Gibson and Ashby, 1997). 

This high load drop reveals that end cap collapse is a compressive instability, in contrast to buckling, 

which are still stable deformation mechanisms. The progressive failure of layers of longitudinal cells is 

a cellular kink band, which in this case is initiated by the end caps (Vural and Ravichandran, 2003). 

   
Fig. 58  Schematic drawing of end   Fig. 59 Stress strain curve during end cap collapse  
cap collapse (Gibson and Ashby, 1997).  (Balsa, coniferous, LT-plane) (Gibson and Ashby, 1997). 
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4.1.4 Cell structure 

Cellular kink band formation is initiated by shear stresses that develop in the cell wall due to a 

misalignment of the cell with the axial direction. If the longitudinal direction is loaded in compression, 

the angle between the cell and the axis contributes to the formation of shear stresses. If the yield strain 

in shear is reached, the cell loses its stability in the transverse direction and forms a cellular kink band. 

Ray cells are important incubators in this process, as longitudinal tracheids have to grow around them 

and rotate slightly. But these same ray cells reinforce the shear modulus in the LR-plane, so cellular 

kink band failure occurs always in the LT-plane. Both cellular kink band formation and end cap collapse 

are important failure mechanisms for high-density wood species (Vural and Ravichandran, 2003). 

For low density wood species, plastic buckling is the occurring failure mechanism. In this case, no drop 

in the stress-strain curve is visible, Fig. 60. Deformation is localized to a narrow region where plastic 

buckling waves are present. The zone outside the localized region is characterized by small wrinkles, 

which could develop in plastic waves if the loading is proceeded (Vural and Ravichandran, 2003). 

In both cases of high-density and low-density species (Fig. 60), after reaching the peak stress, with or 

without a drop in the stress-strain curve, a plateau stress is reached. Deformations increase under 

constant loading, up to the point of densification (Vural and Ravichandran, 2003).  

 
Fig. 60 Effect of density on the stress-strain curve of a small wood sample of Balsa wood (deciduous, several 
densities, L-direction) (Vural and Ravichandran, 2003). 

4.2 Transverse direction 

The transverse direction is characterized by the honeycomb-like pattern. Deformation and failure 

mechanisms are very different from the longitudinal direction. In order to distinguish the – complex – 

mechanisms in the transverse directions, literature on cellular solids is used. Wood is a natural cellular 

solid. By analysing cellular solids, especially the influence of the cell shape and the cell structure can 

be picked out. The different failure mechanisms found for cellular solids are therefore important in the 

understanding of wood’s failure behaviour. This section will therefore mainly focus on the scale of the 

cellular structure, the mesoscale. 

4.2.1 Failure mechanisms in wood 

The stress-strain curve for wood (macroscale) in axial, radial and tangential direction is shown in Fig. 

61. For small strains, the behaviour is linear-elastic for all three directions. Beyond the linear-elast ic 

regime, the stress-strain curves for loading in all three directions show a stress plateau extending to 

strains between 0.2-0.8, depending on the density of the wood species. At the end of the plateau, the 

stress rises steeply. In axial direction, it was already explained that the steep drop in stress is due to end 

cap collapse or kink band formation. In the transverse directions, other mechanisms, which are related 

to failure of fabricated cellular solids, will occur.  
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Fig. 61 Stress-strain curve of wood in the three main directions (Balsa, deciduous) (Gibson and Ashby, 1997). 

4.2.1.1 Cell wall 

If a cell wall is loaded in compression, the stress along the cell wall is found to be compressive, while 

the stress in the thickness direction is tension. The corresponding stress-strain curve is found in Fig. 

62a. The largest difference in stress, both in parallel compression and perpendicular tension, is found 

between the S2- and S3-layer. The compressive stress along the cell wall is lowest in the S3-layer, 

where between 5-20% nominal deformation even tensile stress is found. Along the S2-layer a gradient 

is present with increasing stress towards the S1-layer. The compressive stress in the S1-layer is higher 

than in the S2-layer. The stresses in the primary layers (primary layer and middle lamella) equal the 

stress in the S1-layer more or less (Fortino et al., 2015).   

 
Fig. 62 Wood cell wall layers under compressive loading. (a) Stresses along the cell wall, (b) stresses in 
thickness direction, and (c) shear stresses (coniferous wood) (Fortino et al., 2015). 

The stress in the thickness direction of the cell wall is more complex, Fig. 62b. The stress in the S3-

layer is compressive up to nominal deformations of about 8%. Then the tensile stresses increase very 

fast, to eventually drop again at 23% nominal deformation. The stress in the S2-layer remains tensile, 

but shows a more slow increase and also a slow decrease at 25% nominal deformation. The tensile stress 

in the S1-layer is rising constantly, without showing a drop. Again, the stress-strain curve of the primary 

layers is similar to that of the S1-layer (Fortino et al., 2015).  

Due to the compressive loading of the cell wall in the transverse plane, shear stresses develop in the 

different layers, Fig. 62c. For the S3-layer, the sign of the shear stress is opposite to that of the other 

layers. The sign changes at about 8% nominal deformation. Up to this strain level, shear stresses in the 

S3-layer are negative, and after reaching this point, the shear stress keeps increasing with only a small 

drop at 25% nominal deformation. The shear stress in the S2-layer turns from positive to negative after 

reaching the 8%, but the value of the shear stress is the lowest of all the layers. The trend of the shear 

stresses in the S1- and primary layers is similar to that of the S2-layer, but prevails higher shears. The 

difference between the shear stresses is obviously largest between the S2- and S3-layer (Fortino et al.,  

2015).  

Due to the large difference in tensile stress between the S1- and S3-layer compared to the S2-layer, it 

is possible that under compressive loading, delamination of the S1- and S3-layer from the S2-layer is 
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caused by tensile stresses in the thickness direction. Also, delamination due to intra-wall shear stress 

between the S2- and S3-layer is a possibility (Fortino et al., 2015).  

If compressive stresses are introduced at the ends of the cell wall in combination with shear stresses, 

the stress distribution over the layers changes significantly, as shown in Fig. 63. For all stresses regarded 

– stress parallel to the cell wall, stress perpendicular to the cell wall and shear stress in the cell wall – 

the trends in the stress-strain curves are similar and differences are smaller. For the stresses along the 

cell wall, an increase in compressive stress is measured for all the layers up to 10% nominal 

deformation. Then, the stress in the S3-layer increases and changes to tension at 20%, with a maximum 

tensile stress at about 35%. After 45% nominal deformation is reached, the sign changes again to 

compressive stresses. The S2-layer shows a constant stress level after 10% nominal deformation. The 

S1-layer shows increased compressive stresses up to 40%, after which the stresses decrease again 

slowly. The primary layers show a similar curve, but the values of the stress are higher. The difference 

in stress level is largest between the S2- and S3-layer (Fortino et al., 2015).  

 
Fig. 63 Wood cell wall layers under combined compressive and shear loading. (a) Stresses along the cell wall, 
(b) stresses in thickness direction, and (c) shear stresses (coniferous wood) (Fortino et al., 2015). 

The S3-layer is the only layer that does not show tensile stresses in the thickness direction. The stresses 

remain relatively constant up to 35% nominal deformation, after which the compressive stresses 

increase significantly. All other layers first show an increase in tensile stresses, with the lowest stresses 

in the S2-layer, followed by the S1-layer and highest stresses found in the primary layers. At 30% 

nominal deformation, the stress values decrease, and the stress in the S2-layer and eventually also the 

S1-layer, changes in compression. Again, the difference between the S2- and S3-layer is most 

pronounced (Fortino et al., 2015). 

Shear stresses are barely developed in the S3-layer. All other layers show an increase of negative shear 

stresses under progressive deformation. Again, a gradient is visible with increasing stresses from the 

S2-layer up to the primary layers. The value of the shear stresses is high compared to the values of the 

stresses parallel and perpendicular to the cell wall. It is therefore possible that failure is due to the shear 

stresses under combined compressive and shear loading (Fortino et al., 2015).  

Deformations of other layers are forced to align to the deformation of the S2-layer. Stresses are found 

higher in the S1- and S3-layer compared to the S2-layer (Thuvander et al., 2002). Due to the different 

stress levels in the layers, detachment of the layers is another possibility, called delamination (Fortino 

et al., 2015) . This will be further explained in section 5.2. It is expected by the authors that failure of 

the layers with the highest stresses will occur first. This induces increased stresses in the intact layers, 

accelerating the failure process. 

4.2.1.2 Single wood cell 

The shape of the unit cell may influence the deformation mechanism. Klintworth and Stronge (1988) 

only regarded cells with a shape angle of 30 degrees. It is found by Fortino et al. (2015) that for small 

shape angles (up to rectangular shaped cells) buckling occurs at small nominal deformations and 

relatively high buckling stresses. Larger cell angles (up to the 30 degrees investigated by Klintworth 
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and Stronge (1988)lead to smoother deformation curves and lower buckling stresses. When shear and 

compression are combined, larger deformations are visible.  

The shape angle influences the elastic modulus, with small angles leading to large values of the modulus 

of elasticity. The elastic modulus of rectangular shaped cells even diverges to infinity. This change in 

modulus of elasticity is partly due to the occurring deformation mechanism. If plastic failure is 

dominating, the presence of a plastic hinge obviously reduced the elastic modulus of the cell. Elastic 

failure can be subdivided in two types of cell wall failure mechanisms. See for example deformation 

mode II of Klintworth and Stronge (1988); while two opposite flexible walls sway, the other two flexible 

walls are tightened up. This is called cell wall bending and cell wall stretching respectively. Both 

mechanisms influence the modulus of elasticity of the cell. Cell wall stretching decreases modulus of 

elasticity with decreasing shape angle, thus rectangular shaped cells in cell wall stretching behave less 

stiff compared to more honeycomb-like shaped cells. In the case of cell wall bending, the modulus of 

elasticity decreases for increasing  shape angle. The effect of cell wall bending on the modulus of 

elasticity is stronger compared to cell wall stretching. This means that for cells with small shape angles, 

cell wall stretching is the dominating deformation mechanism and for cells with large shape angle, from 

about 10 degrees, cell wall bending dominates. In coniferous speciess, shape angles are normally around 

30 degrees, and cell wall bending is the dominating deformation mechanism (Fortino et al., 2015). 

4.2.1.3 Cell structure 

The stress-strain curves of wood at macrolevel loaded in compression show an elastic response in the 

first part of the loading trajectory. After reaching the maximum stress, a sudden drop is sometimes 

visible. After this sudden drop or after reaching of the maximum stress, the stress remains at a constant 

level under progressive deformation. At high strains the cells collapse and opposing cell walls make 

contact. Further deformation presses the cell walls themselves, resulting in a steep rise of the stress-

strain curve. This last part is called densification. The strain at which the steep rise of the stress-strain 

curve starts is called the densification strain (Vural and Ravichandran, 2003). The stress-strain curves 

are plotted in Fig. 60 for balsawood.  

The elastic response in the stress-strain curve corresponds to small strains along the cell walls. The 

moment large deformations start to develop is attributed to  a change in deformation mode. A smooth 

plateau stress is found for low-density wood specimen, while high-density species show a fluctuating 

plateau stress. Also, for the high-density woods, the difference between the maximum stress and the 

value of the plateau stress increases. This indicates that the initiation of the inelastic deformation 

mechanism requires more stored elastic energy than is needed to proceed the deformation mechanism. 

This effect is attributed to a change in deformation mode from low-density to high-density species. For 

low density species, elastic and plastic deformation modes are found, while for high-density species 

kink band formation is the dominant deformation mechanism. Elastic and plastic buckling are found 

more uniform throughout the cross-section, while the kink band formation is localized to a row of cells. 

The location where the kink band will form is affected by microstructural imperfections (Vural and 

Ravichandran, 2003).  

Cell wall buckling is mostly present in thin-walled cells. The first rows of cells to collapse in this way 

are located at the start of the earlywood in a growth ring. Under progressive loading, layer by layer of 

the earlywood collapses, until all earlywood cells are buckled. The latewood cells, with their thick cell 

walls, do not show any buckling and deformations remain very small even under high loads. This is 

shown in the stress-strain diagram as densification. Combined compression and shear leads to large 

localized strains in earlywood, but to no visible deformations of the latewood (Holmberg et al., 1999).  

The growth rings and ray cells influence the failure behaviour of a wood block under compression. 

When loading perpendicular to the grain is studied, the different loading directions lead to different 

failure patterns, Fig. 64. If the load is applied in the radial direction, the earlywood cells closest to the 

latewood cells will be crushed. Tangential compression leads to buckling of the growth rings. If the 

load is applied at an angle to the growth rings, shear stresses develop along a growth ring and the 

earlywood cells closest to the latewood cells collapse in shear (Holmberg et al., 1999).  
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Fig. 64 Failure mechanisms of growth rings under (a) radial loading, (b) tangential loading, and (c) shear 
loading (Holmberg et al., 1999). 

4.2.2 Cellular solids 

The cellular structure of wood is important for its excellent mechanical properties in relation to its light 

weight. Therefore, it became interesting for man to fabricate these structures themselves. Several 

materials are used to produce these cellular solids: polymers, metals, ceramics and glasses. They are 

used in situations where the properties derived from their cellular structure offers advantages, like 

insulation, cushioning and absorption of kinetic energy from impacts. Man-made cellular solids can be 

categorized by the way the cells are ordered. The first, simple structure is a two-dimensional array of 

polygons which pack to fill a plane area, like the cells in wood. They are often called ‘honeycombs’. 

More advanced are the structures with polyhedral cells that are linked together in a three-dimensional 

space: foams. Foams can be subdivided in two species. If cells are formed by the cell edges only, it is 

called open-celled, for the cells connect through open faces. If these faces are closed and each cell forms 

a closed space, it is said to be closed-celled. Foams that contain both open-celled and closed-celled parts 

are also common (Gibson and Ashby, 1997).  

In this section, some properties of industrial fabricated cellular solids will be described. Wood shows 

very similar properties as it is also a cellular solids. Therefore, some similarities but also some 

differences will be discussed, from which the unique properties of wood will be better understood. In 

order to describe the mechanical behaviour of wood, engineering models of cellular solids are often 

used (Gibson, 2012).  

Many mechanical properties are already described for wood in section 2. The advantages of low density 

and ability to deform are obvious. Strength, stiffness, plasticity and Poisson’s ratio are influenced by 

the material properties of the solid material, the cellular structure and the moisture content. It is only 

the influence of the cell structure that will be treated here. 

Mechanical and thermal properties only weakly depend on cell size, but cell shape is an important 

feature of the cellular solid. When cells are equally sized in all three dimensions, the properties of the 

foam are isotropic. But in most cases, cells are elongated or flattened in one or two directions, forming 

the basic for anisotropic behaviour. A topology that is often made is that between two-dimensional 

cellular solids, honeycombs, and three-dimensional cellular solids, foams. As the transverse direction 

of wood can be regarded a honeycomb structure, it is this type that is focused on. In general, honeycomb 

structures have an average of six edges. These edges connect at nodes where, on average, three edges 

are linked together (Gibson and Ashby, 1997).  

4.2.3 Failure mechanisms in cellular solids 

In the initial state, it is assumed that cellular solids have a perfect honeycomb structure, shown in Fig. 

65. With this is meant a structure of cells where three cell walls join, under an angle of 120°, with all 

cell walls of equal size. The cells are symmetrical and the cell walls are straight. In most cellular solids, 

the walls BD are thicker than the more flexible walls AB and BC. It is assumed that the thick walls act 

as rigid bodies, while the flexible walls are sufficiently slender to neglect the effects of axial and shear 

deflections. Beam theory is applied to the flexible wall members, the rigid bodies can be regarded 

trusses. 
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Fig. 65 Geometry of the perfect honeycomb structure. The two upper drawings clarify how the structure is 
generated, the two lower drawings show the variables (Klintworth and Stronge, 1988). 

Under compressive loading, deformation mechanisms can be very complex. Both elastic and plastic 

and mixed behaviour can be expected. Elastic behaviour is understood as buckling mechanisms. Plastic 

behaviour indicates yielding of the cell wall material and the deformations accompanying this. 

4.2.3.1 Elastic buckling 

In the elastic regime, it is possible that cells buckle from a symmetrical to asymmetrical deformation 

mode. If this happens, the deformation is uniform over the loaded surface, because all cells are coupled. 

The post-buckling regime is stable and able to resist increased loading. Cells can buckle into a more 

compliant mode of deformation when a critical compressive stress is reached. This transition is 

associated with a bifurcation point on the stress-strain curve for a single cell, which is shown in Fig. 67. 

If the bifurcation stress corresponding to a particular deformation mode is reached, the cells snap 

through to the more compliant mode. However, sometimes the bifurcation stress is not yet reached at 

the moment that opposing cell walls touch and further deformation is limited. This situation is called 

densification. In the case of perfect honeycombs, only three buckling modes are likely to occur 

(Klintworth and Stronge, 1988).  

 
Fig. 66 Buckling deformation mode I and II  Fig. 67 Stress-strain relationship for buckling mode I  
and the corresponding yield surface   and II. The bifurcation point indicates the jump from  
(Klintworth and Stronge, 1988).    the ideal honeycomb of Fig. 57 to the deformation  

      modes I and II (Klintworth and Stronge, 1988). 

The three mechanisms are characterized as follows: one of the cell walls (AB, BC, or BD) deforms with 

a sway component, while the other two cell walls counter this deformation. In the initial state, at the 

start of loading, axial forces develop in all cell walls. With increased axial forces, the stiffness decreases. 

At a certain point, the resistance to sway vanishes and the cells buckle. In buckling mode I, successive  

rows of rigid walls deform by swaying in opposite directions, subjecting the flexible walls to equal and 



 
66 Microscale failure mechanisms 

opposite end moments. Mode I will occur under a combination of compressive loading in the x- and y-

direction. In buckling mode II, the rigid walls remain parallel and prevent nodal rotation. This forces 

the flexible walls to bend in a less compliant mode. Therefore, mode II is only significant when 

considering the interaction between different failure modes. Mode IIa and IIb will occur by a 

combination of compression in the x- and y-direction and shear loading (Klintworth and Stronge, 1988).  

 
Fig. 68 Elastic deformations of axially loaded cell walls (Klintworth and Stronge, 1988). 

In Fig. 68 three deformations of the individual cell walls are given for mode I and mode II. The effective 

rotational stiffness for a (rigid wall), b (sway) and c (in-plane) are given by: 
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with Es the stiffness of the cell wall material.  

4.2.3.2 Plastic collapse 

Another possibility is that the cell wall material is loaded up to the yield point and fails. Yielding 

concentrates in short segments that form a plastic hinge. In this case, rotation is localized in one point 

and the cell walls remain straight. These hinges are normally located at the intersection of different cell 

walls. The formation of a plastic hinge happens not only to one cell wall, but to all the cell walls in a  

layer, thus forming a kink band. The localization of deformation within a kink band is associated with 

abrupt post-yield strain softening. Cell walls are crushed into each other, whereby deformation of the 

cell walls is no longer possible and another layer of cells yields and forms a second layer of crushed 

cells on top of the first layer. Two different collapse modes are distinguished for plastic collapse 

(Klintworth and Stronge, 1988). 
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Fig. 69 Plastic deformation mode III and IV and the corresponding yield surface (Klintworth and Stronge, 
1988). 

In collapse mode III, successive rows of rigid walls rotate in opposite directions, where plastic hinges 

have formed in each flexible wall. In mode IIIa, compressive stresses in the x-direction are combined 

with smaller stress in the y-direction. The hexagonal shape changes in a parallelogram. In mode IIIb, 

compressive stresses in the y-direction are larger than the stresses in the x-direction, which results in a 

flattened hexagon. Plastic collapse mode IV is characterized by rigid walls that remain parallel and the 

formation of plastic hinges at both ends of two opposing flexible walls. Mode IV is formed by a 

combination of loading in the x- and y-direction and shear loading. Mode III and mode IV coincide 

when the shear loading is not present, indicating that either mode of deformation may develop 

(Klintworth and Stronge, 1988).  

4.2.3.3 Combined elasto-plastic crushing 

In general, calculated failure due to elastic buckling or plastic collapse overestimates the failure stress 

of an elasto-plastic honeycomb. In these honeycombs, elastic buckling and plastic collapse failure 

modes interact if they are geometrically similar.  In equation: 

1

𝜆𝑐
=

1

𝜆𝑒
+

1

𝜆𝑝
,          (17) 

where λc is the combined failure load factor, λe denotes the elastic buckling load factor and λp indicates 

the plastic collapse load factor. 

Cell walls begin deforming plastically before the fully-plastic moment is reached; the actual onset of 

plastic deformation depends on the stress-history of the cell. As the elastic buckling load of a structure 

is approached, small imperfections compatible with the buckling mode become increasingly large. If 

these imperfections are also compatible with a plastic collapse mode, the failure load is reduced 

(Klintworth and Stronge, 1988).  

  
Fig. 70 Combined elasto-plastic deformation     Fig. 71 Combined elasto-plastic deformation  
mode V (Klintworth and Stronge, 1988).     mode VI (Klintworth and Stronge, 1988). 
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The elastic buckling mode I is geometrically similar to the plastic collapse modes IIIa and IIIb; these 

combine to form the combined elasto-plastic crushing modes Va and Vb, respectively (Fig. 70). All 

flexible walls have buckled (plastically), after which plastic hinges form in the flexible walls. In 

addition, elastic buckling mode II is geometrically similar to the plastic collapse modes IVa and IVb. 

The combination of the two modes leads to the combined elasto-plastic crushing modes VIa and VIb, 

respectively, Fig. 71. Similar to collapse modes Va and Vb, plastic hinges appear on the already bent 

flexible walls. The axis are the normalized combined failure stress, calculated as the elastic buckling 

stress divided by the plastic collapse stress (Klintworth and Stronge, 1988).  

Post-yield behaviour for fully-plastic materials can be strain softening. The peak stress equals the yield 

point. If elasto-plastic behaviour is present, the peak stress lies between the fully plastic yield stress and 

the point of yield initiation. After reaching the peak stress, the stress-strain curve follows the fully-

plastic curve and shows strain softening (Klintworth and Stronge, 1988).  

4.2.3.4 Post-yield deformatioins 

If in the previous paragraphs was spoken of failure, actually snap-through to a more compliant 

deformation mode was meant. In fact, after reaching the peak stress, large deformation might develop, 

and post-yield behaviour is interesting to study.  

After cells have crushed, the geometry changes and this affects further deformation behaviour. For 

example compressed cells become squat, so that the elastic buckling stresses increase while the plastic 

collapse stresses decrease, approaching idealized plastic behaviour. The post-yield strain converges 

towards its plastic component. Plastic hinges form at the cell corners of the flexible walls, leaving the 

flexible walls at rigid bodies in a different geometry of the cell, Fig. 72. Cells become asymmetrical as 

they crush. In the case of progressive collapse, the failure mode that occurs first is more established, 

while the other failure modes are suppressed (Klintworth and Stronge, 1988).  

 
Fig. 72 Plastic collapse modes after the formation of hinges at the ends of the flexible walls. The cell geometry 
is defined as described by the left drawing (Klintworth and Stronge, 1988). 

4.2.3.5 Localization 

Localization can only occur if a cell strain-softens and is weaker than its neighbouring cells with which 

it interacts. This is due to the fact that honeycomb cells interact with each other while crushing, and are 

strongly non-local. The pattern of localization depends on the failure mode. The weakest layer is always 

the initiator of crushing. Honeycombs are highly sensitive to initial imperfections in the structure. 

(Klintworth and Stronge, 1988).  
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Deformation of cells in mode V is identical for adjacent cells. This implies that a local disturbance 

affects cells far from the source of the disturbance. The weakest layer yields first and crushes in mode 

Va or Vb. However, its lateral deformation is constrained by neighbouring layers, so that the loading 

on the weakest layer changes, until mode Vc is reached. This mode is more compliant and the cells can 

deform further while remaining compatible with their neighbours. The cells making up the weakest 

layer crush completely, forming a crushed band, shown in Fig. 73. Neighbouring layers of cells are 

weakened and subsequent crushing is concentrated adjacent to this band (Klintworth and Stronge, 

1988).  

  
Fig. 73 Localization of crushing in mode V     Fig. 74 Localization of crushing in mode VI 
(Klintworth and Stronge, 1988).      (Klintworth and Stronge, 1988). 

In the case of cells crushing in mode VI, cells are strongly non-local in direction 1, but weakly non-

local in direction 2. When the weakest layer yields, it strain-softens and deformation is localized 

immediately in a band parallel to direction 1, as shown in Fig. 74. Because of the weak interaction, 

neighbouring cells in direction 2 are hardly affected by the localization of deformation. Further inclined 

crushing bands will develop at the second weakest layer, which might be anywhere within the group 

(Klintworth and Stronge, 1988). 

4.2.4 Morphological imperfections 

Honeycomb structures can be found with structured or randomly organized cells. The random cell 

dispersion is called a Voronoi diagram, an example is shown in Fig. 73e. A Voronoi structure is created 

by a random distribution of points on a field. The cell edges are created as lines with equal and smallest 

distance between two points. The driving force behind the formation of a Voronoi diagram is called 

competitive growth. It is not always competitive growth which shapes cells. Surface tension is a well-

known shaping force, which minimizes the surface area of an enclosed area. Another driving force is 

the Neumann’s growth rate. Neumann’s growth law links the number of cell edges (cell shape) to the 

area growth rate of a two-dimensional foam. Many-sided cells grow, few-sided cells shrink, and 

average-sided cells (six edges) remain unchanged. Volume expansion in one direction gives rise to 

elongated cells and may have a distinct number of cell edges. This is the case in wood, where the cells 

grow in the main load-carrying direction. These mechanical considerations are the driving force. 

Elongation of the cell shape in one or two direction gives rise to anisotropic characteristics. Even a 

small distortion in size can lead to large difference in properties (Gibson and Ashby, 1997). 

Also morphological imperfections can affect the material properties of a Repetitive Volume Element 

(RvE). Six different morphological imperfections are regarded by Chen et al. (1999) and the effect of 

inclusions and holes is investigated by Chen et al. (2001).  

The six morphological imperfections are waviness, non-uniform cell wall thickness, fractured cell 

walls, cell-wall misalignment, Voronoi structure, and missing cells. All imperfections are presented in 

Fig. 75. These imperfections can be subdivided in periodic defects and random defects. Periodic defects 

can be characterized as defects that could be present at all cell walls in a sample. Waviness and non-
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uniform wall thickness belong to this group. Random defects are imperfections that apply to random 

spots in a wood sample. Fractured cell walls, cell-wall misalignment and missing cells are part of this 

category. All these imperfections influence the strength of the honeycomb (Chen et al., 1999). 

The effect of the morphological imperfections is compared to the uniaxial, hydrostatic and deviatoric 

elastic and plastic properties of perfect honeycombs.  

 
Fig. 75 Morphological imperfections of honeycomb structures: (a) cell wall waviness, (b) non-uniform cell wall 
thickness, (c) fractured cell walls, (d) cell-wall misalignment, (e) Voronoi structure, and (f) missing cells   
(Chen et al., 1999). 

4.2.4.1 Voronoi diagrams 

Voronoi diagrams are not considered to be part of periodic or random imperfections. The response of 

Voronoi diagrams differs from the response of a perfect honeycomb. The uniaxial properties, both 

elastic and plastic, of Voronoi structure are quite well described by a perfect honeycomb. The elastic 

properties of a Voronoi structure and perfect honeycomb under hydrostatic stress agree well too, but 

the yield strength of a Voronoi diagram is about 30% weaker than a perfect honeycomb. Besides, the 

random distribution of cells is responsible for a reduced deformation of the Voronoi structure compared 

to a perfect honeycomb. The Voronoi structure is therefore stiffer than a perfect honeycomb (Chen et 

al., 1999). Voronoi diagrams are non-existent in wood samples. 

4.2.4.2 Waviness 

Waviness is explained as a deflection of the cell wall, shown in Fig. 75a. This reduces significantly the 

hydrostatic yield strength, but the deviatoric yield strength is not affected to a large extent, Fig. 76. The 

number of waves does not influence the macroscopic yield stress, although the relative density is 

slightly increased. The failure mechanisms also change due to this imperfection. For a perfect 

honeycomb with straight edges, uniaxial stressing leads to bending of the cell edges, while biaxial 

(hydrostatic) stressing gives rises to stretching of the cell edges. When a waviness is present, bending 

is the dominated deformation mechanisms of the cell edges for both loading cases. The resistance 

against stretching is larger than for bending, this explains why hydrostatic strength of a cell edges 

decreases when only a small waviness is present. The deformation mechanisms under uniaxial loading 

remains similar, because the deformation mechanism does not change (Chen et al., 1999). Cell wall 

waviness is expected to be found in wood. 
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Fig. 76 Influence of cell wall waviness on    Fig. 77 Influence of non-uniform cell wall  
the uniaxial yield strength σU and the hydrostatic   thickness on the uniaxial yield strength σU and  
yield strength σH (Chen et al., 1999).   the hydrostatic yield strength σH   
       (Chen et al., 1999). 

4.2.4.3 Non-uniform cell wall thickness 

Non-uniform wall thickness is described as a gradient in wall thickness from the connection point of 

three cell edges (thicker) towards the middle of a cell edge (thinner), as shown in Fig. 75b. Similar to 

wall waviness, the hydrostatic yield strength is decreased under thickness variations, Fig. 77. The 

uniaxial strength however is increased compared to that of a perfect honeycomb. In this case, under 

hydrostatic loading, cell edge stretching is the dominated deformation mechanism, but the strength is 

decreased by the decreased cross-sectional area in the middle of the cell edge. Under uniaxial loading, 

where bending is dominating and failure occurs by the formation of a plastic hinge at the corner, the 

amount of material is increased at this location and therefore the capacity of the joint is enhanced. The 

uniaxial strength increases. The opposite would be true for cell wall thickening in the middle of the 

edge. Than both the hydrostatic and uniaxial strength would be negatively influenced (Chen et al.,  

1999). Non-uniform cell wall thickness is an important imperfection in the case of wood. 

4.2.4.4 Cell-wall misalignments 

Cell wall misalignments are created by translating the node of a perfect honeycomb along a certain 

distance in a random direction, which is shown in Fig. 75d. Although the structure might look familiar 

to a Voronoi structure, it is not the same. The structure formed by translation of all nodes is still 

relatively uniform. In contrast to the Voronoi diagram, every cell has six edges and three edges meet at 

one corner. The uniaxial yield strength is barely affected by these misalignments, Fig. 78. But because 

the deformation mechanism under hydrostatic stress changes from stretching to bending, the hydrostatic 

strength decreases significantly under increasing misalignments (Chen et al., 1999). Cell-wall 

misalignments exist in wood samples, where cells are not of equal shape. 

    
Fig. 78 Influence of cell wall misalignment    Fig. 79 Influence of fractured cell walls on the  
on the uniaxial yield strength σU and the hydrostatic  uniaxial yield strength σU and the hydrostatic  
 yield strength σH (Chen et al., 1999).   yield strength σH (Chen et al., 1999). 
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4.2.4.5 Fractured cell walls 

In the case of fractured cell walls, the normally continuous cell walls are disrupted at several places, as 

shown in Fig. 75c. For a perfect honeycomb, the uniaxial yield strength of a sample with several 

fractured cell walls decreases with increasing number of broken cell walls, Fig. 79. The hydrostatic 

strength shows a sharp drop after even a small percentage of fractured cell edges, but remains more or 

less continuous by increasing numbers of fractures. Bending is the dominant deformation mechanism 

in the case of fractured cell walls under hydrostatic loading. In the case of Voronoi structures, the effect 

of fractured cell walls is similar. This is because broken cell walls influence the strength of the structure 

more compared to variations in cell size and cell shape. The drop in hydrostatic strength has such 

impact, that the properties of the imperfect honeycomb approach isotropy (Chen et al., 1999). Fractured 

cell walls do exist in wood and are the subject of further research in this project. Remind that fractures 

cell walls as described here are transversely cracked cells, which will be described in section 5.  

4.2.4.6 Missing cells 

In the case of missing cells, the perfect honeycomb is modelled with removal of one or more cells, as 

can be seen in Fig. 75f. The effect of missing cells is similar to cells with fractured cell walls: the 

hydrostatic strength decreases more sharply compared to the uniaxial strength, Fig. 80a. The hole size 

has only a small influence on the results. Again the decrease in hydrostatic strength is due to the change 

of deformation mechanism from stretching to bending. The effect of the hole under uniaxial loading is 

therefore minor (Chen et al., 1999). Missing cells as such are not very likely to find in wood, but they 

might be comparable to large diameter cells like vessel elements.  

 
Fig. 80 Influence of fractured cell walls on the uniaxial yield strength σU and the hydrostatic yield strength σH 

for (a) a perfect honeycomb, and (b) a perfect honeycomb with 5% fractured cell edges. 

4.2.4.7 Rigid inclusions 

The influence of a rigid inclusion on the strength and stiffness of honeycombs do not differ significant ly 

from a perfect honeycomb. The strength may even increase somewhat. Of course, the relative density 

of the structure increases, so the properties per mass decrease (Chen et al., 2001). 

These imperfections can of course occur simultaneously in some cases. The largest knock-down effect 

is found by fractured cell edges, followed by missing cells, wavy cell edges, cell-wall misalignment, 

Voronoi structure, and non-uniform wall thickness. The imperfection with the largest knock-down 

effect will be dominant when more defects are present, as can been seen in Fig. 80b, where the influence 

of missing cells is very small when already 5% fractured cell walls are present. As the rigid inclusions 

do not give rise to a significant knock-down effect, they are not present in this list. 
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5 Deformation and failure under tensile loading 

Under tensile loading, it is not so much buckling that dominates deformation mechanisms, although 

tension buckling will be discussed in this section. Instead, brittle failure under tensile loading is often 

the effect of cracking. In order to understand the phenomenon of cracking in general, a short 

introduction into fracture mechanics as already given in section 2.5. However, cracking in wood is 

rather complex, due to the layered structure of the cell wall. Therefore, a comparison with fibre metal 

laminates is made. Crack modes in fibre metal laminates are interesting to study in order to understand 

cracking in wood.  

5.1 Longitudinal direction 

In the longitudinal direction, the tensile strength is larger than the compressive strength. This is mostly 

due to the buckling phenomena that are dominant in compression due to the high slenderness of 

cellulose molecules and wood fibres. The relevant scale levels for failure in tension in the longitudina l 

direction will be regarded here. 

5.1.1 Components 

Failure in tension occurs by slipping of the molecules along each other. The process starts by amorphous 

regions which interrupt the crystalline regions. The amorphous parts deform more easily. This 

crystallization of the amorphous parts leads to an increase of the internal viscosity, so more potential 

energy can be stored in the molecule. If the stress increases, the chains start to slip along each other 

(Kollmann and Côté, 1968).  

5.1.2 Cell wall 

When loaded in tension, the cell wall material shows an initial elastic regime, Fig. 81. After reaching 

the yield strength, a plastic region is observed, which is less stiff. This plastic regime shows slip-stick 

behaviour, which is due to jump-wise disconnecting and reconnecting of the H-bonds between molecule 

chains of cellulose and hemicellulose. This happens because the microfibrils are straightening and 

shearing along each other. At higher strain values, the material stiffens again, when the orientation of 

the microfibrils approaches the axial direction (Adler and Buehler, 2013).  

 
Fig. 81 Stress-strain curve of cell wall material loaded in tension with an MFA of 45 degrees. The model does 
not correspond to a specific wood species, but should be interpret qualitatively  (no specific wood species) 
(Adler and Buehler, 2013). 

Tension buckling happens when stiff cellulose microfibrils within the wooden cell wall try to align with 

the direction of loading. The resulting shear stresses force a thin-walled cell to buckle under tensile 

loading. Therefore, tension buckling is only observed for earlywood cells (Eder et al., 2008).  
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5.1.3 Single wood cell 

Tensile failure often occurs close to natural defects, like bordered pits. Also the non-uniform MFA 

influences the location of failure, as this might vary over the length of the wood cell. Under cyclic 

loading, it is also found that the slope of the stress-strain curve increases slightly for every reloading 

period. This indicates that the microstructural changes, i.e. straightening of the microfibrils, is an 

irreversible, plastic process. It is likely that in a tracheid under tension, damage initiates at the weakest 

point. Due to the straightening of the microfibrils, the modulus of elasticity increases and the second 

weakest location of the tracheids starts to initiate damage. This process can be repeated several times. 

The results are large strains and non-localized multi-damage behaviour in the wood cell under tensile 

loading (Sedighi-Gilani and Navi, 2007).  

An earlywood tracheid loaded in tension shows folding (tension buckling), see Fig. 82, of the cell wall 

at rather low load levels and strains. Further straining results in the initiation of cracks in the 

neighbourhood of these folds. As the first cracks develop, a drop in the force-displacement curve is 

noticed. Separation of the fibre at one of the crack locations followed after additional straining. It is 

remarkable that crack initiation does not always start in the vicinity of natural defects. In the case of 

transition wood, two failure mechanisms can be found. The first mechanism shows a crack immediately 

transversing the whole cell, shown in Fig. 83. The second mechanism is similar to the crack propagation 

of earlywood. First, folding of the cell wall is observed. However, the fold in transition wood fibres is 

found in the surroundings of bordered pits and pit fields and starts at considerably higher load levels. 

Crack propagation is partly parallel to the longitudinal axis of the wood cell, which can be seen in Fig. 

84. The mechanism in latewood cells is similar to the first mechanism in transition wood, showing a 

crack separating the whole cell transversally without prior visible deformation (Eder et al., 2008).  

  
Fig. 82 Crack development and propagation of an earlywood tracheid. Black arrows indicate folding of the cell 

wall and the presence of microcracks. The red lines mark the cracks. Right is shown the accompanying stress-
strain curve (Norway Spruce, coniferous, LT-plane) (Eder et al., 2008).  
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Fig. 83 Crack development and propagation of a transition wood tracheid. The cracks, marked by a red line, 
immediately piercing the whole cell. Right is shown the accompanying stress-strain curve (Norway Spruce, 
coniferous, LT-plane)  (Eder et al., 2008).  

 
Fig. 84 Crack development and propagation of a transition wood tracheid. Folding is indicated by the black 
arrows. Cracks are marked by the red lines. Top right is shown the accompanying stress-strain curve (Norway 
Spruce, coniferous, LT-plane) (Eder et al., 2008).  

5.2 Transverse direction 

In the transverse plane, cell wall layers are visible in cross-section. Tensile loading in the RT-plane, 

leads to cracks developing across the cell wall and in between the cell wall: delamination. Cracking is 

a failure mode typical for components loaded in tension. First a short introduction in fracture mechanics 

is provided, which give rise to a better understanding of delamination problems. Thereafter, failure 

mechanisms in fibre metal laminates will be considered, for there are several similarities to the layered 

structure of wood. Finally, the knowledge will be applied to wood. 
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5.2.1 Failure mechanisms in fibre metal laminates 

Wood cell walls are composed of different layers. Therefore, they can be regarded as laminates. Due to 

the microfibrils that enforce the cell wall material, wood is similar to artificial fibre-reinforced layered 

composites. Failure under tensile loading is extensively studied in this discipline and is (partly) 

applicable to wood. However, the embedding of the fibres in fibre-metal laminates is very different to 

the embedding of microfibrils in wood cell wall layers. An example of a fibre-metal laminate is shown 

in Fig. 85.  

   
Fig. 85 Photograph of a fibre-epoxy layer sandwiched Fig. 86 Cracks in the aluminium layers of a  
by two aluminium layers. The fibres are laid in three fibre-metal laminate. The fibre-epoxy layer is  
layers in two directions (Cid Alfaro, 2008).    shown in the middle (Cid Alfaro, 2008). 

5.2.1.1 Cracking 

Failure modes in Fibre Metal Laminates (FMLs) can be divided in failure in one of the constituents 

(constituent failure) or in the interface between different layers of constituents (delamination). The first  

constituent that can fail is the metal layer. In this case it is often plasticity or cracking that induces 

failure. The other constituent that can be damaged is the fibre reinforced composite layer. Failure 

mechanisms that can take place in this layer are (Cid Alfaro, 2008): 

1. Matrix cracking 

2. Fibre-matrix debonding 

3. Fibre-matrix interfacial shear failure 

4. Fibre fracture 

5. Fibre pull-out and fibre splitting 

For fibre-epoxy systems, the relative strength of the fibre-epoxy interface and the epoxy matrix is 

strongly influencing the failure pattern. If the interface is stronger than the matrix, failure occurs solely 

due to matrix cracking. If the epoxy matrix is stronger than the fibre-epoxy interface, the failure pattern 

is characterized by a combination of fibre-matrix debonding and epoxy cracking. The fibre volume 

fraction affects the failure response of the sample only in the case that the interface is weaker than the 

matrix. Because the interface is the weakening factor in this case, a low fibre volume fraction leads to 

higher strength of the fibre-epoxy sample (Cid Alfaro et al., 2010).  

In the case of wood, it is already explained in section 2.3.3.1 that plastic failure, visible by large 

deformations, at the microfibrils occurs by debonding and bonding of the hemicellulose molecules to 

the cellulose molecules. As this debonding takes place at the interface between the microfibril and soft 

matrix of hemicellulose and lignin it is regarded fibre-matrix interfacial shear failure. The crack 

transversing the wood cell wall layers as shown in Fig. 83 can be regarded failure mechanism 4 Fibre 

fracture. 
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Failure by cracking is subdivided in two types (Cid Alfaro, 2008). 

1. Part-through cracks. In this case, one layer may show cracks, but the epoxy layers remain intact 

and bridge the gap, Fig. 86.  

2. Through-the-thickness cracks. These cracks develop simultaneously in different layers, 

resulting in a penetration of the structure.  

5.2.1.2 Delamination 

Two types of delamination can be distinguished (Cid Alfaro, 2008): 

1. Static delamination. In this case, no fibre failure is observed. The delamination develops as a 

result of an increasing shear load between two layers. This type of delamination relaxes the 

stress concentration in the fibre-epoxy layer, while the metal layers encounters an increase in 

stress, resulting in plastic collapse. Static delamination can be found at the interface between 

fibre and epoxy (adhesive failure), in the epoxy itself (cohesive failure) or between the epoxy 

and metal layers (adhesive failure). 

2. Dynamic delamination. This type of delamination is observed by a sudden debonding between 

fibre and epoxy or by fibre failure. The area over which dynamic delamination occurs is small 

compared to that of static delamination. 

Within these types, several examples of delamination can be designated. Buckling delamination is 

described as several layers that separate from other layers under high compressive loading. Interlaminar 

shear failure occurs when the shear strength between two layers is insufficient. Finally, free-edge 

delamination happens at the laminate edges, where a specific stress distribution is found, resulting in a 

peel force at the ply interfaces (Cid Alfaro, 2008).  

Crack propagation can in some cases give rise to delamination, while in order cases the crack penetrates 

the adjacent layer. In fibre metal laminates, it is assumed that a mode I crack starts in the metal layer. 

The fibre-epoxy layers act to bridge the gap. When delamination will occur or when the crack 

propagates to the adjacent layer is dependent on the amount of energy needed for each of the 

mechanisms. The energy release rate at the crack tip is denoted by J. The fracture criterion is then an 

extension of the Griffiths’ criterion, J = Jc with Jc the effective elasto-plastic fracture toughness.  

Delamination is predicted when the energy rate between delamination Jd and penetration JIp is larger 

than the ratio between the toughness for delamination Jdc and penetration JIpc, thus (Suiker and Fleck, 

2004): 

 
𝐽𝑑

𝐽𝐼𝑝
>

𝐽𝑑𝑐

𝐽𝐼𝑝𝑐
.          (18) 

Three crack propagation mechanisms can be distinguished, as shown in Fig. 87 (Suiker and Fleck, 

2004).  

1. Tunnelling of a mode I crack in the mid-layer with delamination absent 

2. Tunnelling of an H-shape crack with constant delamination length 

3. Unstable delamination growth in all direction (plane strain delamination) 

In the case of steady-state tunnelling (2) the tunnelling front has a constant shape, and the energy release 

is independent of the tunnelling length. The minimum stress required for tunnelling is dependent on the 

delamination toughness and penetration toughness at the layer interfaces and on the stiffness ratio of 

the layers. The minimum stress required for delamination growth is dependent only on the delamination 

toughness and the stiffness ratio of the layers. Both plane strain delamination and tunnelling asymptote 

to a steady state value, but for tunnelling this happens at larger delamination lengths than for plane 

strain delamination. The steady state stress value is found for a given stiffness ratio by the plane strain 

delamination curve. For stress levels above this curve at certain delamination lengths, unstable 

delamination is found. The asymptotic value corresponds to the tunnelling stress for a certain toughness 

ratio. Larger toughness ratios will lead to steady state tunnelling, smaller values will lead to unstable 

tunnelling (Suiker and Fleck, 2004).  
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Fig. 87 Three possible crack mechanisms for crack mode I in a laminate of two dissimilar, isotropic materials 
(Suiker and Fleck, 2004).  

During the initial, crack nucleation phase, a higher fracture strength leads to a higher ultimate failure 

strength of the laminate. Unstable behaviour (3) vanishes when the material is able to deform plastically. 

During both phases of crack tunnelling and uniform delamination, the fracture strength influences the 

strength of the laminate. A higher fracture strength is also responsible for a shorter fracture process 

zone, thus a larger crack tip angle, which leads to a higher effective failure strength (Cid Alfaro et al.,  

2009).  

5.2.2 Failure mechanisms in wood 

Delamination of the layers in the wood cell wall is likely to occur under certain circumstances. 

Literature on this subject is not extensive and will only be briefly addressed. Crack propagation through 

the cell structure is treated in section 5.2.3.2.  

5.2.2.1 Cell wall 

As already explained in section 4.2.4.2 compressive loading of the cell wall leads to tensile stresses in 

the thickness direction of the cell wall. It is assumable that these tensile stresses give rise to delamination 

effects. However, it is not yet evident at exactly which location delamination will be present under 

different loading cases (Fortino et al., 2015).  

Three failure mechanisms at the cell wall level are distinguished under tensile loading, shown in Fig. 88 

(Smith et al., 2003): 

1. Transwall failure (TW) is a transverse crack that cuts across the cell wall. 

2. Intercell failure (IC) is delamination at the the middle lamella and represents separation of the 

cells. 

3. Intrawall failure (IW) is delamination at the S1-S2 interface in most cases or S2-S3 interface 

on rare occasions.  

 

Fig. 88 Three failure mechanisms at the cell wall level under tensile loading (Smith et al., 2003). 
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Failure in deciduous species results in an extremely complex fracture surface with transwall failure that 

follows the MFA of the S2-layer in those cases that the S2-layer is relatively thick. Within some cells, 

intrawall failure between the S1- and the S2-layer occurs, which causes the fibre core (S2- and S3-layer) 

to be pulled out. In coniferous species, the failure pattern is similar. In latewood cells transwall fracture 

following the S2 MFA is noticed. In earlywood cells, abrupt transwall failure is typical. For cells in the 

intermediate zone between earlywood and latewood, some cells fail in an abrupt transwall pattern, while 

for other cells the S2-layers are pulled out and unwound (Smith et al., 2003).  

It is assumed that cell wall thickness has a stronger influence on the fracture toughness of individual 

cells and cell walls compared to the cell size. Low density wood species show mostly transwall failure, 

while for high density species both transwall and intercellular fracture is observed. There are frequently 

different fracture modes in earlywood and latewood cells. Latewood cells are characterized by 

intercellular failure, earlywood cells show transwall failure (Smith et al., 2003).  

5.2.2.2 Cell structure 

Similar to failure in compression, the direction of the loading and the type of cell, earlywood and 

latewood, influence the failure pattern when a wood sample is loaded in tension perpendicular to the 

grain. This tensile failure is shown as a crack in the cell structure. Crack propagation for mode I failure 

can occur in two ways. The first is crack propagation across the cell walls (fracture), in the other case 

the crack may advance between two adjacent cells close to the middle lamella (delamination).  

For crack propagation, consider a structure of cells containing a crack, as shown in Fig. 89. When it is 

loaded in tension, the cell walls at first bend elastically. The load is transmitted through the structure as 

a set of discrete forces and moments acting on each of the cell walls. When this combination of forces 

is sufficient to fracture the cell wall just ahead of the crack tip, the crack advances (Gibson and Ashby, 

1997).  

 
Fig. 89 Crack propagation through the cell structure in the RT-plane (Gibson and Ashby, 1997). 

The loading plane influences the failure behaviour of the wood cell structure. For loading in the 

tangential direction, crack propagation was found unstable. Transwall cracking is found in the 

earlywood cells and intercellular failure in the latewood cells, with a straight crack path through all of 

the cells, Fig. 90. Further investigation shows that the in the first loading regime (Fig. 91a), crack 

propagation is mainly stable and fracture is characterized by transwall cracking. The cracks propagate 

through different fracture planes, which explains why crack propagation is stable, Fig. 92. In the second 

loading regime (Fig. 91b), where unstable behaviour is observed, the crack initiation period is finished 
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and one single macrocrack makes its way (sometimes by joining of existing microcracks). This unstable 

mechanism is caused by a straight and intercellular fracture mode, Fig. 93. In the last loading regime 

(Fig. 91c), stable crack propagation is observed again, which is assumed to be due to fibre bridging 

(Stanzl-Tschegg, 2009).  

   

Fig. 90 Transwall crack propagation under tangential Fig. 91 Corresponding load-displacement 
loading in the RT-plane (Spruce, coniferous)   curve, with (a) stable crack propagation regime, 

(Stanzl-Tschegg, 2009).     (b) unstable crack propagation and (c) stable
       crack propagation (Stanzl-Tschegg, 2009). 

   

Fig. 92 Stable crack propagation in the RT-plane  Fig. 93 Unstable crack propagation in the RT- 
under tangential loading Fig. 89a     plane under tangential loading Fig. 89b  
(Stanzl-Tschegg, 2009)     (Stanzl-Tschegg, 2009) 

Loading the in the radial direction resulted in a more tortuous fracture path in the earlywood cells, 

whereby transwall fracture is observed, Fig. 94. The tortuous path is attributed to the more irregular 

arrangement of the cells, which makes crack propagation more stable, resulting in stable crack 

propagation, which is shown in Fig. 95 (Stanzl-Tschegg, 2009). 
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Fig. 94 Transwall crack propagation under radial  Fig. 95 Corresponding load-displacement 
loading in the RT-plane (Spruce, coniferous)   curve showing stable crack propagation  
(Stanzl-Tschegg, 2009).     (Stanzl-Tschegg, 2009). 
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3 Geometrical model 

Summary 

The aim of the research project is 

 “To determine the failure mechanisms of wood cell walls under tensile loading and the 

parameters that affect these failure mechanisms.” 

The scale level at which this study operates is the wood cell wall level. In the preliminary study into the 

geometrical validation of the model, a joint of three cell walls is modelled.  

Real wood structures are very complex and show a high degree of imperfection. A simplification of 

reality is necessary to be able to model and understand the processes that influence the failure behavior 

of wood. Several assumptions are made for the geometrical model: 

- Wood cells form a perfect honeycomb structure.  

- All cell walls have the same length l, cell wall thickness t, and unit depth b.  

- The angle between the cell walls is 120°.  

Macroscopic stresses σ11, σ22, and σ12 are applied to the honeycomb structure, see Fig. 1. These  

macroscopic stresses lead to microscopic loads on the individual cell walls, as shown in Fig. 2.  

  
Fig. 1 Macroscopic stresses acting on a   Fig. 2 Microscopic forces on a joint of three  

honeycomb structure (Chen et al., 1999).   cell walls due to macroscopic stresses  

          (Chen et al., 1999). 

Combinations of different macroscopic stresses lead to varying microscopic loads. The load distribution 

on the model as a result of the macroscopic stresses can be calculated. 

In this first model, perfect elasto-plastic material properties are assumed. Failure of the model is due to 

the appearance of a plastic hinge in one of the three cell walls close to the connection O. This failure is 

due to a combination of forces Pi and Qi. The interaction of these forces is set out in a yield surface, 

constructed as  

𝑌 = (
𝑁

𝑁0

)
2

+
𝑀

𝑀0
= 1.              (1) 

In order to make this applicable to a larger scale level, this yield condition is constructed in terms of 

macroscopic stresses σ11  and σ22, while σ12  is neglected in this study. The yield surface is constructed 

analytically and numerically. It is found that for more stocky beams (cell walls) the capacity is 

increased, see Fig. 3. 
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Fig. 3 Yield surface of different cell wall slenderness ratios. A comparison of the analytically constructed yield 

surface and numerical results.  

The effect of increased capacity is due to shear deformations. The increased capacity of the beam can 

thus be appointed to an increased moment capacity M0. Validations show that the results are 

independent on the modulus of elasticity E  and Poisson’s ratio v. The inverse slenderness ratio t/l 

accounts for this difference.  A ‘best fit approach’ results in the following proposal for M0: 

𝑀0 =
1

4
𝜎𝑦𝑏𝑡2(1 +

5

9
√3

𝑡

𝑙
).             (2) 

The part between the brackets is an additional part to account for the increased capacity, determined by 

the factor t/l and a constant α, 

𝛼 =
5

9
√3                 (3) 

The result of this increased capacity is shown in Fig. 4, where the yield surfaces for the different 

slenderness ratios almost coincide. 

 
Fig. 4 Results of numerical analyses compared to the analytically constructed yield surface with adapted 

moment capacity. 
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Introduction 

The work conducted for the graduation project is divided into several parts.  

M3 – literature review 

Research proposal 

M4 – part 1: geometrical model 

M4 – part 2: cohesive zone model 

The literature review is a study into existing knowledge of the material wood. Aspects that are treated 

in this review are the structure of the material at different scale levels; mechanical properties; moisture; 

and deformation mechanisms both under compressive and tensile loading.  

The research proposal focuses on the goal and motivation of the graduation project. The methodology 

is outlined and a planning of the project is provided. In this document the aim of the research project is 

described as follows: 

“To determine the failure mechanisms of wood cell walls under tensile loading and the 

parameters that affect these failure mechanisms.” 

The first part of the M4-project is described in this report. It is a description of the work conducted on 

the geometrical model of a joint of wood cell walls. The geometrical model will be the basis of 

additional research which will be conducted in the second part of the M4-project. In the second part the 

geometrical model will be expanded to perform research on the topic of failure mechanisms in wood 

cell walls under tensile loading.  

In this report, a short summary of the most important topics from the literature study is given. In the 

first section, calculations are performed which describe the load distribution through the model. This 

results in the construction of a yield surface, which will be used to validate the results of the finite 

element model. This finite element model is the subject of section 2. Two different models are 

proposed, the second being an improvement of the first model. The input is provided and several 

choices made to build the model are elucidated. To compare the behaviour of the finite element model 

with the analytically constructed yield surface, several steps have to be taken. The calculations needed 

in the analysis are the subject of the fourth section. The results of these analyses are presented in 

section 5.
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Summary of literature 

Wood is a complex, natural material.  It is built up of three main components: cellulose, hemicellulose 

and lignin. Cellulose molecules consist of longitudinal chains of glucose molecules and are very stiff in 

the longitudinal direction. They are surrounded by a soft matrix of lignin and hemicellulose that holds 

the molecules together. Microfibrils are formed by bundles of cellulose molecules. Microfibrils lay 

parallel to each other to form lamellae. In these lamellae, microfibrils are not aligned with the main axis 

of the wood cell, but are rotated. The Microfibril Angle (MFA) differs per wood cell wall layer and 

wood species. Several lamellae are formed on top of each other to form such a wood cell wall layer. A 

wood cell wall consists of nine layers, as is shown in Fig. 1. The middle lamellae connects two adjacent 

cells. On both sides, from inside to outside, the primary layer P and three secondary layers, S1, S2, and 

S3, can be distinguished. The S2 layer is by far the thickest layer of the wood cell wall. The MFA is 

smallest in this layer, making it also the strongest layer. Strength of the wood cell wall is thus mostly 

determined by the strength of the S2-layer.  

Wood’s properties are very unique. Due to the cellular structure, wood is lightweight and relatively 

strong. The properties of wood in the longitudinal and transverse directions are unequal, leading to a 

high extend of anisotropy. This anisotropy can be found in all scale levels. Besides, the mechanical 

properties are dependent on the moisture content of wood. As a natural material, wood is able to adsorb 

and desorb water. Over its lifetime, wood is exposed to varying relative humidity. Under adsorption of 

water wood will swell, and under desorption of water wood will shrink. Shrinking and swelling 

coefficients differ for the three material directions of wood (longitudinal, radial and tangential).  

Anisotropy in swelling and shrinking is responsible for the development of tensile stresses upon drying.  

These drying stresses might eventually lead to failure. Drying processes will not be modelled in this 

study, but damage due to mechanical effects is the focus of this study. This damage, visible in wood as 

cracks, originates from the wood cell wall. Several failure mechanisms are found to play a role under 

tensile loading of wood cells. Delamination of the cell wall layers is possible, as well as transverse 

cracking of the cell wall.  

Both processes are visible in the RT-plane of wood, shown in Fig. 2. As failure at the level of the wood 

cell wall is taken under consideration, it is chosen to model a joint of three cell walls in the transverse 

wood direction. Such a model is produced before and literature is available on the (theoretical) behavior 

of such a model, which can be used as validation material. 

  
 

Fig. 1 Wood cell wall layers     Fig. 2 Planes in wood (longitudinal axis normal to 

(Haygreen and Bowyer, 1982).     the plane of drawing). 

  



 
10 Microscale failure mechanisms in wood 

  



 

 

 

11 Geometrical model 

1. Load distribution in the model 

Real wood structures are very complex and show a high degree of imperfection. A simplification of 

reality is necessary to be able to model and understand the processes that influence the failure behavior 

of wood. Several assumptions are made for the geometrical model: 

- Wood cells form a perfect honeycomb structure.  

- All cell walls have the same length l, cell wall thickness t, and unit depth b.  

- The angle between the cell walls is 120°.  

Macroscopic stresses σ11, σ22, and σ12 are applied to the honeycomb structure, see Fig. 3. These  

macroscopic stresses lead to microscopic loads on the individual cell walls, as shown in Fig. 4.  

  
Fig. 3 Macroscopic stresses acting on a   Fig. 4 Microscopic forces on a joint of three  

honeycomb structure (Chen et al., 1999).   cell walls due to macroscopic stresses  

          (Chen et al., 1999). 

Combinations of different macroscopic stresses lead to varying microscopic loads. The load distribution 

on the model as a result of the macroscopic stresses can be calculated. 

The load is calculated by multiplying the stress by a surface 

𝑃 = 𝜎 × 𝐴.                (1) 

In this case, the stress σ is a function of the three macroscopic stresses σ11, σ22, and σ12. The surface A is 

the part of the structure which redirects its stresses to the corresponding cell wall, indicated in Fig. 3 by 

the dotted triangle. Due to the fact that all cell walls have the same length, all faces of the triangle have 

equal length too and the angle at the corners equals 120 degrees. The length of sides of the triangle 

equals l√3. Each component of eq. (2) consists of a stress component multiplied by the direction of the 

stress and a surface component multiplied by the direction of the normal of the surface. The force Pi 

can be described by the following equation: 

𝑃𝑖 = 𝑏𝑙√3(𝜎11 cos2(𝜃𝑖) + 2𝜎12 cos(𝜃𝑖 ) sin(𝜃𝑖) + 𝜎22 sin2(𝜃𝑖).      (2) 

In this equation, i = 1, 2, 3, and corresponds to each one of the cell walls in Fig. 4 (1 is the top cell wall,  

2 is the left cell wall and 3 is the right cell wall). θi is the angle between the horizontal axis through O 

and the cell wall of concern. This corresponds to  

𝜃1 =
1

2
𝜋,    𝜃2 =

7

6
𝜋,    𝜃3 =

11

6
𝜋.            (3) 
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In the same way, an equation for Qi can be arranged. 

𝑄𝑖 = 𝑏𝑙√3(−𝜎11 cos(𝜃𝑖) sin(𝜃𝑖) + 𝜎12(cos2(𝜃𝑖 ) − sin2(𝜃𝑖 )) + 𝜎22 cos(𝜃𝑖 ) sin(𝜃𝑖 ))  (4) 

The forces as shown in Fig. 4 should be in equilibrium. Three equilibrium equations hold. 

Vertical equilibrium: 

 𝑃1 sin(𝜃1) + 𝑃2 sin(𝜃2) + 𝑃3 sin(𝜃3) + 𝑄1 cos(𝜃1) + 𝑄2 cos(𝜃2) + 𝑄3 cos(𝜃3) = 0.  (5) 

Inserting the values for θi from eq. (3) and rearranging gives 

𝑃1 −
1

2
(𝑃2 + 𝑃3) +

√3

2
(𝑄3 − 𝑄2) = 0.           (6) 

Horizontal equilibrium: 

𝑃1 cos(𝜃1) + 𝑃2 cos(𝜃2) + 𝑃3 cos(𝜃3) − 𝑄1 sin(𝜃1) − 𝑄2 sin(𝜃2) − 𝑄3 cos(𝜃3) = 0.  (7) 

Simplifying eq. (7) into (8) gives 

−𝑄1 +
1

2
(𝑄2 + 𝑄3) +

√3

2
(𝑃3 − 𝑃2) = 0.           (8) 

Moment equilibrium at O is defined as 

𝑄1
1

2
𝑙 + 𝑄2

1

2
𝑙 + 𝑄3

1

2
𝑙 = 0,             (9) 

which leads to 

𝑄1 + 𝑄2 + 𝑄3 = 0.               (10) 

1.1 Yield condition 

Under certain combinations of loading, plastic collapse of (one of) the beams takes place or the cell 

walls may buckle as a result of compressive loading (Klintworth and Stronge, 1988). The model 

constructed here focuses merely on tensile loading, therefore, instability phenomena of the cell wall are 

not taken into account. Plastic collapse occurs when the combined stresses exceed the yield stress of 

the material. The combinations of the macroscopic stresses at which this happens can be visualized in 

a yield surface, which is generally written as (Hodge, 1959) 

𝑌 = 𝑛2 + 𝑚 = 1,               (11) 

with 

𝑛 =
𝑁

𝑁0
,    𝑚 =

𝑀

𝑀0
.               (12) 

Eq. (12) can be substituted into eq. (11) to find the condition for plastic collapse: 

𝑌 = (
𝑁

𝑁0

)
2

+
𝑀

𝑀0
= 1.              (13) 

In order to calculate these loads, each cell wall can be considered a beam constrained with a moment 

connection at O. The schematic representation is shown in Fig. 5. In Fig. 6 the stresses over the height 

of the cross-section due to P and Q are shown. Notice that the normal force and moment at O (Fig. 6) 

equal respectively 

 𝑁𝑖 = 𝑃𝑖 ,    𝑀𝑖 = |
1

2
𝑄𝑖 𝑙|.              (14) 
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Fig. 5 Beam OC constrained with a moment connection acted on by loads P and Q at its free end.  

 
Fig. 6 Mechanical scheme of the beam corresponding to Fig. 5. 

 
Fig. 7 Stresses on the cross-section of the beam at the moment of yielding, (a) normal stresses, (b) bending 

stresses 

Due to axial loading (N in Fig. 6), the maximum stress at the cross-section, depicted in Fig. 7a, is given 

by (Hodge, 1959) 

𝑁0 = 𝜎𝑦𝑏𝑡,                (15) 

where σy is defined as the yield stress of the material. Due to loading in bending (M in Fig. 6) the 

maximum stress at the cross-section, depicted in Fig. 7b, equals (Hodge, 1959) 

𝑀0 = 𝜎𝑦𝑏 (
1

2
𝑡)

2

=
1

4
𝜎𝑦𝑏𝑡2 .             (16) 

When eqs. (14), (15), and (16) are inserted in eq. (13) the following equation is found. 

𝑌 =
𝑃2

(𝜎𝑦 𝑏𝑡)2
+

1

2
𝑄𝑙

1

4
𝜎𝑦 𝑏𝑡2

= 1.             (17) 

Rewriting leads to the microscopic yield condition eq. (18): 

𝑃2

4𝜎𝑦 𝑏
+

1

2
𝑄𝑙 −

1

4
𝜎𝑦𝑏𝑡2 = 0.             (18) 

In eq. (18) the yield condition is written in terms of Pi and Qi. However, these forces relate to the 

macroscopic stresses σ11 and σ22. It is more straightforward to write the yield condition in terms of the 
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macroscopic stresses σ11 and σ22. The yield surface corresponds to the situation for which a plastic hinge 

is present in one or more of the cell walls. For reasons of simplicity, it is assumed that σ12 = 0. Eq. (2) 

and (3) turn into eq. (19) and (20). 

𝑃𝑖 = 𝑏𝑙√3(𝜎11 cos2(𝜃𝑖) + 𝜎11 sin2(𝜃𝑖 ))           (19) 

𝑄𝑖 = 𝑏𝑙√3(−𝜎11 cos(𝜃𝑖) sin(𝜃𝑖) + 𝜎22 cos(𝜃𝑖) sin(𝜃𝑖))        (20) 

This assumption leads to Q1 = 0 and symmetry in the model, so P2 = P3, and Q2 = -Q3. Because Q1 = 

0, yielding of cell wall 1 will occur only if P1 equals eq. (15). This corresponds to only a single point 

of the yield surface. The other points on the yield surface correspond to yielding of the two other cell 

walls. Therefore, the angle θi in equation (19) and (20) is taken equal to θ2. P2 and Q2 can now be written 

as: 

𝑃2 = 𝑏𝑙√3(𝜎11 (−
1

2
√3)

2

+ 𝜎22 (−
1

2
)

2

=
𝑏𝑙√3

4
(3𝜎11 + 𝜎22)       (21) 

𝑄2 = 𝑏𝑙√3(−𝜎11 −
1

4
√3 + 𝜎22 −

1

4
√3 =

3

4
𝑏𝑙(𝜎11 − 𝜎22)       (22) 

Inserting eq. (21) and (22) into eq. (18) gives: 

(
𝑏𝑙√3

4
(3𝜎11 +𝜎22 ))

2

4𝜎𝑦 𝑏
+

1

2
𝑙

3

4
𝑏𝑙|𝜎11 − 𝜎22| −

1

4
𝜎𝑦𝑏𝑡2 = 0.        (23) 

Eq. (23)  can be rewritten in eq. (24) which gives the yield condition as a function of σ11 and σ22. 

|𝜎11 − 𝜎22| =
2

3
𝜎𝑦

𝑡2

𝑙2
(1 −

3

16

(3𝜎11 +𝜎22 )2

𝜎𝑦
2

𝑙2

𝑡2
)          (24) 

1.2 Axes normalization 

To define the yield surface which is applicable to honeycombs of different geometrical and material 

properties, the axes of the yield surface should be normalized. The horizontal axis of the yield surface 

is the n-axis. From eq. (12), (15) and (19) the expression of the n-axis is found. 

𝑛 =
𝑁

𝑁0
=

𝑏𝑙√3

4
(3𝜎11 +𝜎22 )

𝜎𝑦 𝑏𝑡
=

√3(3𝜎11 +𝜎22 )

4𝜎𝑦

𝑙

𝑡
           (25) 

In the same way, the units of the vertical axis, the m-axis, can be found from eq. (12), (14), (16) and 

(20). 

𝑚 =
1

2
𝑄𝑙

𝑀0
=

3

4
𝑏𝑙(𝜎11 −𝜎22 )1

2
𝑙

1

4
𝜎𝑦 𝑏𝑡2

=
3(𝜎11 −𝜎22 )

2𝜎𝑦

𝑙2

𝑡2
           (26) 

1.3 Analytically constructed yield surface 

The yield surface is constructed analytically by calculating five points on each quarter of the chart. 

These points coincide with the points n = 0.00, 0.25, 0.50, 0.75, and 1.00. First, σ22 is expressed in terms 

of σ11 by eq. (25).  

𝜎22 = 𝑛
4

√3
𝜎𝑦

𝑡

𝑙
− 3𝜎11              (27) 

Equation (24) is rewritten to (28): 

𝑌 = |𝜎11 − 𝜎22| −
2

3
𝜎𝑦

𝑡2

𝑙2
(1 −

3

16

(3𝜎11 +𝜎22 )2

𝜎𝑦
2

𝑙2

𝑡2
= 0        (28) 

Because σ22 is expressed in terms of σ11 and all other variables are known, eq. (30) can be solved to find 

σ11. The corresponding value for σ22 is found from eq. (27). The yield surface corresponding to these 

points is independent on the yield stress of the material and the slenderness ratio of the cell wall, and is 

shown in Fig. 8. The values of n, m, σ11, σ22, P1, P2, P3, Q1, Q2, and Q3 are shown in Table A1-A4 in 
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Appendix A for the four different slenderness ratios investigated. Note that the values for n and m are 

exactly equal for all slenderness ratios l/t, due to the normalization procedure. 

 
Fig. 8 Analytically constructed yield surfaces for l/t = 40, l/t = 20, l/t = 6.67, and l/t = 3.33. 

1.4 Yield surface including shear stress 

The yield surface presented above is, in fact, a N-M-interaction diagram, presented in a dimensionless 

form and depending on the macroscopic stresses σ11 and σ22. However, it is possible that also a 

macroscopic shear stress σ12 is present. Inclusion of shear stress σ12 in the yield surface will not affect 

its form, obviously, since the material will continue to yield under a certain combination of P and Q. 

The presence of shear stress σ12 can change the location where this combination of P and Q will occur, 

though. It might therefore be interesting to investigate the influence of the shear stress σ12 on the yield 

surface. 

A positive shear stress is taken as shown in Fig. 3. Remark that this positive shear stress leads to a 

negative value for Q1, which starts to play a role now. Under pure shear stressing, in the absence of 

stresses σ11 and σ22, plastic failure will occur at cell wall 1. Eq. (19) and (20) will then turn into eq. (29) 

and (30). 

𝑃1 = 0                   (29) 

𝑄1 = −√3𝑙𝑏𝜎12               (30) 

Using this in eq. (18), the yield criterion changes into (Chen et al., 1999) 

|𝜎12| =
𝜎𝑦

2√3

𝑡2

𝑙2
.                (31) 

As is clear from eq. (29), the yield criterion of eq. (31) refers only to one point on the yield surface; 

namely the case of pure shear present (n=0.00). In their paper, Chen et al. (1999) showed that under 

pure shear stress, the maximum loads in cell wall 1 are found for the situation sketched in Fig. 3. 

However, it is of course possible that the cell walls are not situated exactly as shown here, but are rotated 

around point O. They investigated the influence of a rotation on the maximum loads present under this 

shear stress and concluded that the situation is most critical for one of the cell walls pointed in one of 

the main directions, i.e. as shown in Fig. 3 or rotated by |30°|. In the following calculation the situation 

as sketched in Fig. 3 is assumed.  

The presence of a shear stress allows in most cases for the presence of one of two of the normal stresses 

σ11 and σ22. The presence of the shear stress σ12 will change which cell walls are subjected to the highest 

loads. In the absence of shear stresses, it was already explained that the plastic hinge will always occur 

at cell wall 2 and 3 simultaneously. As a starting point in constructing the yield surface where all three 
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the macroscopic stresses σ11, σ22 and σ12 are present, yielding of cell wall 1 is calculated. The normal 

force at cell wall is calculated according to eq. (19), with θ1=1/2π. 

𝑃1 = √3𝑙𝑏𝜎22                (32) 

𝑄1 = −√3𝑙𝑏𝜎12               (33) 

These equations are inserted in the yield criterion of eq. (18), to find the yield criterion for cell wall 1.  

𝑌1 =
3𝑙2 𝑏𝜎22

2

4𝜎𝑦
−

1

4
𝑏𝜎𝑦𝑡2 +

√3

2
𝑙2𝑏 |−

√3

4
𝜎11 +

1

2
𝜎12 +

√3

4
𝜎22|       (34) 

The axes of the yield surface are constructed by eq. (35) and (36). 

𝑛1 =
𝑃1

𝑁0
=

√3𝑙𝑏𝜎22

𝜎𝑦 𝑏𝑡
=

√3𝜎22

𝜎𝑦

𝑙

𝑡
             (35) 

𝑚1 =
1

2
𝑄1 𝑙

𝑀0
=

−
1

2
𝑙√3𝑙𝑏𝜎12

1

4
𝜎𝑦 𝑏𝑡2

=
2√3𝜎12

𝜎𝑦

𝑙2

𝑡2
            (36) 

The value of σ22 is evaluated from eq. (35), for specific points of n. This value is inserted in eq. (34), to 

find the corresponding value of σ12. It is now easily found that n = 0.00 for σ22 = 0.00, and the yield 

criterion of eq. (31) is met. The values of the yield surface, the corresponding values for the macroscopic 

stresses and the microscopic forces are summarized in Table 1. The fat numbers indicate the 

combinations of forces that lead to yielding. It is clear that the plastic hinge occurs in cell wall 1 now. 

The other two cell walls are not loaded up to the yield point.  

Table 1 Calculated values for the macroscopic stresses and microscopic loads calculated using eq. (34).  

n m σ11 σ22 σ12 P1 P2 P3 Q1 Q2 Q3 

0.00 1.00 0.00 0.00 6.11 0.00 91.58 -91.58 -105.75 52.88 52.88 

0.25 0.94 0.00 10.18 5.72 176.25 129.92 -41.80 -99.14 125.89 -26.75 

0.50 0.75 0.00 20.35 4.58 352.50 156.81 19.44 -79.31 192.29 -112.98 

0.75 0.44 0.00 30.53 2.67 528.75 172.25 92.12 -46.27 252.09 -205.82 

1.00 0.00 0.00 40.70 0.00 705.00 176.25 176.25 0.00 305.27 -305.27 

The normal stress σ11 is kept zero in this calculation, because it does not influence both P1 and Q1. Due 

to the fact that both cell wall 2 and 3 are not loaded up to the yield point, it is possible to add normal 

stress σ11 in such a way that another cell wall will show plastic failure simultaneously with cell wall 1. 

To calculate the maximum stresses of σ11 that can be added to the values of σ12 and σ22 in Table 1, the 

yield criteria of cell wall 2 and 3 are calculated. Therefore, first the expressions of P2, P3, Q2, and Q3 

are needed.  

𝑃2 = √3𝑙𝑏 (
3

4
𝜎11 +

√3

2
𝜎12 +

1

4
𝜎22)  

𝑃3 = √3𝑙𝑏 (
3

4
𝜎11 −

√3

2
𝜎12 +

1

4
𝜎22)             (37) 

𝑄2 = √3𝑙𝑏 (−
√3

4
𝜎11 +

1

2
𝜎12 +

√3

4
𝜎22)  

𝑄3 = √3𝑙𝑏 (
√3

4
𝜎11 +

1

2
𝜎12 −

√3

4
𝜎22)  
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Inserting these values in eq. (18) gives the yield conditions for cell wall 2 and 3.  

𝑌2 =
3𝑙2 𝑏(

3

4
𝜎11 +

√3

2
𝜎12+

1

4
𝜎22 )

4 𝜎𝑦
−

1

4
𝑏𝜎𝑦𝑡2 +

√3

2
𝑙2𝑏 |−

√3

4
𝜎11 +

1

2
𝜎12 +

√3

4
𝜎22|    (38) 

𝑌3 =
3𝑙2 𝑏(

3

4
𝜎11 −

√3

2
𝜎12+

1

4
𝜎22 )

4 𝜎𝑦
−

1

4
𝑏𝜎𝑦𝑡2 +

√3

2
𝑙2𝑏 |

√3

4
𝜎11 +

1

2
𝜎12 −

√3

4
𝜎22|     (39) 

Besides, the axes can be calculated now. 

𝑛2 =
𝑃2

𝑁0
=

√3(
3

4
𝜎11 +

√3

2
𝜎12+

1

4
𝜎22 )

𝜎𝑦

𝑙

𝑡
            (40) 

𝑚2 =
1

2
𝑄2 𝑙

𝑀0
=

2√3(−
√3

4
𝜎11 +

1

2
𝜎12+

√3

4
𝜎22 )

𝜎𝑦

𝑙2

𝑡2
           (41) 

𝑛3 =
𝑃3

𝑁0
=

√3(
3

4
𝜎11 −

√3

2
𝜎12+

1

4
𝜎22 )

𝜎𝑦

𝑙

𝑡
            (42) 

𝑚3 =
1

2
𝑄3 𝑙

𝑀0
=

2√3(√3

4
𝜎11+

1

2
𝜎12 −

√3

4
𝜎22)

𝜎𝑦

𝑙2

𝑡2
           (43) 

As the values of σ12 and σ22 are already known, from eq. (38) and (39) the corresponding values of σ11 

can be easily calculated by using Yi = 0, with i=2, 3. The values are shown in Table 2 and 3. Again, the 

forces that lead to yielding are printed fat. Comparison of the two tables show that when a positive shear 

stress is present, cell wall 3 can be subjected to higher values of σ11. This is also visible in the magnitude 

of the microscopic loads, where the cell wall that is not yielding, is loaded to higher values. Therefore, 

this situation is most critical. The corresponding yield surface is shown in Fig. 9. 

Table 2 Calculated values for the macroscopic stresses and microscopic loads calculated using eq. (38).  

n m σ11 σ22 σ12 P1 P2 P3 Q1 Q2 Q3 

0.00 1.00 -7.05 0.00 6.11 0.00 0.00 -183.16 -105.75 105.75 0.00 

0.25 0.94 3.57 10.18 5.72 176.25 176.25 4.53 -99.14 99.14 0.00 

0.50 0.75 15.06 20.35 4.58 352.50 352.50 215.13 -79.31 79.31 0.00 

0.75 0.44 27.44 30.53 2.67 528.75 528.75 448.62 -46.27 46.27 0.00 

1.00 0.00 40.70 40.70 0.00 705.00 705.00 705.00 0.00 0.00 0.00 

 Table 3 Calculated values for the macroscopic stresses and microscopic loads calculated using eq. (39).  

n m σ11 σ22 σ12 P1 P2 P3 Q1 Q2 Q3 

0.00 1.00 7.05 0.00 6.11 0.00 183.16 0.00 -105.75 0.00 105.75 

0.25 0.94 16.79 10.18 5.72 176.25 347.97 176.25 -99.14 0.00 99.14 

0.50 0.75 25.64 20.35 4.58 352.50 489.87 352.50 -79.31 0.00 79.31 

0.75 0.44 33.61 30.53 2.67 528.75 608.88 528.75 -46.27 0.00 46.27 

1.00 0.00 40.70 40.70 0.00 705.00 705.00 705.00 0.00 0.00 0.00 

The values shown in this section are not the only possibility to find the yield surface shown in Fig. 9. 

In fact, the possibilities are unlimited. However, they are the values corresponding to the highest 

possible shear stress. Lower shear stresses, lead to higher possible normal stresses up to the normal 

stresses found in the previous section, where the shear stress is left out of the calculation. 

In the following sections, axes are shown for a combination of σ11 and σ22 only for reasons of simplicity. 

However, it is always possible to replace the axes by the axes of Fig. 9. 
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Fig. 9 Yield surface including the effect of macroscopic shear stresses. 

  



 

 

 

19 Geometrical model 

2 Finite element model 

The joint of the three cell walls which has been analyzed analytically in section 1, is now modelled by 

means of the finite element method. The software package Abaqus Standard 6.14-1 is used. The model 

is based on the model of Chen et al. (1999), so the model can be validated by their results. Chen et al.  

(1999) assumed sufficiently low relative density (slender cell walls) and used simple beam theory. Shear 

deformations are neglected in beam theory. However, wood cell walls can be very stocky, especially 

for latewood cells. Shear deformations might influence the results. The model used in this study is 

therefore meshed by continuum elements. Two models are developed which are analyzed by two 

different methods. The second model is developed when the results of the first model did not seem to 

fit the analytical constructed yield surface, and can therefore be regarded as an improved version of the 

first model. The most important difference is the nonlinear geometrical calculation procedure in model 

1, model 2 uses geometrical linear calculations. The difference between geometrical linear and 

nonlinear calculations is that in geometrical nonlinear calculations the displacements and rotations are 

taken into account by computing the next increment, i.e. loads are applied to a deformed geometry. In 

geometrical linear calculations, the analysis is not updated for these deformations. Also the mesh pattern 

adopted differs slightly, as can be found in Fig. 10 and 11. A small difference in analyzation procedure 

is also present, which can be explained best as a more precise calculation of loads for the second model. 

This will be explained in section 4. A comparison of the two methods is conducted. A schematic 

overview of the Abaqus input is found in Table 4 and 5. The example input files are found in Appendix 

B1 and B2.  

The model is constructed by modelling one cell wall and copy it two times. The units are rotated to 

coincide with the cell wall structure and rigidly connected to each other. The geometric properties are 

already mentioned in the previous section, but are also included in Table 4 and 5. The material is 

assumed to be perfectly elasto-plastic, with common values for steel adapted. The mesh of the first 

model is completely structured, as shown in Fig. 10. A small element type study is performed on this 

model. The mesh of the second model is divided into a structured part and a free part, Fig. 11. The loads 

P and Q are applied as line loads. Surface traction is used in Abaqus to define these line loads. A remark 

should be made on this. The shear stresses of the surface traction are forced to follow the rotation of the 

surface they are applied to; this is implemented in Abaqus. In order to be consistent, the normal stresses 

are also chosen to follow this rotation too. Note that due to the linear calculation used in model 2, this 

rotation is zero.  

  

Fig. 10 Example of mesh pattern of model 1, including loading and boundary conditions.    
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Fig. 11 Example of mesh pattern of model 2, including loading and boundary conditions. 

Table 4 Input variables Abaqus model 1 

Input Symbol Value Unit 

Part    

2D, deformable body, shell   - 

Half length ½l 5 μm 

Cell wall width t 1.50 – 0.50 – 0.25 μm 

Cell depth b 1500 μm 

Material    

Young’s modulus E 210000 N/mm2 

Poisson’s ratio ν 0.3 - 

Yield strength σy 235 N/mm2 

Section    

Homogeneous solid section    

Section thickness b 1 mm 

Mesh    

Generalized plane strain, 8 node, (reduced 

integration R), (hourglass control H) 
 

CPEG8, CPEG8R, 

CPEG8RH 
 

Generalized plane strain, 4 node, (reduced 
integration R), (hourglass control H) 

 
CPEG4, CPEG4R, 
CPEG4RH 

 

Number of elements    

Length of cell wall #a 150 - 

Width of cell wall  #c 48 – 16 – 8 (respectively) - 

Step    

Static Riks    

Initial Arc Increment  1e-9 - 

Minimum Arc Increment  1e-16 - 

Maximum Arc Increment  1e0 - 

Maximum number of increment  200 - 

Nonlinear calculation nlgeom On - 
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Table 5 Input variables Abaqus model 2 

Input Symbol Value Unit 

Part    

2D, deformable body, shell   - 

Half length ½l 5 μm 

Cell wall width t 3.00 – 1.50 – 0.50 – 0.25 μm 

Cell depth b 1 μm 

Material    

Young’s modulus E 210000 N/mm2 

Poisson’s ratio ν 0.3 - 

Yield strength σy 235 N/mm2 

Section    

Homogeneous solid section    

Section thickness b 1 mm 

Mesh    

Structured part    

Plane stress, 8 node, reduced integration  CPS8R  

Free mesh    

Plane stress, 6 node  CPS6  

Number of elements    

Length of the structured cell wall #a 145 (95 for t = 3.00) - 

Length of free cell wall #b 5 - 

Width of cell wall  #c 64 – 48 – 16 – 8 (respectively) - 

Joint length #d 64 – 48 – 16 – 8 (respectively) - 

Step    

Static Riks    

Initial Arc Increment  1e-9 - 

Minimum Arc Increment  1e-16 - 

Maximum Arc Increment  1e0 - 

Maximum number of increment  200 - 

Nonlinear calculation nlgeom Off - 
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3 Analyses 

The models 1 and 2 are both analyzed in order to find the macroscopic stresses σ11 and σ22, which lead 

to the yielding of the structure. These stresses have to be calculated from the local stresses in the models. 

These stresses are presented in the direction of the x- and y-axis, as indicated in Fig. 10 and 11. The 

stresses have to be recalculated in the directions of the cell walls, with respect to the local coordinate 

system x’. From these stresses, the loads Pi and Qi can be calculated. Finally, σ11 and σ22 can be found 

using equation (19) and (20).  For both models, the full analysis will be presented here. 

3.1 Model 1 

For each of the three cell walls, indicated by 1 for the top, 2 for the left, and 3 for the right cell wall in 

Fig. 10, the stresses σxx,i, σxy,i, and σyy,i are drawn from Abaqus. These stresses are requested at the nodes 

of the surface of the cell wall, at length xi’ = 1/2l, with xi’ the local x-axis, and i = 1, 2, 3 respectively. 

The average value of each of the stresses is calculated by 

𝜎𝑥𝑥,𝑖,𝑎𝑣𝑔 =
𝜎𝑥𝑥,𝑖,1 +𝜎𝑥𝑥,𝑖,2 +…+𝜎𝑥𝑥,𝑖,𝑠

𝑠
,            (44) 

where s is the number of nodes at the surface, equal to #c + 1. 

These stresses are rotated over the angle of the surface of the considered cell wall. Due to the use of 

nonlinear calculations, stresses are forced to follow rotation. The stresses σxx,i, σxy,i, and σyy,i should be 

rotated by the initial angle of the cell wall θi plus an additional rotation θi,add (except for cell wall 1, 

which is not subjected to a shear force). 

The total rotation is then given by 

𝜃𝑖 ,𝑡𝑜𝑡 = 𝜃𝑖 + 𝜃𝑖 ,𝑎𝑑𝑑 .               (45) 

The total rotation is calculated by requesting the displacement in x- and y-direction of point v and w of 

all cell walls in Fig. 10. The original coordinates of the points vi and wi are added to the displacement 

to find the coordinates of point vi = ( vi,x , vi,y ) and wi = ( wi,x , wi,y ). The rotation is then calculated as 

𝜃𝑖 ,𝑡𝑜𝑡 = 𝑡𝑎𝑛−1 (
𝑤𝑖,𝑦 −𝑣𝑖,𝑦

𝑤𝑖,𝑥−𝑣𝑖,𝑥

) + 𝑎𝜋𝑖 .            (46) 

The first term of equation (31) results in values of -1/2π < θi,tot < 1/2π. The second term is incorporated 

to account for the inital 𝜃𝑖 , given by eq. (3). The value of 𝑎 equals 1 for cell wall 2 and 𝑎 equals 2 for 

cell wall 3. For cell wall 1, no additional rotation θi,add is present, so θi,tot = 1/2π. 

The average stresses are rotated over θi,tot to result in stresses σPP,i, σQQ,i, and σPQ,i,, as indicated by Fig. 

12. The value of these stresses can be calculated according to : 

𝜎𝑃𝑃,𝑖 = 𝜎𝑥𝑥,𝑖,𝑎𝑣𝑔𝑐𝑜𝑠2(𝜃𝑖 ,𝑡𝑜𝑡) + 𝜎𝑦𝑦,𝑖,𝑎𝑣𝑔 𝑠𝑖𝑛2(𝜃𝑖,𝑡𝑜𝑡) + 2𝜎𝑥𝑦,𝑖,𝑎𝑣𝑔𝑐𝑜𝑠(𝜃𝑖,𝑡𝑜𝑡)𝑠𝑖𝑛(𝜃𝑖,𝑡𝑜𝑡)   (47) 

𝜎𝑄𝑄,𝑖 = 𝜎𝑥𝑥,𝑖,𝑎𝑣𝑔𝑠𝑖𝑛2(𝜃𝑖 ,𝑡𝑜𝑡) + 𝜎𝑦𝑦,𝑖,𝑎𝑣𝑔 𝑐𝑜𝑠2(𝜃𝑖 ,𝑡𝑜𝑡) − 2𝜎𝑥𝑦,𝑖,𝑎𝑣𝑔𝑐𝑜𝑠(𝜃𝑖 ,𝑡𝑜𝑡)𝑠𝑖𝑛(𝜃𝑖 ,𝑡𝑜𝑡)   (48) 

𝜎𝑃𝑄,𝑖 = (𝜎𝑥𝑥,𝑖,𝑎𝑣𝑔 − 𝜎𝑦𝑦,𝑖,𝑎𝑣𝑔)𝑐𝑜𝑠(𝜃𝑖 ,𝑡𝑜𝑡)𝑠𝑖𝑛(𝜃𝑖 ,𝑡𝑜𝑡) + 𝜎𝑥𝑦,𝑖,𝑎𝑣𝑔 (𝑐𝑜𝑠2(𝜃𝑖 ,𝑡𝑜𝑡) − 𝑠𝑖𝑛2(𝜃𝑖 ,𝑡𝑜𝑡)).

                   (49) 

If done correctly, σQQ,i  turns to 0. Pi and Qi are found by 

𝑃𝑖 = 𝜎𝑃𝑃,𝑖𝑏𝑡                (50) 

𝑄𝑖 = 𝜎𝑃𝑄,𝑖𝑏𝑡                (51) 
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Fig. 12 Transformation of stresses σxx,i,avg, σxy,i,avg, and σyy,i,avg by θi,tot to σPP,i, σPQ,i, and σQQ,i. 

The last step is to find the macroscopic stresses that belong to the combination of microscopic loads. 

Eq. (19) and (20) are written in matrix format. 

[
𝑃𝑖

𝑄𝑖
] = 𝑏𝑙√3 [

cos2(𝜃𝑖 ) sin2(𝜃𝑖 )

−cos(𝜃𝑖) sin(𝜃𝑖) cos(𝜃𝑖) sin(𝜃𝑖)
] [

𝜎11

𝜎22
]        (52) 

By finding the inverse of the matrix, σ11 and σ22 can be expressed in terms of Pi and Qi. 

[
𝜎11

𝜎22
] =

𝑏𝑙√3

3𝑏2 𝑙2 cos3(𝜃𝑖 ) sin(𝜃𝑖 )+3𝑏2 𝑙2 sin3 (𝜃𝑖 ) cos(𝜃𝑖 )
[
cos(𝜃𝑖 ) sin(𝜃𝑖) −sin2(𝜃𝑖 )

cos(𝜃𝑖 ) sin(𝜃𝑖) cos2(𝜃𝑖)
] [

𝑃𝑖

𝑄𝑖
]   (53) 

This results in the equations for σ11 and σ22 as expressed in (54) and (55). 

𝜎11 =
𝑏𝑙√3

3𝑏2 𝑙2 cos3 (𝜃𝑖) sin(𝜃𝑖 )+3𝑏2 𝑙2 sin3 (𝜃𝑖) cos(𝜃𝑖 )
(𝑃𝑖 cos(𝜃𝑖) sin(𝜃𝑖) − 𝑄𝑖 sin2(𝜃𝑖))   (54) 

𝜎22 =
𝑏𝑙 √3

3𝑏2 𝑙2 cos3(𝜃𝑖 ) sin (𝜃𝑖)+3𝑏2 𝑙2 sin3 (𝜃𝑖 ) cos(𝜃𝑖)
(𝑃𝑖 cos(𝜃𝑖 ) sin(𝜃𝑖 ) + 𝑄𝑖 cos2(𝜃𝑖 ))   (55) 

3.2 Model 2 

For each of the three cell walls the stresses σxx,i, σxy,i, and σyy,i are drawn from Abaqus. These stresses 

are requested at the nodes along the width t of the cell wall, at length xi’ = 0, xi’ = 1/4l, and xi’ = 1/2l, 

with xi’ the local x-axis, and i = 1, 2, 3 respectively. By evaluating the stresses at these three locations 

along the cell wall, it can be verified that the distribution of stresses over the length is correctly 

modelled. From Fig. 6 it is obvious that the normal force and the shear force remain unchanged over 

the whole length of the beam. The structured mesh is adapted to square elements, instead of the 

parallelogram formed elements of model 1. This makes it easier to sum the stresses over the width of 

the beam. The largest stresses and plastic collapse occur at the joint of the cell walls. Therefore, to make 

sure the stresses are calculated correctly, a more refined mesh is adapted at the region around the joint, 

using triangular shaped elements. 

Stresses from model 2 are requested at the integration points (IP) of the square elements. Each element 

contains four integration point, as shown in Fig. 13. The row of integration points at xi’ = 1/2l is always 
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formed by IP3 and IP4. This is checked for all models and is also valid for the local axis of cell wall 2 

and 3. So, only the stresses σxx,i, σxy,i, and σyy,i from IP3 and IP4 are used in the calculations. Just 

averaging the stresses as done for model 1, does not provide the total stress at the considered location, 

rather a rough estimation. Integration of stresses using the trapezium rule is a more precise way of 

finding the stresses: 

𝜎𝑥𝑥,𝑖,𝑖𝑛𝑡 =

𝜎𝑥𝑥,𝑖,0+𝜎𝑥𝑥,𝑖,1

𝑎0 𝑏
+

𝜎𝑥𝑥,𝑖,1+𝜎𝑥𝑥,𝑖,2

𝑎1𝑏
+…+

𝜎𝑥𝑥,𝑖,𝑠−1+𝜎𝑥𝑥,𝑖,𝑠

𝑎𝑠−1𝑏

𝑏𝑡
         (56) 

Equation (56) is divided by bt to find the average stress over the cross section. The trapezium rule is 

designed to find the total load. However, there are three directions for stresses (σxx, σxy, and σyy), but 

only two for loads (P and Q), as one stress disappears after rotation. It is chosen to calculate first the 

average stress by use of the trapezium rule, rotate these stresses and find the corresponding loads. This 

time, due to the fact that geometrical linear calculation is used, no additional rotations are present and 

θi,tot = θi. The rest of the procedure is equal to the first model, equation (47) – (55). 

The stresses at the side borders of the cell wall σyy,i,0 and σxx,i,0  (Fig. 12) are no real stresses but fictitious 

stresses needed to complete the trapezium rule. They are calculated by assuming a linear relation 

between σyy,i,1 and  σyy,i,2 which is expanded to σyy,i,0. In equation: 

𝜎𝑦𝑦,𝑖,0 = 𝜎𝑦𝑦,𝑖,1 −
𝜎𝑦𝑦,𝑖,2 −𝜎𝑦𝑦,𝑖,1

𝑎1
𝑎0             (57) 

 
Fig. 13 Elements with their integration points and corresponding internal stresses. Subscript notation: σa,b,c, 

where a = direction of stress (xx, xy or yy), b = cell wall considered (1, 2 or 3), c = number of integration point 

from left to right. σyy,1,0 is no internal stress but a fictitious stress. 

Another method to analyze the second model is by directly collecting the reaction forces in the nodes. 

These forces can be summed up and rotated over θi, to find Pi and Qi. The two methods of analysis – 

integration of stresses by the trapezium rule and summation of nodal forces – will be compared.  
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4 Results 

The results of model 2 for different slenderness ratios are presented here. Because the results of model 

1 did not correspond to the analytical values, the results of this model can be found in Appendix C. 

Differences between the models are pointed out and discussed.  

From the results of model 1 it is clear that the model is not yet responding well.  

 No plateau stress is found for the 8-node models. 

 The error of the calculated forces is not equal for all forces and is very large in some cases. 

 Vertical equilibrium does not hold for the calculated rotation. 

 The calculations are based on plane stress assumptions, the model is based on generalized plane 

strain assumptions. 

 The shape of the yield surface is often different from the analytical one. 

It is expected that some of these problems are due to inaccuracy of the calculation of the rotation. 

Another problem with this model is the fact that forces follow the rotation of the surface. The equations 

used for analytical construction of the yield surface do not account for these extra rotations. In order to 

model the same problem as is calculated analytically, these rotations should not be accounted for. Both 

these issues could be solved by excluding the calculation of these small rotations. The rotations are 

accounted for by the function NLGEOM (Non-linear geometrical calculations) in Abaqus, which was 

turned on in this first model. The second model will be performed with this function switched off. Also, 

8-node, plane stress elements with reduced integration will be used to model the same assumptions as 

the calculations. 

4.1 Methods of analysis 

The second model is analyzed at three locations over the length of the beam. The analyzation method 

with integration of stresses results in accurate values for P and Q. The found forces for P and Q are not 

completely stable over the length, although the values are close to each other. The largest deviation is 

found at the integration points closest to the joint of the cell walls, corresponding to x’ = 0l. Using the 

analyzation method where the forces are requested directly from the nodes, the values for P and Q are 

exactly constant over the length of the cell wall. The errors of the values P and Q for all locations are 

given in Table 6 – 9, for the case l/t = 40. In red are highlighted the values that do not correspond to the 

values as found by summing the forces from the nodes. It is remarkable that in Table 8, corresponding 

to x’ = 0l, it is mainly the shear force that is wrongly calculated by the model. From Table 6 it is apparent 

that at x’ = 1/2l this difference is not visible. A possible explanation might be found in the mesh. 

Although the mesh is relatively fine, the random structure of the free mesh at the joint might redirect 

the stresses in the elements close to the triangular mesh slightly different in the three cell walls. As 

theses stresses are relatively high, small changes might lead to more significant deviation of the total 

load. This emphasizes the need for a fine mesh at the joint. This problem is not encountered when the 

total load is derived from the sum of the nodal forces. Therefore, the following results are generated 

from the sum of nodal forces at x’ = 1/2l.  

Table 6 Difference between numerical and analytical determined values analyzed by integration of stresses at 

location x’ = 1/2l for the case l/t = 40. 

n P1 P2 P3 Q2 Q3 

0.00 1.03 - - 1.03 1.03 

0.26 1.03 1.03 1.03 1.03 1.03 

0.51 1.02 1.02 1.02 1.02 1.02 

0.76 1.01 1.01 1.01 1.01 1.01 

1.00 1.00 1.00 1.00 - - 
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Table 7 Difference between numerical and analytical determined values analyzed by integration of stresses at 

location x’ = 1/4l for the case l/t = 40. 

n P1 P2 P3 Q2 Q3 

0.00 1.03 - - 1.03 1.03 

0.26 1.03 1.03 1.03 1.03 1.03 

0.51 1.02 1.03 1.02 1.02 1.02 

0.76 1.01 1.01 1.01 1.01 1.01 

1.00 1.00 1.00 1.00 - - 

Table 8 Difference between numerical and analytical determined values analyzed by integration of stresses at 

location x’ = 0l for the case l/t = 40. 

n P1 P2 P3 Q2 Q3 

0.00 1.03 - - 1.11 1.11 

0.26 1.03 1.03 1.03 1.09 1.03 

0.51 1.03 1.03 1.03 1.09 1.13 

0.76 1.01 1.01 1.01 1.07 1.00 

1.00 1.00 1.00 1.00 - - 

Table 9 Difference between numerical and analytical determined values analyzed by summation of nodal forces 

at location x’ = 1/2l for the case l/t = 40. 

n P1 P2 P3 Q2 Q3 

0.00 1.03 - - 1.03 1.03 

0.26 1.03 1.03 1.03 1.03 1.03 

0.51 1.02 1.02 1.02 1.02 1.02 

0.76 1.01 1.01 1.01 1.01 1.01 

1.00 1.00 1.00 1.00 - - 

4.2 Yield surface 

In Fig. 14 the yield surface of four different cell wall slenderness ratios are compared. The analytical 

constructed yield surface is the inner surface, indicated by the dotted line. There is a clear outward shift 

of the yield surface visible when the slenderness ratio decreases. In other words, the moment capacity 

of the beam increases when the slenderness of the beam decreases. The largest value of Q is found for 

n = 0.00, and decreases along n. For the points corresponding to n = 0.50 and n = 0.75, the shear load 

is already much less pronounced (P becomes the dominant load) and the lines of the different 

slenderness ratios converge. The error at n = 0.00 ranges from 3% for l/t = 40 to 29% for l/t = 3.33. 

This effect should not be neglected; the difference of 29% is significant. However, the analytical 

constructed yield surface is the inner yield surface and is therefore in all cases a conservative, but safe 

approximation.  



 

 

 

29 Geometrical model 

 
Fig. 14 Yield surface of different cell wall slenderness ratios. 

4.3 Euler-Bernoulli beam theory vs. Timoshenko beam theory 

The effect described above can be explained by the phenomenon of shear deformation. Recall that the 

analytical yield surface is based on classical beam theory, or Euler-Bernoulli beam theory. Basic 

assumptions in this theory are: 

- Plane cross-sections remain plane after bending. 

- The normal of the plane cross-section corresponds to the direction of the axis of the beam. 

These assumptions are suitable for slender beams. For stocky beams the second assumption is not valid, 

as shown in Fig. 15. The shear force Q is responsible for the cross-section to rotate to a smaller amount, 

θx, than the axis of the beam, ∂w / ∂x.  

 

    
a)              b)  

Fig. 15 a) Euler-Bernoulli beam theory (red) vs. Timoshenko beam theory (blue). b) Rotation of the normal of 

the cross-section. For Euler-Bernoulli beam theory, the rotation of the normal of the cross section equals the 

rotation of the beam’s axis, θx = ∂w / ∂x. For Timoshenko beam theory, this assumption does not hold and θx < 

∂w / ∂x (wikipedia.org). 

The numerical results show that the effective plastic moment increases when the beam is more stocky. 

If this is not included in the analytical calculation of M0, the value of M/M0 will increase for more stocky 

beams. To calculate for this, the plastic moment capacity M0 should be adapted to increase for the 

slenderness. Timoshenko beam theory calculates for shear deformation by 
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𝐸𝐼

𝑘𝐴𝐺

𝑑2 𝜑

𝑑𝑥2
                 (58) 

In eq. (58) E is the Modulus of Elasticity, I is the moment of inertia, A is the cross-sectional area, G is 

the shear modulus, calculated as E/(2(1+v)), and k is the Timoshenko shear factor. A small study into 

the effect of these parameters show that E and v do not influence the results. The results seem to be 

dependent on the reverse slenderness ratio t/l, variables that are included in both the calculation of A 

and I. A ‘best fit approach’ results in the following proposal to include effects of shear deformation in 

the calculation of the moment capacity M0:  

𝑀0 =
1

4
𝜎𝑦𝑏𝑡2(1 + 𝛼

𝑡

𝑙
)              (59) 

𝛼 =
5

9
√3                 (60) 

The results of this adaption of the moment capacity can be found in Fig. 16. Remark that the factor is 

only incorporated in the vertical axis which represents the moment M/M0. Fig. 16 shows that the results 

are closely laid together due to this adaption. Especially for low normal force and high shear force, the 

results are predicted well. In the case of lower shear force, the capacity of more stocky beams is still 

slightly underestimated, but the maximum deviation is always less than 5%.  

 
Fig. 16 Results of numerical analyses compared to the analytically constructed yield surface with adapted 

moment capacity. 

4.4 Load-displacement diagrams 

In Fig. 17 – 20 the F-u relationships for the different slenderness ratios investigated are shown. For all 

the models, there is a clear plateau visible for all cases except n = 1.00. This means that in all cases the 

ultimate strength is reached. Stress distribution plots confirm the assumption that the ultimate strength 

is reached in all models, because all models show yielding over at least one entire cross-section. For the 

models subjected to relatively high lateral loads, n = 0.00 and n = 0. 25, yielding occurs at the sides of 

cell wall 2 and cell wall 3 that are in compression. The plastic hinge is located at the bottom of cell wall 

1. For the cases of relatively low lateral loads, n = 0.50 and n = 0.75, the yield area shift to the tension 

side of cell wall 2 and cell wall 3. Although not plateau is visible in the F-u relatioships for n = 1.00, 

pure normal loading, the contour plots of these cases show that the cross-sections of all three cell walls 

yield, which indicates that the values for Pi are correct.  
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a)          b) 

 

c)          d) 

Fig. 17 Normalized load-displacement diagram for a) l/t = 40, b) l/t = 20, c) l/t = 6.67, and d) l/t = 3.33. 
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5 Conclusion 

Two models are investigated that are able to predict the yield surface of a joint of three cell walls 

subjected to normal and lateral loads Pi and Qi. Under certain combinations of these forces, a plastic 

hinge occurs at the clamped end of one of the cell walls. The combinations that lead to plastic collapse 

can be captured by the yield criterion which is visualized in a yield surface.  

Under lateral loads the cell walls rotate slightly. This is not accounted for by the analytical calculation 

of the yield surface. In order for the model to response similar to the analytical model, these extra 

rotations are not used in the calculations of the numerical model, by using a linear calculation method.  

The behavior of slender cell walls is according to the analytical model, which is based on classical, 

Euler-Bernoulli, beam theory. For more stocky cell walls, which are not uncommon in wood, the 

constructed yield surface is an underestimation of the real forces that lead to plastic collapse. This can 

be attributed to the influence of shear deformation, which reduces the bending stresses. This effect can 

be calculated for by adapting the moment capacity 𝑀0 =
1

4
𝜎𝑦𝑏𝑡2(1 +

5

9
√3

𝑡

𝑙
). 
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Appendix A: Analytical calculated loads and stresses 

Table A1 Values of the analytically constructed yield surface for l/t = 40. 

n-axis m-axis σ11 σ22 P1 P2 P3 Q1 Q2 Q3 

0.00 1.0000 0.02 -0.07 -1.27 0.00 0.00 0.00 -0.73 0.73 

0.25 0.9375 0.87 0.78 13.50 14.69 14.69 0.00 -0.69 0.69 

0.50 0.7500 1.71 1.64 28.42 29.37 29.37 0.00 -0.55 0.55 

0.75 0.4375 2.55 2.51 43.51 44.06 44.06 0.00 -0.32 0.32 

1.00 0.0000 3.39 3.39 58.75 58.75 58.75 0.00 0.00 0.00 

0.75 -0.4375 2.53 2.58 44.62 44.06 44.06 0.00 0.32 -0.32 

0.50 -0.7500 1.68 1.75 30.33 29.37 29.37 0.00 0.55 -0.55 

0.25 -0.9375 0.83 0.92 15.88 14.69 14.69 0.00 0.69 -0.69 

0.00 -1.0000 -0.02 0.07 1.27 0.00 0.00 0.00 0.73 -0.73 

-0.25 -0.9375 -0.87 -0.78 -13.50 -14.69 -14.69 0.00 0.69 -0.69 

-0.50 -0.7500 -1.71 -1.64 -28.42 -29.37 -29.37 0.00 0.55 -0.55 

-0.75 -0.4375 -2.55 -2.51 -43.51 -44.06 -44.06 0.00 0.32 -0.32 

-1.00 0.0000 -3.39 -3.39 -58.75 -58.75 -58.75 0.00 0.00 0.00 

-0.75 0.4375 -2.53 -2.58 -44.62 -44.06 -44.06 0.00 -0.32 0.32 

-0.50 0.7500 -1.68 -1.75 -30.33 -29.37 -29.37 0.00 -0.55 0.55 

-0.25 0.9375 -0.83 -0.92 -15.88 -14.69 -14.69 0.00 -0.69 0.69 

Table A2 Values of the analytically constructed yield surface for l/t = 20.  

n-axis m-axis σ11 σ22 P1 P2 P3 Q1 Q2 Q3 

0.00 1.0000 0.10 -0.29 -5.09 0.00 0.00 0.00 -2.94 2.94 

0.25 0.9375 1.79 1.42 24.61 29.37 29.37 0.00 -2.75 2.75 

0.50 0.7500 3.47 3.17 54.93 58.75 58.75 0.00 -2.20 2.20 

0.75 0.4375 5.13 4.96 85.90 88.12 88.12 0.00 -1.29 1.29 

1.00 0.0000 6.78 6.78 117.50 117.50 117.50 0.00 0.00 0.00 

0.75 -0.4375 5.05 5.22 90.35 88.13 88.13 0.00 1.29 -1.29 

0.50 -0.7500 3.32 3.61 62.57 58.75 58.75 0.00 2.20 -2.20 

0.25 -0.9375 1.60 1.97 34.14 29.37 29.37 0.00 2.75 -2.75 

0.00 -1.0000 -0.10 0.29 5.09 0.00 0.00 0.00 2.94 -2.94 

-0.25 -0.9375 -1.79 -1.42 -24.61 -29.37 -29.37 0.00 2.75 -2.75 

-0.50 -0.7500 -3.47 -3.17 -54.93 -58.75 -58.75 0.00 2.20 -2.20 

-0.75 -0.4375 -5.13 -4.96 -85.90 -88.12 -88.12 0.00 1.29 -1.29 

-1.00 0.0000 -6.78 -6.78 -117.50 -117.50 -117.50 0.00 0.00 0.00 

-0.75 0.4375 -5.05 -5.22 -90.35 -88.13 -88.13 0.00 -1.29 1.29 

-0.50 0.7500 -3.32 -3.61 -62.57 -58.75 -58.75 0.00 -2.20 2.20 

-0.25 0.9375 -1.60 -1.97 -34.14 -29.37 -29.37 0.00 -2.75 2.75 
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Table A3 Values of the analytically constructed yield surface for l/t = 6.67. 

n-axis m-axis σ11 σ22 P1 P2 P3 Q1 Q2 Q3 

0.00 1.0000 0.88 -2.64 -45.79 0.00 0.00 0.00 -26.44 26.44 

0.25 0.9375 5.91 2.61 45.20 88.12 88.12 0.00 -24.79 24.79 

0.50 0.7500 10.84 8.19 141.91 176.25 176.25 0.00 -19.83 19.83 

0.75 0.4375 15.65 14.11 244.34 264.37 264.37 0.00 -11.57 11.57 

1.00 0.0000 20.35 20.35 352.50 352.50 352.50 0.00 0.00 0.00 

0.75 -0.4375 14.88 16.42 284.41 264.37 264.37 0.00 11.57 -11.57 

0.50 -0.7500 9.51 12.16 210.59 176.25 176.25 0.00 19.83 -19.83 

0.25 -0.9375 4.26 7.57 131.05 88.12 88.12 0.00 24.79 -24.79 

0.00 -1.0000 -0.88 2.64 45.79 0.00 0.00 0.00 26.44 -26.44 

-0.25 -0.9375 -5.91 -2.61 -45.20 -88.12 -88.12 0.00 24.79 -24.79 

-0.50 -0.7500 -10.84 -8.19 -141.91 -176.25 -176.25 0.00 19.83 -19.83 

-0.75 -0.4375 -15.65 -14.11 -244.34 -264.37 -264.37 0.00 11.57 -11.57 

-1.00 0.0000 -20.35 -20.35 -352.50 -352.50 -352.50 0.00 0.00 0.00 

-0.75 0.4375 -14.88 -16.42 -284.41 -264.37 -264.37 0.00 -11.57 11.57 

-0.50 0.7500 -9.51 -12.16 -210.59 -176.25 -176.25 0.00 -19.83 19.83 

-0.25 0.9375 -4.26 -7.57 -131.05 -88.12 -88.12 0.00 -24.79 24.79 

Table A4 Values of the analytically constructed yield surface for l/t = 3.33. 

n-axis m-axis σ11 σ22 P1 P2 P3 Q1 Q2 Q3 

0.00 1.0000 3.53 -10.58 -183.16 0.00 0.00 0.00 -105.75 105.75 

0.25 0.9375 13.48 0.26 4.53 176.25 176.25 0.00 -99.14 99.14 

0.50 0.7500 23.00 12.42 215.13 352.50 352.50 0.00 -79.31 79.31 

0.75 0.4375 32.07 25.90 448.62 528.75 528.75 0.00 -46.27 46.27 

1.00 0.0000 40.70 40.70 705.00 705.00 705.00 0.00 0.00 0.00 

0.75 -0.4375 28.99 35.15 608.88 528.75 528.75 0.00 46.27 -46.27 

0.50 -0.7500 17.71 28.28 489.87 352.50 352.50 0.00 79.31 -79.31 

0.25 -0.9375 6.87 20.09 347.97 176.25 176.25 0.00 99.14 -99.14 

0.00 -1.0000 -3.53 10.58 183.16 0.00 0.00 0.00 105.75 -105.75 

-0.25 -0.9375 -13.48 -0.26 -4.53 -176.25 -176.25 0.00 99.14 -99.14 

-0.50 -0.7500 -23.00 -12.42 -215.13 -352.50 -352.50 0.00 79.31 -79.31 

-0.75 -0.4375 -32.07 -25.90 -448.62 -528.75 -528.75 0.00 46.27 -46.27 

-1.00 0.0000 -40.70 -40.70 -705.00 -705.00 -705.00 0.00 0.00 0.00 

-0.75 0.4375 -28.99 -35.15 -608.88 -528.75 -528.75 0.00 -46.27 46.27 

-0.50 0.7500 -17.71 -28.28 -489.87 -352.50 -352.50 0.00 -79.31 79.31 

-0.25 0.9375 -6.87 -20.09 -347.97 -176.25 -176.25 0.00 -99.14 99.14 
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Appendix B1: Example script model 1 

# -*- coding: mbcs -*- 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from optimization import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

# CREATE PART TOP 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=10.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=( 

    -0.125, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-0.125, 0.0),  

    point2=(-0.125, 5.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-0.125, 5.0),  

    point2=(0.125, 5.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.125, 5.0), point2= 

    (0.125, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.125, 0.0), point2= 

    (0.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].copyRotate(angle=-30.0,  

    centerPoint=(0.0, 0.0), objectList=( 

    mdb.models['Model-1'].sketches['__profile__'].geometry[2], )) 

mdb.models['Model-1'].sketches['__profile__'].copyRotate(angle=30.0,  

    centerPoint=(0.0, 0.0), objectList=( 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6], )) 

mdb.models['Model-1'].sketches['__profile__'].trimExtendCurve(curve1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7], curve2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3], point1=( 

    -0.0517361164093018, 0.0449870824813843), point2=(-0.123716831207275,  

    0.125964045524597)) 

mdb.models['Model-1'].sketches['__profile__'].trimExtendCurve(curve1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[8], curve2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5], point1=( 

    0.0472373962402344, 0.0404883623123169), point2=(0.132714748382568,  

    0.134961485862732)) 

mdb.models['Model-1'].sketches['__profile__'].breakCurve(curve1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3], curve2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[9], point1=( 

    -0.141711950302124, 0.143958806991577), point2=(-0.087726354598999,  

    0.053984522819519)) 

mdb.models['Model-1'].sketches['__profile__'].breakCurve(curve1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5], curve2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[10], point1=( 

    0.132714748382568, 0.152956247329712), point2=(0.0787291526794434,  

    0.0674806833267212)) 

mdb.models['Model-1'].sketches['__profile__'].delete(objectList=( 
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    mdb.models['Model-1'].sketches['__profile__'].geometry[2],  

    mdb.models['Model-1'].sketches['__profile__'].geometry[14],  

    mdb.models['Model-1'].sketches['__profile__'].geometry[6],  

    mdb.models['Model-1'].sketches['__profile__'].geometry[11])) 

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-1', type= 

    DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Part-1'].BaseShell(sketch= 

    mdb.models['Model-1'].sketches['__profile__']) 

# PARTITION FACE 

mdb.models['Model-1'].ConstrainedSketch(gridSpacing=0.25, name='__profile__',  

    sheetSize=10.0, transform= 

    mdb.models['Model-1'].parts['Part-1'].MakeSketchTransform( 

    sketchPlane=mdb.models['Model-1'].parts['Part-1'].faces.findAt((0.041667,  

    3.35739, 0.0), (0.0, 0.0, 1.0)), sketchPlaneSide=SIDE1,  

    sketchOrientation=RIGHT, origin=(0.0, 0, 0.0))) 

mdb.models['Model-1'].parts['Part-1'].projectReferencesOntoSketch(filter= 

    COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__profile__']) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0),  

    point2=(0.0, 5.0)) 

mdb.models['Model-1'].parts['Part-1'].PartitionFaceBySketch(faces= 

    mdb.models['Model-1'].parts['Part-1'].faces.findAt(((0.041667, 3.35739,  

    0.0), )), sketch=mdb.models['Model-1'].sketches['__profile__']) 

# MATERIAL 

mdb.models['Model-1'].Material(name='Steel') 

mdb.models['Model-1'].materials['Steel'].Elastic(table=((210000.0, 0.3), )) 

mdb.models['Model-1'].materials['Steel'].Plastic(table=((235.0, 0.0), (235.0,  

    0.2))) 

mdb.models['Model-1'].PEGSection(material='Steel', name='Section-1', thickness= 

    1500.0, wedgeAngle1=0.0, wedgeAngle2=0.0) 

mdb.models['Model-1'].parts['Part-1'].DatumCsysByThreePoints(coordSysType= 

    CARTESIAN, name='Datum csys-1', origin=(0.0, 0.0, 0.0), point1= 

    mdb.models['Model-1'].parts['Part-1'].vertices.findAt((0.0, 5.0, 0.0), ),  

    point2=mdb.models['Model-1'].parts['Part-1'].InterestingPoint( 

    mdb.models['Model-1'].parts['Part-1'].edges.findAt((-0.125, 1.304127, 0.0),  

    ), MIDDLE)) 

# REFERENCE POINT 

mdb.models['Model-1'].parts['Part-1'].ReferencePoint(point=(5.0, 0.0, 0.0)) 

# SECTION ASSIGNMENT 

mdb.models['Model-1'].parts['Part-1'].Set(faces= 

    mdb.models['Model-1'].parts['Part-1'].faces.findAt(((0.041667, 1.690723,  

    0.0), ), ((-0.041667, 1.690723, 0.0), ), ), name='Set-1') 

mdb.models['Model-1'].parts['Part-1'].SectionAssignment(offset=0.0,  

    offsetField='', offsetType=MIDDLE_SURFACE, region= 

    mdb.models['Model-1'].parts['Part-1'].sets['Set-1'], sectionName= 

    'Section-1', thicknessAssignment=FROM_SECTION) 

# MATERIAL ORIENTATION 

mdb.models['Model-1'].parts['Part-1'].MaterialOrientation( 

    additionalRotationField='', additionalRotationType=ROTATION_NONE, angle=0.0 

    , axis=AXIS_3, fieldName='', localCsys= 

    mdb.models['Model-1'].parts['Part-1'].datums[3], orientationType=SYSTEM,  

    region=Region(faces=mdb.models['Model-1'].parts['Part-1'].faces.findAt((( 

    0.041667, 1.690723, 0.0), (0.0, 0.0, 1.0)), ((-0.041667, 1.690723, 0.0), ( 

    0.0, 0.0, 1.0)), )), stackDirection=STACK_3) 

# MESH CONTROLS 

mdb.models['Model-1'].parts['Part-1'].setMeshControls(regions= 
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    mdb.models['Model-1'].parts['Part-1'].faces.findAt(((0.041667, 1.690723,  

    0.0), ), ((-0.041667, 1.690723, 0.0), ), ), technique=SWEEP) 

mdb.models['Model-1'].parts['Part-1'].setSweepPath(edge= 

    mdb.models['Model-1'].parts['Part-1'].edges.findAt((0.125, 3.768042, 0.0),  

    ), region=mdb.models['Model-1'].parts['Part-1'].faces.findAt((0.041667,  

    1.690723, 0.0), ), sense=REVERSE) 

mdb.models['Model-1'].parts['Part-1'].setSweepPath(edge= 

    mdb.models['Model-1'].parts['Part-1'].edges.findAt((-0.125, 1.304127, 0.0),  

    ), region=mdb.models['Model-1'].parts['Part-1'].faces.findAt((-0.041667,  

    1.690723, 0.0), ), sense=FORWARD) 

# ELEMENT TYPE 

mdb.models['Model-1'].parts['Part-1'].setElementType(elemTypes=(ElemType( 

    elemCode=CPEG4R, elemLibrary=STANDARD), ElemType(elemCode=CPEG3,  

    elemLibrary=STANDARD)), regions=( 

    mdb.models['Model-1'].parts['Part-1'].faces.findAt(((0.041667, 1.690723,  

    0.0), ), ((-0.041667, 1.690723, 0.0), ), ), )) 

# SEED EDGES 

mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 

    mdb.models['Model-1'].parts['Part-1'].edges.findAt(((0.09375, 0.054127,  

    0.0), ), ((0.03125, 5.0, 0.0), ), ((-0.09375, 5.0, 0.0), ), ((-0.03125,  

    0.018042, 0.0), ), ), number=4) 

mdb.models['Model-1'].parts['Part-1'].seedEdgeByNumber(constraint=FINER, edges= 

    mdb.models['Model-1'].parts['Part-1'].edges.findAt(((0.0, 1.25, 0.0), ), (( 

    0.125, 3.768042, 0.0), ), ((-0.125, 1.304127, 0.0), ), ), number=150) 

mdb.models['Model-1'].parts['Part-1'].generateMesh() 

# CREATE INSTANCES 

mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-1',  

    part=mdb.models['Model-1'].parts['Part-1']) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-2',  

    part=mdb.models['Model-1'].parts['Part-1']) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-1-3',  

    part=mdb.models['Model-1'].parts['Part-1']) 

mdb.models['Model-1'].rootAssembly.rotate(angle=120.0, axisDirection=(0.0, 0.0,  

    1.0), axisPoint=(0.0, 0.0, 0.0), instanceList=('Part-1-2', )) 

mdb.models['Model-1'].rootAssembly.rotate(angle=240.0, axisDirection=(0.0, 0.0,  

    1.0), axisPoint=(0.0, 0.0, 0.0), instanceList=('Part-1-3', )) 

# MERGE MESH 

mdb.models['Model-1'].rootAssembly._previewMergeMeshes(instances=( 

    mdb.models['Model-1'].rootAssembly.instances['Part-1-1'],  

    mdb.models['Model-1'].rootAssembly.instances['Part-1-2'],  

    mdb.models['Model-1'].rootAssembly.instances['Part-1-3']),  

    nodeMergingTolerance=1e-06) 

mdb.models['Model-1'].rootAssembly.InstanceFromBooleanMerge(domain=MESH,  

    instances=(mdb.models['Model-1'].rootAssembly.instances['Part-1-1'],  

    mdb.models['Model-1'].rootAssembly.instances['Part-1-2'],  

    mdb.models['Model-1'].rootAssembly.instances['Part-1-3']), mergeNodes= 

    BOUNDARY_ONLY, name='Part-2', nodeMergingTolerance=1e-06,  

    originalInstances=SUPPRESS) 

# REFERENCE POINT 

mdb.models['Model-1'].parts['Part-2'].ReferencePoint(point=(5.0, 0.0, 0.0)) 

# SURFACES 

mdb.models['Model-1'].rootAssembly.Surface(face3Elements= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[596:600]+\ 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[1196:1200] 
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    , name='Top') 

mdb.models['Model-1'].rootAssembly.Surface(face3Elements= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[1796:1800]+\ 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[2396:2400] 

    , name='Left') 

mdb.models['Model-1'].rootAssembly.Surface(face3Elements= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[2996:3000]+\ 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].elements[3596:3600] 

    , name='Right') 

# ASSEMBLY ORIENTATIONS 

mdb.models['Model-1'].rootAssembly.DatumCsysByThreePoints(coordSysType= 

    CARTESIAN, name='Datum csys-2', origin=(0.0, 0.0, 0.0), point1= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[683],  

    point2=mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[425]) 

mdb.models['Model-1'].rootAssembly.DatumCsysByThreePoints(coordSysType= 

    CARTESIAN, name='Datum csys-3', origin=(0.0, 0.0, 0.0), point1= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[1], point2= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[125]) 

mdb.models['Model-1'].rootAssembly.DatumCsysByThreePoints(coordSysType= 

    CARTESIAN, name='Datum csys-4', origin=(0.0, 0.0, 0.0), point1= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[828],  

    point2=mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[796]) 

# STEP 

mdb.models['Model-1'].StaticRiksStep(initialArcInc=1e-08, maxNumInc=200,  

    minArcInc=1e-16, name='Step-1', nlgeom=ON, previous='Initial') 

# LOADS 

# S11=0.05, S22=-0.05, N=0.00 

mdb.models['Model-1'].SurfaceTraction(createStepName='Step-1', directionVector= 

    ((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), distributionType=UNIFORM, field='',  

    localCsys=mdb.models['Model-1'].rootAssembly.datums[13], magnitude=-3.39,  

    name='Load-1', region=mdb.models['Model-1'].rootAssembly.surfaces['Top'],  

    traction=GENERAL) 

mdb.models['Model-1'].SurfaceTraction(createStepName='Step-1', directionVector= 

    ((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), distributionType=UNIFORM, field='',  

    localCsys=mdb.models['Model-1'].rootAssembly.datums[14], magnitude=1.7,  

    name='Load-2', region=mdb.models['Model-1'].rootAssembly.surfaces['Left'],  

    traction=GENERAL) 

mdb.models['Model-1'].SurfaceTraction(createStepName='Step-1', directionVector= 

    ((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), distributionType=UNIFORM, field='',  

    localCsys=mdb.models['Model-1'].rootAssembly.datums[15], magnitude=1.7,  

    name='Load-3', region=mdb.models['Model-1'].rootAssembly.surfaces['Right'],  

    traction=GENERAL) 

mdb.models['Model-1'].SurfaceTraction(createStepName='Step-1', directionVector= 

    ((0.0, 0.0, 0.0), (0.0, 1.0, 0.0)), distributionType=UNIFORM, field='',  

    localCsys=mdb.models['Model-1'].rootAssembly.datums[14], magnitude=-2.94,  

    name='Load-4', region=mdb.models['Model-1'].rootAssembly.surfaces['Left']) 

mdb.models['Model-1'].SurfaceTraction(createStepName='Step-1', directionVector= 

    ((0.0, 0.0, 0.0), (0.0, 1.0, 0.0)), distributionType=UNIFORM, field='',  

    localCsys=mdb.models['Model-1'].rootAssembly.datums[15], magnitude=2.94,  

    name='Load-5', region=mdb.models['Model-1'].rootAssembly.surfaces['Right']) 

# BOUNDARY CONDITIONS 

mdb.models['Model-1'].rootAssembly.Set(name='Middle', nodes= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[558:559]) 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',  

    distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name= 
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    'Middle', region=mdb.models['Model-1'].rootAssembly.sets['Middle'], u1=0.0,  

    u2=0.0, ur3=UNSET) 

mdb.models['Model-1'].rootAssembly.Set(name='Top', nodes= 

    mdb.models['Model-1'].rootAssembly.instances['Part-2-1'].nodes[683:684]) 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-1',  

    distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name= 

    'Top', region=mdb.models['Model-1'].rootAssembly.sets['Top'], u1=0.0, u2= 

    UNSET, ur3=UNSET) 

# JOB 

mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,  

    explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,  

    memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,  

    multiprocessingMode=DEFAULT, name='Perfect_honeyrate_51',  

    nodalOutputPrecision=SINGLE, numCpus=1, numGPUs=0, queue=None,  

    resultsFormat=ODB, scratch='', type=ANALYSIS, userSubroutine='', waitHours= 

    0, waitMinutes=0)  
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Appendix B2: Example script model 2 

## Input parameters model name ## 

dimension = '2D' 

analysis = 'Tripot_t025_CPS8R_x000' 

 

session.journalOptions.setValues(replayGeometry=COORDINATE, 

recoverGeometry=COORDINATE) 

 

## Importing modules ## 

from abaqus import * 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from optimization import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

 

## Input parameters ## 

name_part        = 'PART-1' 

name_part_2  = 'PART-2' 

name_material_1 = 'Steel' 

name_set_1  = 'Structured mesh' 

name_set_2  = 'Free mesh' 

name_set_e_1  = 'Top_e_1' 

name_set_e_2  = 'Half_e_1' 

name_set_e_3  = 'Bottom_e_1'  

name_set_e_4  = 'Top_e_2' 

name_set_e_5  = 'Half_e_2' 

name_set_e_6  = 'Bottom_e_2'  

name_set_e_7  = 'Top_e_3' 

name_set_e_8  = 'Half_e_3' 

name_set_e_9  = 'Bottom_e_3'  

name_set_n_1  = 'Top_n_1' 

name_set_n_2  = 'Half_n_1' 

name_set_n_3  = 'Bottom_n_1'  

name_set_n_4  = 'Top_n_2' 

name_set_n_5  = 'Half_n_2' 

name_set_n_6  = 'Bottom_n_2'  

name_set_n_7  = 'Top_n_3' 

name_set_n_8  = 'Half_n_3' 

name_set_n_9  = 'Bottom_n_3'  

name_surface_1 = 'Surface_1' 

name_surface_2 = 'Surface_2' 

name_surface_3 = 'Surface_3' 

name_analysis    = analysis 

name_job          = analysis 
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## Input parameters orthotropic material ## 

Steel_E   = 210000 

Steel_v   = 0.3 

Steel_Y   = 235 

Steel_PE   = 0.0 

 

## Input parameters loads ## 

P1    = -3.39 

P2    = 1.70 

P3    = 1.70 

Q2      = -2.94 

Q3      = 2.94 

 

## Model ## 

myModel = mdb.models['Model-1'] 

session.graphicsOptions.setValues(backgroundStyle=SOLID, backgroundColor='#FFFFFF') 

session.viewports['Viewport: 1'].viewportAnnotationOptions.setValues(title=OFF, state=OFF, 

annotations=OFF) 

 

## Geometry and Part ## 

myModel.ConstrainedSketch(name='__profile__', sheetSize=10.0) 

myModel.sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(-0.125, 0.0721687824)) 

myModel.sketches['__profile__'].Line(point1=(-0.125, 0.0721687824), point2=(-0.125, 5.0)) 

myModel.sketches['__profile__'].Line(point1=(-0.125, 5.0), point2=(0.125, 5.0)) 

myModel.sketches['__profile__'].Line(point1=(0.125, 5.0), point2=(0.125, 0.0721687824)) 

myModel.sketches['__profile__'].Line(point1=(0.125, 0.0721687824), point2=(0.0, 0.0)) 

myModel.Part(dimensionality=TWO_D_PLANAR, name=name_part, type= 

    DEFORMABLE_BODY) 

myModel.parts[name_part].BaseShell(sketch= 

    myModel.sketches['__profile__']) 

myPart = myModel.parts[name_part] 

mySketch = myModel.sketches['__profile__'] 

 

myPart.projectReferencesOntoSketch(filter=COPLANAR_EDGES, sketch=mySketch) 

mySketch.Line(point1=(-0.125, 4.967147792), point2=(0.125, 4.967147792)) 

mySketch.Line(point1=(-0.125, 2.634641001), point2=(0.125, 2.634641001)) 

mySketch.Line(point1=(-0.125, 2.601788793), point2=(0.125, 2.601788793)) 

mySketch.Line(point1=(-0.125, 0.2692820023), point2=(0.125, 0.2692820023)) 

mySketch.Line(point1=(-0.125, 0.236429794), point2=(0.125, 0.236429794)) 

myPart.PartitionFaceBySketch(faces=myPart.faces.findAt(((0.041667, 3.35739, 0.0), )), 

sketch=mySketch) 

 

## Set ## 

myPart.Set(faces=myPart.faces.findAt(((-0.041667, 4.978099, 0.0), ), ((-0.041667, 3.412143, 0.0), ), 

((-0.041667, 2.612739, 0.0), ), (( 

    -0.041667, 1.046784, 0.0), ), ((-0.041667, 0.247381, 0.0), ), ), name=name_set_1) 

myPart.Set(faces=myPart.faces.findAt(((0.041667, 0.181676, 0.0), )), name=name_set_2) 

myPart.Set(faces=myPart.faces.findAt(((-0.041667, 2.612739, 0.0), )), name='Half') 

  

mySet_1=myPart.sets[name_set_1] 

mySet_2=myPart.sets[name_set_2] 

 

## Material ## 

myModel.Material(name=name_material_1) 

myMaterial_1=myModel.materials[name_material_1] 



 
44 Microscale failure mechanisms in wood 

myMaterial_1.Elastic(table=((Steel_E, Steel_v), )) 

myMaterial_1.Plastic(table=((Steel_Y, Steel_PE), )) 

 

## Section ## 

myModel.HomogeneousSolidSection(material=name_material_1, name='Section-1', thickness=1) 

myPart.SectionAssignment(offset=0.0, offsetField='', offsetType=MIDDLE_SURFACE, region= 

    myPart.sets[name_set_1], sectionName='Section-1', thicknessAssignment=FROM_SECTION) 

myPart.SectionAssignment(offset=0.0, offsetField='', offsetType=MIDDLE_SURFACE, region= 

    myPart.sets[name_set_2], sectionName='Section-1', thicknessAssignment=FROM_SECTION) 

 

## Mesh 

myPart.setMeshControls(regions=myPart.faces.findAt(((-0.041667, 4.978099, 0.0), ), ((-0.041667, 

3.412143, 0.0), ), ((-0.041667, 2.612739, 0.0), ), ((-0.041667, 1.046784, 0.0), ), ((-0.041667, 0.247381, 

0.0), ), ), technique=STRUCTURED) 

myPart.setMeshControls(elemShape=TRI, regions=myPart.faces.findAt(((0.041667, 0.181676, 0.0), 

))) 

myPart.setElementType(elemTypes=(ElemType(elemCode=CPS8R, elemLibrary=STANDARD), 

ElemType(elemCode=CPS6M, elemLibrary=STANDARD)), regions=(myPart.faces.findAt(((-

0.041667, 4.978099, 0.0), ), ((-0.041667, 3.412143, 0.0), ), ((-0.041667, 2.612739, 0.0), ), ((-0.041667, 

1.046784, 0.0), ), ((-0.041667, 0.247381, 0.0), ), ), )) 

myPart.setElementType(elemTypes=(ElemType(elemCode=CPS8R, elemLibrary=STANDARD), 

ElemType(elemCode=CPS6, elemLibrary=STANDARD)), regions=(myPart.faces.findAt(((0.041667, 

0.181676, 0.0), )), )) 

myPart.seedEdgeByNumber(constraint=FINER, edges=myPart.edges.findAt(((0.125, 4.384021, 0.0), 

), ((-0.125, 3.217768, 0.0), ), ((0.125, 2.018662, 0.0), ), ((-0.125, 0.852409, 0.0), ), ), number=71) 

myPart.seedEdgeByNumber(constraint=FINER, edges=myPart.edges.findAt(((-0.125, 0.113234, 0.0), 

), ((0.125, 0.195365, 0.0), ), ), number=5) 

myPart.seedEdgeByNumber(constraint=FINER, edges=myPart.edges.findAt(((-0.0625, 4.967148, 

0.0), ), ((-0.0625, 5.0, 0.0), ), ((-0.0625, 2.634641, 0.0), ), ((-0.0625, 2.601789, 0.0), ), ((-0.0625, 

0.269282, 0.0), ), ((-0.0625, 0.23643, 0.0), ), ), number=8) 

myPart.seedEdgeByNumber(constraint=FINER, edges=myPart.edges.findAt(((-0.03125, 0.018042, 

0.0), ), ((0.09375, 0.054127, 0.0), ), ), number=8) 

myPart.generateMesh(regions=myPart.faces.findAt(((0.041667, 0.181676, 0.0), ))) 

myPart.generateMesh() 

 

## Assembly ## 

myAssembly=myModel.rootAssembly 

myAssembly.Instance(name='PART-1-1', part=myPart, dependent=ON) 

myAssembly.Instance(name='PART-1-2', part=myPart, dependent=ON) 

myAssembly.Instance(name='PART-1-3', part=myPart, dependent=ON) 

myAssembly.rotate(angle=120.0, axisDirection=(0.0, 0.0, 1.0), axisPoint=(0.0, 0.0, 0.0), 

instanceList=('PART-1-2', )) 

myAssembly.rotate(angle=240.0, axisDirection=(0.0, 0.0, 1.0), axisPoint=(0.0, 0.0, 0.0), 

instanceList=('PART-1-3', )) 

  

myInstance_1=myAssembly.instances['PART-1-1'] 

myInstance_2=myAssembly.instances['PART-1-2']  

myInstance_3=myAssembly.instances['PART-1-3']  

 

myAssembly._previewMergeMeshes(instances=(myInstance_1, myInstance_2, myInstance_3), 

nodeMergingTolerance=1e-06) 

myAssembly.InstanceFromBooleanMerge(domain=MESH,  

    instances=(myInstance_1, myInstance_2, myInstance_3), mergeNodes=BOUNDARY_ONLY, 

name=name_part_2, nodeMergingTolerance=1e-06, originalInstances=SUPPRESS) 

myInstance=myAssembly.instances['PART-2-1'] 
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## Surfaces ## 

myAssembly.Surface(face3Elements=myInstance.elements[0:8], name=name_surface_1) 

myAssembly.Surface(face3Elements=myInstance.elements[1348:1356], name=name_surface_2) 

myAssembly.Surface(face3Elements=myInstance.elements[2696:2704], name=name_surface_3) 

 

## Sets ## 

myAssembly.Set(elements=myInstance.elements[0:8], name=name_set_e_1) 

myAssembly.Set(elements=myInstance.elements[576:584], name=name_set_e_2) 

myAssembly.Set(elements=myInstance.elements[1340:1348], name=name_set_e_3) 

myAssembly.Set(elements=myInstance.elements[1348:1356], name=name_set_e_4) 

myAssembly.Set(elements=myInstance.elements[1924:1932], name=name_set_e_5) 

myAssembly.Set(elements=myInstance.elements[2688:2696], name=name_set_e_6) 

myAssembly.Set(elements=myInstance.elements[2696:2704], name=name_set_e_7) 

myAssembly.Set(elements=myInstance.elements[3272:3280], name=name_set_e_8) 

myAssembly.Set(elements=myInstance.elements[4036:4044], name=name_set_e_9) 

 

mySet_e_1=myAssembly.sets[name_set_e_1] 

mySet_e_2=myAssembly.sets[name_set_e_2] 

mySet_e_3=myAssembly.sets[name_set_e_3] 

mySet_e_4=myAssembly.sets[name_set_e_4] 

mySet_e_5=myAssembly.sets[name_set_e_5] 

mySet_e_6=myAssembly.sets[name_set_e_6] 

mySet_e_7=myAssembly.sets[name_set_e_7] 

mySet_e_8=myAssembly.sets[name_set_e_8] 

mySet_e_9=myAssembly.sets[name_set_e_9] 

 

myAssembly.Set(name=name_set_n_1,nodes=    

myInstance.nodes[890:894]+myInstance.nodes[921:922]+myInstance.nodes[923:926]+myInstance.no

des[1359:1364]+myInstance.nodes[1391:1394]+myInstance.nodes[1395:1396]) 

myAssembly.Set(name=name_set_n_2,nodes=  

myInstance.nodes[773:774]+myInstance.nodes[1242:1243]+myInstance.nodes[1901:1908]+myInstan

ce.nodes[3002:3003]+myInstance.nodes[3005:3006]+myInstance.nodes[3008:3009]+myInstance.nod

es[3011:3012]+myInstance.nodes[3014:3015]+myInstance.nodes[3017:3018]+myInstance.nodes[302

0:3021]+myInstance.nodes[3023:3024]) 

myAssembly.Set(name=name_set_n_3,nodes=    

myInstance.nodes[657:658]+myInstance.nodes[1126:1127]+myInstance.nodes[1915:1922]+myInstan

ce.nodes[4082:4083]+myInstance.nodes[4085:4086]+myInstance.nodes[4088:4089]+myInstance.nod

es[4091:4092]+myInstance.nodes[4094:4095]+myInstance.nodes[4097:4098]+myInstance.nodes[410

0:4101]+myInstance.nodes[4103:4104]) 

myAssembly.Set(name=name_set_n_4,nodes=    

myInstance.nodes[2:11]+myInstance.nodes[81:82]+myInstance.nodes[83:89]+myInstance.nodes[90:9

1]) 

myAssembly.Set(name=name_set_n_5,nodes=    

myInstance.nodes[221:223]+myInstance.nodes[5434:5441]+myInstance.nodes[6535:6536]+myInstan

ce.nodes[6538:6539]+myInstance.nodes[6541:6542]+myInstance.nodes[6544:6545]+myInstance.nod

es[6547:6548]+myInstance.nodes[6550:6551]+myInstance.nodes[6553:6554]+myInstance.nodes[655

6:6557]) 

myAssembly.Set(name=name_set_n_6,nodes=    

myInstance.nodes[505:507]+myInstance.nodes[5448:5455]+myInstance.nodes[7615:7616]+myInstan

ce.nodes[7618:7619]+myInstance.nodes[7621:7622]+myInstance.nodes[7624:7625]+myInstance.nod

es[7627:7628]+myInstance.nodes[7630:7631]+myInstance.nodes[7633:7634]+myInstance.nodes[763

6:7637]) 
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myAssembly.Set(name=name_set_n_7,nodes=    

myInstance.nodes[1734:1743]+myInstance.nodes[1813:1814]+myInstance.nodes[1815:1821]+myInst

ance.nodes[1822:1823]) 

myAssembly.Set(name=name_set_n_8,nodes=    

myInstance.nodes[1637:1639]+myInstance.nodes[8967:8974]+myInstance.nodes[10068:10069]+myI

nstance.nodes[10071:10072]+myInstance.nodes[10074:10075]+myInstance.nodes[10077:10078]+my

Instance.nodes[10080:10081]+myInstance.nodes[10083:10084]+myInstance.nodes[10086:10087]+m

yInstance.nodes[10089:10090]) 

myAssembly.Set(name=name_set_n_9,nodes=    

myInstance.nodes[990:992]+myInstance.nodes[8981:8988]+myInstance.nodes[11148:11149]+myInst

ance.nodes[11151:11152]+myInstance.nodes[11154:11155]+myInstance.nodes[11157:11158]+myIns

tance.nodes[11160:11161]+myInstance.nodes[11163:11164]+myInstance.nodes[11166:11167]+myIn

stance.nodes[11169:11170]) 

 

mySet_n_1=myAssembly.sets[name_set_n_1] 

mySet_n_2=myAssembly.sets[name_set_n_2] 

mySet_n_3=myAssembly.sets[name_set_n_3] 

mySet_n_4=myAssembly.sets[name_set_n_4] 

mySet_n_5=myAssembly.sets[name_set_n_5] 

mySet_n_6=myAssembly.sets[name_set_n_6] 

mySet_n_7=myAssembly.sets[name_set_n_7] 

mySet_n_8=myAssembly.sets[name_set_n_8] 

mySet_n_9=myAssembly.sets[name_set_n_9] 

 

## Step ## 

myModel.StaticRiksStep(name='Step-1', previous='Initial', initialArcInc=1e-9, minArcInc=1e-16,  

 maxArcInc=1e0, maxNumInc=200, nlgeom=OFF) 

 

## Coordinate systems ## 

myAssembly.DatumCsysByThreePoints(coordSysType=CARTESIAN, name='CoordSys1',  

origin=(0.0, 0.0, 0.0), point1=(0.0, 5.0, 0.0), point2=(-0.125, 2.5, 0.0)) 

myAssembly.DatumCsysByThreePoints(coordSysType=CARTESIAN, name='CoordSys2',  

origin=(0.0, 0.0, 0.0), point1=(-4.330127, -2.5, 0.0), point2=(-2.105363, -1.35986924, 0.0)) 

myAssembly.DatumCsysByThreePoints(coordSysType=CARTESIAN, name='CoordSys3',  

origin=(0.0, 0.0, 0.0), point1=(4.330127, -2.5, 0.0), point2=(2.111656, -1.077659, 0.0)) 

  

## Boundary conditions ## 

myModel.DisplacementBC(amplitude=UNSET, createStepName='Step-1',  

    distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1', 

region=Region(nodes=myInstance.nodes[2917:2918]), u1=0.0, u2=0.0, ur3=UNSET) 

myModel.DisplacementBC(amplitude=UNSET, createStepName='Step-1',  

    distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-2', 

region=Region(nodes=myInstance.nodes[1363:1364]), u1=0.0, u2=UNSET, ur3=UNSET) 

 

## Loads ## 

myModel.SurfaceTraction(createStepName='Step-1', directionVector=((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), 

distributionType=UNIFORM, field='',  

    follower=ON, localCsys=myAssembly.datums[30], magnitude=P1, name='general_top' ,  

region=myAssembly.surfaces[name_surface_1], traction=GENERAL) 

myModel.SurfaceTraction(createStepName='Step-1', directionVector=((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), 

distributionType=UNIFORM, field='',  

    follower=ON, localCsys=myAssembly.datums[31], magnitude=P2, name='general_left' ,  

region=myAssembly.surfaces[name_surface_2], traction=GENERAL) 

myModel.SurfaceTraction(createStepName='Step-1', directionVector=((0.0, 0.0, 0.0), (1.0, 0.0, 0.0)), 

distributionType=UNIFORM, field='',  
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    follower=ON, localCsys=myAssembly.datums[32], magnitude=P3, name='general_right' ,  

region=myAssembly.surfaces[name_surface_3], traction=GENERAL) 

myModel.SurfaceTraction(createStepName='Step-1', directionVector=((0.0, 0.0, 0.0), (0.0, 1.0, 0.0)), 

distributionType=UNIFORM, field='',  

    follower=ON, localCsys=myAssembly.datums[31], magnitude=Q2, name='shear_left' ,  

region=myAssembly.surfaces[name_surface_2]) 

myModel.SurfaceTraction(createStepName='Step-1', directionVector=((0.0, 0.0, 0.0), (0.0, 1.0, 0.0)), 

distributionType=UNIFORM, field='',  

    follower=ON, localCsys=myAssembly.datums[32], magnitude=Q3, name='shear_right' ,  

region=myAssembly.surfaces[name_surface_3]) 

 

## Output requests ## 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_1, rebar=EXCLUDE, region=mySet_e_1, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_2, rebar=EXCLUDE, region=mySet_e_2, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_3, rebar=EXCLUDE, region=mySet_e_3, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_4, rebar=EXCLUDE, region=mySet_e_4, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_5, rebar=EXCLUDE, region=mySet_e_5, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_6, rebar=EXCLUDE, region=mySet_e_6, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_7, rebar=EXCLUDE, region=mySet_e_7, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_8, rebar=EXCLUDE, region=mySet_e_8, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

myModel.FieldOutputRequest(createStepName='Step-1', directions= 

    OFF, name=name_set_e_9, rebar=EXCLUDE, region=mySet_e_9, sectionPoints=DEFAULT, 

variables=('NFORC', )) 

 

 

 ## Job ## 

mdb.Job(name=name_job, description=dimension+'_'+analysis, model='Model-1', type=ANALYSIS,  

 nodalOutputPrecision=SINGLE,) 

  

## Submit data check ## 

#myJob=mdb.jobs[name_job] 

#myJob.submit(consistencyChecking=ON, datacheckJob=True) 

 

## Submit job ## 

#myJob.submit(consistencyChecking=OFF)  
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Appendix C: Results model 1 

For model 1, three slenderness ratios l/t are investigated. They will be treated separately in the next 

sections. Besides, several element types are studied. A small note should be made on the axis of the 

yield surface. Due to incorrect calculations of the axes in a former stadium of the research project, there 

is a small difference in the unit of the n-axis for model 1. This mistake influences the analytical 

calculation of forces Pi and Qi (eq. (27)) and was thus also applied wrongly in the numerical model. 

Therefore, it is chosen to show the results with the wrong axis unit for model 1.  

C.1 l / t = 6.67 

The analytically and numerically determined yield surfaces are depicted in Fig. C1. For l/t = 6.67 the 

curve of the numerically determined yield surface is similar to the analytical yield surface, although it 

is shifted up significantly. This depends on the fact that the assumption of an ideal beam in the numerical 

model is somehow relaxed. The difference between the 8-node elements and the 4-node elements is 

pronounced, where the 8-node elements perform slightly better, lying closer to the yield surface and 

having a smoother curve. No large differences are found between the elements with reduced integration 

and hourglassing control, and the full integration elements. This indicates that the reduced integration 

does not affect the final results and is safe to use. The case n = 1.00, where no shear forces are present,  

is predicted well by all models considered in this study, due to the fact that no shear deformation is 

present in both the analytical and numerical model. 

The values of Pi  and Qi are compared to the analytical values, described as 

 
𝑃𝑖,𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙

𝑃𝑖,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙
, and  

𝑄𝑖 ,𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙

𝑄𝑖,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙
,            (C1) 

and are shown in Fig. C2. It is found that for n = 0.00 all values are overestimated by 34%. The error 

for Pi slowly decreases with increasing values of x, until the error almost vanishes for n = 1.00. The 

error for Q2 and Q3 however, remains relatively constant, with even a small increase for n = 0.33. In 

the case of the 4-node model, where the difference with the analytical values is higher, a similar trend 

for the error of Pi is found. The error for n = 0.00 is 42% for P1 and 35% for P2 and P3, with a decreasing 

error as n increases. The error for Q2 and Q3 is equal to 45% for n = 0.00, but from there only increases. 

This is visible by the relatively flat curve in Fig. C1 from n = 0.00 – 0.91, because the y-value is 

determined by Q. The overestimation of P is visible by a shift to the right of most points, compared to 

the analytical values of n = 0.25, 0.50 and 0.75.  

In Fig. C3 the normalized F-u diagram for element types CPEG8 and CPEG4 for all five points of the 

yield surface is presented. The value of F is taken as P3,numerical / P3,analytical, and the displacement u is 

taken as the maximum displacement at the midpoint of the surface of cell wall 3 umax / l. In Fig. C3, the 

upper graph belongs to type CPEG4, the lower graph to CPEG8. For element type CPEG4, all curves 

show a flat plateau after reaching the peak stress, except for n = 1.00. For element type CPEG8, this is 

not the case, none of the curves show a clear plateau. This means that the peak stress for this element 

type is not yet reached, and the values for Pi and Qi found by analyzation of the model are not the 

ultimate loads. If this is the case, then the yield surface for the 8-node models in Fig. C1 does not 

provide an upper bound. The large difference between the 4-node and the 8-node models is assumed to 

be due to the higher order calculations for the 8-node elements, which makes them more accurate in 

calculating strains and stresses. 
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Fig. C1 Yield surface for six different element types for the case l/t = 6.67. The yield surface is constructed by 

using the values for P3 and Q3. 

 
Fig. C2 Difference between numerical and analytical determined values of Pi and Qi for element type CPEG8 

(dotted lines) and CPEG4 (solid line) and slenderness ratio  l/t = 6.67. 
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Fig. C3 Normalized load-displacement diagram for l/t = 6.67 and element types CPEG4 (top) and CPEG8 

(bottom). 

C.2 l / t = 20 

At first sight, the yield surface in Fig. C4 for the case l/t = 20 looks rather arbitrary compared to the 

case of l/t = 6.67. The 8-node element models respond in a smooth curve, but the form of the yield 

surface is no longer concave. Again, no large difference between the models of full integration and 

reduced integration is found. None of the 4-node element models result in a smooth curve. The elements 

with reduced integration follow a different pattern (CPEG4R and CPEG4RH), that is less similar to the 

curve of the 8-node models than the 4-node model which uses full integration (CPEG4).  

Again, an analysis of the error of the values of all the forces in the model is performed, see Fig. C5. For 

the model with element type CPEG8, the error for Pi equals 21% and reduces from n = 0.00 to n = 1.00. 

The initial error of Q2 and Q3 is also 21%, but from there it increases. Something similar is found for 

the 4-node models. Although the overestimation of P1 for n = 0.00 is larger than P2 and P3, they all 
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decrease under increasing n while the error of Q2 and Q3 increases. Therefore, the diversion of the 

curves is attributed to a large overestimation of the shear forces. As n proceeds, the value of the shear 

forces Q2 and Q3 increases. To understand better the parameters that influence the yield surface, the 

angle of rotation is investigated. This angle does influence the values of P and Q to a large extent. The 

additional rotation is often not more than approximately 0.06 rad (3.6°). These small rotations and 

corresponding displacements make use of the theory of small displacements appropriate. In other words, 

these small displacements can be neglected in theory. However, these rotations are necessary to find 

values of σPP, σPQ, and σQQ that make sense. The value of σQQ should vanish due to this rotation, for 

there are only two loads that act on the surface, which are determined by σPP and σPQ. These very small 

rotations do influence the values of P slightly and Q significantly. This is due to the large difference 

between the absolute value of P and Q. A small additional rotation, results in similar values for P, as 

this value is already large. However, Q is very small in most cases and even a very small rotation, might 

increase the value of Q significantly. A small error in the calculation of θi,total can easily occur, because 

the calculation of the rotation is not exact, and might have large consequences. 

The force-displacement diagram of Fig. C6 provides the same statements as the case l/t = 6.67. The 8-

node models do not show a clear peak in the curve, indicating that the loads found are not the ultimate 

loads and the curves for the 8-node models of Fig. C4 do not provide an upper bound for the yield 

surface. 

 
Fig. C4 Yield surface for six different element types for the case l/t = 20. The yield surface is constructed by 

using the values for P3 and Q3. 
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Fig. C5 Difference between numerical and analytical determined values of Pi and Qi for element type CPEG8 

(dotted lines) and CPEG4 (solid line) and slenderness ratio l/t = 20. 
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Fig. C6 Normalized load-displacement diagram for l/t = 20 and element types CPEG4 (top) and CPEG8 

(bottom). 

C.3 l / t = 40 

Where the other two models overestimated all values, for l/t = 40 several points lie beneath the 

analytically constructed yield surface in Fig. C7. Furthermore, the smooth curve which was found for 

the 8-node models l/t = 6.67 and l/t = 20 has turned into a straight line. Only very small differences are 

found between the 4-node and 8-node model and between models with full integration or reduced 

integration. 

From Fig. C8 it is clear that the 8-node model for n = 0.00 overestimates the values of P and Q by 18%, 

against 22% for the 4-node model. The error of all models is reducing from there, with only a small 

improvement for n = 0.70. The F-u diagram that is included in Fig. C9 for these models shows the same 

trend that was already observed for the cases  l/t = 6.67 and l/t = 20. Note that the displacement increases 
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with increasing slenderness, except for the case n = 1.00, where no shear force and therefore no sway 

of the cell walls is present. 

 
Fig. C7 Yield surface for six different element types for the case l/t = 40. The yield surface is constructed by 

using the values for P3 and Q3. 

 

Fig. C8 Difference between numerical and analytical determined values of Pi and Qi for element type CPEG8 

(dotted lines) and CPEG4 (solid line) and slenderness ratio l/t = 40. 
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Fig. C9 Normalized load-displacement diagram for l/t = 40 and element types CPEG4 (top) and CPEG8 

(bottom). 

C.4 Generalized plane strain vs. plane stress 
The element types studied by model 1 do not cover the whole range of element types possible. All 

elements are of the generalized plane strain type. This element is chosen for it is designed to model 

structures which have a very high length to cross-section ratio, which is the case for wood cells. They 

can also account for slightly bent cells. Plane strain models assume that the strain over the length of the 

structure (the third dimension of the model) equals zero. In other words, there is no elongation in the 

length of the wood fibre; deformations in this direction are restrained. Stresses in the third direction are 

able to develop. The opposite of plane strain is plane stress. In plane stress models, the stress in the 

direction of the length is assumed to equal 0. The model is assumed to be free to expand along the length 

of the structure, thus strains are present in the third direction.  
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The analytical yield surface is based on plane stress assumptions. Stresses in the third direction are not 

considered and thus assumed to equal 0. Von Mises stresses are then only dependent on stresses in the 

x- and y-direction.  The difference between elements of the generalized plane strain (CPEG6), plane 

strain (straight fibres) (CPE6) and plane stress type (CPS6) are investigated by a variant of model 1. All 

properties of model 1 are copied. Only for the mesh now a completely free mesh is applied, with 

triangular 6-node elements using full integration. The mesh is constructed using the software Gmsh. 

The results of the three models are presented in the yield surface of Fig. C10. 

 
Fig. C10 Yield surface for three different element types for the case l/t = 40. The yield surface is constructed by 

using the values for P3 and Q3. 

The difference between generalized plane strain and plane strain are negligible. The plane stress element 

follows a similar trend as the plane strain models, but is shifted downwards. For the case n = 0.00 the 

yield surface seems now to be predicted well. This is due to the fact that the analytical model is based 

on plane stress assumptions. Because of this result and the fact that plane stress assumptions are used 

in the calculations, model 2 will be constructed with plane stress elements. The structured part of the 

model will be meshed with 8-node plane stress elements and reduced integration, element code CPS8R. 

The free mesh will consists of 6-node triangular plane stress elements, element code CPS6.  
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Summary 

This second part of the graduation project contains a description of the cohesive zone model. This model 

is based on the geometrical model developed in part I and is extended to account for fracture.  

Three failure mechanisms are distinguished (Fig. 1): 

- Intercellular cracking 

- Intrawall cracking 

- Transwall cracking 

The failure mechanisms are implemented using an interface damage model with a linear relaxation 

branch. Both intercellular cracking and intrawall cracking are considered delamination problems; the 

interface elements are located at the middle lamella and the S2-layer, respectively. For transwall 

cracking, the crack location is unknown and interface elements are located at the interface of every solid 

element.  

 

Fig. 1 Three failure mechanisms at the cell wall level under tensile loading (Smith et al., 2003). 

Intercellular cracking is found to initiate at the center of the joint of the three cell walls and propagates 

into cell wall 1, 2, and 3 simultaneously, under pure normal loading. In the presence of a shear force, 

the crack propagates only into cell wall 2 and 3. Intrawall cracking is found to initiate at the point where 

the interface of cell wall 2 and 3 meet. Crack propagation is similar as observed for intercellular 

cracking. Under pure normal loading, crack initiation occurs at all interfaces simultaneously, but crack 

propagation is found at only one point in two direction from the center. Transwall cracking show similar 

deformation mechanisms under all circumstances. For slender cell walls, the number of cracks initiating 

simultaneously is lower compared to stocky cell walls, where often multiple crack locations are 

observed. Under high shear loads applied, the number of crack locations increases too. The location of 

the crack is close to the joint of three cell walls under shear loading, and shifts more to the center of the 

cell wall under pure normal loading.  

It is found that when the slenderness parameter l/t increases, the moment capacity increases too. Stocky 

cell walls have a higher capacity compared to slender cell walls, both in yielding and fracture analyses. 

An increase of the relative interfacial strength tu/σy leads to a higher capacity of the cell walls. For all 

values of tu/σy collapse is due to a combination of fracture and yielding. This holds until a sufficiently 

high value of the ratio tu/σy is reached, after which failure is due to yielding only. The height of the ratio 

where this switch is present, depends on the slenderness ratio. For slender cell walls the yielding is 

determining at lower relative interfacial strength compared to stocky cells.  

If the interfacial strength is assumed equal for both intercellular and intrawall failure and is relatively 

low, the model fails by intercellular failure when high normal loads are present. However, under high 

shear loads, intrawall failure becomes the determining failure mechanism. As the interfacial strength 

increases, a shift of the intersection between these failure mechanism takes place and for relatively high 

interfacial strength failure is always determined by the intrawall failure mechanism. If also transwall 

cracking is taken into account and the interfacial strength is assumed equal for all three failure 

mechanisms, than transwall cracking is always determining. 
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Introduction 

The work conducted for the graduation project is divided into several parts.  

M3 – literature review 

Research proposal 

M4 – part 1: geometrical model 

M4 – part 2: cohesive zone model 

The literature review is a study into existing knowledge of the material wood. Aspects that are treated 

in this review are the structure of the material at different scale levels; mechanical properties; moisture; 

and deformation mechanisms both under compressive and tensile loading.  

The research proposal focuses on the goal and motivation of the graduation project. The methodology 

is outlined and a planning of the project is provided. In this document the aim of the research project is 

described as follows: 

“To determine the failure mechanisms of wood cell walls under tensile loading and the 

parameters that affect these failure mechanisms.” 

The first part of the M4-project is described in this report. It is a description of the work conducted on 

the geometrical model of a joint of wood cell walls. The geometrical model will be the basis of 

additional research which will be conducted in the second part of the M4-project. In the second part the 

geometrical model will be expanded to perform research on the topic of failure mechanisms in wood 

cell walls under tensile loading.  

In this report, a short summary of the most important topics from the literature and the geometrical 

model is given. In the first section, the theoretical background on cohesive zone modelling is outlined. 

The construction of the finite element model is the subject of section 2. The input is provided and several 

choices made to build the model are elucidated. The cohesive zone model is compared to the yield 

surface constructed in Part I of the research project. These results are shown in section 3. Section 4 is a 

proposal for further research to use the model developed in this study to simulate a typical wood cell 

wall structure, including heterogeneous material properties, a layered structure for the purpose of 

modelling the diverse failure mechanisms of wood cell wall material. The conclusions in section 5 will 

mark the end of the thesis. 

I would like to take this opportunity to thank my supervisors for their support during the graduation 

project. You all had your own vision on the subject, which gave me the opportunity to get the most out 

of the thesis. I look back at an intensive, but rich educational experience. I will take the knowledge I 

gained from you with me into life after university. 
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Summary of literature 

Wood is a complex, natural material.  It is built up of three main components: cellulose, hemicellulose 

and lignin. Cellulose molecules consist of longitudinal chains of glucose molecules and are very stiff in 

the longitudinal direction. They are surrounded by a soft matrix of lignin and hemicellulose that holds 

the molecules together. Microfibrils are formed by bundles of cellulose molecules. Microfibrils lay 

parallel to each other to form lamellae. In these lamellae, microfibrils are not aligned with the main axis 

of the wood cell, but are rotated. The Microfibril Angle (MFA) differs per wood cell wall layer and 

wood species. Several lamellae are formed on top of each other to form such a wood cell wall layer. A 

wood cell wall consists of nine layers, as is shown in Fig. 1. The middle lamellae connects two adjacent 

cells. On both sides, from inside to outside, the primary layer P and three secondary layers, S1, S2, and 

S3, can be distinguished. The S2 layer is by far the thickest layer of the wood cell wall. The MFA is 

smallest in this layer, making it also the strongest layer. Strength of the wood cell wall is thus mostly 

determined by the strength of the S2-layer.  

Wood’s properties are very unique. Due to the cellular structure, wood is lightweight and relatively 

strong. The properties of wood in the longitudinal and transverse directions are unequal, leading to a 

high extend of anisotropy. This anisotropy can be found in all scale levels. Besides, the mechanical 

properties are dependent on the moisture content of wood. As a natural material, wood is able to adsorb 

and desorb water. Over its lifetime, wood is exposed to varying relative humidity. Under adsorption of 

water wood will swell, and under desorption of water wood will shrink. Shrinking and swelling 

coefficients differ for the three material directions of wood (longitudinal, radial and tangential). 

Anisotropy in swelling and shrinking is responsible for the development of tensile stresses upon drying.  

These drying stresses might eventually lead to failure. Drying processes will not be modelled in this 

study, but damage due to mechanical effects is the focus of this study. This damage, visible in wood as 

cracks, originates from the wood cell wall. Several failure mechanisms are found to play a role under 

tensile loading of wood cells. Delamination of the cell wall layers is possible, as well as transverse 

cracking of the cell wall.  

Both processes are visible in the RT-plane of wood, shown in Fig. 2. As failure at the level of the wood 

cell wall is taken under consideration, it is chosen to model a joint of three cell walls in the transverse 

wood direction. Such a model is produced before and literature is available on the (theoretical) behavior 

of such a model, which can be used as validation material. 

  
 

Fig. 1 Wood cell wall layers      Fig. 2 Planes in wood (longitudinal axis normal to 

(Haygreen and Bowyer, 1982).     the plane of drawing). 
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Summary of geometrical model 

The aim of the research project is 

 “To determine the failure mechanisms of wood cell walls under tensile loading and the 

parameters that affect these failure mechanisms.” 

The scale level at which this study operates is the wood cell wall level. In the preliminary study into the 

geometrical validation of the model, a joint of three cell walls is modelled.  

Real wood structures are very complex and show a high degree of imperfection. A simplification of 

reality is necessary to be able to model and understand the processes that influence the failure behavior 

of wood. Several assumptions are made for the geometrical model: 

- Wood cells form a perfect honeycomb structure.  

- All cell walls have the same length l, cell wall thickness t, and unit depth b.  

- The angle between the cell walls is 120°.  

Macroscopic stresses σ11, σ22, and σ12 are applied to the honeycomb structure, see Fig. 3. These  

macroscopic stresses lead to microscopic loads on the individual cell walls, as shown in Fig. 4.  

  
Fig. 3 Macroscopic stresses acting on a   Fig. 4 Microscopic forces on a joint of three  

honeycomb structure (Chen et al., 1999).   cell walls due to macroscopic stresses  

          (Chen et al., 1999). 

Combinations of different macroscopic stresses lead to varying microscopic loads. The load distribution 

on the model as a result of the macroscopic stresses can be calculated. 

In this first model, perfect elasto-plastic material properties are assumed. Failure of the model is due to 

the appearance of a plastic hinge in one of the three cell walls close to the connection O. This failure is 

due to a combination of forces Pi and Qi. The interaction of these forces is set out in a yield surface, 

constructed as  

𝑌 = (
𝑁

𝑁0
)

2
+

𝑀

𝑀0
= 1.              (1) 

In order to make this applicable to a larger scale level, this yield condition is constructed in terms of 

macroscopic stresses σ11  and σ22, while σ12  is neglected in this study. The yield surface is constructed 

analytically and numerically. It is found that for more stocky beams (cell walls) the capacity is 

increased, see Fig. 3. 
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Fig. 3 Yield surface of different cell wall slenderness ratios. A comparison of the analytically constructed yield 

surface and numerical results.  

The effect of increased capacity is due to shear deformations. The increased capacity of the beam can 

thus be appointed to an increased moment capacity M0. Validations show that the results are 

independent on the modulus of elasticity E  and Poisson’s ratio v. The inverse slenderness ratio t/l 

accounts for this difference.  A ‘best fit approach’ results in the following proposal for M0: 

𝑀0 =
1

4
𝜎𝑦𝑏𝑡2(1 +

5

9
√3

𝑡

𝑙
).             (2) 

The part between the brackets is an additional part to account for the increased capacity, determined by 

the factor t/l and a constant α, 

𝛼 =
5

9
√3                 (3) 

The result of this increased capacity is shown in Fig. 4, where the yield surfaces for the different 

slenderness ratios almost coincide. 

 
Fig. 4 Results of numerical analyses compared to the analytically constructed yield surface with adapted 

moment capacity. 
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1 Interface damage model 

The wood cell wall consists of several layers. From literature it is known that under tensile loading three 

failure mechanisms  are present at this scale level: intercellular cracking (IC), intrawall cracking (IW) 

and transwall cracking (TW), see Fig. 5. Intercellular cracking is characterized by delamination of wood 

cell wall layers at the middle lamella. Intrawall cracking is characterized by delamination of wood cell 

wall layers at the S2-layer, it is possible both between the S1-S2-layer or the S2-S3-layer. Transwall 

cracking is a crack traversing the cell wall. Delamination plays no role in this case. These three failure 

mechanisms will all be studied in this report. As both intercellular cracking and intrawall cracking are 

induced between two adjacent cell wall layers, these cracks are very suitable to model by interface 

damage. This section will focus on the formulation of an interface damage model. It contains the 

formulation of mixed-mode delamination along the interfaces between layers. The traction-separation 

law and the rate-dependent kinetic law for interfacial damage are specified, where the mode-mixity for 

damage growth is derived from linear elastic fracture mechanics concepts.  

 
Fig. 5 Three failure mechanisms at the cell wall level under tensile loading (Smith et al., 2003). 

1.1 Formulation of the interface damage model 

The failure mechanisms at the cell wall level are modelled with the aid of the finite element software 

package ABAQUS Standard. Delamination behaviour is simulated with interface elements. A mixed-

mode damage model is implemented using the user-supplied material subroutine (UMAT) described by 

Cid Alfaro et al. (2009). The interface damage model in this work was conducted for a three-

dimensional analysis of a basic laminate failure mechanism. The study of Forschelen et al. (2016) 

reduced the general three-dimensional formulation to a two-dimensional formulation, assuming plane-

strain conditions. The main equations are evaluated below for the case of a two-dimensional 

formulation, but assuming plane-stress conditions, in correspondence with the analyses conducted in 

the present work.  

For cohesive zone models used in 2D solid mechanics analyses, the tractions t at the interface modelling 

the cohesive zone and the relative displacements v across the interface consist of two components and 

is given by the following relationship (Cid Alfaro et al., 2009): 

𝑡𝑖 = (1 − 𝑑)𝐾𝑣𝑖 − 𝑑𝐾𝛿1𝑖〈−𝑣1〉, with 𝑖 = 1, 2.         (4) 

The normal component of the tractions and relative displacements are indicated by index ‘1’, the 

tangential, or shear, component is indicated by index ‘2’. In eq. (4) K is the elastic interfacial stiffness 

in N/mm3, and δ1i is the Kronecker delta symbol. The damage parameter d is bounded as 0 ≤ d ≤ 1, with 

an undamaged material point represented by d = 0, and a fully damaged material point reflected by 

d = 1. In the case of negative tractions, crack face elements may come into contact, and penetration of 

the two crack faces should be avoided. This is accounted for by the Macauley brackets 〈∙〉, which are 

defined as  

〈𝑥〉 =
1

2
(𝑥 + |𝑥|).               (5) 

During a loading process, damage in an interfacial material point evolves with deformation. Damage 

evolution occurs in a rate-dependent fashion, with the rate of damage given by 
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�̇� = {
�̂�𝑑(𝜆𝑑,𝜅𝑑)

𝜂𝑑
       for    𝜆𝑑 ≥ 𝜅𝑑             and  𝑣0 ≤ 𝜅𝑑 < 𝑣𝑢,

0          for    0 ≤ 𝜆𝑑 ≤ 𝜅𝑑     or     𝜅𝑑 = 𝑣𝑢.
       (6) 

In eq. (6), �̂�𝑑(𝜆𝑑 , 𝜅𝑑) is the damage loading function, which depends on a deformation measure λd and 

a damage history variable κd. The deformation measure λd is taken here as the Euclidean norm of the 

vector of relative crack face displacement, 𝜆𝑑 = ‖𝒗‖ = √𝑣1
2 + 𝑣2

2. The damage history variable κd is 

bounded by the range 𝑣0 ≤ 𝜅𝑑 < 𝑣𝑢, with 𝑣0 and 𝑣𝑢 the relative crack face displacements at the onset 

of damage (d = 0) and damage completion (d = 1), respectively. The damage relaxation parameter, ηd, 

with dimension of time, indicates the extend of rate-dependency, where the limit 𝜂𝑑 → 0, reaches rate-

independent loading conditions. The upper expression of eq. (6) defines the rate of damage when the 

effective deformation λd exceeds the value of the damage history variable κd. The lower expression sets 

the rate of damage equal to zero when (i) the threshold value for damage nucleation has not (yet) been 

reached, (ii) the interface material point experiences unloading, or (iii) the interfacial material point has 

been fully damaged (Cid Alfaro et al., 2009).  

 
Fig. 6 Traction-separation law (Cid Alfaro et al., 2009) 

The specific form of the damage loading function depends on the shape of the softening branch in the 

traction-separation relationship. In the present study, a linear softening law is adopted, as schematized 

in Fig. 6. For this kinetic law, the traction at a specific value of κ is equal to 𝐾𝑣0(𝑣𝑢 − 𝜅𝑑)/(𝑣𝑢 − 𝑣0), 

and at a specific value for the damage parameter d the traction is expressed as (1 − 𝑑)𝐾𝜅𝑑. With a 

combination of these two expression, the damage parameter can be calculated according to 

𝑑 = �̂�(𝜅) =
𝑣𝑢(𝜅𝑑−𝑣0)

𝜅𝑑(𝑣𝑢−𝑣0)
.              (7) 

From eq. (7) the actual value of the damage history variable κd can be obtained. 

𝜅𝑑 =
𝑣0𝑣𝑢

𝑣𝑢−𝑑(𝑣𝑢−𝑣𝑜)
.               (8) 

These values can be used in the proposed damage loading function (Cid Alfaro et al., 2009): 

𝐹𝑑 = �̂�𝑑(𝜆𝑑 , 𝜅𝑑) = 𝑓(𝜆𝑑) − �̂�(𝜅𝑑) =
𝑣𝑢(𝜆𝑑−𝑣0)

𝜆𝑑(𝑣𝑢−𝑣0)
−

𝑣𝑢(𝜅𝑑−𝑣0)

𝜅𝑑(𝑣𝑢−𝑣0)
.       (9) 

However, it has been proven that the shape of the function does not influence the characteristics of the 

fracture process to a large extent (Tvergaard and Hutchinson, 1992). However, the fracture process is 

mainly determined by the ultimate traction tu and the fracture toughness Gc, which equals the area under 

the traction-separation curve, see Fig. 6. 

𝐺𝑐 =
1

2
𝐾𝑣0𝑣𝑢                (10) 

It is likely that crack faces do not show purely normal or purely shear displacements at the interface, 

but often it is a mix of both. For these mixed-mode fracture processes, the equivalent relative crack face 

displacements 𝑣0 and 𝑣𝑢 are dependent on the relation between the normal and shear displacements at 
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the interface. This relation may be captured by the mode-mixity parameter β, described by eq. (11), 

(Turon et al., 2006).  

𝛽 =
|𝑣2|

|𝑣2|+〈𝑣1〉
                (11) 

This equation shows that under pure mode I (tensile) loading conditions, β = 0 (since v2 = 0), and under 

pure mode II (shear) loading conditions, β = 1 (since v1 = 0). Rewriting eq. (11) leads to an expression 

of the relative shear displacements in terms of the relative normal displacements (eq. (12)). 

𝑣2 = 𝑣1
𝛽

1−𝛽
                (12) 

The functions for 𝑣0 = 𝑣0(𝛽) and 𝑣𝑢 = 𝑣𝑢(𝛽) can be computed adopting a specific mixed-mode 

failure criterion from linear elastic fracture mechanics. The mixed-mode failure criterion adopted for 

the work conducted herein is a model regularly used to characterize mixed-mode toughness data for 

brittle interfacial fracture (Cid Alfaro et al., 2009): 

𝐺𝐼

𝐺𝐼,𝑐
+

𝐺𝐼𝐼

𝐺𝐼𝐼,𝑐
= 1.                (13) 

Here, GI and GII are the mode I and mode II energy release rates measured at the crack tip, and GI,c and 

GII,c are the fracture toughnesses under pure mode I and pure mode II loading conditions, respectively. 

GI,c and GII,c are easily derived from eq. (10) and are given in eq. (14) and (15). 

𝐺I,c =
1

2
𝐾𝑣0

1𝑣𝑢
1               (14) 

𝐺II,c =
1

2
𝐾𝑣0

2𝑣𝑢
2               (15) 

In these equations, 𝑣0
1 = 𝑡𝑢

1/𝐾 and , 𝑣0
2 = 𝑡𝑢

2/𝐾 are the relative displacements at which damage 

nucleates under pure mode I and pure mode II loading conditions respectively, 𝑡𝑢
1 and 𝑡𝑢

2 are the 

ultimate tractions under pure mode I and pure mode II conditions, respectively.  

In order to find expressions for 𝑣0 and 𝑣𝑢 in terms of the mode-mixity β, Griffith’s criterion, G = Gc, 

is incorporated in eq. (13).  

𝐺𝐼

𝐺𝐼,𝑐
+

𝐺𝐼𝐼

𝐺𝐼𝐼,𝑐
=

𝐺

𝐺𝑐
                (16) 

In eq. (16), GI and GII are given by Turon et al. (2006):  

𝐺𝐼 =
1

2
𝐾(𝑣0

1(𝛽)𝑣𝑢
1(𝛽) − 𝑣1𝑣𝑢

1(𝛽))           (17) 

𝐺𝐼𝐼 =
1

2
𝐾(𝑣0

2(𝛽)𝑣𝑢
2(𝛽) − 𝑣2𝑣𝑢

2(𝛽))           (18) 

Inserting eq. (12) into eq. (17) and (18) the ratio B between GII and GI is formulated by (Turon et al., 

2006): 

 𝐵 =
𝐺𝐼𝐼

𝐺𝐼
=

1

2
𝐾(𝑣0

1(𝛽)
𝛽

1−𝛽
𝑣𝑢

1(𝛽)
𝛽

1−𝛽
−𝑣1

𝛽

1−𝛽
𝑣𝑢

1(𝛽)
𝛽

1−𝛽
)

1

2
𝐾(𝑣0

1(𝛽)𝑣𝑢
1(𝛽)−𝑣1𝑣𝑢

1(𝛽))
= (

𝛽

1−𝛽
)

2
       (19) 

When the total energy release rate G  is now written as G = GI + GII, and this is inserted in eq. (16) 

together with eq. (19), the fracture toughness Gc can be computed. 

𝐺𝑐 =
𝐺1(1+𝐵)
𝐺1

𝐺𝐼,𝑐
+

𝐵𝐺1
𝐺𝐼𝐼,𝑐

= 1 − 2𝛽 + 2𝛽2 [(
(1−𝛽)2

𝐺𝐼,𝑐
) + (

𝛽2

𝐺𝐼𝐼,𝑐
)]

−1

        (20) 

The effective relative displacements at damage completion can now be derived from eq. (10), expressed 

in terms of the mode-mixity parameter β: 

𝑣𝑢 = 𝑣𝑢(𝛽) =
2(1+2𝛽2−2𝛽)

𝐾𝑣0 [(
(1−𝛽)2

𝐺𝐼,𝑐
) + (

𝛽2

𝐺𝐼𝐼,𝑐
)]

−1

         (21) 



 
16 Microscale failure mechanisms in wood 

By inserting the expressions for the mode I and mode II fracture toughness from eq. (14) and (15), 

replacing 𝑣𝑢, 𝑣𝑢
1, and 𝑣𝑢

2 by the corresponding initial values 𝑣0, 𝑣0
1, and 𝑣0

2, and solving for 𝑣0 

gives the expression for 𝑣0. 

𝑣0 = 𝑣0(𝛽) = 𝑣0
1𝑣0

2√
1+2𝛽2−2𝛽

(𝛽𝑣0
1)2+((1−𝛽)𝑣0

2)2          (22) 

1.2 Time discretization 

In order to perform finite element simulations with the interface damage model presented in the previous 

section, the model formulation needs to be discretized in time. The numerical implementation is based 

on a backward Euler approach. The model variables are evaluated for each interfacial integration point 

and for each time interval at time tn+1. It is assumed that the corresponding values at the previous time 

step tn are known, and that tn+1 = tn + Δtn+1. The incremental update at integration point level is governed 

by the relative displacement vn+1 across the interface. With this update of the relative displacement, the 

deformation measure λ is updated as 𝜆𝑑,𝑛+1 = �̂�(𝒗𝑛+1) = ‖𝒗𝑛+1‖ (Cid Alfaro et al., 2009).  

The first step in the computation process is the calculation of the mode-mixity parameter βn+1: 

𝛽𝑛+1 =
|𝑣2,𝑛+1|

|𝑣2,𝑛+1|+〈𝑣1,𝑛+1〉
              (23) 

Eq. (22) is solely dependent on the variable β, so can be updated quite straightforward by replacing β 

by βn+1. From this value, the initial damage history parameter is extracted as 𝜅0
𝑑,𝑛 = 𝑣0

𝑛+1 =

𝑣0(𝛽𝑛+1). It is now assumed that damage will occur when 𝜆𝑑,𝑛+1 > 𝜅𝑑,𝑛, with κd,n the damage history 

variable calculated in the previous step. If 𝜆𝑑,𝑛+1 < 𝜅𝑑,𝑛, no damage has occurred (yet) or the 

concerning integration point is subjected to elastic unloading (Cid Alfaro et al., 2009).  

With βn+1 and 𝑣0
𝑛+1 known, 𝑣𝑢

𝑛+1 can be calculated according to eq. (21).  

The damage increment Δdn+1 is computed by combining eq. (6) - (9) with all parameters evaluated at 

tn+1.  

∆𝑑𝑛+1 = {
 
(𝑓𝑛+1−𝑑𝑛)∆𝑡𝑛+1

𝜂𝑑+∆𝑡𝑛+1
       for             𝜆𝑑,𝑛+1 ≥ 𝜅𝑑,𝑛,               

0                             for           0 ≤ 𝜆𝑑,𝑛+1 ≤ 𝜅𝑑,𝑛,      
      (24) 

with fn+1 given by 

𝑓𝑛+1 =
𝑣𝑢

𝑛+1(𝜆𝑑,𝑛+1−𝑣0
𝑛+1)

𝜆𝑑,𝑛+1(𝑣𝑢
𝑛+1−𝑣0

𝑛+1)
.             (25) 

Formally, the damage process has completed when the damage parameter reaches unity. However, 

this might cause numerical convergence problems due to the total lack of stiffness of the interface 

elements. To solve this problem, a small positive value ε is introduced (0 < 휀 ≪ 1). Damage 

completion is now expressed as  

𝑑𝑛 + 𝑑𝑛+1 > 1 − 휀.               (26) 

Hence, the update of the damage parameter can be concisely formulated as 

𝑑𝑛+1 = 𝑚𝑖𝑛{𝑑𝑛 + ∆𝑑𝑛+1, 1 − 휀}.            (27) 

The traction vector 𝒕𝑛+1 = �̂�(𝒗𝑛+1, 𝑑𝑛+1) in the interface elements for any damage value within the 

range 0 ≤ dn+1 ≤ 1 – ε is computed using eq. (4) with the values updated for the current increment, 

which results in 

𝑡𝑖,𝑛+1 = (1 − 𝑑𝑛+1)𝐾𝑣𝑖,𝑛+1 − 𝑑𝑛+1𝐾𝛿1𝑖〈−𝑣1,𝑛+1〉, with 𝑖 = 1, 2.      (26) 

The last step is to update the damage history variable κd,n+1, using eq. (8) (Cid Alfaro et al., 2009). 

𝜅𝑑,𝑛+1 =
𝑣0

𝑛+1𝑣𝑢
𝑛+1

𝑣𝑢
𝑛+1−𝑑𝑛+1(𝑣𝑢

𝑛+1−𝑣𝑜
𝑛+1)

.            (27) 
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Note that the present time integration procedure can be performed without any iterations, due to the 

use of the specific damage loading function, eq. (9), in the kinetic law, eq, (6). Alternatively, more 

complex forms of the damage loading function require an iterative time integration procedure at the 

integration point level, which acquires significantly more computation time.  
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2 Numerical implementation 

The interface damage model presented in the previous section is used to study the three failure 

mechanisms which may occur at the wood cell wall level. The three failure mechanisms are modelled 

separately. As a first step, homogeneous and isotropic material properties are assumed, i.e. the stiffness 

mismatch between wood cell wall layers is not taken into account. The model is subjected to loads at 

the free edges, calculated in the first part of the M4-project. An example of the finite element model for 

intercellular cracking, including the finite elements discretization is found in Fig. 7a and b. No pre-

crack is placed. 

The boundary conditions used are sketched in Fig. 7c. Each solid part is restrained in one direction, to 

make every movement of the cohesive zone possible. Non-symmetrical displacements at the free edges 

are physically impossible, the model is part of a larger scale. In order to avoid non-symmetrical 

displacements, a kinematic coupling constraint is placed between the center node (dots in Fig. 7c) and 

the free surface (indicated by the straight lines at the edges). Displacements are only constraint in the 

local x’-direction, indicated by the arrows in Fig. 7c.  

 
Fig. 7 Finite element mesh for delamination at the Middle Lamella, subjected to normal and shear traction, with 

typical values for a) the cell wall thickness, b) the local mesh size Δ, the size of the plastic zone at the crack tip 

R0, and c) the boundary conditions used. All measures are in μm.  

The numerical analyses are performed using linear geometrical calculations, as explained in Part I. The 

loading rate was kept sufficiently low, to mimic quasi-static loading conditions. The substrate material 

was modelled using plane-stress 8-node iso-parametric elements, with a 2x2 Gauss quadrature. It has 

been verified that the reduced quadrature does not influence the results. The interface along which 

delamination is assumed is modelled using 4-node interface elements equipped with a 2-point Gauss 

quadrature. Connecting a side of a quadratic plane-stress continuum element to two several linear 
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interface elements formally introduces a small incompatibility between the displacement fields of both 

elements; however, this incompatibility becomes negligible when applying a very fine mesh near the 

the interface. According to Forschelen et al. (2016), the local element size Δ should be smaller than 

about 4 times the ultimate separation vu in the traction separation law. In this study, the mesh size is 

never chosen larger as Δ ≈ 2vu.  

The substrate material is modelled as an elastic-perfectly plastic material. For the analysis of the results, 

the plastic zone developing near the delamination tip was estimated by means of a material-based length 

scale parameter R0 (Tvergaard and Hutchinson, 1992). For plane-stress assumptions, the size of the 

plastic zone can be estimated by 

𝑅0 =
1

3𝜋

𝐸𝐺𝑐

𝜎𝑦
2.                (28) 

In eq. (28), v denotes Poisson’s ratio, E is the modulus of elasticity of the substrate material, Gc is the 

fracture toughness of the interface, and σy is the yield stress of the substrate material. Eq. (28) is valid 

for the case of delamination under mode I loading conditions and assuming the plastic dissipation at the 

crack tip to remain small. The size of the plastic zone also influences the minimum local mesh size 

(Tvergaard and Hutchinson, 1992). It has been verified that Δ < min { 2R0 ; 2vu }. In order to obtain an 

accurate description of the plastic zone developing over the full delamination length, the mesh size of 

the surrounding elements needs to be sufficiently small. The models with a cell wall slenderness 

l/t = 3.33 consist of 42.000 elements, with the number of elements decreasing by increasing slenderness 

down to 22.000 elements for the case of l/t = 40. Simulations indicated that these meshes appeared to 

be sufficiently fine to predict plastic stresses and deformations well. 

The material data used in the simulations is summarized in Table 1. The elastic stiffness of the 

interfacial material is taken relatively high. However, in some cases, where the shear force is relatively 

high, the model suffered from convergence problems and the value of K is taken as 5e5 N/mm3. It has 

been checked that this does not influence the results. Values for the fracture toughness and ultimate 

traction in the case of wood cell wall layers is not available in literature. The results will be presented 

in a dimensionless form, what eliminates the exact value of these parameters. Besides, the value of the 

ultimate traction is varied and determined in relationship to the yield strength of the solid material. The 

value of tu = 11.75 N/mm2 relates thus to a factor tu/σy = 0.05. The value of the fracture toughness is 

adapted for the different cell wall slenderness ratios, in order to keep the relationship t/R0 constant. For 

reasons of simplicity, the mode I and mode II fracture toughness are chosen to have the same value, so 

that the effective delamination toughness Gc becomes independent of the mode-mixity. The value of 

the relaxation parameter η is taken very small such that under quasi-static loading conditions the crack 

advancement occurs virtually rate-independent. The parameter ε, which represents the numerical offset 

at damage completion, is taken inverse to the elastic stiffness of the interface K.  

Table 1 Input parameters used in the simulations. The values shown here relate to the case of l/t = 3.33 and 

tu/σy = 0.05. 

Parameter Symbol Value Unit 

Solid material 

Modulus of Elasticity E 71000 N/mm2 

Poisson’s ratio v 0.3 - 

Yield strength σy 235 N/mm2 

Interfacial delamination 

Elastic stiffness K 1e7 N/mm3 

Ultimate normal traction tu1 11.75 N/mm2 

Ultimate shear traction tu2 11.75 N/mm2 

Fracture toughness GIc = GIIc  1 N/mm 

Relaxation parameter η 2e-6 s 

Numerical offset at damage completion ε 1e-7 - 
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3 Modelling results 

The results presented in this chapter are specified for the three failure mechanisms, in section 3.1-3.3. 

Section 3.4 provides comparisons of the different failure mechanisms. Several parameter variation 

studies are conducted, they are described in the section of the corresponding failure mechanism. A 

minimum set of parameters is defined to be necessary to describe the three failure mechanisms. The 

dimensional analyses of the critical combination of σ11 and σ22 can be expressed as a function of the 

following five dimensionless parameters: 

𝜎11−𝜎22

√𝐺𝑐𝐸/𝑡
= 𝑓 (

𝑙

𝑡
,

𝑡𝑢

𝜎𝑦
,

𝑡

𝑅0
,

𝐸

𝜎𝑦
,

𝐸1

𝐸2
).             (29) 

In the present study, the value of E/σy is kept fixed. The other parameters will be treated in the following 

sections. 

3.1 Intercellular cracking 

Intercellular cracking is delamination of the cell wall layers at the middle lamella. The influence of 

delamination on the yield surface is provided for the four cell wall slenderness ratios treated in part I of 

the thesis. In order to compare the yield surface with the collapse surfaces, the axes should be adapted 

for interfacial delamination. The parameter σy, which was incorporated in the n- and m-axis of the yield 

surface, is now replaced by the factor √𝐺𝑐𝐸/𝑡. The factors √3/4 and 3/2 are derived from a calculation 

of plastic capacity (see Part I) and are therefore left out of the axes for the collapse surfaces, as they 

have no meaning in the collapse surfaces. Remark that due to these adaptations to the axes, the surfaces 

are not bound by unity anymore, but can be of arbitrary values. 

3.1.1 Crack initiation and crack propagation 
Crack initiation and crack propagation are found to be present in several ways, depending on the load 

case. In all cases, the mechanisms show a combination of yielding and fracture. For most simulations, 

a shear load is present at cell wall 2 and 3 (the left and right leg of the joint, respectively). The crack 

propagation is then observed to follow the path shown in Fig. 8. The bottom part of the joint moves 

downward, and delamination starts in the middle of the joint, propagating in the two directions towards 

the outer edges of cell wall 2 and 3. The plastic zone develops at the crack tip and advances as the crack 

propagates. This specific crack propagation will be indicated by ‘shear crack propagation’.  

 

 
Fig. 8 Most often observed ‘shear crack propagation’, when a shear load is present at cell wall 2 and 3. The 

dots in the load-displacement diagram correspond to the situations sketched above, with a) the peak load where 

damage onset has started but damage did not complete yet, b) the moment the first elements of the cohesive zone 

show damage completion, c) and d) damage propagation under decreasing loads and increasing deformations.  

The special load case where pure normal traction loading is applied at all three edges of the cell walls 

shows a different crack propagation, indicated here as ‘normal crack propagation’. As this case is three-
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fold symmetrical, all the parts are distracted from each other and the crack initiates at the three cell 

walls simultaneously. The crack propagation for ‘normal crack propagation’ is visualized in Fig. 9. The 

mode-mixity parameter β is 0 for this case, as only normal tractions are present at the interface. 

 

 
Fig. 9 ‘Normal crack propagation’, under pure normal loading at the three cell walls. The dots in the load-

displacement diagram correspond to the situations sketched above, with a) the peak load where damage onset 

has started but damage did not complete yet, b) the moment the first elements of the cohesive zone show damage 

completion, and c) damage propagation under decreasing loads and increasing deformations. 

3.1.2 Relative interfacial strength 
In Fig. 10, two cases of the ratio between the ultimate traction of the interface material and the yield 

strength of the solid material are presented. They have been shown for several slenderness ratios. The 

size of the plastic zone relative to the thickness of the cell wall is kept constant throughout the analyses.  

The results show a pattern that is similar to the results for the yield surface in part I. It is observed that 

the moment capacity of more stocky cell walls is higher compared to more slender cell walls. Slender 

beams are thus slightly more susceptible to intercellular cracking under applied shear loading. Under 

pure normal traction the surfaces coincide (intersection with the horizontal axis). 

 
a)          b) 

Fig. 10 Delamination for different cell wall slenderness ratios with the relative size of the plastic zone at the 

crack tip taken constant as t/R0 = 22, for the cases a) tu/σy = 0.05 and b) tu/σy = 0.65. 

What is remarkable, is the fact that the shape of the collapse surface in Fig. 10 changes from more 

stretched in the vertical direction to more stretched in the horizontal direction. This shows that the 

normal capacity increases to a higher extend than the moment capacity under increasing relative 

interfacial strength.  

When the zone where damage initiates is investigated, different deformations of the interface of cell 

wall 1 (the top leg of the joint) are observed. For low relative interfacial strength, this interface is torn 

apart, although to a lesser extent than cell wall 2 and 3, Fig. 11a. For high relative interfacial strength, 
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the interface is not opened, Fig. 11b. For low relative interfacial strength, the stresses in the interfaces 

of cell wall 2 and 3 are thus redirected into the interface of cell wall 1. This results in relatively higher 

capacity for cell walls subjected to high shear loading and a low relative interfacial strength.  

 
Fig. 11 Deformation of the middle lamella of cell wall 1 with a) a relatively low interfacial strength; a crack 

opening at the middle lamella of cell wall 1 is visible, and b) a relatively high interfacial strength; the middle 

lamella of cell wall 1 remains closed.  

For low values of the relative interfacial strength, failure is a combination of yielding and fracture. 

When the ratio of the ultimate traction to the yield strength increases, the shape of the collapse surfaces 

approaches the yield surfaces, see Fig. 12. Observe that the more stocky cell walls show delamination 

at higher ratios of tu/σy, up to a value of 0.95, while the more slender cell walls show plastic failure 

before a ratio of tu/σy = 0.80 is reached. Above these values, no fracture but only yielding is responsible 

for collapse. Plastic failure is observed for lower ratios of tu/σy for the load cases with a relatively high 

shear load (corresponding to the outer top and bottom points of the curve) and the case that only normal 

loads are present (corresponding to the outer side points of the curve).  

 
a)          b) 

Fig. 12 The collapse surfaces (solid lines) approach the yield surface (indicated by the dotted lines) when the 

ratio tu/σy increases, for the cases a) slender cell walls l/t = 40, and b) stocky cell walls l/t = 3.33. 

3.1.3 Relative size of the plastic zone 
In the simulations described before, the relative size of the plastic zone t/R0 is kept constant. In this 

section will be investigated what the influence of the size of the plastic zone is on the collapse surfaces. 

Therefore, four cases will be considered: a very slender cell wall t/l = 40, with a relatively low 

interfacial strength of tu/σy = 0.05 (Fig. 13a); a very slender cell wall t/l = 40, with a relatively high 

interfacial strength of tu/σy = 0.65 (Fig. 13c); a very stocky cell wall t/l = 3.33, with a relatively low 

interfacial strength of tu/σy = 0.05 (Fig. 13b); and a very stocky cell wall t/l = 3.33, with a relatively 

high interfacial strength of tu/σy = 0.65 (Fig. 13d). The relative interfacial strength is chosen for a very 

low value of 0.05 and an intermediate value of 0.65. Higher values show pure yielding, and it would be 

impossible to investigate the influence of the size of the plastic zone. The relative size of the plastic 
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zone is taken equal to t/R0 = 22, 10, 5, and 1. Where the value of 22 is used in the simulations of the 

previous section and corresponds to a relatively small plastic zone. The value of t/R0 = 1 corresponds 

to a relatively large plastic zone.  

 
a)          b) 

 
c)          d) 

Fig. 13 Influence of the size of the plastic zone on the collapse surface, with a) a slender cell wall and a 

relatively low interfacial strength, b) a stocky cell wall with a relatively low interfacial strength, c) a slender 

cell wall with a relatively strong interfacial strength, and d) a stocky cell wall with a relatively strong 

interfacial strength. The dotted lines in c) and d) indicate the yield surfaces of the corresponding case of t/R0.  

From Fig. 13 it is found that a relatively small plastic zone (t/R0 = 22) results in a larger collapse surface. 

A small plastic zone thus indicates a higher capacity. In the case of a low interfacial strength, the 

surfaces are laid closer to each other compared to a strong interfacial strength. In Fig. 13c and d, the 

dotted lines represent the yield surfaces that correspond to the different cases of t/R0. For relatively 

small plastic zones, yielding is found only for the cases where high shear loads are applied to the cell 

walls. In the other cases, delamination is the determining failure mechanism and collapse is a 

combination of yielding and fracture. When the size of the plastic zone increases, yielding becomes the 

determining failure mechanism for more load cases and for very large plastic zones (t/R0 = 1), failure 

is completely determined by yielding, with an intermediate value of the relative interfacial strength. 

This is due to the fact that for larger plastic zones, the capacity of the interface increases. For a low 

interfacial strength, the capacity of the interface increases too for larger plastic zones, which explains 

why the collapse surfaces are laid closer together.  

3.1.4 Ratio of mode I and mode II fracture toughness 
In all simulations described above, the mode I and mode II fracture toughness were set equal. By doing 

so, the results are independent on the mode-mixity parameter β. In this section, the influence of the ratio 

between mode I and mode II fracture toughness is investigated. The mode II fracture toughness is 

increased. Therefore, the size of the plastic zone is now described as 

𝑅0 =
1

3𝜋

𝐸𝐺𝐼𝑐

𝜎𝑦
2 .                (30) 
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In all analyses, the size of the plastic zone is fixed at t/R0 = 22. The ratios that are investigated are 

GIc/GIIc = 1.00, 0.50, and 0.25. The results are shown in Fig. 15, for cell wall slenderness ratios l/t = 40  

and 3.33, and a relative interfacial strength of tu/σy = 0.05 and 0.65.  

In Fig. 14a – slender cell walls with relatively low interfacial strength – the different ratios of mode I 

and mode II are observed by a thickened bound for high shear loads. It is found that for  lower ratios, 

and thus higher values of the mode II fracture toughness, the shear capacity is slightly improved. The 

normal capacity remains, as expected, unchanged. For the other cases, Fig. 14b, c and d, the difference 

is so small that it is not visible in the collapse surface. It is thus concluded that the ratio of the mode I 

and mode II fracture toughness does not influence the capacity of the cell walls significantly.  

This can be explained by the deformation mechanism for intercellular cracking under shear loading, 

Fig. 8. The bottom part of the model is pushed downward, leaving a gap in the middle of the model. 

The crack opening is small, so the crack opens almost in mode I. The mode-mixity is thus close to β = 

0, even under high shear loads applied to the edges. The very small amount of shear stress at the 

interface does not lead to a change in the capacity of the cell wall.  

 
a)          b) 

 
c)          d) 

Fig. 14 Influence of the ratio between mode I and mode II fracture toughness GIc/GIIc, with a) a slender cell wall 

and a relatively low interfacial strength, b) a stocky cell wall with a relatively low interfacial strength, c) a 

slender cell wall with a relatively strong interfacial strength, and d) a stocky cell wall with a relatively strong 

interfacial strength. The dotted lines in c) and d) indicate the corresponding yield surface. The relative size of 

the plastic zone t/R0 = 22. 
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3.2 Intrawall cracking 

Intrawall cracking is a delamination crack at the interface between the S1- and S2-layer or between the 

S2- and S3-layer. The model is built in the same way as the model for intercellular cracking. However, 

the location of the cohesive zone is replaced at a distance of t/4 from the edge. As the secondary layers 

are formed at both sides of the middle lamella, the cohesive zone is located at both sides of the 

centerline, see Fig. 15a. The boundary conditions are imposed in the same way as for intercellular 

cracking and are shown in Fig. 15b. The loads are applied at all three free edges. The kinematic coupling 

constraints shown in Fig. 7c are also applied to this model. 

 
Fig. 15 a) Mesh and b) boundary conditions of the intrawall model.  

3.2.1 Crack initiation and crack propagation 
Crack initiation and crack propagation can be divided in two different systems: ‘shear crack 

propagation’ and ‘normal crack propagation’. The systems are visualized in Fig. 16 and 17. ‘Shear crack 

propagation’ is found for all the cases where shear loads are applied to the cell walls. The system is 

similar to the one found for intercellular cracking. The lower part of the model drops down from the 

center of the cell walls. Cracking initiates at the bottom-center and propagates towards the edges of cell 

wall 2 and 3.  

 

 
Fig. 16 Most often observed ‘shear crack propagation’, when a shear load is present at cell wall 2 and 3. The 

dots in the load-displacement diagram correspond to the situations sketched above, with a) the peak load where 

damage onset has started but damage did not complete yet, b) the moment the first elements of the cohesive zone 

show damage completion, and c) damage propagation under decreasing loads and increasing deformations.  
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In the case of pure normal loading, deformations start at three sides simultaneously, see Fig. 17a. 

However, after the peak load is reached, one of the parts starts showing larger deformations, while the 

other two corners keep at a constant deformation. Crack initiation is found at one of the three corners 

of the joint and propagates towards the edges of the two adjacent cell walls. This might happen at three 

sides simultaneously. Mark that at the moment of the peak load, deformations are still three-fold 

symmetrical. It has been checked that the asymmetrical deformations are not initiated by the applied 

boundary conditions. 

 

 
Fig. 17 Normal crack propagation, under pure normal loading. The dots in the load-displacement diagram 

correspond to the situations sketched above, with a) the peak load where damage onset has started but damage 

did not complete yet, b) larger deformations at one of the three corners of the joint, with still no damage 

completion, c) the moment the first elements show damage completion, and d) damage propagation under 

decreasing loads and increasing deformations. 

3.2.2 Relative interfacial strength 
In Fig. 18, two cases of the ratio between the ultimate traction of the interface material and the yield 

strength of the solid material are presented. They have been shown for several slenderness ratios. The 

size of the plastic zone relative to the thickness of the cell wall is kept constant throughout the analyses.  

It is observed that the moment capacity of more stocky cell walls is higher compared to more slender 

cell walls. Slender beams are thus slightly more susceptible to intrawall cracking under applied shear 

loading. Under pure normal traction the surfaces coincide (intersection with the horizontal axis). 

 
a)          b) 

Fig. 18 Delamination for different cell wall slenderness ratios with the relative size of the plastic zone at the 

crack tip taken constant as t/R0 = 22, for the cases a) tu/σy = 0.05 and b) tu/σy = 0.65. 

The collapse surfaces of several interfacial strengths for stocky and slender cell walls are shown in 

Fig. 19. As the interfacial strength increases, the collapse surfaces approach the yield surface. This 

happens at slightly higher values for the relative interfacial strength as compared to intercellular 

cracking for slender beams. For stocky beams, the opposite is true: intrawall failure approaches the 
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yield surface for slightly lower for the relative interfacial strength. The differences between the different 

slenderness ratios are therefore smaller for higher relative interfacial strength, which can also be 

observed from Fig. 18. In Fig. 19b it is observed that under high shear loads, yielding is not determining 

until very high interfacial strength tu/σy = 0.90, in comparison to intercellular cracking where the yield 

surface was reached for much lower interfacial strength tu/σy = 0.65. The fracture capacity under 

intrawall cracking is thus rather low under shear loading. This is more pronounced for stocky cell walls 

and is less significant for slender cell walls. The effect might be explained by the fact that the part of 

the cell that is ruptured from the cell, Fig. 16, is more slender for intrawall cracking compared to 

intercellular cracking, Fig. 8. Under normal loading, deformation start three-fold symmetrical and 

instead of one layer, all three layers are pulled off simultaneously, Fig. 17a. This difference with 

intercellular cracking is not large in this case. 

 
a)          b) 

Fig. 19 The collapse surfaces (solid lines) approach the yield surface (indicated by the dotted lines) when the 

ratio tu/σy increases, for the cases a) slender cell walls l/t = 40, and b) stocky cell walls l/t = 3.33. 

3.2.3 Stiffness mismatch 
In the former simulations, the solid material has homogeneous material properties. However, in the case 

of wood, all cell wall layers have their own, heterogeneous, orthotropic material properties: Poisson’s 

ratio, modulus of elasticity and shear modulus. In this section, the influence of the stiffness mismatch 

between two adjacent layers is investigated. To do so, the material properties of the inner layer, see 

Fig. 20, will remain the same as former simulations. For this layer, the value of t/R0 remains constant 

and is fixed at t/R0 = 22. The modulus of elasticity of this layer is indicated by E1. 

𝑅0 =
1

3𝜋

𝐸1𝐺𝑐

𝜎𝑦
2 .                (31) 

 

Fig. 20 Model adaptions for the stiffness mismatch. The modulus of elasticity of the inner layer, E1, equals the 

modulus of elasticity of former simulations. The modulus of elasticity of the outer layer, E2, is adapted for the 

given stiffness mismatch.  
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The modulus of elasticity of the outer layer, E2, will be adapted. The ratios of the stiffness mismatch 

that are investigated are E1/E2 = 0.1, 1.0, and 10. Fig. 21a shows three ratios of E1/E2 for a slender cell 

wall and low interfacial strength. There is no difference found between a ratio of E1/E2 = 0.1 and 1.0, 

i.e. an increase of stiffness of the outer layer does not affect the results. However, if the stiffness of the 

outer layers in decreased, E1/E2 = 10, the results are slightly lower for all load cases. The same trend is 

visible for stocky cell walls with a low interfacial strength. When the interfacial strength is increased, 

this trend only holds for high shear loads applied. Under pure normal loading, the results are unaffected 

by the stiffness mismatch. Under combined shear and normal loading, the a stiffness mismatch of E1/E2 

= 0.1 leads to the highest capacity, and a stiffness mismatch of E1/E2 = 1.0, to the lowest capacity, both 

for slender and stocky cell walls. However, the influence of the stiffness mismatch is not very much 

pronounced, especially for stocky cell walls. Under combined loading, the stiffness mismatch results in 

slightly higher capacity, thus it is likely that when a stiffness mismatch is present, yielding will occur 

at lower relative interfacial strength. 

 
a)          b) 

 
c)          d) 

Fig. 21 Results of the study into the influence of a stiffness mismatch between adjacent layers. Simulations are 

performed on a) slender cell walls with a relatively low interfacial strength, b) stocky cell walls with a relatively 

low interfacial strength, c) slender cell walls with a relatively high interfacial strength, and d) stocky cell walls 

with a relatively high interfacial strength. The relative size of the plastic zone t/R0 = 22. 
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3.3 Transwall cracking 

The third failure mechanism is transwall cracking, a crack traversing the cell wall. This crack type is 

fundamentally different from the first two mechanisms, for it cannot be characterized as a delamination 

problem. The location of the crack is not predefined, as was the case for intercellular and intrawall 

cracking. As cracking might occur half way the cell wall, which is the outer edge in the previous models, 

this model is not suitable. Besides, for the boundary conditions it is essential that the model is 

symmetrical and that both shear and normal cracks are able to develop. The model used for the 

simulations of transwall cracking is shown in Fig. 22. Cohesive elements are placed between the 

triangular solid elements of the honeycomb. It is possible for the crack to develop everywhere at the 

honeycomb.  The loads are applied at every free edge. These free edges are also meshed with triangular 

solid elements, but without the cohesive elements. The number of elements in the model vary between 

475.000 for the stocky models to 410.000 for the slender models.  

 

Fig. 22 Model for simulations of transwall cracking, with a) the boundary conditions and applied loads, b) the 

mesh in the honeycomb is very fine and c) a cohesive element is placed between every triangular element. 

It has been found that cracks initiate at different locations. It is dependent on the load case and the 

slenderness ratio. In Fig. 23 the cracked cells of three load cases for slender cell walls are shown. Under 

high shear loads, Fig. 23a multiple cracks are visible, all very close to a joint of cell walls. The cracks 

develop simultaneously. Under combined loading, Fig. 23b, only one crack is visible, at the same 

location as one crack that appears under pure shear loading. In Fig. 23c, under pure normal loading, a 

single crack appears, a short distance from a cell wall joint. The locations where the cracks appear is 

arbitrary. The whole systems loses its capacity as soon as a single crack appears. The cracks under shear 

loading propagate under an angle and change direction during crack propagation. The normal crack 

propagates in a straight line. 

 

Fig. 23 Deformations of cracked cells with cell wall slenderness ratio l/t = 40, for a) pure shear loading at free 

edges, b) combined shear and normal loading, and c) pure normal loading applied. 
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In Fig. 24 several crack patterns of a stocky cell wall are shown. Under high shear loading, Fig. 24a, 

cracks appear in four corners: two opposite corners of two cell walls. All cracks develop 

simultaneously and are located in the vicinity of a joint of three cell walls. Under combined loading, 

Fig. 24b, again multiple cracks develop, this all at the top part of the model. The beginning of a fourth 

crack appears at the bottom. Note that for all cases that shear loading is applied, the cracks propagate 

under an angle. The case of pure normal loading, Fig. 24c, shows a single, straight crack. In contrast 

to the slender cell wall, this crack appears near a joint of cell walls.  

 

Fig. 24 Deformations of cracked cells with cell wall slenderness ratio l/t = 3.33, for a) pure shear loading at 

free edges, b) combined shear and normal loading, and c) pure normal loading applied. 

3.3.1 Relative interfacial strength 
In Fig. 25 the different slenderness ratios are plotted for transwall cracking with a low relative interfacial 

strength, Fig. 25a, and a relatively high interfacial strength, Fig. 25b. The collapse surfaces have straight 

edges. Note that in Fig. 25a, the lines do not intersect at the horizontal axes, where only normal loads 

are present. This indicates that for intrawall cracking not only the moment capacity increases by 

decreasing slenderness ratio, also the normal capacity increases. In Fig. 25b, this behaviour is not 

observed, because yielding is the determining failure mechanism under pure normal loading for this 

relative interfacial strength.  

 

a)          b) 

Fig. 25 Transwall cracking for different cell wall slenderness ratios with the relative size of the plastic zone at 

the crack tip taken constant as t/R0 = 22, for the cases a) tu/σy = 0.65 and b) tu/σy = 1.20. 
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In Fig. 26 several values for the relative interfacial strength are compared for slender cell walls, Fig. 26a, 

and stocky cell wall, Fig. 26b. Observe that much higher interfacial strength is found before plastic 

failure is determining compared to intercellular and intrawall cracking. Under equal strength for the 

plastic capacity and the interface, the collapse surface is still found to be significantly smaller than the 

yield surface.  The interfacial strength can be as much as 1.45 times the yield strength for slender cell 

walls as 1.50 times the yield strength for stocky cell walls before yielding becomes the determining 

failure mechanism.  

 

a)          b) 

Fig. 26 The collapse surfaces (solid lines) approach the yield surface (indicated by the dotted lines) when the 

ratio tu/σy increases, for the cases a) slender cell walls l/t = 40, and b) stocky cell walls l/t = 3.33. 
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3.4 Comparison of failure mechanisms 

In this section the three failure mechanisms will be compared to each other. First, intercellular cracking 

and intrawall cracking will be compared. The mechanisms are quite similar, both simulate delamination 

of different cell wall layers. In section 3.4.2, intercellular cracking, intrawall cracking and transwall 

cracking are compared.  

3.4.1 Intercellular cracking vs. intrawall cracking 
The collapse surfaces of several cases of intercellular and intrawall cracking are compared to each other. 

The results are shown in Fig. 27. For low interfacial strength, tu/σy = 0.05, Fig. 27a, and slender cell 

walls intrawall cracking has a much higher capacity and intercellular cracking is always determining. 

For stocky beams, the capacity under relatively low shear loads is much higher for intrawall cracking, 

but under pure shear loading intrawall cracking becomes the determining failure mechanism. When the 

relative interfacial strength is increased to 0.50, Fig. 27b, the difference between the two failure 

mechanisms reduces. Under pure normal loading intercellular cracking is determining, while under pure 

shear loading, the cell wall will fail at the S2-layer. The point that the two failure mechansims intersect 

is about halfway the curve. For slender cell walls this point lies for somewhat higher shear loads 

compared to stocky cell walls. Thus, for intermediate interfacial strength, slender cell walls show only 

intrawall cracking under relatively high shear loads, stocky cell walls fail only by intercellular cracking 

for relatively high normal loads. When the relative interfacial strength is 0.65, Fig. 27c, intrawall 

cracking is always determining. For very high interfacial strength, Fig 27d, there is no difference 

between intercellular and intrawall cracking, for both fail by yielding.  

 
a)          b) 

 
c)          d) 

Fig. 27 Comparison of intercellular cracking (IC, indicated by solid lines) and intrawall cracking (IW, 

indicated by dotted lines). All figures contain both failure mechanisms for cell wall slenderness ratio l/t = 40 

(gray lines) and l/t = 3.33 (black lines).  

3.4.2 Delamination vs. transwall cracking 
In Fig. 28 the three failure mechanisms are compared to each other. It is assumed that the relative 

interfacial strength of all the failure mechanisms equals tu/σy = 0.65. It is obvious that transwall cracking 
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would dominate in every case. However, from experiments it is observed that all failure mechanisms 

can occur. This indicates that the interface strengths might differ for the three failure mechanisms.  

 

Fig. 28 Comparison of the three failure mechanisms intercellular cracking (solid lines), intrawall cracking 

(dotted lines), and transwall cracking (dash-dot lines), with an interfacial strength of tu/σy = 0.65 assumed for 

all the mechanisms. 
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4 Recommendations for a case study of wood 

The results described in the former section remain rather generic. As the results are all presented in 

dimensionless form, they are applicable to all materials that correspond to the given set of parameters. 

The failure mechanisms are derived from literature on wood, but could, theoretically, appear in every 

layered, cellular structure.  

The wood cell wall is more complex than the simplified representation used in the previous sections. 

Not only can nine cell wall layers be distinguished, all these layers have their own material properties. 

Information on the elastic properties, such as the modulus of elasticity, Poisson’s ratio, and the shear 

modulus are available in literature for every layer for multiple wood species. However, strength and 

interfacial properties are not widely spread in literature, as are moisture dependent properties. 

As a first step in predicting fracture behavior of wood at the cell wall level, the yield surface could be 

constructed. If all cell wall layers have the same yield strength, the yield surface remains unchanged 

and looks like Fig. 14 in Part I – Geometrical model. It is possible though, that the yield strength changes 

for every wood cell wall layer. It might be interesting to see how this influences the yield surface. 

However, the question rises if it is valid to describe the behavior of wood at the microscopic level by 

assuming a yield surface. At a macroscopic level, wood’s behavior is described as quasi-brittle in 

tension and elasto-plastic in compression. This study focuses on failure mechanisms in tension, and for 

that case quasi-brittle failure is determining for wood at the macroscopic scale. However, quasi-brittle 

failure at the macroscopic scale, is not necessarily derived from quasi-brittle failure at a lower scale 

level. Moreover, this study shows that quasi-brittle failure is always a combination of fracture and 

plastic yielding at the crack tip. The microscopic behavior in tension might be quasi-brittle, plastic 

yielding or a combination of both. From Bader et al. (2010) it is known that quasi-brittle failure is the 

governing failure mechanism under tensile loading at the microscale. 

Therefore, it is interesting to construct the collapse surfaces of wood. The interfacial strength should 

perhaps not be taken relative to the yield strength, as this is an unknown and uncertain parameter, but 

could be taken relative to the fracture strength of the wood cell walls itself. These strengths are not yet 

mentioned in literature. Some attempts have been made to find values that simulate fracture behavior 

of wood in a qualitative way. Lukacevic et al. (2015) used the shear strength of lignin for the strength 

of the middle lamella. In addition, the other cell walls are modelled as one additional layer, where the 

tensile strength of the cell wall in longitudinal direction is assumed as strength for the combined layer. 

They concluded that models with material properties that correspond to these values are able to simulate 

the fracture patterns observed in experiments. However, it is not possible to make any comments on the 

quantitative meaning of these values.  

An approach to construct the collapse surface for transwall cracking is mentioned in Bader et al. (2010). 

They verified that a von Mises-type failure criterion for lignin predicts softwood failure strengths under 

tensile radial loading very satisfactorily. This indicates that tensile failure in the radial direction is 

dominated by cracking of the lignin matrix. In that case, the fracture strength of all cell walls should be 

equal, because determined by the same mechanism. However, the experiments that verify these 

assumptions are performed at the macroscale. It is recommended to verify the assumptions with 

experiments at a lower scale level. It is possible to determine the fracture strength of every individual 

wood cell wall layer (Adusumalli et al., 2010). With this information, the collapse surface for transwall 

cracking for the complete wood cell wall can be constructed using the model presented in this study. 

To find the other two failure mechanisms, intercellular and intracellular cracking, a value for the 

interfacial strength is needed. Intercellular cracking is cracking of the middle lamella. It might be 

sufficient to follow the approach of Lukacevic et al. (2015) and take the von Mises shear strength of 

lignin (fy,lig = 14,3 N/mm2 (Lukacevic et al., 2015, Bader et al., 2010)) to describe the fracture strength 

of the middle lamella. For intracellular cracking, which takes place between the S1-S2 layer or the S2-

S3 layer, additional experimental research is needed to find the interfacial strength at both sides of the 

S2-layer. Interfacial strengths between other layers is interesting, but might not be necessary to 

reproduce the failure mechanisms of wood.   
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5 Conclusions 

There are three failure mechanisms found at the wood cell wall level under tensile loading. In the first 

section the  influence of relative interfacial strength and the load case on the crack initiation and 

propagation and the collapse surface is provided. Several material parameters that influence the collapse 

surface are discussed in the second section. A comparison of the failure mechanisms is included in the 

third section.  

5.1 Failure mechanisms 

Intercellular cracking is found to initiate at the center of the joint of the three cell walls and propagates 

into cell wall 1, 2, and 3 simultaneously, under pure normal loading. In the presence of a shear force, 

the crack propagates only into cell wall 2 and 3. However, for low interfacial strength opening of the 

middle lamella of cell wall 1 is observed, although damage completion is not found. Cell wall 1 remains 

closed for higher interfacial strength. This is the reason that for low interfacial strength the shape of the 

collapse surface is stretched in the vertical direction. The shear capacity increases slowly with 

increasing relative interfacial strength, while the normal capacity increases more pronounced, resulting 

in a collapse surface that is more stretched in the horizontal direction for relatively high interfacial 

strength. 

Intrawall cracking is found to initiate at the point where the interface of cell wall 2 and 3 meet. Crack 

propagation is similar as observed for intercellular cracking. Under pure normal loading, crack initiation 

occurs at all interfaces simultaneously, but crack propagation is found at only one point in two direction 

from the center. For low interfacial strength, the shape of the collapse surface is relatively straight and 

becomes more concave when the interfacial strength increases. Both normal and shear strength increase 

by more or less the same amount under increasing interfacial strength. 

Transwall cracking show similar deformation mechanisms under all circumstances. For slender cell 

walls, the number of cracks initiating simultaneously is lower compared to stocky cell walls, where 

often multiple crack locations are observed. Under high shear loads applied, the number of crack 

locations increases too. The location of the crack is close to the joint of three cell walls under shear 

loading, and shifts more to the center of the cell wall under pure normal loading.  

Table 2 Schematic overview on the investigated parameters and their influence on the collapse surface 
Parameter  Failure mechanisms 1: 

Intercellular cracking 
Failure mechanism 2: 
Intrawall cracking 

Failure mechanism 3: 
Transwall cracking 

Slenderness ratio l/t A decrease of the slenderness ratio results in higher shear capacity under all 
circumstances. 

Relative interfacial 
strength tu/σy 

A higher relative interfacial strength leads to higher capacity of the cell wall under all 
circumstances. The yield surface provides an upper bound.  

Load case Pure normal loading 
shows a different 
deformation mechanism 
compared to models with 
shear loads applied.  

Pure normal loading 
shows a different 
deformation mechanism 
compared to models with 
shear loads applied. 

The deformation 
mechanisms are very similar 
in all cases, but the crack 
location and number of 
cracks is influenced by the 
load case. 

Relative size of the 
plastic zone t/R0 

A relatively small plastic 
zone leads to smaller 
collapse surfaces. The 
difference is more 
pronounced for high 
interfacial strength. 

- - 

Ratio of mode I and 
mode II fracture 
toughness GIc/GIIc 

No influence is observed. - - 

Stiffness mismatch 
E1/E2 

- No significant influence is 
observed.  

- 
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5.2 Parameter variation study 

A minimum set of parameters is defined to be necessary to describe the three failure mechanisms. The 

dimensional analyses of the critical combination of σ11 and σ22 can be expressed as a function of the 

following five dimensionless parameters: 

𝜎11−𝜎22

√𝐺𝑐𝐸/𝑡
= 𝑓 (

𝑙

𝑡
,

𝑡𝑢

𝜎𝑦
,

𝑡

𝑅0
,

𝐸

𝜎𝑦
,

𝐸1

𝐸2
).             (29) 

In the present study, the value of E/σy is kept fixed. 

It is found that when the slenderness parameter l/t increases, the moment capacity increases too. Stocky 

cell walls have a higher capacity compared to slender cell walls, both in yielding and fracture analyses. 

An increase of the relative interfacial strength tu/σy leads to a higher capacity of the cell walls. For all 

values of tu/σy collapse is due to a combination of fracture and yielding. This holds until a sufficiently 

high value of the ratio tu/σy is reached, after which failure is due to yielding only. The height of the ratio 

where this switch is present, depends on the slenderness ratio. For slender cell walls the yielding is 

determining at lower relative interfacial strength compared to stocky cells. For the load cases of pure 

normal loading or pure shear loading yielding is determining at lower relative interfacial strength 

compared to a combination of normal and shear loading. 

The relative size of the plastic zone, expressed as t/R0 shows that a relatively small plastic zone (high 

value of t/R0) leads to smaller collapse surfaces. Under low interfacial strength, the difference is smaller 

compared to high interfacial strength.  

The influence of the stiffness mismatch E1/E2 is not so much pronounced. For low interfacial strength, 

an increase of stiffness of the outer layer does not influence the results. A decrease of stiffness of the 

outer layer shows a smaller collapse surface. When the relative interfacial strength is increased, the 

simulations with an increased stiffness of the outer layer shows the highest capacity. In the case of high 

shear loads, a decrease of the stiffness of the outer layer decreases the capacity of the cell wall.  

From analyses it has been shown that an increase of the mode II fracture toughness, i.e. a decrease of 

the ratio between the mode I and mode II fracture toughness GIc/GIIc, does not influence the model. This 

is due to the specific geometry and deformation mechanisms, where failure is mostly due to mode I 

crack opening.  

The influence of the different parameters mentioned above is summarized in Table 2.  

 

5.3 Comparison of failure mechanisms 

If the interfacial strength is assumed equal for both intercellular and intrawall failure and is relatively 

low, the model fails by intercellular failure when high normal loads are present. However, under high 

shear loads, intrawall failure becomes the determining failure mechanism. As the interfacial strength 

increases, a shift of the intersection between these failure mechanism takes place and for relatively high 

interfacial strength failure is always determined by the intrawall failure mechanism.  

The transwall collapse surface is found to be much smaller under equal interfacial strength. In wood, 

all three failure mechanisms are found in experimental studies. However, no information is available in 

literature on the strength properties of the wood cell wall layers, nor on the interfacial strength between 

the several wood cell wall layers. Therefore, it is not possible to draw any conclusions on the ratio 

between the different strength properties in wood in relation to the occurring failure mechanism. 
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