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SUMMARY 

 
With the research hereinafter described, three main objectives were set: 

• the development of a novel methodology to evaluate timber, taking into 
account the material variability within each member; 

• the identification of novel techniques and approaches for the detection and 
the modelling of gross anatomical features of wood; 

• the proposal of a complementary approach to the visual grading, for the 
mechanical assessment of timber elements. 

For this purpose, timber elements were analysed on the basis of so called 
morphology-based models, that is, mechanical models whose parameters are 
linked to the anatomic structures of the material. 
In particular, three-dimensional models have been implemented, in which the 
spatial domain is defined by the arrangement of the material layers at the 
mesoscale. 
The spatial modelling of the wood growth layers allows taking into account two 
factors affecting the clear wood behaviour: the stiffness alternation of the earlywood 
and latewood bands and the local anatomical directions of the material. 
Digital techniques, based on computer vision and geometrical modelling, have been 
integrated in the method, in order to support the mechanical modelling of timber. In 
particular, they allow providing a 3D mathematical description of the internal 
morphology of wood members at the scale of the growth layers, from the analysis of 
the vein and ring patterns on the element surfaces. 
The method permits to avoid introspective imaging, resorting to low-cost, non 
invasive techniques. 
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 SOMMARIO 

 
Con la ricerca svolta in questo lavoro di tesi ci si è posti tre obiettivi complementari: 

• lo sviluppo di una metodologia innovativa per la caratterizzazione 
meccanica del legno nelle costruzioni, che tenga conto della variabilità del 
materiale in ciascuna membratura; 

• l’individuazione di nuove tecniche per l’identificazione e la conseguente 
modellazione di caratteristiche anatomiche macroscopiche del legno. 

• La proposta di un approccio, complementare alla classificazione a vista, per 
la caratterizzazione di membrature lignee. 

A tal fine, elementi lignei sono stati analizzati utilizzando dei cosiddetti modelli 
“morfologici”, ovvero modelli meccanici i cui parametri sono legati alle 
caratteristiche anatomiche del materiale. 
In particolare, sono stati implementati modelli tridimensionali il cui dominio spaziale 
è definito dalla stratificazione del materiale alla mesoscala, ovvero al livello degli 
anelli annuali. 
La modellazione degli anelli di crescita del legno permette di valutare due fattori che 
influenzano il comportamento meccanico del legno netto: la differente rigidezza 
degli strati di legno primaverile ed estivo, all’interno di ciascun incremento annuale, 
e le direzioni anatomiche locali del materiale. 
Tecniche digitali, basate sull’analisi di immagine e la modellazione geometrica, 
sono state integrate nel metodo proposto, a supporto della modellazione meccanica 
degli elementi lignei. In particolare, esse sono state utilizzate allo scopo di ottenere 
un modello geometrico tridimensionale degli strati interni del materiale, che potesse 
essere utilizzato come input nell’analisi FEM “morfologica”.  
Tale modello tridimensionale è ottenuto dall’analisi delle sole superfici esterne 
dell’elemento in esame, ovvero della grana sulle facce laterali e degli anelli di 
crescita sulle facce trasversali. In tal modo il materiale è stato studiato in modo del 
tutto non invasivo, evitando l’uso di costose tecniche introspettive. 
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1. INTRODUCTION 
 
 

1.1 Background 
 
Wood is a very complex building material, even considering a clear wood element, 
with no natural defects. The fibrous structure and the layering due to annual rings 
make the wood strongly anisotropic, with large differences in mechanical properties 
parallel-to and perpendicular-to-grain. Furthermore, heterogeneities, especially the 
ones that generate fiber deviation, affect lumber strength and their effect is difficult 
to be measured and modelled, for the variability that occurs within the timber 
members.  
Visual grading criteria correlate mechanical properties of lumber with visual 
features, such as growth characteristics, surface decay and geometrical defects 
that can affect these properties. 
On that regard, the accuracy of these methods is inherently limited by any 
deficiencies in the relationship they depend on and, of course, by any contingent 
inaccuracy of the grader. 
In order to reduce the subjectivity of the results and optimize the procedure, 
automatic wood inspection systems have been developed for visual grading. 
Optical log scanners use external log geometry variables such as taper, surface 
unevenness, sweep and out-of-roundness to pre-sort logs automatically by grade. 
The sorting accuracy increases when non-geometry variables such as density and 
grain angle are added.  
Several types of defect detection equipment are available on the market, most of 
which rely on electromagnetic wave transmission (Bucur, 2003). The most common 
techniques use colour cameras, lasers, x-rays, microwaves and radiofrequency. 
While the two former techniques permit to automatically detect some external 
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features, internal log scanning permits to obtain, through non-destructive 
techniques, internal information of defects. 
Attempts have also been made to predict internal defects, such as knots, by means 
of their appearance on the log surfaces. These studies are based on statistical 
relationships between log morphology and defects type and position. Once the log 
is sawn, however, it is hard to establish these relationships. 
Automatic defect detection and lumber sorting is nowadays a well developed 
process within the sawmill production, but the most of the techniques and 
procedures cannot be applied for in-situ grading of traditional timber members. 
Visual grading criteria themselves have not been conceived to evaluate old timber 
on site. In the case of traditional timbers, typically characterized by large scantlings, 
variability of the properties is greater across the timber thickness when compared 
with the variability along the member (Kasal et al., 2004). 
Moreover, the position of defects along and across the element should be 
considered with reference to the acting stresses. If material variability is correlated 
to the loading condition a more accurate prediction of the mechanical behaviour of 
the timber element is possible. 
In order to improve the knowledge of wood properties and behaviour, and more 
specifically, to elaborate models that are able to explain the dramatic variability 
observed on its properties, morphology-based approaches are often proposed. 
Several theoretical models propose parameters linked to the anatomic structures of 
wood as being important factors affecting the mechanical properties. 
Morphological models can be used to analyse the variability of wood properties at 
the different structural levels of the material organization. The most of the proposed 
models are based on the microstructural features and, because of their extremely 
large computational requirement, they cannot be applied for simulation of wood at 
the macro-structural level. 
 
1.2  Objectives of this study 
 
There are three main objectives with the work reported in this thesis: 
 

• To analyze some aspects of the influence of material anatomy on the 
mechanical behaviour of timber 

 
• To experiment novel techniques and approaches for the detection and 

modelling of gross anatomical features of wood 
 

• To propose a possible complementary approach to the visual grading, for 
the mechanical assessment of timber elements 
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In particular the method implemented in this research work permits to 
“morphologically” model timber elements at the meso-scale of the growth layers. 
 
1.3 Strategies 
 
Different disciplines are involved in this research work: wood science and 
mechanics of the material as well as image analysis and computer graphics. 
The research work has been carried out at the Department of Mechanical and 
Structural Engineering (DIMS) as regards the mechanical testing and modelling. 
The part of the research, concerning with the implementation of the methodology for 
the detection and geometric modelling of the growth layers, has been carried out at 
the GraphiTech Foundation, in Trento.  
 
The conducted work is of both experimental and computational nature and can be 
divided into four main tasks: 
 

• Formulation of a method for the three-dimensional geometric modelling of 
the growth layers in timber elements 

 
• Verification of the geometric models 

 
 
• Implementation of the three dimensional model for the numerical analysis of 

timber elements 
 
• Experimental verification of the mechanical models 

 
The first task has been the determination of the geometrical data of the growth 
surfaces. For this purpose a method has been implemented that permits to model 
the internal layering of wood from the analysis of the external texture of the 
element. 
The method is conceived for possible application as a non destructive technique for 
the evaluation of timber elements, possibly also on site. The initial input data are the 
images of the faces of the element, acquired by means of a scanner or a camera. 
Image analysis techniques are used for the detection of both the growth rings on 
the transverse faces and the veins on the longitudinal faces of a timber element. 
The parametric curves approximating the growth layers boundaries on the element 
surfaces are then generated from the processed images. The further step is the 
modelling of the internal surfaces, from the boundaries curves, and the analysis of 
the relevant mathematical information. 



 4 

 
The method has been verified for Spruce specimens of different size, ring 
orientation and grain characteristic. Graphical data have been compared with the 
relevant features observed on the correspondent specimen. The growth layers 
patterns on the surfaces and in different cross-sections along the virtual and the 
real specimens have been compared. 
 
The modelling of the growth layers is the necessary first step for the development of 
a more complex morphological model at the mesoscale. Indeed, it permits to 
consider two fundamental aspects that influence the mechanical behaviour of wood: 
the local variation of the orthotropic directions and the radial alternation of 
earlywood and latewood. 
The geometric model of the surfaces approximating the boundaries of the growth 
layers permits to directly derive one of the anatomical directions of the material, 
namely the radial, for each point of the surface. The other two directions depend on 
the patterns of the fibres within the growth layers. In the implemented methodology 
however, local variations of the material direction are neglected, while the material 
orientation is averaged at the level of the growth layers. The method permits to 
extract a complete set of coordinate axes of the material in the two cases of 
straight-grain and spiral grain. In the latter case additional measures on the faces of 
the element must be done, in order to consider the real value of the grain angle. 
 
Analysis of the effects of material layering and fiber orientations on stress 
distribution are conducted with the finite element method. In particular, the 
geometrical data, obtained in the previous step, are used to build a “morphology-
based” FEM model.  
 
To verify the FEM models, mechanical tests have been carried out on the samples 
used to build the models. 
Additional tests have been performed to assess the mechanical properties and the 
density profiles of the tested material.  
It should be pointed out, that the performed experiments were not aimed at studying 
effects of material variability, except for the ones due to the examined anatomical 
features. On the contrary, the material used in the tests was taken from a single log, 
in order to confine the variability of the other material properties. 
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1.4 Limitations 

 
The material layering of wood, at the level of the growth ring, is just one of the gross 
anatomical features that could be investigated and modelled by means of the 
“morphology-based” approach developed in this research work. Other features, 
such as knots or splits, could be added to the initial “layered” model, by further 
implementing the method. 
The method so far permits to effectively model straight-grained and cross-grained 
clear wood. The term ‘timber’, however, is used because the dimension of the 
analysed samples was sometimes too big to avoid the presence of defects. 
 
The modelling of the radial alternation of earlywood and latewood is of course of 
main interest for species with a significant change in cell pattern across the ring. In 
particular, Spruce (Picea abies Karst.), a softwood with a gradual transition from 
earlywood to latewood, is examined in this research. This choice is determined by 
the relatively good availability of data on the mechanical properties of the two 
seasonal materials for this species. 
 
Numerical analysis is conducted within the linear range. The stress/strain patterns 
resulting from the linear elastic analysis are considered, in order to study local 
effects and stress concentration areas, that could highlight failure initiation loci. 
 
The level of magnification and the other characteristics of the model permit to 
effectively study the behaviour of wood under specific load conditions. In particular, 
transverse compression and bending for intermediate orientations of the annual 
rings and in the case of cross grain have been studied. 
 
1.5 Outline of the thesis 
 
In Chapter 2 a brief introduction to the characteristics of wood, both anatomical and 
mechanical is presented. The material is analysed at the different levels, from the 
cellular scale to the structural scale. In particular, the influence of the material 
layering at the mesoscale as well as of the variation of the material directions, on 
the mechanical behaviour of wood is considered. Researches aimed at developing 
morphology-based models at the different scales are also reviewed. 
 
In Chapter 3 a preliminary study on some anatomical and mechanical properties of 
the material used for testing is presented. In particular the methodology developed 
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in the present research has been tested for spruce elements. The material used in 
the verification analyses is taken from a single log, in order to reduce the variability 
of the analysed properties. 
In Chapter 4 the method for the generation of the geometrical model of the material 
layers is outlined. In particular the objectives and the general strategies adopted are 
specified. The method can be considered as composed of two parts: 
 

• The automatic (or semiautomatic) detection of the set of points on the 
images of the ring and vein patterns, corresponding to the boundary curves 
of the growth surfaces. This part of the method relies on image processing 
and analysis techniques, as described in Chapter 5. 

 
• The generation, from the set of data points detected in the previous stage, 

of the parametric curves approximating the boundary curves of the growth 
surfaces, and consequently of the parametric surfaces approximating the 
growth surfaces themselves. For this purpose geometric modelling methods 
are adopted, as described in Chapter 6. 

 
In Chapter 7 the implementation of the numerical model from the geometrical data 
gathered in the previous part of the method is discussed. In particular the problems 
related to the generation of the finite element model from the solid model, the mesh 
generation and the orientation of the material orthotropic properties are described. 
 
In Chapter 8 the hypotheses for the material modelling are discussed, taking into 
account the results of the tests presented in Chapter 3 and on the basis of the data 
reported from the literature. In particular it is highlighted how, one of the limits in the 
formulation of a reliable numerical model of the material at the level of the growth 
layers is given by the lack of data on the mechanical properties of the intra-ring 
materials. In fact in this case many assumptions had to be formulated, given the 
lack of reliable experimental data. 
 
In Chapter 9 the validity of the morphology-based modelling method proposed in 
the current research is analysed, by comparing the experimental and numerical 
data obtained, by testing spruce specimens in transverse compression and 
bending. Specimens have been chosen on the basis of the growth ring and grain 
orientation. 
Chapter 10 presents the summary and final conclusions drawn from the present 
study. 
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2. PROPERTIES AND BEHAVIOUR OF TIMBER: CONCEPTS 
AND MODELLING 

 
 

2.1 Material complexity, structural levels and related morphology-based models 

 
Because of its natural origin, the physical properties of wood frequently exhibit an 

unusually wide degree of variability. The internal structure of wood at the different 

scales gives rise to anisotropic behaviour, with large differences in mechanical 

properties parallel-to and perpendicular-to-grain. The structural complexity of wood 

is compounded by the fact that anisotropy can be identified within layers of the cell 

wall, in the entire cell, in an aggregate of cells, and finally in an aggregation of 

several types of woody tissue. In addition to natural variability and anisotropy, wood 

is also porous and heterogeneous. Heterogeneities derive from growth 

characteristics in the form of knots, grain deviation, irregularities in the rings 

structure, pitch pockets, shakes, etc. 

The variability of the properties of wood can be analysed at the different structural 

levels of the material organization by means of morphological models. 

A morphology-based model is one where the parameters of the computational 

model are drawn directly from the physical structure of the material. Rather than 

treating the material as a statistically homogenized continuum, it is represented as a 

collection of discrete elements each with assigned properties based on the different 

microstructural features represented. 
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In this research work the variability of the material at the level of the growth layers 

and some effects of this variability on the mechanical behaviour of timber elements 

are analysed by means of a finite element morphology-based model. 

 

Figure 2.1. Different structural scales of wood 

 
 
2.1.1 Micro scale: cell level 

 
To understand a growth ring in greater detail, it is essential to begin with an 

understanding of the structure, function, and variability of the cells that compose the 

ring.  

Each species includes a number of functional cell types. In softwoods, long, 

threadlike cells, called tracheids, perform both mechanical and conducting function. 

In hardwoods, conversely, the former function is performed by the fibers and the 

latter by larger-diameter cells, the vessels. Parenchyma cells are a storage tissue, 

present both in softwoods and in hardwoods. 

The characteristic feature of woody cells is the special nature of their cell walls. The 

structure of the cell wall can be conveniently regarded as a layered fibre composite. 
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The role of “fibre” in the composite is ascribed to cellulosic chains, that form thread-

like units called microfibrils, embedded in a hemicellulose and lignin matrix. The 

microfibrils and other substances are organized into lamellae, and the lamellae, in 

turn are organized into thicker units called cell wall layers.  

The cell wall consists of three main regions: the middle lamella, the primary wall, 

and the secondary wall (Figure 2.2). Actually, the middle lamella is not regarded as 

a cell-wall layer, since it acts primarily as a bonding medium, holding the cells 

together. The primary wall is a very thin layer in which the microfibrils are loosely 

packed and are randomly oriented. The primary wall and the middle lamella are 

similar in their chemical composition and are often treated as a single compound 

layer. The secondary wall consists of three layers. The outermost, known as S1, is 

thin comprising less than 10 per cent wall thickness, and has microfibrils oriented in 

a direction from 50° to 70° from the longitudinal cell axis, in two distinct spirals, one 

right-handed the other left-handed. The S2-layer is the most dominant layer, making 

up about 70-80% of the thickness of the cell wall. The angle between the microfibril 

direction and the longitudinal cell direction in the S2-layer varies within the range of 

about 5° to 45°. The performance of wood is closely associated with the 

microfibrillar angle of the S2 layer and it is possible to relate some of the variation in 

strength, stiffness, moisture-related dimensional instability and fracture morphology 

to variations in this angle. 

 

Figure 2.2. Schematic drawing of the layers in the cellular structure of wood 

Middle lamella

Inner layer

Middle layer

Outer layer

Primary wall

Secondary wall

3(S  )
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2.1.2 Meso scale: growth ring level  

 
Wood is produced by the vascular cambium, one layer of cell divisions at a time. In 

many woods there are large cohorts of cells produced more or less together over a 

discrete time interval. This layered arrangement of the cells is known as growth 

increment or growth ring. Growth increments stand out in wood to varying degrees 

because the growth intensity, and consequently the cell size and arrangement and 

the density of the wood produced are not uniform throughout the growing period. In 

a temperate climate, the seasonal variation in temperature, water supply and 

daylight affect the growth and annual rings are formed. 

The wood formed early in the growing season, light in weight with large lumina and 

thin cell walls, is called earlywood or springwood. The primary function of earlywood 

in the living tree appears to be the conduction of fluids. The final portion of the 

growth ring which is denser, darker in colour, with smaller lumina and thicker cell 

walls is called latewood or summerwood. Because of the increased amount of cell 

wall substance, latewood has a dominant influence on some of the mechanical 

properties of wood. 

There are three fundamental patterns within a growth ring: no change in cell pattern 

across the ring, a gradual reduction of the inner diameter of conducting elements 

from the earlywood to the latewood, and a sudden and distinct change in the inner 

diameter of the conducting elements across the ring. These patterns appear in both 

softwoods and hardwoods, but differ in each due to their distinct anatomical 

structural differences. Most of the authors (i.e. Bodig & Jayne, 1982), however, 

consider just two ring structures in softwoods: a) with abrupt transition, b) with 

gradual transition (Fig. 2.3). 

Two or more apparent annual rings can be produced under certain conditions in a 

single growing season. False rings typically occur when the normal growing season 

is interrupted by drought, frost or defoliation, resulting in a ring of apparent 

latewood. When conditions improve, trees can once again produce earlywood, then 

complete the annual growth normally with latewood production. 

Discontinuous rings are growth rings that fail to form around the whole 

circumference of a tree. This can occur with trees with small, one-sided crowns or 

by trees with a damaged vascular cambium. 
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The variability of wood occurs not only within the growth ring but also among 

different rings, in the radial direction, from pith to bark, and in the longitudinal 

direction, from the base of the tree to its top. In the radial direction, the outer part of 

the trunk is called sapwood, in which nutriens and water are stored and transported, 

whereas the inner part consists of heartwood and serves mainly as structural 

support. 

The innermost part of the stem consists of juvenile wood, which is the wood 

produced during the fist decades of growth. For softwood, the juvenile wood 

consists of the first 15-20 growth rings from the pith and has a much lower density 

and longitudinal modulus of elasticity than the mature wood. 

Due to spiral growth and to the taper of the stem, the fibres are seldom fully aligned 

with the pith. In softwoods, the wood immediately adjacent to the pith is straight 

grained, but spiral develops very soon and reach a maximum value within the first 

ten annual growth layers. During subsequent growth the grain angle decreases 

towards zero and often, later on, it changes spiral direction. In Picea abies the initial 

spiral is left-handed and reversal to right-handed occurs in an extremely variable 

time. In general the spiral grain pattern is not the same within different growth 

increments, neither along different radii in the stem nor at different heights in the 

stem (Harris, 1988). 

 

 
Figure 2.3. Early/latewood patterns in softwood: 

 (a) abrupt transition, (b) gradual transition 
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2.1.3 Macro scale: clear wood 

 
Clear wood is free from gross strength affecting features. Properties determinations 

are based on the presumption that clear wood is homogeneous and continuous and 

are obtained from specimens of limited dimension that represent bulk behaviour 

averaged over relatively few growth rings.  

The mechanical properties of clear wood depend mainly on the fibre orientation. 

Nevertheless property variation within the local anatomical directions is usually not 

addressed. Instead, a global coordinate system, relative to the three principal 

directions of growth of the tree stem is generally considered. The stem can be 

referenced to a cylindrical coordinate system with L the longitudinal axis parallel to 

the pith and the other two axes, respectively R and C, being located radially and 

along the curvature of the growth rings in the cross section of the stem. For the 

most part, however, wood is analyzed in a rectangular coordinate system. Here the 

curved growth rings are modelled as planar growth layers and the tangential 

direction T is introduced. Of course the linearization of ring curvature introduces 

larger errors for pieces taken near the pith and in ‘non-tangential’ samples. Also the 

hypothesis of straight fibers, parallel to the L axis, is a simplification. In fact , even if 

clear wood is generally considered “straight-grained”, the stem taper and the spiral 

growth are almost unavoidable in some species, and so a certain degree of cross-

grain is always present. 

However, clear wood is simplified into an orthotropic material with the geometric 

axes of the element and the anatomical orthotropic axes coincident.  

Clear wood properties are affected by environmental factors. Especially they are 

strongly dependent on the moisture content of the material at the time of loading.  

Traditional practice is to determine properties for wood in the green (saturated cell 

wall) condition and with 12% moisture content. In the case of static (monotonic 

short term load) properties, interpolation procedures are used to estimate properties 

at different moisture contents. 
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2.1.4 Massive scale: structural timber 

 
Sawn timber in structural dimension is a non-homogeneous material, which 

contains growth characteristics in the form of knots, grain deviation, irregularities in 

the rings structure, etc. 

Such growth characteristics, which were once created to serve the needs of the 

tree, will usually affect the strength significantly when the timber is sawn and used 

for other purposes. Whether these gross anatomical features enhance or diminish 

apparent strength depends upon the property involved. For example tension related 

axial strength properties are diminished by knots, but shear strength can be 

significantly enhanced by their presence. However, imperfections in structural 

timber are in general loci of stress concentrations and potential failure sites. 

Therefore, the mechanical behaviour of timber cannot be derived with any reliability 

from the properties of clear wood, and the material at the two scales can be 

properly considered as two different materials: “timber is as different from wood as 

concrete is different from cement” (Madsen, 1992). 

Because of their high variability, mechanical properties of structural timber are 

usually determined by direct testing of timber elements according to a standardised 

methodology and defined on the element level rather than on the material level. 

In order to define and manage lumber strength and stiffness variability within the 

sawmill production strength grading criteria have been established. 

Strength grading is based on indirect methods, where measurements or 

observations of other properties of timber pieces are used to predict the strength. 

Visual grading is the original method for strength grading and uses empirical 

relationships, based on laboratory mechanical tests and statistical relationships, to 

assign lumber members to an established strength class by measuring some visual 

features, such as growth characteristics, surface decay and geometrical features. 

Machine-graded lumber is lumber evaluated by using a nondestructive testing 

technique, that permits to correlate either different mechanical properties such as 

stiffness and strength, or mechanical to physical properties of the material. 
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2.1.5 Morphological models 

 
Different approaches to derive the material properties and the mechanical 

behaviour of wood through morphological modelling of its structure at the different 

scale have been adopted in previous works. Sub-cell and cell level models have 

been developed and further used as building blocks for analysis of higher structural 

scales of the material. 

Notwithstanding the complexity, some success has been achieved in predicting 

stiffness properties of cell walls from properties of the chemical constituents 

(Sakurada et al. 1962, Mark, 1967; Cave, 1978, Persson, 2000). Thickness and 

relative orientation of microfibrils are the primary factors influencing contribution of a 

layer to wall stiffness in a co-ordinate direction. Several simplified models of the 

microfibril organisation formed as repetitive elements have been proposed (Preston, 

1974, Fengel, 1970). Geometrical cross-sectional shapes of the various models of 

microfibrils are similar: with a central core of cellulose, surrounded by hemicellulose 

and externally bounded by lignin. 

Laminated plate theory has been often used to model cell wall layers (i.e. Astley et 

al., 1998). Morphological models have been developed especially to describe the 

single woody cell and the cell aggregations. 

In 1928 Price considered the tracheids as circular tubes, arranged in a uniform two-

dimensional lattice. The model explained the superior stiffness of wood in the 

longitudinal direction, but provided no explanation for the differences in stiffness 

between the radial and the tangential directions. Lattice models have been more 

recently proposed by Parrod et al. (2002) and Davids et al. (2003) to predict the 

fracture behaviour of tension perpendicular to grain specimens. Gillis (1972) 

replaced the tubular geometry with a two-dimensional honeycomb model, 

composed of uniform hexagonal cells, that permitted to describe the transverse 

anisotropy of wood. According to this model, the deformation in the tangential 

direction is dominated by cell wall bending, whereas in the radial direction, where 

the cell walls are all aligned, the deformation takes place mainly by compression. 

Gibson and Ashby (1998) have provided a detailed description of the calculation of 

the equivalent mechanical properties of cellular solids, treated as hexagonal cellular 

structure, of which wood is an example. Their approach is limited to the study of 

one cell at a time, so that the properties it provides are those of a material of 
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uniform density. In order to better understand transverse anisotropy, the hexagonal 

cell model has been further refined by Koponen et al. (1989) and (1991), who 

considered also the presence of the rays and determined the properties of 

earlywood and latewood separately, through using different densities and cell wall 

properties for these two wood regions. The honeycomb model was also used by 

Kahle and Woodhouse (1994), who determined the stiffness properties of the 

annual ring by modelling it as composed of three different regions with uniform 

density, the earlywood, the transitionwood and the latewood. Three-dimensional 

finite elements modelling of aggregations of real wood cells was performed by 

Astley et al. (1998) and Persson (2000), by extruding the cell wall pattern resulting 

from micrographs. While Astley et al. (1998) derived the orthotropic elastic moduli 

only for earlywood, Persson (2000) determined the stiffness properties of the three 

regions of the growth ring. Both the variation in density and in the radial widths of 

the cells within each region was considered. Homogenisation procedures were then 

used to determine the equivalent stiffness properties of a representative volume of 

clear wood. 

The homogenised material properties give an accurate prediction of real material 

behaviour, in the case that a stress or strain state is tolerably uniform over a length 

scale, corresponding to the typical size of the heterogeneities. However, this 

condition is often violated close to discontinuities in material, where sharp gradients 

in stress and strain occur in areas of limited extension.  

Conventional orthotropic continuum-based finite element models coupled with 

microstructure-based morphological models have been often used to reduce the 

extremely large computational requirement for simulation of wood at the meso- and 

macro-structural level, especially for the study of the fracture behaviour of structural 

timber. 

The interaction between fracture behaviour in clear wood and material anatomy, at 

the scale of the growth ring, has been studied by Thuvander et al. (2000). In 

particular the influence of repetitive stiffness variation over the growth rings on 

radial crack growth in the LR and TR systems, have been studied by means of a 

two-dimensional finite element model. The radial variation in stiffness was resolved 

by use of layers of elements, reproducing the orientation of growth rings in a small 

specimen (20x20 mm), where each layer was given individual stiffness properties. 
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Goodman and Bodig (1978) appear to be the first to investigate the possibilities of 

using the finite element method for predicting strength reducing effects of knots in 

timber. They introduced the “flow-grain analogy” to model the grain deviation 

around knots, using fluid mechanics equations for laminar flow around an elliptical 

cylinder. In later researches combined effects from knots and knot related grain 

deviation, cross grain, cracks and eventually also dive angles in tensile specimens, 

were modelled by finite element method. Zandbergs et al. (1988), Cramer et al 

(1989) and Stahl et al. (1990) studied the effect of knots and of the associated local 

grain deviation in lumber, by means of 2D finite element models, whose meshes 

simulate the grain line patterns. This modelling technique permits to simulate the 

progressive fracture process of the specimens by introducing “local failures” in the 

form of cracks propagating along the grain lines. In Zanderbergs et al. (1988) fiber 

deviations were predicted by means of the “flow grain analogy”, while in the further 

studies automated, non-destructive grain angle measurements (Mc Lauchlan et al. 

1978) were used. Stahl et al. (1990) not only measured the surface angles but also 

estimated the radial fiber deviation, the so called dive angles, in order to describe 

the orientation in three dimensions of the fibers. The variation of the ring angle in 

the cross-section was however ignored. The “fiber-paradigm” developed by Foley 

(2003) permits to estimate the fiber orientation and local radial material directions 

for any position within timber containing knots. The ‘paradigm’ assembles various 

theories on fiber and knot formation, among them, the flow-grain analogy and the 

Shigo’s knot formation theory (Shigo 1997, from Foley, 2003). The objective is to 

obtain transformations and material matrices describing a combined material at a 

point. The assumption of a combined material, whose properties were determined 

by means of homogenization techniques, permits to take into account the variation 

of material properties within the annual growth layer. 
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Figure 2.4. Examples of morphological models of wood at different scales 

 

 

2.2 Properties and behaviour of clear wood 

 

2.2.1 Density 
 
Since wood is a porous material, the density of the solid wood substance of its cell 

walls differs from the density of a finite volume of clear wood. The density of the 

solid wood substance, also called bulk density, has been found to be very similar in 

all timbers and is about 1,5 g/cm3. Variations in the size of the cell cavities and the 

thickness of the cell walls cause variations of the specific gravity of wood. Thus, 

specific gravity is an excellent index of the amount of wood substance contained in 

a wood sample; it is also a good index of mechanical properties as long as the 

wood is clear. 

In the case of compression parallel to grain, strength tends to be linearly dependent 

on density. In the case of transverse compression, it is frequent to adopt a nonlinear 

relation given by: 

 
αρ)(90, ≈cf   (2.1) 
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where 90,cf  is the transversal compressive strength, ρ is the density and α is a 

constant ranging between 1.5 and 2.3. This value depends on growth rings 

orientation, specimen dimensions and criteria for definition of failure. In the absence 

of more information, a value of α equal to 1.7.is recommended (Gehri, 1998). 

EN 384 (CEN, 1995) standard proposes the following characteristic strength value 

in compression perpendicular to grain: 

 

kkcf ρ⋅= 015.0,90,  (N/mm2)                                                                               (2.2) 

 

with kρ  (kg/m³). 

Density is defined as the mass of unit volume. For practical computations the mass 

is determined by dividing the weight by the volume. Lignin and hemicellulose are 

material constituents of wood that absorb water and swell, which affects the volume 

and the weight of a wood sample, so that is necessary to specify the moisture 

content at which specific gravity is measured. 

According to EN 408 standard (CEN, 2003), given the conditioning of the 

specimens, the average density is determined, for a moisture content of 12%, by: 

 

%12

%12
%12 V

m
=ρ                                                                                                        (2.3) 

                                                                                                                             

Here, m indicates the mass and V indicates the volume. 

Since the earlywood and latewood walls differ in their cross-sectional shape and 

thickness, the density of the wood varies considerably over a growth ring (Fig. 2.5). 

For Spruce, density is generally inversely related to ring width as growth rate affects 

the earlywood width while the amount of latewood remains more or less constant. 

Therefore, ring width can be used as a rough estimate of density, and thus stiffness 

and strength, and it is included in the timber grading rules. 

Persson (2000) determined the density function of a growth ring, in spruce, 

assuming a linearly increasing density for the earlywood and latewood regions and 

an exponential curve for the intermediate transitionwood region. The densities of 

the three regions were then represented by the average values for the respective 
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regions and were expressed as the cell wall area ratio of a cross section by the bulk 

density of the cell wall. 

 

 
Fig. 2.5. Variation in basic density over a growth ring in Spruce (based on 

Persson, 2000) 

 
The influence of position in the tree on density has been studied by many 

researchers. It is generally stated that the butt log contains wood of the greatest 

density and that the lower density occurs in the upper portion (Kollmann & Côté, 

1984). However in spruce there is a little correlation between height in the tree and 

density. The variation in density throughout a particular cross-section of the stem, is 

shown in Figure 2.6 (Smith et al, 2003). In spruce trees, the wood of lowest specific 

gravity is always produced near the pith where wide rings usually are formed. The 

highest density is produced in sapwood with narrow annual rings; a period of 

decrease may follow in mature wood of very old trees. Fig. 2.7 shows a stem-

growth diagram for spruce with the distribution of the density of wood over the plane 

determined by the stem axis and the north-south direction. 
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Fig.2.6. Diagrammatic radial variation of density in spruce (breast height) 

(from Smith et al.,  2003)  

 
 

 
Fig. 2.7. Basic stem-growth diagrams showing the distribution of the 

density in Spruce (from Kollmann et al., 1984) 
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2.2.2 Stiffness properties. Linear behaviour in transverse compression and 

bending 

 
In case short-term phenomena are studied and the stress magnitudes are 

moderate, wood behaves as a linear elastic orthotropic material. Its constitutive 

behaviour, below the limit of proportionality, can be described by Hooke's 

generalised law. The stiffness matrix can be written as following:  
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where L, R, and T are the three orthotropic directions. 

The parameters of the material stiffness matrix are three moduli of elasticity, LE , 

RE  and TE , three moduli of shear, RLG , TLG  and RTG  , and six Poisson's ratios, 

LRν , RLν , LTν , TLν , RTν and TRν . For uniaxial cases, the first index denotes the 

loading direction and the second index the strain direction. Due to the symmetry of 

the matrix, there are nine independent parameters describing the stiffness of the 

orthotropic material. 

The variation of elastic parameters with ring angle is often neglected, and a 

transverse isotropy is assumed for wood, with identical properties in the radial and 

tangential directions. By referring only to a transverse direction, the number of 

independent elastic parameters is reduced to five. Since the fibres are mainly 

oriented in the longitudinal direction, the strength and stiffness are considerably 
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greater in this direction than in the two transverse directions. However, there is also 

a difference in stiffness between the radial and tangential directions. The stiffness in 

the radial direction, in softwoods, is about 1.5 times higher than the stiffness in the 

tangential direction. This difference is mainly due to the fact that the cellular 

structure in the two transverse directions differs both at microscopic and at the 

macroscopic level. Factors affecting the transverse anisotropy at the microscopic 

level are the more regular cell wall arrangement in the radial direction, as well as 

the presence of ray cells. At the macroscopic level the different properties of early- 

and latewood, that appear in series radially, but in parallel tangentially, lead to 

different stiffness in the two directions. 

 

On the basis of the different properties of earlywood and latewood, Bodig (1965) 

used the “weak layer” theory to explain the behaviour of wood in radial compression 

and the “spaced column” theory for wood in tangential compression. 

Earlywood/latewood ratio was found to be an important parameter in explaining the 

differences in behaviour of wood under radial and tangential compression, as well. 

Kennedy (1968) indicated that species with low latewood percentage were stronger 

in radial direction, while species with high latewood percentage were stronger in 

tangential direction. 

Madsen et al. (1982), clarifies that the collapse of some cells walls may occur in the 

presence of low stress values, leading then to a substantial deviation from the 

straight imaginary line corresponding to a pure elastic behaviour. As a consequence 

the stress-strain diagram can be nonlinear in all its length, expressing a 

combination of elastic behaviour of some cells with collapse of other cells. 

Jernkvist and Thuvander (2001) experimentally determined the transverse 

coefficients of elasticity RE , TE , TG  and TRν , for a single growth ring of Norway 

spruce. The average elastic properties of the growth ring RE  and TE  were found 

to be twice as large as measured in conventional tests on macroscale specimens, 

whereas the reverse was found for the shear modulus. A possible explanation for 

these differences is that, in macroscale tests, the load is not fully aligned to the 

principal axes of the material. The off-axis part of load induces shear, and due to 

the low transverse shear modulus of wood, the measured effective modulus of 

elasticity is lower than that measured on macroscale specimens, with curved rings. 

Moreover shear is caused not only by the regular growth curvature, but also by 
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small deviations from the growth layer cylindrical structure. The random occurrence 

of such disturbances in the material could be an explanation of the very large 

variability of stiffness, which is found in the transverse but not in the longitudinal 

direction. 

 
In contrast to pure tension and compression, the elastic behaviour of wood in 

bending is dominated by the longitudinal stiffness, and stiffness differences across 

the grain are secondary. 

Grotta et al. (2005) studied the effect of growth-ring orientation and 

latewood/earlywood location on bending properties of small clear Douglas-fir beams 

(10x10x150 mm). The research showed that MoE does not differ with ring 

orientation and its variation is lower if loads are applied to the longitudinal-radial 

surface than to the longitudinal-tangential surface. In the latter case, there is an 

effect on the MoE-LR whether the compression surface is earlywood or latewood. 

Increasing the size of the specimens the ring orientation is hardly pure radial or 

tangential. In this case, no significant correlations between both ring orientation and 

earlywood/latewood position with the MoE can be found. 

Moreover, increasing the size of the specimen, and consequently increasing the 

number of the annual rings, the jumps of the stress distribution in a bent beam, due 

to the variations of the Young’s moduli of earlywood and latewood will reduce, as is 

shown in Figure 2.8 (Ylinen, 1943, from Kollmann & Côté, 1984). 

 

 

Fig. 2.8. Stress distribution over the cross section in a wood beam, 

 treated as heterogeneous and loaded with a constant bending moment 

(Ylinen, 1943, from Kollmann and Côté, 1984) 
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2.2.3 Nonlinear behaviour, strength and failure modes in transverse compression 

and bending 

 
When wood is subjected to loading above the limit of proportionality, irreversible 

changes in the material take place and the force-displacement relation becomes 

nonlinear. For wood loaded in tension these changes are small up to the point 

where fracture occurs. In compression, wood behaves in a highly nonlinear way due 

to its porous nature. 

Many authors have characterized the physical-mechanical behaviour of wood in 

compression perpendicular to grain, as a function of the orientation of the annual 

growth rings. 

Bodig(1965) and Kennedy (1968) studied the behaviour of species with different 

growth ring structures in radial and tangential compression. The stress-strain curves 

were related to the corresponding anatomical structure of the specimen (Fig. 2.9). 

In radial compression the slope of the stress-strain curve changes after reaching a 

relatively small strain at the yield stress. The part of the curve below the yield point 

is referred to as the elastic region. The last part of the stress-strain response with a 

steep slope is generally known as the densification region. After the first failure of 

wood, in the weakest earlywood layer, additional failures occur in the same or in 

several other earlywood layers as the compression progresses. 

These progressive failures are shown in the stress-strain curve by irregular saw-

tooth shapes, each tooth representing a “micro-stress-strain curve” relative to a 

growth layer. 

Compression in the tangential direction gives a continuously increasing curve 

directly after the elastic region. Indeed, in tangential compression, all the earlywood 

and latewood bands participate in the support of load and all fail simultaneously. 

The strength of the earlywood layers is very low, however, and their participation is 

much more important in the lateral support of the latewood layers than in the actual 

support of the load. 
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Fig. 2.9. Stress-strain curves of spruce in transverse compression (from 

Bodig, 1966) 
 

The compression strength of wood at 45° to the annual ring is less than either the 

values in radial or tangential compression, according to the general composite 

materials elastic theory (Kollman, 1959, from Kollmann & Côté, 1984). Moreover, 

loading at an angle to the growth ring often generates shear failure. 

In standard compression test in Europe (EN 408:2003) the load is applied over the 

entire surface of the specimen (full load test surface). In contrast, in the test 

commonly used in North America (ASTM D 143-94), the load is applied over only a 

portion of the specimen (partially loaded test surface). In this case, the maximum 

strength increases due to the added edge effect, resulting in a shear effect along 

the perimeter of the compression plate (Bodig, 1969; Blass and Görlacher, 2004). 

The failure modes for clear wood in full surface transverse compression are shown 

in Fig.2.10. 
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( a ) ( b ) ( c )
 

Figure 2.10. Failure of Spruce in radial (a), diagonal (b) and tangential (c) 

compression 
 

Ethington et al. (1996) showed that compressive strength perpendicular to the grain 

is related in an approximately quadratic form with the orientation of the annual 

growth rings. 

However, the high anisotropic behaviour of wood at different structural levels and 

the influence of the annual growth rings along the direction of the load are generally 

not considered, due to the lack of a clear failure of wood transversally loaded and to 

the difficulties in the definition of a univocal testing procedure. 

The attempt of achieving a strength criterion in transverse compression 

unanimously accepted has been very complex and is still facing difficulties. 

On an early stage, the issue focused on the concept of materials densification; 

however this can only be used for non-porous materials and it is not applicable to 

wood (Bodig, 1965). The definition of densification depends on the plastic 

deformation adopted as an ultimate failure criterion. A nominal limit of 2.5% of the 

original size was used in the past on the characterization of the proportional limit 

(Youngs, 1957). 

Madsen (1989) adopted a criterion based on an extension of 0.2% for the 

evaluation of the strength values of different softwoods with different orientation of 

the annual rings. This means that strength is defined by intersecting the stress-

strain curve with a line, parallel to the linear portion of the diagram, at a distance of 

0.2 percent strain. 

As it was stated before, it is very difficult to define the linear portion of the stress-

strain curve, and thus its slope: Therefore, the slope of the parallel line will not be a 

precise tool for assessment of the transverse compression strength. 
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According to EC5 (CEN, 1998), failure by excessive deformation or loss of stability 

are recommended as a failure criteria; EN 1193 (CEN, 1997) recommends a plastic 

deformation value of 1%. In terms of total deformation, proposed values are around 

2% to 5% (Bodig and Jayne, 1982). 

Gehri (1997) identified different approaches for definition of failure with the goal of 

characterizing strength in transverse compression (Fig 2.11). 

 

 
Figure 2.11.  Criteria for definition of failure: (a) pronounced plastic stage; (b) deformation 

criteria based on the offset strain εpl or total strain εtotal; (c) excessive deformation, with 

imposed value of global deformation (Gehri, 1997). 

 

As regards the bending behaviour, because a complex nonlinear stress distribution 

prevails at the time of failure, MoR can be considered only as an approximation to 

the true ultimate bending stress (Fig.2.12). 

Empirical corrections factors have been consequently developed to modify MoR for 

beams of different sizes and shapes. 
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Fig.2.12. Stress distribution in a clear wood beam caused by progressively increasing 

bending moment 

(from Bodig & Jayne, 1982) 

 

Typical failure patterns of clear wood in bending with span parallel to grain are 

shown in Figure 2.13. Simple tension failure (a) is not common in bending but is 

occasionally observed in wood of high density. Cross-grain causes the typical 

failure along the fiber in the tension zone (b). Splintering caused by tension (c) 

usually occurs in dry wood. Brash tension (d) indicates the presence of defects, 

such as compression wood or decay. Compression failure (e) generally occurs in 

low density wood. Shear failure near the neutral plane (f) sometimes occurs in 

species that exhibit abrupt changes in the growth layers. 

 

( a )

( b )

( c )

( d )

( e )

( f )  
Fig. 2.13. Failure modes of clear wood in axial bending (from Bodig & Jayne, 1982) 
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2.2.4 Modelling the influence of fibre and ring angles 

 
In general, when the growth ring curvature cannot be neglected and the fibres are 

not parallel to the element axis, timber is anisotropic and elastically heterogeneous 

with respect to a Cartesian system of coordinate axes attached to the element. This 

means that all the compliance parameter of Eq. 2.4 can be different from zero and 

all strains are coupled to all stresses. The apparent modulus of elasticity is 

therefore a very complex function of ring and fibre angles and of the elastic constant 

of wood.  

In this case, the material stiffness can be determined, with reference to the global 

directions, by means of a transformation of the coordinates. 

Cross grain is the general term for an angle between the direction of wood fibres 

and the longitudinal axis of a timber element. It may be classified as diagonal grain 

or spiral grain. The latter is a growth characteristic, while the former is either due to 

the taper of the stem or caused during sawing. Of course spiral and diagonal grain 

can occur together. 

A block of wood with cross grain is illustrated in Figure 2.14, with both the geometric 

(X, Y, Z) and material (L, R, T) axes shown. 

 

 
Figure 2.14. Geometric (X,Y,Z) and orthotropic (L,R,T) axes of a block of wood with cross 

grain 

 

The two coordinate systems are related by the coordinate transformation equation: 
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where a local global denotes the direction cosines between the global and local 

directions, respectively. 

The transformation of the stress vector mσ  and the strain vector mε with reference 

to the material directions, into the stress vector gσ  and the strain vector gε , with 

reference to the geometric directions, is made by the transformations: 

 

gm T σσ ⋅= ; g
T

m T εε ⋅=                                                                                (2.6) 

 

with T given by: 
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                                                                                                                              (2.7) 

 

For any orientation of wood fibres and growth ring within the element, three 

independent angles are required. The Euler angles ф, ρ and λ describe how 

vectors originally aligned with the geometric axes must be rotated to align with the 

material axes (Keywerth, 1951 from Kollmann & Côté, 1984). 

The transformation matrix A given by Hermanson et al. (1997) is constructed as the 

product of the transformations for the three Euler rotations: 
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Generally the material directions are measured by means of the surfaces angles. 

The L axis orientation can be defined by measuring the projections of fibres onto 

the two perpendicular longitudinal faces of the element. These projections are 

generally reported as grain angles. One more angle is required to define the 

positions of the R and T axes about the L axis. The ring angle, measured on the 

transversal face of the element, between the growth ring and the element face, 

provides this information (Fig. 2.15). 

 

 
Figure 2.15. Wood fiber at general orientation with respect to the element axes (X, Y, Z) and 

projections onto the element faces shown by “grain” (α and β) and “ring” angles (γ). 

 

The Euler angles can be solved in terms of the two grain angles α and β and the 

ring angle γ: 
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Simplified transformation matrices are proposed by other authors, but they are not 

valid in the general case.  

The method proposed by Goodman and Bodig (1970) is valid only in the case of 

diagonal grain. The coordinate transformation is: 
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with ring angle φ , grain angle θ  and z the element’s longitudinal direction. 

Derived from Eq. 2.12, Figure 2.16 shows the effect of grain and ring angle rotation 

on the effective modulus of Sitka spruce (Bodig & Jayne, 1982). 

 

 
Figure 2.16. Effect of grain and ring angle rotations on the Young modulus for Sitka spruce 

(from Bodig & Jayne, 1982) 
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The transformation in the special case of spiral grain is given by Bindzi and Samson 

(1995): 
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Non linear properties at intermediate angles to the grain are generally predicted by 

means of interpolation formulas, once these properties are determined for the two 

extreme orientations of the fibres with respect to the direction of stress, namely 

parallel and perpendicular. 

The Hankinson’s formula (1921) (Eq. 2.14) is the most applied empirical method for 

wood in compression in two dimensions: 
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=                                                                       (2.14) 

 

Where θ  is the grain angle and θσ ,u , 0,uσ , 90,uσ  are the ultimate compression 

stress at the angle θ , parallel and perpendicular to grain respectively. 

Hankinson’s formula was extended by Kollmann in 1934 (from Kollmann & Côté, 

1968) to apply to tension. The exponent “2” was replaced by the constant “n” which 

is empirically determined to a value of n=1÷2 in tension and n=2÷2,5 in 

compression.  

Another formula relating grain angle to the allowable stress in compression at that 

angle is the Osgood’s formula, often intended as a generalization of the 

Hankinson’s formula: 
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Where a is a coefficient that is species-dependent. 
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In the case of ring angle different from zero degree, Bodig and Jane (1982) 

proposed a three-dimensional analogue of Eq. (2.14) (3d Hankinson’s formula).  

The relative compression strength at ring angle φ  and grain angle θ : 

 

θθ φ

φ
θφ 22 cossin FF

FF
F

L

L

+
=                                                                              (2.16) 

 

is expressed in terms of compression strength in the radial and tangential direction, 

that varies as a sinusoidal function in the RT-plane. 

Hankinson’s formula can be used to predict ultimate strength as well as elastic 

parameters at various angles to the symmetry axes of the timber element. However 

experimentation is required in order to determine at least two arbitrary parameters. 

 

2.2.5 Influence of moisture content 

 
Above the fiber saturation point free liquid filling the capillaries of the wooden 

tissues does not affect strength and elastic properties. Below the saturation point 

shrinkage or swelling occur thus increasing or reducing cohesion and stiffness. 

Carrington’s results (1922, from Kollmann & Côté, 1984) of the effect of moisture 

content on the elastic constants of spruce are plotted in Figure 2.17. 

Of the elastic constants, Young’s modulus along the grain is the least sensitive to 

moisture content, while elasticity in the transversal plane is highly moisture 

sensitive. 

The Poisson’s ratios RTν , TRν  and LTν increase with increasing moisture content, 

while LRν  decreases with increasing moisture content. 

Earlywood and latewood are differently sensitive to moisture content. In particular 

the elastic modulus in both the radial and tangential direction is strongly affected by 

moisture content, and latewood is more sensitive than earlywood, because of its 

thicker cell-walls. According to the models’results of Koponen et al. (1991) the effect 

of moisture is 5-10% to the elastic modulus in earlywood and 10-20% in latewood 

(Fig. 2.18). 
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Fig. 2.17. Effect of moisture content on elastic constants of Sitka spruce 

(Carrington, 1922, from Kollmann & Côté, 1984) 

 

 

 
Figure 2.18  Effect of moisture content on the radial and tangential elastic moduli of 

earlywood and latewood (from Koponen, 1991) 
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The first experiments on the influence of the moisture content on the strength of 

wood in transverse compression were carried out by Stamer (1920, from Kollmann 

& Côté, 1984). Kollmann and Côté (1984) give the following linear relation between 

moisture content and 90,cf : 
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−
⋅=                                                                                    (2.17) 

 

An indication of how moisture alters the mechanical properties of wood is reflected 

in the stress-strain curves. Figure 2.19 shows the stress-strain curve in radial 

compression for Douglas-fir, that is a species with abrupt transition from earlywood 

to latewood (Bodig & Jayne, 1982). Changes in modulus of elasticity, work and 

brittleness are highlighted by the slope of each graph, by the area under each curve 

and by the characteristic of the curves in the failure region, respectively. In general 

all the mechanical properties of wood, including brittleness, tend to increase at 

lower moisture content. 

Due to the fact that the stiffness of the latewood is more sensitive to moisture 

content, the variation in stiffness in the radial direction is less pronounced in the 

green (saturated) wood. Hence, in radial compression the stress-strain curve shows 

the typical saw-tooth shapes in the case of dry wood, while a large plateau is shown 

in the non linear region in the case of green wood. 

 

 
Figure 2.19. Stress-strain curves of Douglas-fir in radial compression at various moisture 

contents (from Bodig & Jayne, 1982) 
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2.3 Defects 

 
In wood which contains defects a wide variety of failure patterns is observed. 

Defects cause a modification of the resistant section, due to internal 

inhomogeneities, and consequently they are responsible of an unusually complex 

distribution of stresses in the material. 

Wood structural design is based on the hypothesis of a relatively fragile material, 

with strength influenced by natural defects that often initiate failure and might cause 

the collapse of the element. 

In this paragraph only gross anatomical defects are considered and their influence 

on the mechanical behaviour of timber, in particular in transverse compression and 

bending. 

 

2.3.1 Cross grain 

 
Any form of deviation from the straight-grained condition is considered to be a 

defect in structural timber because of the reduction of strength in the member in 

which it occurs. Strength properties most sensitive to cross grain are, in order of 

severity, tension, bending and compression along the grain. Modulus of elasticity is 

also very sensitive to cross grain. Figure 2.20 shows the correlations between some 

strength properties and the grain angle. 

Transverse properties are differently influenced by cross grain. In the case of 

transverse compression, for example, strength and stiffness of cross-grained 

samples are higher than of straight-grained samples of the same wood. In fact, in 

case of cross-grain, load can be decomposed in the direction of the fibers and 

transversely to them. Hence, the resulting stiffness is given by the composition of 

the stiffness in the two directions. 

As shown in § 2.2.4 the relationship between fiber orientation and strength 

properties is usually described by Hankinson’s formula while elastic properties are 

determined by transformation of the stiffness matrix. 

Since truly straight-grained timber is the exception, the extent and degree of grain 

deviations is an important consideration when using wood for structural purposes.  
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The “slope” of grain is the deviation of the grain from the edge of the piece or from a 

line parallel to its principal geometrical axis. Slope is usually designed by the ratio of 

a unitary deviation of the grain from the edge to the distance along the edge over 

which the deviation occurs. 

Normally strength grading based on visual methods are limited to consideration of 

surface grain angles in the wide-face plane of boards. 

In traditional timber structures, whose elements are mainly beams instead of 

boards, all the four longitudinal faces of the elements have to be considered. In this 

case, grading procedures require the measurement of slope of grain in the radial 

and tangential plane. In the Italian standard UNI 11119:2004, different limits to 

slope of grain are set for LR and LT faces, in particular stricter limits are set for LR 

slopes. Indeed, the grain is the projection of the wood fibres onto the measurement 

surface. Grain on LR faces describes stem tapering, and in absence of spiral grain, 

it also corresponds to fibres direction, on the contrary on LT faces the slope due to 

spiral grain can be measured but not the one due to diagonal grain. 
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Figure 2.20. Correlation between grain angle and compressive (c) and bending (f) resistance 

(from Giordano, 1999) 
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2.3.2 Knots 

 
A knot is a branch base embedded in the wood of a tree trunk. The organization of 

the branch is similar to that in the main stem, and the tissue systems of the two 

structures are interconnected. A continuous growth increment is laid down 

simultaneously over the stem and the branch. The part of the knot developed while 

the branch is living is called “intergrown”. When a branch dies, its cambium ceases 

to function and from this time on there is no more continuity in the woody tissue 

between the branch and the stem. As successive growth layers are added, they 

continue to pass around the branch stub until it is completely covered. 

According to Wangaard (1950), the formation of wood around an intergrown knot 

takes on a different pattern above the knot than below: a more evident continuity of 

the tissues occurs at the lower side of the branch, where conduction takes place 

mostly, while on the upper side of the knot the fibers deviate out of the tangential 

plane, with so called dive angles. A cross section through the knot in the tangential 

plane of the stem shows the grain distortion around the knot, as described in the 

flow-grain analogy by Goodman and Bodig (1978) (see also Philips et al., 1981). 

The extent to which knots affect the strength of a timber element depends upon 

their position, size, number, direction of fibre, and condition. 

Among the strength reducing factors related to knots, local grain deviation is the 

most significant (Kollmann & Còtê 1984, Wangaard 1950). 

The strength is also affected by the reduction of the clear wood area in the cross-

section and the consequent stress redistribution. The effect of knots on the 

compression strength along the grain is much less pronounced than on the tensile 

strength. Figure 2.21 shows the stress distribution over the cross section of a 

notched compression specimen of isotropic material. With anisotropic and 

heterogeneous materials, such as wood, the same distribution cannot be expected; 

however even here notch causes a local stress concentration and the stress peaks 

increase with decreasing diameters of curvature of the notches. Knots behave 

better than simple holes, in fact, according to Boatright and Garret (1983) the fiber 

orientation around knots strengthens the knot where maximum shear stress caused 

by stress redistribution occurs. 
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Transverse compression strength, hardness and shear strength increase with the 

presence of sound, tight knots, which behave as pegs made of a harder wood than 

the surrounding material. 

 

 
Fig. 2.21. Stress distribution over the cross-section of a notched compression specimen of 

isotropic material (from Kollmann & Còtê 1984) 

 

Figure 2.22 shows the distribution of stress in knotted bending members according 

to Hatayama (1983, from Foley 2003). 

 

 
Fig. 2.22. Stress distribution in a bending member with knot (Hatayama 1983, from Foley, 

2003) 
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Both theoretical and experimental investigations on the effect of different types of 

knots on the bending strength of wood were carried out by several authors (i.e. 

Zhou & Smith 1991, Kollmann & Còtê, 1984) 

A comparison of some European standards regarding timber visual grading 

highlights the differences concerning the way in which knots can be accounted. 

The KAR (Knot Area Ratio) criterion takes into account the incidence of knots within 

the cross-sectional area. Moreover marginal KAR and total KAR criteria permit to 

evaluate the incidence of knots on the basis of their position in sawn timber. The 

former considers, as reference area, just the external part of the cross-section 

(generally ¼ of the total height). 

In order to compute the KAR, knowledge of the internal shape of knots is required. 

This is generally possible in relatively thin boards, in the case the knot is visible on 

two faces of the element, or conversely in un-sawn timbers or large scantlings 

including the pith. In fact, in a simplification, knots can be spatially considered as 

conical elements radiating from the log pith. Consequently, the KAR can be 

computed considering the intersection of the cone with the correspondent cross-

section. Actually, neither the shape of knots nor their spatial direction always 

correspond to this simplification. In fact knots can be cones with inconstant elliptical 

generatrix and not linear directrix, moreover their direction depends on the radial 

angle and the insertion angle. 

In order to by-pass all these difficulties a different criterion has been established 

that considers just the superficial incidence of knots. In this case, the ratio of the 

sum of the knots diameters to the edge of the face where knots appear is 

measured. 

In the British codes, the KAR method is adopted by the BS 4978:1996 (for 

softwoods) while the BS 5756:1997 (for hardwoods) considers just the knots 

diameters on the correspondent faces. The latter method is also adopted by the 

French AFNOR B52-001-04 (1991). 

In the German DIN 4074: 2003 knots diameters, or ‘equivalent diameters’ in the 

case of spike knots, are referenced to the edge of the face where they are 

measured. 

The Swiss SIA 265/1 (2003) considers the incidence of knots taking into account its 

variability, depending on the size and shape (sawn or round timber) of the element 

as well as the orientation of the annual rings (tangential or radial boards). In 
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particular the KAR criterion can be used in the case of round timber, the sum of 

diameters of the knots appearing on all the faces is considered in the case of 

boards, while in thicker elements just the incidence on the single face is taken into 

account. 

prEN 14081-1:2000 lays down the requirements for visual and machine graded 

structural timber with rectangular cross-sections having deviations from the 

standard sizes. In this standard, both the criteria for measuring knots are permitted, 

moreover, knots can be measured “in relation to absolute values for a given range 

of timber sizes”. The standard also states that “different limitations on knot sizes 

can be specified for different portions of the piece, e.g. a margin area with different 

knot limitations from the rest of the piece may be included”. 

Knots reduce the modulus of rupture of wood considerably if they are located in the 

tension zone near the critical cross section. For this reason in the Italian standard 

UNI 11119:2004, concerning on site inspections of timber members, the occurrence 

of defects must be related to the critical areas and critical cross-sections, that 

correspond to maximum stress rate zones. 

 

2.3.3 Reaction wood 

 
In the case of an asymmetric increase in radial growth, the wood on the wide side of 

the eccentric cross section is termed reaction wood. Many of the anatomical, 

chemical, physical, and mechanical properties of reaction wood differ distinctly from 

those of normal wood. In softwood the reaction wood is called compression wood, 

and is formed on the side showing greater growth, corresponding on the lower or 

compression-side of leaning boles. 

Compression wood contains an abnormally large proportion of latewood, and in 

general a quite gradual transition from earlywood to latewood. Latewood tracheids 

in compression wood however, are not the same of normal wood: they present 

rounded cross-sections and consequent intercellular spaces. Moreover tracheids in 

compression wood present a modified S2 layer, with a microfibrillar angle much 

larger than in normal wood. 

Compression wood is much weaker and less stiff along the grain than normal wood, 

although its average specific gravity is one-third higher than in normal wood. 
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In compression wood greater compression strains and higher compressive loads 

can occur. Tensile strength is, however, considerably lower than in normal wood. 

Bending failure in an area with compression wood will, therefore, most likely be 

brittle due to reduced tensile strength and increased allowable compressive strain. 

 

2.3.4 Checks, shakes and pitch defects 

 
Checks are ruptures in wood along the grain which, with the exception of heart 

checks, develop during seasoning. Differently than checks, splits are separations 

that extend through the timber from one face to another. Different kind of shakes 

can occur: ring-shakes are separation along the growth-ring while heart shakes are 

rupture radiating outwards from the pith. Pitch defects are common in spruce, and 

develop through an excessive accumulation of resin in localized regions. In 

particular, pitch pockets are plan-convex cavities between growth increments. 

All these defects, causing discontinuities in the tissues, can be considered 

equivalent to cracks. 

The worst effect of cracks is expected to be on strength perpendicular to grain. 

The location and orientation of the plane of separation is critical for assessing the 

effect of cracks on the load-bearing capacity of beams. Reduction in bending 

strength depends on the position of the cracks in relation to the moment distribution, 

and proximity and alignment of the crack to the neutral plane. Beams with a long 

central shake may be split into two parts, during bending, because of the shear 

stresses. According to Roš (1925, from Kollmann & Còtê 1984) the load-bearing 

capacity of the beam, after reaching a minimum, can increase again if the two 

separated parts work together due to friction. 
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3. PRELIMINARY EXPERIMENTAL DETERMINATION OF WOOD 
PROPERTIES 

 
 
 

3.1 Introduction 

 
The experiments presented in this chapter are of two categories: a) the 

measurement of both the density and the anatomical features of spruce wood 

samples at the meso-scale and b) the determination of the mechanical properties of 

clear spruce wood specimens. The measurements at the growth-ring level provide 

the basis of the verification analysis described in Chapter 5, for the assessment of 

the growth-layers detection method. Testing of clear wood aims at determining the 

mechanical parameters of the material to be used in the numerical models, as 

described in Chapter 8. 

Additionally, from measurements at the meso- and macroscale, certain important 

relationships are established and compared to the relevant results reported in the 

literature. 

The specimens used in the investigation were taken from a single spruce tree 

(Picea Abies Karst.) grown in the area of Primiero, in Veneto, Italy, in order to 

confine the variability of the material properties. 

The tree stem was cut into 8 sections, labelled as shown in Fig. 3.1. 
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Fig. 3.1. Cutting scheme for the stem. 

 

 

For the measurements at the growth ring level, two discs were cut at two different 

heights from the log, namely from section 8 and section 1, corresponding 

respectively to the stump height (c.a 50 cm above the ground) and the cut-off point 

in the top. 

Specimens for mechanical testing were sampled from section 5, which correspond 

to the breast height (c.a 150 cm. from the ground) of the tree-trunk. 

From the remaining part of the log, samples for the experimental investigation 

described in Chapter 9 were obtained. 

 
3.2 Measurement of density and anatomical features at the mesoscale 

 
The upper surface of each of the discs labelled “A” and “B” have been sanded and 

then scanned with a plan scan. The acquired digital images were processed with 

the method presented in Chapter 5. The validity of the method has been verified 

comparing its results to those of the measurements carried out following the 

procedure described below. 

From each disc, measurements of the growth rings were made, from pith to bark, in 

two orthogonal directions. 
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Fig. 3.2. Discs A and B for measurements of the growth rings widths (lines from 1 to 8) and 

for density measurements (samples 2,4,5,6) 

 

The measurement of the growth rings width was made at the dendrochronology 

laboratory of the DIMS department at the University of Trento. In particular, a 

measuring stage Lintab 3.2 ®, equipped with a Leica MS5 ® microscope was used. 

The Lintab is a linear encoder, with 0.005 mm accuracy, hooked to the 

measurement capture button, which, in turn, is connected to a computer. The ring-

widths were recorded by means of the TSAP ® software. 

For each growth increment, growth ring width and width of the earlywood and 

latewood regions were measured. 

The Leica MS5 microscope permits up to 320x magnifications, which is insufficient 

to clearly define the boundary between earlywood and latewood in spruce, 

accordingly to the Mork’s method (Mork, 1928).  

Mork’s index has long been used to determine a conventional transition point. The 

definition proposed by Mork states that the latewood cells are those in which twice 

the cell wall thickness is greater than the width of the lumen as measured in the 

radial direction.  

Mork’s index method is, of course, very time consuming, since it is necessary to 

measure the anatomical features of the growth rings on microscopic slides. 

In this research, early- and latewood widths were measured, analogously as the 

growth rings, by means of the optical dendrochronology device, on the basis of 

visual interpretation.  



 48 

 
Fig. 3.3. Samples for the density measurements 

 

The samples for the density measurements were cut from the wood bands shown in 

Figure 3.3, about 4x15 mm2 in size, with a razor-blade knife. Density was measured 

for each fifth growth ring, from pith to bark. 

Density is defined as the mass of unit volume, where the former is determined by 

dividing the weight by the volume at a given moisture content. When trying to 

measure the volume of an irregular shaped object, such as a portion of annual ring, 

the “water-displacement method” is the most commonly used technique. However, 

because of the very little size of the samples the “maximum moisture content 

method” described by Smith (1954), that obviates the direct measurement of the 

volume, was preferred for the determination of the density. According to this method 

only the weight of the saturated wood sample and the ovendry weight of the same 

sample need to be determined. 

The specific gravity was calculated by the Eq. 3.1: 
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where mm is the mass of water-saturated wood in grams, 0m  is the mass of water 

in the wood in grams, and 0sG  is the density of the solid wood substance, or bulk 

density, whose average value is about 1.5 g/cm3. 

 
3.3 Experimental results of the measurements at the mesoscale 

 
The results of the measurements are shown in relation to the growth ring number 

from the pith to the bark. In particular, Figures 3.4, 3.5 and 3.6 show respectively 

the variation in growth ring width, width of the earlywood region and width of the 

latewood region, versus growth ring number. Measurements taken from the two 

discs, at two different heights, have been shown together, considering rings from 

bark inward (in fact the last rings, close to the pith are missing in the upper disc, 

because of the tapering of the stem). The measurements show a general good 

correlation from pith to bark and from butt to top. A not uniform growth rate can be 

observed in the juvenile portion. 

 

 
Figure 3.4. Growth ring widths by ring number from pith outward. 
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Figure 3.5. Width of the earlywood region by ring number from pith outward. 

 

 
Figure 3.6. Width of the latewood region by ring number from pith outward. 
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The width of the earlywood region in the growth rings was found to correlate very 

well with the growth ring width, as shown in Figure 3.7. This was expected, since 

earlywood makes up the major part of the growth ring. Figure 3.8 shows a low 

correlation between the latewood width and the growth ring width. Since this 

relationship is weak the latewood width can be considered as independent of the 

growth ring width. Persson (2000) assumes a constant width of the latewood region 

in spruce, equal to 0.2 mm, while the mean value obtained from the measurements 

made in the current research, is equal to 0.35 mm. The relatively constant width of 

the latewood confirms the general assumption that the density of spruce increases 

with decreasing width of annual rings (i.e. Kollmann & Côté, 1984). 

Measurements of the transition-wood width were made just for one sample (A-1). 

The results, shown in Figure 3.9, are close to the assumption made by Persson 

(2000), who assumes the width of the transition-wood region as a constant 

proportion of the ring width lr (lt=0.2lr). 

Thus, the transition from earlywood to latewood is more abrupt for wood with small 

growth rings than for fast-grown wood with large rings. 

 

 
Figure 3.7. Width of the earlywood region versus the growth ring width. 
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Figure 3.8. Width of the latewood region versus the growth ring width. 

 

 
Figure 3.9. Percentage of the transition region in the growth ring, by ring number from pith 

outward. 

 

Samples labelled “A-8”, “A-7”, “B-1” and “B-3” contain compression wood. They 

have been used just for measuring the widths of growth rings and early/latewood 

regions. The results of the measurement can be compared with data obtained from 

the normal wood samples. In the case of compression wood, the correlation 
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between earlywood and ring width is worst than in the normal wood, as shown in 

Figure 3.10. Moreover, the average width of the latewood portion is higher in 

compression wood (Fig. 3.11) than in the normal wood. 

 

 
Figure 3.10. Width of the earlywood region versus the growth ring width, in compression 

wood 

 

 
Figure 3.11. Width of the latewood region versus the growth ring width, in compression wood 
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Figure 3.12. Mean spruce ring density (RD, kg/m3), earlywood density (EWD, kg/m3), and 

latewood density (LWD, kg/m3) by ring number from pith outward. 

 

Figure 3.12 shows the mean density of respectively each fifth growth ring, its 

earlywood portion and its latewood portion, from the pith to the bark. 

The ring density of juvenile wood is high near the pith and decreases rapidly to 

reach a minimum at the 15th/50th ring, where a rapid increase is observed. This 

pattern of variation is similar to those reported for spruce by Blouin et al. (1994) and 

Koubaa et al. (2005). 

The radial density pattern can be explained by variations in earlywood density and 

latewood proportion. Indeed, the pattern of variation of the earlywood density is 

similar to that of ring density, being the earlywood portion predominant in the ring. 

Moreover, since latewood density is very high (mean value 712 kg/m3) compared 

with that of earlywood (mean value 350 kg/ m3), an increase in its proportion within 

an annual ring directly affects ring density. 

Because of the difficulties of isolating the little latewood portions, the measurement 

of latewood density is more subjected to error. However, it seems that the density of 

the latewood increases in the juvenile wood, from the pith, is more constant in the 

first 20th -45th growth layers and then decreases from about the 45th layers 
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outwards. This pattern differs from the more uniform trend reported by other authors 

(i.e. Koubaa et al. 2005). 

In Figure 3.13 the relation of density to the growth ring width is shown. The 

correlation between the two is rather poor. However, the number of samples is too 

few for a definite conclusion to be drawn. 

 

 
Figure 3.13. Density versus growth ring width. 

 

 

3.4 Determination of the mechanical properties of clear-wood specimens 

 
3.4.1 General remarks 

 
The variations in the mechanical properties found within a tree are normally large. 

To determine mechanical properties, clear wood specimens were taken from the 

disc labelled 5 in Fig. 3.1. 

A total of about 40 specimens were used in the testing. 
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Spiral grain was measured on the sawn samples by means of a scribe, or when 

present, by measuring shrinkage splits on the longitudinal faces.  

It was concluded that for most of the specimens the grain angle was less than 2 

degrees and that for only very few was the angle over 5 degrees (average value 

2,78 degree). Since a grain angle equal to 5 degrees affects the mechanical 

properties less than 5% for normal wood, spiral grain has not been considered 

influent on the results presented. 

Density was determined according to EN 408 (CEN, 2003) standard, as the mass 

per unit volume at a given moisture content. 

Properties were determined for both saturated wood and with 12% moisture 

content. 

Specimens were taken from green wood. To determine properties of saturated 

wood, specimens were soaked in clean water up to the moment of testing, in order 

to maintain moisture content at the fiber saturation point. Specimens at 12% M.C. 

were previously conditioned in a climatic chamber, with a temperature of 20 ± 2ºC 

and a humidity of 65 ± 5%. The tests specimens were considered conditioned when 

the density variation was smaller than 0.5% in a period of two hours. The weight 

was measured through an electronic weighting machine with a precision of 0.01 g. 

Testing was carried out at the Materials and Structural Testing Laboratory of the 

Faculty of Engineering at the University of Trento. A Galdabini universal testing 

machine was used, with a load cell of 100 kN (maximum). For the data acquisition a 

HBM system (Spider 8) was used. 

 

3.4.2 Compression tests 

 
EN 1193 (CEN, 1999) standard has been adopted to determine Young moduli and 

strengths in radial and tangential compression, EN 408 (CEN, 2003) standard 

wasused to determine Young modulus in longitudinal compression. 

In order to obtain properties in the three anatomical directions, three types of 

specimens were tested, as shown in Fig. 3.14. Hence, specimens with the 

longitudinal axis being oriented in the parallel to the grain direction, (labelled “L”) 

were used to determine axial stiffness. Specimens with the longitudinal axis being 

oriented in the two anatomical directions perpendicular to grain (radial -labelled “R”- 



3. PRELIMINARY EXPERIMENTAL DETERMINATION OF WOOD PROPERTIES 

 

 57 

and tangential -labelled “T”- to the annual rings) were used to determine transverse 

stiffness. 

The size of the compression specimens is equal to 25x25x80 mm for all the tests, 

thus differing from the standard dimensions. 

In order to improve alignment of the specimens and ensure uniform stress 

distribution over the top surfaces one of the loading platens was equipped with a 

spherical bearing. 

Four HBM (DD1 type) mechanical strain gauges (one in each side face) were used 

to measure the vertical displacements during loading (Fig. 3.15). 

 

 

 
Fig. 3.14. Compression specimens. 

 

 

 
Fig. 3.15. Compression test set-up 
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Tests were performed under displacement control, using a constant value of the 

displacements velocity equal to 0.10 mm/sec, in order to obtain a quasi-static 

loading procedure. 

Gauge length 1l of the DD1 transducers was 25 mm. 

Damkilde et al. (1998) observed that the modulus of elasticity, obtained in 

transverse compression, strongly depends on gauge length. In order to compare 

results, TcE ,  and RcE ,  were determined both from the crosshead movements and 

from the 25 mm gauge length of the extensometers. 

The modulus of elasticity was calculated from the obtained load-displacement 

curves by determining the slope at the linear part of the curves, using Eq. 3.2: 
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=                                                                                                (3.2) 

 

In the case of compression perpendicular to the grain, 1F  is equal to 10% and 2F  

to 40% of max,90,cF , while 12 ww −  is the correspondent increment of displacement, 

in mm.  

max,90,cF  is iteratively determined, as the load corresponding to the intersection of 

the load-displacement curve with a line parallel to )( 12 FF −  and passing through 

the point (F,w)= (0.0, 0.01), as shown in Fig. 3.16. 
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Fig. 3.16. Definition of modulus of elasticity perpendicular to grain according to EN 1193 

 

For the determination of saturated wood properties, specimens’ ends have been 

exposed to a short drying period as recommended by ASTM standard D143:94. 

This causes a slight local straightening and avoids brooming at the ends. 

 

3.4.3 Bending tests 

 
In order to determine the shear moduli, both three- and four-points bending tests 

were carried out in the three anatomical directions, using 8x80x200 specimens (Fig. 

3.17). 

According to EN 408 standard, shear modulus can be determined with both the 

single span and the variation of span technique. Because of the dimension of the 

specimen, the former method was preferred. The loading scheme in Figure 3.18 

was used for the four-points bending tests, according to the EN 408 standard. The 

loading scheme in Figure 3.19 was used for the three-points bending tests. It differs 

from the EN 408 standard, as regards the depth/span ratio of the beam. Varying the 

depth-span ratio, it varies also the effect of shear stress on the load-deflection 

relation. Indeed, the contribute of shear to the total deflection is significant if the 

depth/span ratio h/l>0,1. The choice to decrease h/l, from the value recommended 

by the standard (h/l=0,2), permits to minimize the additional deflection due to the 

stress concentration at the loading point. 
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Fig. 3.17. Bending specimens. 

 

 

Support devices were designed in order to permit the beam end to freely move in 

the longitudinal direction of the beam. 

The specimens were instrumented with four LVDT transducers, with an accuracy of 

1x10-3 mm. In order to measure contingent asymmetrical deflections of the beam, 

displacement transducers were placed at the mid-span on both the opposite lateral 

faces. The resulting measure is obtained averaging the readings on the opposite 

sides. Moreover transducers at both ends of the tested piece were placed in order 

to measure contingent local failures at the supports. 

 

 
Fig. 3.18. Geometry of the four-point bending test 
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Fig. 3.19. Geometry of the three-point bending test 

 

 
Fig. 3.20. Bending test set-up 

 

 

Measurement of the shear modulus by static bending tests is given by Eq. 3.3: 
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The parameter ‘s’ is the Timoshenko’s shear factor: it’s value is 1.2 from calculation 

of strain energy in the original Timoshenko’s theory (1955), while, when defined as 

the maximum/average shear stress ratio, it is generally assumed equal to 1.5 for a 

beam with a rectangular cross section. In the current research, the value of the 
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shear’s factor has been modified, accordingly to Yoshihara et al. (1998), in order to 

take into account the variation of the span/depth ratio. Therefore, the modified 

shear factor is given by Eq. 3.4: 

 

l
hs 352.1 +=                                                                                                     (3.4) 

 

In the next paragraph the results obtained using the modified shear factor have 

been compared with the rigidity moduli determined assuming s=1.5. 

The apparent elasticity modulus is obtained from Eq. 3.5, as: 
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Where w and F are respectively the displacement and load measured on the 

straight part of the load-displacement curve, recorded during the three-points 

bending test. 

mE  is the elasticity modulus in bending, measured from the four-points bending 

test. 

Because of the modality of testing, some inaccuracy in the calculation occurs if mE  

is measured, according to the EN 408 (CEN, 2003) standard, from Eq. 3.6: 
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with: 

)( 21 FF −  the increment of loading on the straight-line portion of the load 

deformation curve, in N; 

il  the gauge length, in mm; 

)( 21 ωω −  the increment of displacement, in mm; 
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I  the second moment of area, in mm4; 

a  the distance between the loading position and the support, in mm 

 

The inaccuracy in the calculation of mE  from Eq. 3.8 is due to the inaccuracy of 

measurement of the displacements at the mid-span of the beam, given as 

difference between the total displacement, recorded by the LVDTs, and the 

displacement at the loading points, recorded by the Galdabini. Therefore, in order to 

consider just the total displacement at the mid-span, measured with the LVDTs, the 

Mohr analogy was applied, according to the static scheme of Fig. 3.21. The 

contribution of shear to the total deflection was ignored, taking into account that, in 

this case, the resulting maximal error in the estimation of  mE  is of 5%. The Mohr 

analogy (Mohr, 1868, from Belluzzi, 1982) considers the formal analogy between 

the differential equation of the deflection curve of a beam (Eq. 3.7) and the 

differential equation expressing the relationship between the bending moment and 

the applied loading (Eq.3.8). 
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Therefore, accordingly to the Mohr’s analogy, the deflection of the beam at any 

point is given by the bending moment M* of a conjugate beam, whose loading 

diagram q* is the bending moment diagram of the actual beam, divided by the 

flexural rigidity EJ  of the actual beam (Eq. 3.9): 

 

EJ
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=η                                                                                                             (3.9) 

 

mE is then calculated as: 
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Where by is the deflection of the actual beam at the mid-span, measured during the 

four-point bending test, and M* is given by Eq. 3.11, considering the four-point 

loading scheme of Figure 3.21: 
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Figure 3.21. Four-point loading scheme 

 

3.5 Discussion on the results of the mechanical testing 

 
A summary of the compression tests results are shown in Table 3.1: 
 

DD1 Galdabini  
E E MC 

 N/mm2 N/mm2  
10400.38 5344.10 12% L 

 9622.46 2481.36 FSP 
387.26 264.07 12% T 

 220.98 115.11 FSP 
236.08 235.79 12% R 

 201.18 191.22 FSP 
Table 3.1. Results of the compression tests 
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Results obtained by averaging the readings from the displacement transducers 

(DD1) and those from the crosshead movements of the testing machine (Galdabini) 

are both reported in Table 3.1.  

For wood at 12% M.C, in compression parallel to grain, a strong dependence on 

gauge length was found for LE , being the value obtained from the crosshead 

movements the 51% of that determined from the 25 mm gauge length of the 

extensometers. The difference is much stronger for saturated wood (74%). The 

determination of the compression strength, on the contrary seems to be 

independent on the method adopted. 

As regards compression tests perpendicular to grain at 12% M.C., modulus of 

elasticity TE , as calculated from the crosshead movements is only the 68% of that 

calculated by means of the DD1, while both methods produce virtually the same 

values for the modulus of elasticity CE . These results partially confirm the 

conclusions given by Damkilde et al. (1998), which highlighted a strong dependency 

of 90,cE  on the gauge length. A summary of the bending tests results are shown in 

Table 3.2. 

 

 

Specimen 
Type mE  (N/mm2)  appE

 (N/mm2) MC 
A 8874,81 4915,01 12% 
 7601,78 *** FSP 

C 6525,98 4325,45 12% 
 6349,79 *** FSP 

D 11954,26 5583,06 12% 
 4980,90 *** FSP 

E 596,409544 821,34 12% 
 858,55 *** FSP 

Table 3.2. mE  and appE values, obtained from four-point and three-point bending tests 

 

Specimens labelled “C” and “D” are both loaded on the tangential surface, but the 

former type has the pith side in tension, the latter in compression. The values of 

bending stiffness determined for the two specimen types differ significantly. This 
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difference is probably dependent on the earlywood/latewood location on the tension 

side (Grotta et al., 2005). 

Because of the characteristics of the testing modality and the size of the specimens, 

the values of MoE obtained by means of the Mohr’s analogy are considered more 

reliable than those given by the standard. 

Therefore values of the rigidity moduli were determined, assuming mE  according to 

Eq. 3.12. As discussed in the previous paragraph, different shear factors have been 

taken into account: s =1,5 and lhs 352,1 +=  (Yoshihara et al., 1998). Results 

from both the calculations are reported in Table 3.3. Nevertheless, differing the 

span/depth ratio of the tested beam from the standard, results obtained assuming 

the modified shear factor are considered more reliable. 

 

 

Specimen 
Type 

 

 
Property G (N/mm2), 

lhs 352.1 +=  

 
G (N/mm2), 

5.1=s  

A LTG  597.35 202.36 

C LRG  732.84 245.82 

D LRG  568.05 192.44 
 
Table 3.3. Rigidity moduli, for different values of s (MC 12%) 
 

Very different values of LRG  have been determined, for the two radial specimens 

labelled “C” and “D”, because of the difference between the corresponding bending 

stiffness values. In this case, a wider experimental campaign could eventually 

explain the reason of this different behaviour and isolate scattered data. 

Results of bending tests couldn’t be used to determine values of RTG . Indeed 

bending tests are considered not appropriate to determine the modulus of rigidity in 

the transverse direction. Alternative methods, such as the torsion test, the Iosipescu 

test and the tension or compression test of a 45° off-axis specimen, are 

recommended. 

 

Many authors have highlighted the close relationship between modulus of elasticity 

parallel to grain and density. From vibration tests carried out by Kollmann and 

Krech (1960, from Kollmann & Còtê 1984), a linear relationship was obtained for 
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spruce. According to the same authors the relationships for the shear moduli are 

less clear.  

As shown in Table 3.5, stiffness properties obtained from the experimental tests 

have been compared with values predicted according to the relationship expressed 

in Eq. 3.14 (Bodig & Jayne, 1982), which relates a given mechanical property to the 

density of wood: 

 

baDY =                                                                                                             (3.14) 

 

In Table 3.4 the parameters ‘a’ and ‘b’ of Eq. 3.14 are listed for the prediction of the 

elastic parameters of clear softwood at a moisture content of 12%, using specific 

gravity at green volume. These parameters were obtained by least square fit to 

experimental data for a wide range of species and are applicable to data in English 

units. Conversion of the equation is necessary if metric data are used. 

 

 

Y 

 

a b 

EL 

 
6103544.7 ×  7315.1  

ER 

 
5101485.3 ×  1109329.9 −×  

ET 

 

5108666.2 ×  4342.1  

GLR 

 

5101881.2 ×  1109478.7 −×  

GLT 

 

5108466.1 ×  1107476.6 −×  

GRT 

 

4101156.4 ×  5085.1  

Table 3.4. Values of the constants ‘a’ and ‘b’, for the relationship between 
mechanical properties and specific gravity (Eq. 3.14) (from Bodig & Jayne, 1982) 
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 LE  TE  RE  mE  LTG  LRG  

Eq.3.14 8934 583 892 9241 744 
 

859 
 

Exp.Test 
 

10400 387 236 9118 597 650 

Table 3.5. Stiffness values (N/mm2): proposed and obtained results (MC 12%) 
 

The predictive relationship given by Eq. 3.14, correlates well bending stiffness and 

density, if mean experimental results are considered. It also permits to give good 

estimation of the Young modulus parallel to grain. On the contrary a poor 

correlation between density and Young moduli perpendicular to grain is obtained, if 

Eq. 3.14 is used. 

As regards the rigidity moduli, the predicted values are, approximately, 25% and 

32% higher than the experimental values, for respectively LTG and LRG . 

 

As a general assumption, stiffness of wood decrease as the moisture content 

increases up to the FSP. 

Data on the variations of Young’s moduli with moisture content are reported by 

Carrington (1922, from Kollmann & Côté 1984). A comparison of the proposed data 

with those obtained experimentally is shown in Table 3.6. While a general good 

agreement can be found for obtained ratios in the case of longitudinal and 

tangential moduli, predicted and obtained ratio between radial modulus at 12% MC 

and at FSP differ of the 80%. 

 

Elastic constant Proposed ratio Obtained ratio Difference % 

EL 
 

1,24 1,08 15 

ER 
 

1,83 1,75 4 

ET 
 

2,11 1,17 80 

Table 3.6. Proposed and obtained variations of elastic constants with moisture 
content for spruce (ratio to the value at u≥30% for u=12%) 
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3.6 Conclusions 

 
The aim of the experimental campaign presented in this chapter was to measure 

some anatomical characteristics of spruce at the level of the growth increments and 

to evaluate mechanical properties of clear spruce wood specimens in order to 

calibrate the numerical model, as described in Chapter 8. 

Density measurements at the level of the growth rings were carried out with the aim 

of adopting some correlation with mechanical properties of latewood and 

earlywood, as proposed in the literature. 

From the mechanical testing campaign, it can be generally observed that the elastic 

moduli properties found for spruce are low in comparison with values from the 

literature (see Chapter 8, Tables 8.1 and 8.11). This result can be partly attributed 

to the quality of the wood (low density, high growth rate). Particularly as regards 

properties in the radial directions, the experimental data differ strongly with results 

reported by other Authors. This difference can be attributed to the lack of statistical 

evidence in the performed tests.  

Moreover, the density values reported in § 3.3 vary strongly in the radial direction. 

Because of the correlation between density and stiffness, this means that it’s 

justifiable to presume large variations in stiffness of timber and that the stiffness 

depends on the original positions of the specimen within the stem. In the 

mechanical testing campaign all the specimens where taken from a single log 

section and without taking into account their radial position. Therefore, a 

generalization of the results reported in the previous paragraph is hazardous, even 

for characterizing the material belonging to the same original log. Nevertheless, the 

experimental data have been assumed as basis of the mechanical modelling of 

spruce, in the verification analysis described in Chapter 9. 

Some of the necessary data couldn’t be properly gathered by means of the 

performed tests, in this case they have been deduced from the literature. 
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4.  MORPHOLOGICAL MODELLING. THE FIRST STEP: 
DEFINITION OF THE GEOMETRICAL MODEL 

 
 
 

4.1 Introduction 

 
In previous researches, the definition of the geometry of morphology-based models 

has followed different approaches, corresponding to different levels of detail. For 

the calculation of the properties of woody cells, simplified two-dimensional models, 

such as honeycomb models, were used by Koponen et al. (1991), Kahle and 

Woodhouse (1994); Gibson & Ashby (1997). More realistic geometries were 

obtained from micrographs of transversal sections of the woody tissues (i.e. Astley 

et al. 1997). As regards the structural scale, a realistic description of the grain 

pattern and knots on boards has been provided by Cramer et al. (1988), using non-

destructive grain angle measurements (Mc Lauchlan et al. 1978). However, the 

resulting model is two-dimensional and appropriate to describe the behaviour of 

boards, but not of thicker elements, such as beams. 

Often 3D models are generated through simplifications in one direction, as in the 

case of the models of aggregations of real wood cells, that were obtained by Astley 

et al. (1997) and Persson (2000), by extruding the cell wall pattern in the 

longitudinal direction. 
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High resolution imaging techniques, ranging from ionizing radiation to thermal 

techniques, microwaves, ultrasonics and nuclear magnetic resonance, provide 

excellent means of obtaining information about the internal structure of the material 

(Bucur, 2003). In particular geometrical spatial descriptions of the wood structure 

can be achieved by means of methods based on computed tomography (CT) 

images. CT can be used i.e. to reconstruct the annual rings progression, by 

detecting the density variation in the radial direction. Nevertheless, this technique 

has never been used, so far, to define the geometry of 3D morphology-based 

models of wood. 

The method implemented in this research permits to avoid introspective imaging 

and to achieve a digital 3D model of the internal layering of the material, at the 

meso-scale of the growth increments, entirely by the analysis of the wood surface. 

Because the annual rings, especially of softwoods, are visually obvious, growth 

layers have been assumed as macroscopic markers of the material organization. 

The spatial arrangement of the layers inside the element is derived from their 

pattern on the wood surfaces. Hence, the surface rings and veins patterns are the 

basic input data of the three-dimensional model. 

Image-analysis techniques have been applied in order to highlight the structure of 

the material texture and digitally reconstruct the growth increment “curves” on the 

element faces. Therefore, the geometric modelling of the growth surfaces has been 

carried out by means of interpolation and approximation techniques. 

This part of the research, aiming at developing a tool for the creation of a three-

dimensional mathematical model of the growth layers in timber elements, has been 

carried out in the GraphiTech Foundation, in Trento. 

 

4.2 Definition of the geometrical model: general and functional requirements 

 
The scope of the implemented methodology was the definition of a procedure and 

of the relevant design tools for modelling the geometry of the domain in the 

numerical analysis of wood at the scale of the growth layers. 

For this purpose some general and functional requirements have been defined. 

The general requirements concern with the definition of the analysis domain 

scenario, in particular: 
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• The shape and dimensionality of the domain over which the numerical 

analysis is done. 

 

In order to analyse, in the same model, the effects of the material layering at 

the mesoscale in all the anatomical directions of wood, a three-dimensional 

geometrical domain must be defined, that allow to represent the spatial 

morphology of the growth layers in timber elements. Some limits have been put 

so far on the complexity of the domain, they concern with the shape of the 

element and the features of the material. In particular only prismatic clear wood 

elements (with no other relevant features at the meso- and macroscale) can be 

modelled. 

 

• The mathematical representation of the domain geometry. 

 

A parametric representation of the domain geometry must be provided. This 

choice permits to represent complex shapes, such as the growth layers, as well 

as simple ones, such as the external geometry of the element. 

In particular, in this research a layer in space containing all fibers produced 

within a growth period is referred to as a growth layer, while a curved surface in 

space, with zero thickness, representing the interface between two consecutive 

growth layers (ring or intra-ring boundary surface) is referred to as growth 

surface. 

The intersection of the growth surfaces with the element faces are referred to 

as boundary curves. 

Boundary curves can be modelled by means of approximation techniques, 

given the set of data points along the ring and vein pattern on the element faces 

(see also the next requirement definition). 

Growth surfaces can be modelled by means of approximation techniques, given 

the set of boundary curves. 

 

• Type and characteristics of input data for the phase of geometric modelling. 
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It has been chosen to rely exclusively on low-cost, non invasive techniques to 

provide the necessary input data. In particular the material textures of the 

timber element surface, represented by the ring pattern on the transversal faces 

and the vein pattern on the longitudinal faces, are the necessary input data for 

the definition of the geometry of the growth layers. The texture images can be 

easily acquired by means of a camera or a scanner. 

 

Functional requirements have been defined in relation to the software 

implementation. In particular they concern with: 

 

• Import-export capabilities. 

 

The software must be able to read the most common image formats (JPEG, 

BITMAP and PNG) and load them as textures of the CAD model. 

The geometric model data should be exported in a standard CAD format (i.e. 

IGES). Moreover the user should be able to access to the database of the model; 

for this purpose, the geometric data should be saved also as text files. 

 
• Visualization. 

 

The software must be able to show very complex geometric models (B-spline 

curves and NURBS surfaces). Viewing transformation such as hidden line and 

surface removal, culling, texturing, lighting and shading must be provided as well as 

rotation, pan and zooming operation. 

 
• User Interaction. 

 

The single images, imported as textures, must be selected and processed, either 

globally (the entire surface texture) and partially (i.e. by bounding boxes, selecting 

parts of the image to be processed). 

Interactive techniques must be designed to allow the user to control the results of 

the different phases. 

In particular, parameters control must be allowed during the image processing 

phase. During the modelling phase the user must be allowed to control the 
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geometry of the model by operating on the single control points as well as on the 

entire curve/surface. 

 

4.3 General description of the method 

 
The implemented method permits to extract the geometry of the growth layers in 

wood, in particular in sawn timber, from the texture of the element faces. Therefore 

the acquisition of the rings and veins patterns is the first important task to be 

performed. At that regard, two methodologies have been considered for the 

acquisition of wood texture, according to the size of the timber element. In the 

current research, the ring and vein patterns of the specimens was acquired by 

means of a 2D scanner, indeed, the easier and more accurate way of scanning 

plane textures. However, in order to extend the method to in-situ structures, close 

range photogrammetric (CRP) techniques can be adopted. In particular, low-cost 

CRP systems, consisting of a conventional digital camera and monoscopic digital 

photogrammetric stations can be used. 

Once the textures are acquired, the mapped 3D model of the timber element can be 

generated. 

The implemented software allows so far to model prismatic elements with 

rectangular cross-sections. Hence, six planar surfaces, reproducing the external 

geometry of the object, are mapped and automatically sized, by loading the full 

scale texture of each face. 

The detection of the lines, corresponding to the boundaries of the growth 

increments on the faces of the element, is performed in a semi-automatic modality, 

by using the implemented image analysis techniques, which are described in detail 

in the next chapter. 

Following the image processing and analysis tasks, the geometric modelling of the 

layers is performed. Chapter 6 presents in detail the adopted methods and 

techniques for this task. 

The data points set, detecting the texture edges from the processed images, are 

then converted in B-Spline parametric curves. Each closed B-Spline loop, 

consisting of either three or four curves, forms the boundary of a B-Spline surface, 
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representing a growth surface. Therefore, the spatial configuration of each layer is 

automatically extracted from its boundary curves. 

The model can be exported as IGES (Initial Graphics Exchange Specification) file 

as well as in text form. From the IGES file, graphical data can be either imported in 

commercial CAD software, in order to be analyzed and further processed, as done 

in Chapters 6 and 7, and in FEA software, as geometrical input data for the 

mechanical modelling. The text file stores model database for later use. It can be 

read and edited for contingent further processing, moreover it can be used as input 

into the implemented software. 

 

4.4 The Software architecture 

 
The method is based on two main operational steps: the acquisition and processing 

of the images of the wood surface textures and the extraction of the relevant 

geometric data from the processed images. For this purpose, a software application 

has been developed that integrates image-analysis and geometric modelling 

techniques in a unique architecture. 

The software architecture is open and modular, that is, composed of different 

independently developed modules that are linked together. 

The code is based on the object oriented programming (OOP) paradigm, in 

particular, it is written in Visual C++ on Windows™ platform. 

Microsoft Foundation Classes (MFC) is the used workspace, and the application 

program interface (API) is of the SDI (Single Document Interface) type, which 

supports just one open document at a time. 

The workspace includes the directories where the application source code is kept, 

as well as the directories where the various build configuration files are located. 

Moreover the MFC allows the developer to rapidly produce the dialog boxes, menus 

and toolbars, that permit the user to easily interact with the program. 

Structuring of data, both used in image analysis and in geometric modelling, has 

been a relevant task, necessary to achieve more efficient utilization and output. For 

this purpose graphical libraries have been introduced: image processing is 

supported by OpenCV (Open Source Computer Vision) while Open Inventor (OI) 
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and Open Cascade (OCC) respectively support the graphical visualization and the 

mathematical model description. 

OpenCV is a library of programming functions mainly aimed at the computer vision. 

It is mostly a high-level library. In particular, for the purpose of the current research, 

motion analysis (active contours), image analysis (derivative filters, morphology, 

distance transform, thresholding), shape analysis (contour processing), and object 

segmentation and recognition algorithms have been used and implemented.  

Open Inventor is an object-oriented C++ and Java library for graphics programming, 

whose focus is the creation of 3D objects. All information about these objects is 

stored in a scene database. The ‘node’ is the basic building block used to create 

scene databases in OI. Each node contains data and methods that define some 

specific 3D shape, property, or grouping. The node classes ‘Shape’ and ‘Property’ 

describe the geometrical and the additional entities respectively, while ‘Group’ 

nodes are containers that collect nodes into graphs. Property nodes are divided into 

several subgroups: transform nodes permit to perform transformations; appearance 

nodes modify objects’ appearance; metrics nodes contain coordinate, normal and 

other geometric information. 

The nodes are ordered in ‘scene graphs’. The OIV scene graph is a tree that is, a 

connected acyclic graph, permitting to manipulate the hierarchical data contained in 

the nodes. 

When a particular action on a scene is performed, an instance of the action class is 

created and then applied to the root node of the scene graph. For each action, the 

database manages a traversal state, which is a collection of elements or 

parameters in the action at a given time. Typically, executing an action involves 

traversing the graph, starting from the root node, from left to right and from top to 

bottom. Nodes to the right (and down) in the graph inherit the traversal state set by 

nodes to the left (and above) During this traversal, nodes can modify the traversal 

state, depending on their particular behaviour for that action. The most common 

action performed on the scene graph is to display, or render, an image of the 3D 

objects on the screen. During a rendering action, ‘Shape’ nodes cause their shape 

to be drawn on the screen. In general, a ‘Property’ node replaces the values in a 

corresponding element of the traversal state with its own new values. Geometric 
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transformations are one exception: they concatenate with the current 

transformation. 

Other operations in addition to rendering can be performed on the objects. The 

objects in the scene can be picked, highlighted, and manipulated as discrete 

entities. For this purpose, a special kind of node is used: the manipulator. A 

manipulator reacts to user interface events and can be edited directly by the user. It 

provides a mean for translating events into changes to the database. Use of 

manipulator in the implemented code is described in Chapter 6. 

In that chapter the fundamental steps of the code implementation for the geometric 

modelling tasks are described. However, the use of some nodes is anticipated here. 

In particular among the Shape nodes, the subgroup Complex Shapes, containing, 

among the others, the classes, ‘SoFaceSet’, ‘SoLineSet’ have been used to model 

the external faces of the timber element while ‘SoNurbsCurve’ and 

‘SoNurbsSurface’ classes permit to approximate the internal growth layers by 

means of parametric curves and surfaces. In order to render these nodes it is 

necessary to define in the transversal state a vector of points, by means of the 

SoCoordinate3 node. These points are vertex for ‘SoFaceSet’ and ‘SoLineSet’ 

classes while they are control points for ‘SoNurbsCurve’ and ‘SoNurbsSurface’ 

classes. In order to better control the shape of the parametric surfaces the 

‘SoCoordinate4’ node is used, that permits to add weights. 

Open Cascade (OCC) has been used to integrate OIV functions. OCC is a set of 

C++ geometric libraries that gather functions used in basic geometric computations, 

which are responsible for 3D positioning of 2D shapes, and computation of 

elementary surfaces, and functions for defining the precision criteria in the real 

space and parameters in parametric space. 

OCC libraries are grouped into six modules. In particular the modelling algorithm 

module has been utilized to extract the parametric curves and surfaces, from the 

given point data sets, corresponding to the boundary curves. Open Cascade also 

provides standard import-export processors and has been used to export both 

modelled curves and surfaces as IGES files. 
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5.  A SEMI-AUTOMATIC TECHNIQUE FOR THE DETECTION OF 
THE GROWTH LAYERS IN TIMBER ELEMENTS 

 
 
 

5.1 Introduction 

 
This part of the research, aiming at developing a methodology for the automatic (or 

semi-automatic) detection of the growth layers on the digital images of the timber 

faces, has been carried out at the GraphiTech Foundation, in Trento. 

A preliminary introduction to the basic concepts and methods used in the 

implemented application is presented in § 5.2. The § 5.3 is a review of the different 

approaches to the detection and measurement of growth layers in wood, 

considering both the traditional methods and the alternative ones. Even though 

image processing techniques belong to the latter category, they are becoming more 

and more popular and, in some application fields (i.e. dendrochronology), they 

support or even substitute the traditional techniques. The methodology 

implemented in the current research is outlined in § 5.4. In § 5.5 and 5.6 the results 

gathered for a variety of samples and the related conclusions are described. In 

particular, the estimation of the error in this phase permits to isolate it from the 

contingent error measured in the further modelling phase, as discussed in the next 

chapter. 
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5.2 Image processing and analysis: a brief review of the applied techniques 

 
When a sensor collects an image, the continuous-space signal is converted into a 

discrete-space signal. That is, the image is sampled into discrete data known as 

pixels, which are the coordinates within the image and the brightness values 

associated with it. 

The domain of the image function f(x,y) is a region R in the plane: 

 

{ }nm yyxxyxR ≤≤≤≤= 11),,(                                                                (5.1) 

 

Image digitization means that the continuous function f(x,y) is sampled into a matrix 

with M rows and N columns: 

 

xjx Δ= , yky Δ=  for j=1,…,M, k=1,…,N                                                           (5.2) 

 

with ∆x and ∆y sampling intervals. 

 

The transition between continuous values of the image function and its digital 

equivalent is called quantization, usually into k equal intervals. Limitations of the 

digitization process are defined by the resolution of the image. Image resolution 

consists of spatial, spectral and radiometric resolution. Spatial resolution is the 

number of pixels representing the entire image. As spatial resolution increases an 

image usually gains more detail or looks more natural. Spectral or brightness 

resolution is the bandwidth of the light frequencies captured by the camera. 

Radiometric resolution is the number of digital-levels. 

The image’s signal can also be represented in the frequency domain. The 

frequency domain is a space in which each image value at image position F 

represents the amount that the intensity values in the image vary over a specific 

distance related to F. The sampled image can be converted from space domain to 

frequency domain through the Fourier transform. 

Once an image has been acquired, certain operations must occur to select and 

identify the various features contained. These operations are generally broken into 

low-level and high level operations. Low-level processing consists of image filtering, 
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and intermediate processing to extract boundaries and regions of interest. At this 

level, regions of interest are formed and measures describing these regions are 

collected. High-level processing utilizes various methods to classify the regions 

based on the measures extracted by the low-level processing. 

 

5.2.1  Image enhancement 

 
Image enhancement is the improvement of digital image quality without knowledge 

about the source of degradation. If the source of degradation is known, the process 

is called image restoration. 

The image-enhancement methods are based on either spatial or frequency-domain 

techniques. These methods are also classified either as linear or non-linear, 

according to the transformation properties. 

Two of the most common (and opposing) linear filtering operations are smoothing 

and sharpening. They can be performed in both the spatial and frequency domain. 

Image smoothing is the set of image-enhancement methods whose predominant 

use is the suppression of image noise. Sharpening techniques are useful primary 

for highlighting changes in the intensity function, such as edges. 

Spatial-domain methods are procedures that operate directly on the pixels. 

Image processing functions in the spatial domain may be expressed as: 

 

g(x,y)=T[f(x,y)]                                                                                                      (5.3) 

 

where f(x,y) is the input image, g(x,y) is the processed image and T is an operator 

on f, defined over some neighbourhood of (x,y). For this purpose, a discrete 

convolution with a “mask”, that is a small two-dimensional array, whose coefficients 

are chosen to detect a given property in the image, is used. 

Spatial-domain techniques for image smoothing are i.e. the mean filter, the 

Gaussian and the median filter. 

The mean filter generates an image in which the pixel value at every point is 

obtained by averaging the pixel value in a neighbourhood of the point. Median 

filtering replaces pixels with the median value in the neighbourhood. While the 

mean filter outputs a uniformly weighted average, the Gaussian filter uses a 
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Gaussian (bell-shaped) weighting function of the mask. Gaussian and median filters 

provide gentler smoothing and preserve edges better than mean filter. 

Smoothing methods are mainly based on spatial integration whereas sharpening on 

differentiation. 

The most commonly used method of differentiation in image processing 

applications is the gradient. 

The gradient operator, applied to a continuous-space image ),( yxfc  can be 

defined as: 
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where xi  and yi are the unit vectors in the x and y directions. The gradient is a 

vector, having both magnitude and direction. Its magnitude ),( ooc yxf∇  measures 

the maximum rate of change in the intensity at the location ),( oo yx . Its direction is 

that of the greatest increase in intensity. 

Among the gradient operators, there are the Roberts’, the Laplace’s, the Prewitt’s 

and the Sobel’s operators.  

The Laplacian has been adopted as one of the pre-processing options in the 

implemented application. 

Frequency filters process an image in the frequency domain. In this case, the image 

is Fourier transformed, multiplied with the filter function and then re-transformed into 

the spatial domain.  

Filter modifies the frequencies of the input signal. It is often the case that such filters 

pass certain frequencies and attenuate others (e.g., a lowpass, bandpass, or 

highpass filters). 

Low-pass filtering permits noise removal or, more generally, image smoothing. For 

a given filter type, different degrees of smoothing can be obtained by adjusting the 

filter bandwidth. A narrow bandwidth low-pass filter will reject more of the high-

frequency content of a white or broadband noise, but it may also degrade the image 

content by attenuating important high-frequency image details. The opposing 

operation, sharpening, is meant to enhance the high-frequencies. Contrast 
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enhancement is often necessary in order to highlight important features embedded 

in the image data. The enhancement of noisy data, however, is a very critical 

process because the sharpening operation can significantly increase the noise. 

 

5.2.2 Image segmentation 

 
In digital image processing, segmentation is an important part of practically any 

automated image recognition system, because it is at this moment that one extracts 

the interesting objects, for further processing such as description or recognition. 

Segmentation of an image is in practice the classification of each image pixel to one 

of the image parts, assigning levels to each image pixel based on its properties and 

its relation with its neighbour. The final purpose is to partition the image into several 

regions that have similar characteristics or similar textures. 

Some image segmentation approaches resort to study of image properties by 

considering regions. In contrast with these methods, there are ones based on pixel 

classification using a scale space and nonlinear filters. The former approach is 

based on thresholding, region growing, and region splitting and merging, while the 

principal areas of interest within the latter category are the detection of isolated 

points and the detection of lines and edges in an image. 

Thresholding often provides an easy and convenient way to perform segmentation, 

on the basis of the different intensities or colours in the foreground and background 

regions of an image. The input to a thresholding operation is typically a grey-scale 

or colour image. In the simplest implementation, the output is a binary image 

representing the segmentation, with black pixels corresponding to background and 

white pixels to foreground (or vice versa). In simple implementations, the 

segmentation is determined by a single parameter known as the intensity threshold. 

In a single pass, each pixel’s intensity in the image is compared with this threshold. 

In more sophisticated implementations, multiple thresholds can be specified, so that 

a band of intensity values can be considered. For colour or multi-spectral images, it 

may be possible to set different thresholds for each colour channel, and so select 

just those pixels within a specified cuboid in RGB space. Not all images can be 

neatly segmented into foreground and background using simple thresholding. If 

there are distinct peaks in the intensity histogram of the image corresponding to 
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foreground objects then thresholds can be chosen to isolate this peak accordingly. 

If such a peak does not exist, adaptive thresholding, changing the threshold 

dynamically over the image, may be a better answer for segmentation. 

Threshold, edge detection and mathematical morphology are the main approaches 

adopted in the implemented methodology for segmentation. 

Edge detection is the most common method for detecting meaningful discontinuities 

in digital images. In grey-scale images, an edge can be defined as the boundary 

between two regions with relatively distinct grey-level properties. The basic idea 

underlying most edge-detection techniques is the computation of a local derivative 

operator (i.e. Canny, Roberts, Sobel, compass, zero crossing edge detectors). The 

magnitude of the first derivative, that is equal to 0 in all regions of constant grey-

level and assumes a constant value during a grey-level transition, can be used to 

detect the presence of an edge. The sign of the second derivative, that is 0 in all 

locations except at the termination of a grey-level transition, can be used to 

determine on which side of the edge the pixel lies (whether on the background or on 

the object).The first derivative at any point in an image is given by the magnitude of 

the gradient at that point, while the second derivative is given by the Laplacian. 

Among the cited edge detector algorithms, the one developed by Canny (1986) has 

been used in the application implemented in the current research, as integration of 

the mathematic morphology method, for detecting the growth layers boundaries. It 

is presented in detail in § 5.4.2. 

Edge-detection techniques should yield only pixels lying on the boundary between 

objects and background. In practice, because of noise in the input image, non-

uniform illumination, and other effects that introduce spurious intensity 

discontinuities, this set of pixels seldom characterizes a complete edge. Thus edge-

detection algorithms are typically followed by edge-linking algorithms. Among them 

the one adopted in the current research is described in § 5.4.3. 

 
 

5.2.3 Morphological operations 

 
Mathematical morphology (MM), whose origin stems from the study of the geometry 

of porous media in the mid-sixties (Matheron, 1975, Serra, 1982), stands as a 
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relatively separate part of image analysis. It is based on the algebra of non-linear 

operators concerning the object shape and in many respects supersedes the linear 

algebraic system of convolution. It performs in many tasks, such as pre-processing, 

segmentation and object quantification. In morphology, image objects are 

considered as “sets”. In a binary image, the sets of black and white pixels are dual 

sets, in the sense that pixels that do not belong to the former set necessarily belong 

to latter and vice versa. A set representation of grey tone images can be achieved 

by associating each pixel with an elevation proportional to its intensity value. Grey-

scale images are therefore seen as digital elevation models (DEMs) (Soille, 2003). 

In a colour image, a direct set representation cannot be achieved. Consequently 

each channel of the image is processed as a single grey tone image. 

The basic set operators are the “union” U and the “intersection” ∩. 

A morphological transformation is given by the relation of the image with another 

set B, of known shape, called a structuring element. The shape of B is usually 

chosen according to some a priori knowledge about the geometry of the image 

structures. B is expressed with respect to a local origin, called the reference point. A 

morphological transformation ψ(X) of the image X consists in systematically moving 

the structuring element B across the entire image. 

The most basic building blocks for many morphological operators are erosion and 

dilation. 

The erosion of a set X by a structuring element B is the locus of points x such as B 

is included in X when its origin is placed at x: 

 

bBbB XX −∈
∩=)(ε                                                                                                   (5.5) 

 

The dilation is the dual operator of the erosion and is defined as the locus of points 

x such that X and B have at least one common point, when the reference point of B 

coincides with x: 

 

bBbB XX −∈
∪=)(δ                                                                                                   (5.6) 

 



 86 

Opening and closing operators are both derived from erosion and dilation. The 

opening of an image X by a structuring element B is defined as the erosion of X by 

B followed by the dilation with the reflected structuring element B : 

 

[ ])()( XX BBB εδγ =                                                                                             (5.7) 

 

The morphological closing is the dual transformation of the opening: 

 

[ ])()( XX BBB δεφ =                                                                                             (5.8) 

 

Top Hat (TH) is a function that isolates bumps and crest lines from grey scale 

objects. In other words, it can detect areas that are lighter than the surrounding 

neighbourhood of X and smaller compared to the structuring element. This function 

subtracts the original image X from its opening )(Xγ : 

 

)()( XXXTH γ−=                                                                                           (5.9) 

 

Black Top Hat (BTH) is the dual function of Top Hat in that it isolates valleys and 

ridges of a grey scale, that is, the function detects dark and thin areas by 

subtracting the image X from its closing )(Xφ : 

 

XXXBTH −= )()( φ                                                                                       (5.10) 

 

A powerful tool for morphological segmentation is the watershed transformation. 

Considering a grey-tone image as a DEM, the catchment basin is the set of points 

of the topographic surface whose steepest slope paths reach a given minimum. The 

watersheds are the boundaries between adjacent catchment basins (Soille, 2003). 

The watershed transformation will partition a given image into meaningful regions, 

transforming it in an image whose minima mark relevant image objects and whose 

crest lines correspond to image object boundaries. 
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5.2.4 Active contour models - snakes 

 
Snakes, or active contours, are used extensively in image segmentation. 

The snake model was introduced by Kass et al. (1988) as an energy-minimizing 

spline, whose shape is controlled by internal continuity forces and external image 

forces using energy minimization. Internal forces act as a smoothness constraint, 

and external forces guide the active contour toward image features that are of 

interest. 

In this modeling technique, the candidate boundary points are examined and 

moved in such a way that the overall energy level of a snake will reach a minimum 

with respect to all the possible object contours. 

One of the major advantages of the snake over edge detection algorithms is the 

continuous representation of the contours. However snakes do not solve the entire 

problem of finding contours in images; rather they depend on a priori knowledge of 

the approximate shape of the desired contour. 

Let v(s)=[x(s), y(s)] be the parametric description of the snake. 

Energy function associated with the snake, that must be minimized is: 

 

[ ]dssvEsvEE extsnake ∫ +=
1

0 int ))(())((                                                                (5.11) 

 

intE  is the internal energy of the spline, emanated from the snake’s shape and due 

to bending. It can be written as: 

 

curvcontint EEE +=                                                                                              (5.12) 

 

where 1−−−= iicont ppdE  is the contour continuity energy, with d the average 

distance between all pairs ( 1−− ii pp ). 

2
11 2 +− +−= iiicurv pppE is the contour curvature energy. The smoother the 

contour is, the less is the curvature energy. 
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extE  is the external energy given by imgE , the image energy, and conE  the energy 

formed by additional external constraint forces: 

 

conimgext EEE +=                                                                                               (5.13) 

 

There are different algorithms for minimizing snake energy. In Kass et al (1988) the 

minimization is based on a variational calculus. The algorithm used for the snakes 

within the implemented application is presented in the § 5.4.3. 

 

5.3 Detection and measurement of the growth layers in wood: state of the art 

 
Different methods for the detection and measurement of the annual layers in wood 

have been developed according to the different scopes. The microscopic analysis is 

the basic method, which permits to measure also the widths of the earlywood and 

the latewood. In the case of gradual transition, the definition proposed by Mork 

(1928) for softwood is generally employed. This definition states that the latewood 

cells are those in which twice the cell wall thickness is greater than the width of the 

lumen as measured in the radial direction. 

An attempt has been made by Green and Worral (1964) to automatically detect the 

growth rings from their microscopic images by means of a microphotometer 

equipped with an automatic recorder. 

Because the annual alternation of earlywood and latewood results in repetitive 

density variation in the radial direction, an indirect method for the detection of the 

annual rings is the measurement of local density. Radiation densitometry is a 

commonly used technique for assessing density characteristics of wood samples. 

Direct measurement of the intensity of the radiation passing through the sample 

enables wood density variations to be recorded automatically (Cown and Clement, 

1983). X-ray densitometry is used to give an optical radiographic reading of wood 

density but does not give an actual reading value.  

On the variation of density is indirectly based the method of Chang et al. (2006), 

that used a nonparametric regression technique to extract tree-ring numbers and 

width from the drilling profiles generated by a Resistograph®. 
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The main efforts for the automatization of the rings width measurement have been 

made for possible application in dendrochronology. In this case image analysis 

techniques are employed for computerized tree ring analysis. 

Numerous low-level processing techniques have been applied in wood-ring 

analysis, in order to eliminate noise and highlight the relevant features of the 

material texture. Image thresholding and segmentation for feature extraction are the 

most common. Thresholding operations permit to preserve connectivity of the 

detected boundaries of the tree rings and to eliminate noise in grey scale images 

(Conner et al., 1998, Laggoune et al., 2005). Once the different regions of the 

image are delineated in the low-level processing they can be classified by means of 

different high-level processing techniques. These techniques differ for the 

parameters used for classification (pixel based or region based) and the processing 

algorithm used (knowledge based or neural networks) 

Conner et al. (1998) used a modified Canny edge detector to extract the rings 

boundaries from digital images of wood transversal sections 

The Canny edge detector produces very accurate tree ring boundaries, and it even 

detects intra-ring boundaries. For the purpose of dendrochronologists, however, the 

last feature must be ignored. For this reason, and to avoid detection of edges along 

prominent rays and other radial features, some directional modifications of the 

Canny edge detector algorithm are applied, based on a priori knowledge of the 

wood texture structure (at the boundary between rings there is a steep transition 

from the dark latewood of one year to the light earlywood of the next year). 

Soille et al. (2001) proposed a mathematical morphology method for measuring 

rings areas. The methodology implemented in the current research starts from the 

above cited approach, for the detection of both ring and vein patterns. 

In commercial area, WinDENDRO is an effective commercial software for tree-ring 

analysis and measurement, for the purpose of dendrochronology Although most of 

the methods have been proposed so far gained good results, they evaluate the 

rings width in different orthogonal directions and then average the results, 

producing relevant errors in the case of asymmetric growth. Hence, there is still a 

big challenge for researchers who want to propose an automatic tool to analyse 

tree-rings.  

While the tree-rings analysis techniques are based on outstanding anatomical-

morphological characteristics (i.e. tree rings can be assimilated to circles with the 
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same centre, small parts of tree rings can be considered parallel), the detection of 

the veins on the longitudinal faces of sawn timbers, especially in the tangential 

planes, is complicated by the lack of general morphological rules. 

Hanbury et al. (2001) developed a method to extract information about the 

orientation of the vein and the inter-vein spacing on boards, on the basis of the 

texture analysis. 

Colour is an important aspect of the appearance of most wood features. Colour 

differences between sapwood and heartwood as well as between earlywood and 

latewood are very important for imaging purposes. Hence, colour information can 

enhance the performance of the detection algorithms (Brunner et al. 1990). 

 

5.4 Description of the method 

 
The method implemented for the detection of the ring and vein texture of wooden 

samples is a semi-automatic stepwise process that can be summarized as 

following: 

• Acquisition of the wood surface textures 

• Image pre-processing 

• Analysis of the material textures images and detection of the ring and intra-

ring boundaries 

• Post-processing of the detected boundaries, based on automatic and 

manual edge linking and elimination of the extraneous detected features. 

 

5.4.1 Image acquisition and pre-processing 

 
The acquisition of the rings and veins patterns is the first important task to be 

performed. The choice of the appropriate acquisition methodology depends 

primarily on the size and location of the object of interest. For the purpose of the 

current research, samples of limited size were acquired by means of a 2D scanner. 

However the method can be applied also for analyzing elements of structural size. 

In this case, close range photogrammetric (CRP) techniques are adopted, and 
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images of the surfaces’ textures can be acquired by means of either analogical or 

digital cameras. 

In principle, the better the quality of the input digital image, the simpler and more 

reliable will be image processing operations. The quality of the acquired image 

depends, on one side on the acquisition method, that is primary the technique used, 

the chosen resolution and the lightening conditions, on the other side on the 

characteristics of the material textures, especially the intrinsic species features (i.e. 

gradual or abrupt transition) and the quality of the surfaces (i.e. residual roughness, 

with or without stains, powder, etc.). The choice of the correct image resolution 

determines the accuracy of the digitization process and permits segmentation 

methods to work appropriately. The spatial resolution controls the minimum size of 

features, which can be detected using algorithms. As spatial resolution increases an 

image usually gains more detail but also the amount of data that must be processed 

increases, which slows image processing.  

In the current research it has been noted that, for softwoods, the growth layers’ 

boundaries are a rather gross feature, compared with other features such as rays, 

stains etc. Hence too high resolutions cause more noise rather than increase the 

accuracy of the detection. 

The pre-processing process consists in the merging of sub-images, in the case that 

the entire sample face cannot be acquired at once, as well as the enhancement of 

the image quality, by means of filtering. In case the sample face to be studied is 

captured in separated image frames, it is important to ensure, during acquisition, a 

minimum overlap between adjacent frames. The merging operation can be done by 

means of a commercial image editing software. It may be necessary to perform 

contrast adjustments between frames to eliminate artificial lines at frame overlap 

lines that may be confused as wood texture features by edge detection algorithms.  

Once the textures are acquired and eventually merged together they can be loaded 

in the implemented application and the mapped 3D model of the timber element can 

be generated. 

The image filtering and analysis can be applied either directly on the 3D model or 

on the separated images of the sample faces. 

The following filters for the image enhancement are available in the application: 

• Gray-scale 

• RGB2HSV 
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• Brightness-contrast 

• Gray-level group enhancement 

• Dilation 

• Erosion 

• Laplace 

• Smooth 

Grey-scale and RGB2HSV are basic techniques to convert the acquired colour 

image respectively to greyscale, according to luminance formula, or in the hue-

saturation-value (HSV) colour space. 

Systematic brightness errors due to uneven object illumination or sensor’s lens 

sensitivity can be suppressed by brightness correction methods. The brightness-

contrast filter is a frequency-domain procedure that is useful for improving the 

appearance of an image by simultaneous brightness range compression and 

contrast enhancement. This method is based on a homomorphic filter function that 

operates on the illumination and the reflectance component of an image separately. 

The illumination component of an image is generally characterized by slow spatial 

variations. The reflectance component tends to vary abruptly, particularly at the 

boundaries of objects. These characteristics permit to associate the low frequencies 

of the Fourier transform of the logarithm of an image with illumination and the high 

frequencies with reflectance. 

In order to enhance the contrast, also the grey-level group (GLG) filter can be 

applied. The basic procedure of this technique is to first group the histogram 

components of the image into a proper number of groups, according to their 

amplitudes, then redistribute these groups of histograms components uniformly 

over the greyscale so that each group occupies a greyscale segment of the same 

size as the other groups, and finally ungroup the previously grouped grey-levels. 

The morphological operators of erosion and dilation are also available filters: the 

former to simplify the structure of the image, the latter to fill small holes and narrow 

gulfs (such as those due to narrow splits on the element face). 

Smoothing filters are applied in order to diminish the effects of camera and 

environmental noise (in our case, i.e. the noise due to the dust), spurious pixel 

values, missing pixel values etc. In particular mean, Gaussian and median filters 

are available in the implemented application.  
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Sharpening filtering, based on the Laplacian operator, is used to highlight fine detail 

in the image, or to enhance detail that has been blurred (perhaps after applying 

smoothing filters). In particular, it is used to increase the image local contrast, in 

order to highlight features such as different density areas, typically present in the 

growth layers between earlywood and latewood. 

The filtering phase can be controlled by the user by choosing the relevant 

parameters of the transformation as well as by removing applied filters or 

superimposing the effects of different filtering operations. 

Some of the filters, such as the morphological filters and the Gaussian filter, 

implemented for the operator-controlled image pre-processing are also used in the 

further phase of image analysis. 
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 a) b) 

c)   d) 

e) f) 

g) h) 
Figure 5.1. Examples of wood texture filtering: a) Gray-scale, b) RGB2HSV c) Brightness-

contrast, d) Gray-level group enhancement, e) Dilation, f) Erosion, g) Laplace, h) Blur  
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5.4.2 Image analysis and edge detection 

 
The core of the wood growth layers detection procedure is based on the 

implementation and further development of the morphological method described by 

Soille et al. (2001) for ring measurements. 

According to this approach, the ring and vein detection is achieved by means of a 

watershed procedure, based on a marker-controlled segmentation. Consequently, 

the input image must be transformed in such a way that the watersheds of the 

transformed image follow the searched image objects, in this case the growth layers 

boundaries. 

For this purpose, first the morphological gradient of the original image is calculated 

from the arithmetic difference between the dilation and erosion of the input image 

with a structuring element, whose size is chosen in order to enhance the latewood 

to earlywood transitions. The obtained morphological gradient gives the image 

“mask”, which is a grey-scale image. The mask must be then filtered by means of a 

so-called “marker” function, which marks the relevant image objects and their 

background, and consists in a binary image containing the relevant minima. 

Differently than in Soille et al. (2001), the aim of the current task is to highlight both 

the ring and intra-ring boundaries. For this purpose, two markers are defined. 

First a marker is defined as the output of the following sequence of morphological 

filtering (Fig.5.2): 

1) Open-close filter by a 3x3 square structuring element, in order to filter out 

small-scale bright and dark image variations. 

2) Opening by a square structuring element to remove all the bright streaks, 

which can generate discontinuities along the tree ring boundaries. The size 

of the structuring element can be selected according to the width of the 

largest streaks and narrowest earlywood regions: it must be slightly larger 

than the former but smaller than the latter. 

3) Black top-hat: The closing step will suppress all dark rings, which will be 

recovered when computing the difference between the closing of the image 

and the image itself. The size of the structuring element must be set so as 

to exceed the width of the largest dark latewood regions. 
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4) Threshold of the black top-hat: the threshold output will be the earlywood 

marker image. 

The watershed transformation is then applied to the mask, while considering the 

earlywood markers as the set of the relevant minima. This operation gives one of 

the two boundaries between the dark and light regions. 

The second marker is obtained by means of the distance transform of the image 

obtained by superimposing the first marker and its watershed. 

The important point of using watershed method for edge-detection is to construct 

dams which will be detected edges after processing. Visually, the second mask is 

the instant of the first mask which is shifted pre-defined pixel to opposite direction 

with respect to the first detected dam. 

Distance between points can be defined in several different ways; by means of the 

Euclidean distance, known from classical geometry or alternatively by means of 

chamfering. Chamfering measures the distance between two points as the 

minimum number of elementary steps in the digital grid needed to move from the 

starting point to the end point. The distance transform function labels every non-

feature pixel in the output image with a distance to the closest feature pixel. Feature 

pixels are marked with zero. 

The watershed of the mask, taking the marker just created, gives the second 

boundary in the growth layer. 

During the morphology-based edge detection the user can choose, within a given 

range, the value of parameters for the definition of both the mask and the marker 

image. In order to better define the marker the user can also use basic drawing 

tools, to eventually correct the automatically generated marker image. Moreover the 

user can choose the size of the sampling window, which separates the image into 

regions with homogeneous texture. These interaction tools allow the user to adapt 

the method to different wood texture variations (ring-width, earlywood/latewood 

width, variation in the direction of the layers). 
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Figure 5.2. Block diagram of the proposed image-processing chain for the growth layers’ 

boundaries detection based on mathematical morphology. 
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Figure 5.3. Ring Detection by means of the mathematical morphology 

 

As alternative to the morphological method, in the case of simple images and if just 

the ring boundary has to be detected, the modified Canny algorithm, as proposed 

by Conner et al. (1998), can be used.  

The Canny algorithm is implemented, according to the OCV library. First the image 

is smoothed by a Gaussian function. The growth layers orientations are found by 

computing the gradient direction at each pixel location within a region of interest via 

the Sobel operator, a non-maxima suppression is then performed by quantizing the 

gradient direction of each pixel into one of four sectors, shown in Figure 5.4. The 

magnitude of each pixel is compared to the two neighbours in its sector. If the 

pixel’s magnitude is not greater than that of both of the neighbours of interest, it is 

set to zero in the output image. Otherwise its magnitude is used as the value for the 

corresponding pixel in the output image. The gradient magnitude can then be used 

to compute the average magnitude for each direction sector. The direction with the 

largest average magnitude corresponds to the orientation that has the highest 

probability of being the ring orientation in the region of interest. 

The Canny edge detector is very noise-sensitive. A directional modification of the 

Canny algorithm has been implemented, according to Conner et al. (1998), in order 

to avoid the detection of not relevant features, in the direction transversal to the 

growth layer, such as prominent rays and splits. For this purpose the a priori 

knowledge of the overall orientation of tree rings within a region of interest is 

necessary. Therefore, the original image is segmented into separated region with 

parallel veins (or rings). Assuming that within a region of interest the growth layers 
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have an approximate orientation, edge detection is then optimized by suppressing 

edges that are nearly orthogonal to that orientation. This is accomplished by 

comparing the gradient magnitude of each pixel with its left and right neighbours, 

regardless of the gradient direction of the pixel. If the gradient magnitude is not 

larger than either of its horizontal neighbours, then it will be suppressed as a non-

maximal edge point. 

This procedure can fail in the case of abrupt change in the boundary direction, as it 

often happens for the more external growth layers intersected in the LT plane. 

The Canny operator uses the so-called “hysteresis” thresholding, which consists in 

setting an upper and lower threshold limit. If a pixel value lies above the upper 

threshold limit it is accepted. If the value lies below the low threshold it is rejected. 

Points which lie between the two limits are accepted if they are connected to pixels 

which exhibit strong response. 

The application interface permits the user to control the results gathered with this 

procedure by setting the threshold ratio. 

 

 
Figure 5.4. Canny edge detector 
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Figure 5.5. Detection of the ring boundaries by means of the modified Canny edge detector 

 

5.4.3 Post-processing 

 
The quality of results of the edge detection procedures is mainly dependent on the 

quality of the input image and the characteristic of the sample. An optimal contrast 

between earlywood and latewood layers, as well as the uniformity in the orientation 

and intra-vein spacing permit to automatically detect, by means of the presented 

edge detection techniques, almost all of the growth layers boundaries, and in all 

their extend. However if the optimal conditions are not satisfied, discontinuities can 

occur in the detected boundaries. In addition, unwanted artefacts resulting from 

knots, splits, checks and other troublesome features in the wood can be present. 

Therefore post-processing is necessary to successfully link growth layers fragments 

and to remove unwanted noise from the edge map. 

As regards the former task, Conner et al (1998) proposed an edge-linking method 

based on some a priori knowledge. This method was implemented for the analysis 

of tree-rings, that is, only for detection of the growth layers boundaries on the RT 

plane. In this case it is possible to utilize, with a good confidence, the knowledge of 

some anatomical-geometrical characteristics of tree-rings. One of their most basic 

features, indeed, is that their width of a given ring remains nearly constant along its 
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length. This assumption is generally still true for veins in the LR plane, but can be 

false for vein on the LT plane. 

Hajjar et al. (1999) proposed an edge-linking algorithm based on the local analysis 

of the break points. That is, the characteristics of the pixels are analyzed in a small 

area portion, inside a 12x12 moving window. The window scans the input grey level 

edge map, converting it into three intensities levels using two threshold values. 

Decisions of linking the edge break points are made based on their gradient 

directions. In particular, an edge is linked with is neighbour if the line joining the two 

edges and the gradient direction are no more than 45 degrees apart.  

Once the edge-linking is performed a snake technique is applied, in order to 

increase the continuity of the contours, and make them smoother. The algorithm 

used for minimizing snake energy is the one implemented in the Open CV library 

(Williams et al., 1992). The scheme of this algorithm for each snake point is as 

follows: 

Total energy at every point is given by: 

 

iimgiicurviicontii EEEE ,,, γβα ++=                                                                    (5.14) 

 

where α, β, γ are weights. 

Before computing iE , each energy term must be normalized, i.e.: 

 

min)/(maxmin)( ,,, −−= iimgnormalizediimg EE                                                     (5.15) 

 

where max and min are maximal and minimal energy in the neighbourhood. 

Snake points are moved to the chosen points of minimum energy. 

All this steps are iterated until the convergence is reached, that is, until the number 

of points, moved at last iteration, is less than the given threshold. 

Contours created by means of the snake technique are ordered point sets. In the 

further stage of the implemented methodology, presented in the next chapter, it is 

described how, from those point sets, B-Spline parametric curves are generated. 
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5.5 Verification and applicability of the method 

 
The method has been implemented and tested for Picea abies Karst.. 

The robustness of the method for the growth layers boundaries detection is strictly 

connected with the quality of the approximation of these boundaries by means of B-

spline curves, generated by means of the method described in the next chapter. 

The further results of the implemented methodology, concerning the modelling of 

the growth layers surfaces, depend on the quality of this approximation. Therefore, 

the verification analysis was based on the comparison of the width of rings 

measured both on the real sample and from the generated parametric curves. 

Rings widths were measured on the real sample, using the measuring tools for the 

dendrochronological analysis, as described in Chapter 3. The distances between 

the B-spline curves approximating the detected boundaries were measured, after 

exporting the geometric model in a commercial CAD software. Details on the export 

data are given in the next chapter. In order to test the effectiveness of the automatic 

procedure for the growth layers boundaries detection and modelling, the analyzed 

output data are those obtained after the automatic generation of the B-spline 

curves, avoiding any manual post-processing of the model. The analyzed sample is 

the disc “A”, obtained from the spruce log used in the experimental campaign, as 

described in Chapter 3. In particular measurements were done on three different 

disc rays (A-5, A-6, A-7 as in Figure 3.2, Chapter 3). The accurate measurement of 

both ring and intra-ring widths was carried out just on the RT plane. A second task 

of the testing phase was to assess the effectiveness of the method in detecting 

veins on the longitudinal faces. In this case, a visual estimation was given by 

superimposition of the detected edges on the digital image of the real sample. 

As regards the first part of the testing phase, the sample was prepared in order to 

insure high quality output digital image. Therefore, the surface of the stem cross 

section disc was sanded with an orbital sander and successively finer grids. The 

disc was then digitized with a flatbed scan at the spatial resolution of 600 dots per 

inch (dpi) and RGB scale, 48-bit depth. The images were stored using the JPEG 

image format; other image formats, namely the BITMAP and PNG, can be imported 

in the application as well. In order to control the geometric deformations induced by 

the scanner a grid of known dimensions was drawn on the sample. This permits to 

correct the ring width measured on the basis of the scanned image. Because the 



5. A SEMI-AUTOMATIC TECHNIQUE FOR THE DETECTION OF THE GROWTH LAYERS 

 

 103 

sample size exceeded the scan area of 297x216 mm, the entire disc was scanned 

by acquiring successive, overlapping sub-images. The sub-images were then 

merged together by a commercial image editing software (Adobe Photoshop). The 

digital image of the entire disc was then imported in the application. The code, so 

far, permits to model timber elements on the basis of a prismatic volume, whose 

faces are mapped, and consequently dimensioned, applying the acquired textures 

of the element faces. In this case it was not necessary to map the whole faces, but 

just the one corresponding to the analysed stem cross-section. Hence, the other 

faces of the volume were mapped with a neutral background. The fundamental 

steps of the method for the extraction of the growth layers boundaries, as described 

in the previous paragraph, were then made and the resulting boundary curves were 

exported in IGES format, in order to be further analyzed. 

 

5.6 Analysis of results 

 
The method proved to be effective to detect ring boundaries on the RT planes. As 

shown in Figure 5.6-5.8, the method is not able to detect very narrow rings 

boundaries, especially in a series of narrow layers. As regards the accuracy in 

detecting the intra-ring boundaries, in most of the measures also a portion of the 

transition wood is included in the detected latewood portion (Fig.5.9-5.10). From a 

visual analysis, the results obtained on the longitudinal faces of spruce samples are 

comparable with those gathered for the transversal planes (Fig.5.11). 

Some problems occur, however, in detecting intra-ring boundaries, in case of very 

broad veins. 
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Figure 5.6. Comparison between ring-widths series of Picea abies measured manually with 

the Lintab 3.2 ® and those computed from the automatically detected rings (sample A-5). 

 

 

 
Figure 5.7. Relationship between ring widths measured manually with the Lintab 3.2 ® and 

those computed from the automatically detected rings (sample A-5) 

 

 
Figure 5.8. Automatically extracted ring and intra-ring boundaries superimposed on the 

original image (sample A-5)) 
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Figure 5.9. Comparison between latewood widths series of Picea abies measured manually 

with the Lintab 3.2 ® and those computed from the automatically detected rings (sample A-

5). 

 

 
Figure 5.10. Relationship between latewood widths measured manually with the Lintab 3.2 ® 

and those computed from the automatically detected rings (sample A-5) 
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Figure 5.11. Automatically extracted veins superimposed on the original image on a LT 

texture of Picea abies 
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6.  GEOMETRIC MODELLING OF WOOD GROWTH LAYERS 
 
 
 

6.1 Introduction 

 
In the previous Chapter a methodology based on computer vision techniques has 

been presented, that permits to process digital images, representing the ring and 

vein texture on a sawn wood element, and to detect some relevant image 

information, such as the edges of the texture features. The detected edges 

correspond to the boundaries of the wood growth layers on the sawn element faces. 

In the present Chapter the method and the underlying mathematics leading to the 

geometric modelling of the wood growth surfaces from their boundaries is 

described. 

Geometric modelling is a computer-aided process used to describe the shape of a 

physical or mathematical object in terms of geometric concepts. It encompasses 

different methods, including computer-aided geometric design, solid modelling, 

algebraic geometry and computational geometry. In particular, computer-aided 

geometric design (CAGD) applies the mathematics of curves and surface to 

modelling, primarily using parametric equations (Anand, 1993; Hoschnek, 1989; 

Mortenson, 1997). 

The sets of data points extracted from the processed textures of the timber element, 

by means of the methodology described in the previous chapter, are the input data 

of the modelling phase. Indeed, in this phase the parametric curves approximating 
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the growth layers boundaries on the element surfaces are generated from the 

processed images. The further step is the modelling of the parametric surfaces, 

approximating the internal layers, from their boundaries curves, and the analysis of 

the relevant mathematical information. 

Also this phase of the research has been carried out at the GraphiTech Foundation, 

in Trento. 

An early version of the code for the geometric modelling of the wood growth layers 

is reported in Girardi (2005). The further implementation (Minh-Son et al., 2006) 

permits to appropriately process the results of the image analysis phase. 

 

6.2 Parametric Curves and Surfaces: a brief review 

 
Curves and surfaces can be mathematically described by means of intrinsic 

equations, explicit and implicit equations and parametric equations. An intrinsic 

description considers just the figure in question, and not its relation to a coordinate 

system or other external frame of reference. For example a curve requires two 

intrinsic equations, expressing its curvature 1/ρ and its torsion τ respectively, as 

functions of its arc length s: 

 

)(1 sf=
ρ

 and )(sg=τ                                                                                      (6.1) 

 

where torsion indicates how much a space curve deviates from a plane curve. 

For two-dimensional curves the explicit and implicit equations take respectively the 

general forms:  

 

)(xfy =  and 0),( =yxf                                                                                  (6.2) 

 

And for surfaces: 

 

),( yxfz =  and 0),,( =zyxf                                                                          (6.3) 
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In the parametric representation of a plane curve a set of two functions x=x(u) and 

y=y(u) of a parameter u must be defined. We can treat the coordinates of any point 

on a parametric curve as the components of a vector p(u). For a space curve: 

 

[ ])()()()( uzuyuxu =p                                                                                 (6.4) 

 

And for a surface: 

 

[ ]),(),(),(),( wuzwuywuxwu =p                                                               (6.5) 

 

Mathematical approaches to the representation of curves in CAD can be based on 

either interpolation or approximation theories. If the problem of curve design is a 

problem of data fitting, interpolation solutions are used, whereas approximation 

methods permit to model freeform shapes that cannot be represented in terms of 

analytic surfaces. 

Interpolation problems in CAD can be solved conveniently by means of either 

Hermite curves or spline functions. 

A cubic Hermite curve is represented by piecewise cubic polynomials with position 

and slope continuity. The parameter value varies from zero to one for each 

segment. 

The algebraic form of a parametric cubic curve is given by the following three 

polynomials: 

 

xxxx ducubuaux +++= 23)(  

yyyy ducubuauy +++= 23)(  

zzzz ducubuauz +++= 23)(  

(6.6) 

or in vector notation: 

 

dcbap +++= uuuu 23)(                                                                                   (6.7) 
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With a, b, c, and d the vectors of the algebraic coefficients. 

In the Hermite form, each curve segment is defined in terms of the endpoints 

coordinates and the tangent directions at these points. Expressing the algebraic 

coefficients in terms of the boundary conditions, after some calculation it is possible 

to rewrite Eq. (6.7) as: 

 
uu uHuHuHuHu 14031201 )()()()()( ppppp +++=                                           (6.8) 

 

Where 0p , 1p , u
0p , u

1p  are the geometric coefficients and the H terms are the 

Hermite basis functions or blending functions of the Hermite curves. These 

functions blend the effects of the boundary conditions to produce the intermediate 

point coordinate value over the domain of u. 

Interpolation by means of spline curves consists in a piecewise parametric 

representation of a curve with specified level of parametric continuity. The cubic 

spline is represented by a piecewise cubic polynomial with second order derivative 

continuity at the common joints between segments. With the parameter normalized 

between zero and one, the cubic spline is just a special case of the Hermite 

interpolation, where the first derivative values at the end of each segment are so 

chosen to ensure second derivative continuity. 

In case the position of just some points on the curve or surface are known, 

approximating techniques are adopted. 

Bézier curves employ control points or control vertices, that is, an ordered set of 

points that approximate the curve. A Bézier curve of degree n, specified by n+1 

control vertices, is a parametric function of the following form: 

 

)()( ,
0

uBu ni

n

i
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=

= pp                                                                                              (6.9) 

 

where the vectors ip represent the n+1 control points. The function )(, uB ni is the 

blending function, described by Bernstein polynomials as follows: 
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These blending functions satisfy the following conditions: 

 

0)(, ≥uB ni       for all i,      0≤u≤1 
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(6.11) 

 

The second condition forces the curve to lie within the convex hull, that is the 

convex figure set by the extreme points of the polygon formed by the control points. 

Bézier’s blending functions force the curve to interpolate the first and last control 

points, while intermediate control points merely pull the curve toward them. Moving 

the position of one control point alters the shape of the entire curve, for this reason 

Bézier curves lack local control. 

On the contrary, local control is exhibited by B-Spline curves, represented by Eq. 

(6.12): 
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Comparing Eq. 6.12 to Eq. 6.9 for Bèzier curves, the most important difference is 

the way the blending functions are formulated. For a Bézier curve, the number of 

control points determines the degree of the blending function polynomial. For a B-

Spline curve, a parameter k controls the degree of the basis polynomial, and it is 

usually independent of the number of control points. 

The ith blending function )(, uN ki  of degree (k-1) is defined by the following 

recursive equations: 

 

If k=1 
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The above is usually referred to as the Cox-de Boor recursion formula. The first 

expression says that if the degree is zero the blending function is a step function. 

The it  are the knot values. The knot vector is therefore [ ]kno tt ,...... . This 

vector can be classified either uniform/periodic, nonperiodic or nonuniform. 

Uniform knot vectors are periodic and have equispaced it  values. In nonperiodic 

knot vectors, multiplicity of knot values, equal to the order of the function k, occurs 

at the ends, and the internal knots are equally spaced. If either one or both of these 

conditions are not satisfied, the knot vector is said to be nonuniform. Multiple or 

repeated knot-vector values, or multiply coincident control points, induce 

discontinuities.  

Both for curves and surfaces the nonrational forms are special cases of the rational 

forms. The non uniform rational B-spline (NURB) is the most general representation 

of parametric curves. 

Indeed, NURB mathematics encompasses all B-Spline and Bezier curves and even 

conics, and represents a powerful method for modelling a wide range of shapes 

using one canonical parametric form. Furthermore NURBs permit a local control of 

the curve. For these reasons, in the current research, the NURB representation has 

been adopted for the geometric modelling of the wood growth layers. 

In a general form, NURB curves can be represented as: 
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Where ip  is the set of control points, wi is the set of homogeneous coordinates, 

often referred to as the “weights” and t are the parametric intervals or “knots”, not 

uniformly spaced, within which the basis function is defined. 

Analogously, as regards the surfaces, the NURBS (nonuniform rational B-spline 

surface) formulation is: 
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6.3 Modelling of the wood growth layers: description of the method 

 
The output data of the image analysis phase, described in the previous chapter, are 

sets of points which approximate the edges of the wood growth layers. The further 

development of the implemented methodology consists in the definition of a 

geometric model from those sets of points. This process is allowed by the 

integration, within the architecture of the implemented application, of both image 

analysis and geometric modelling techniques. As regards the latter, graphic 

libraries, namely Open Inventor (OIV) and Open Cascade (OCC), have been used. 

The methodology for the geometric modelling of the wood growth layers is a semi-

automatic process, whose steps can be summarized as following: 

• Generation of parametric curves approximating the sets of data points 

along the boundaries of the growth layers on the element faces 

• Post-processing of the generated curves 

• Modelling of the surfaces approximating the spatial configuration of the 

growth layers in the inside of the element 

• Post-processing of the generated surfaces 

• Export of the data 
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To approximate the given point sets, representing the edges of the wood texture, B-

Spline curves have been chosen. B-splines require more information (i.e., the 

degree of the curve and a knot vector) and a more complex theory than Bézier 

curves. On the other hand, they provide more control flexibility than Bézier curves 

can do. In fact, because the degree of a B-spline curve is separated from the 

number of control points, it is possible to use lower degree curves and still maintain 

a large number of control points. Moreover the position of a control point can be 

modified without globally changing the shape of the whole curve (local modification 

property). Since a B-spline curve satisfies the strong convex hull property (it is 

contained in the convex hull of its control polyline), it allows a fine shape control. 

In order to perform the curve modelling task, from the coordinates of the points 

detected on the digital images of the wood texture, that are two-dimensional and 

related to the local coordinate system of each element face, the corresponding 3D 

coordinates in the element global system are calculated. The selected points 

represent the control points of the parametric curves. Their coordinates are stored 

in a points array and, from those points, B-Spline curves are generated in Open 

Cascade, by means of the “GeomAPI_point to BSpline” class. 

The data structure of the generated model consists, for each element face, in the 

list of curves, for which the list of control points with their 3D coordinates is given. 

Knots sequence and control points of the curves are then defined in Open Inventor: 

the knots are defined in the SoNurbsCurve of the OI “shapes” node, while on the 

traversal state a SoCoordinate3 node defines the set of control points. The 

SoCoordinate4 node permits to introduce also the weights. The order of the curve is 

implicitly defined as the difference between the number of knots and the number of 

control points. 
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Figure 6.1. NURB curve approximating a growth surface boundary on an element face 
 

In order to better control the result of the modelling phase, it is allowed the 

interaction of the user both during the automatic curve generation and in the post-

processing phase.  

During the generation of the boundary curves an opportunity to control the shape of 

the curves and the quality of their approximation is given, by choosing the sampling 

interval of the control points. 

Once the curves are generated, they can be post-processed, by deleting them, 

joining two broken curves and modifying the position of their control points. New 

curves can be also manually modelled. 

In order to permit the post-processing of curves, a “manipulator” is defined by 

means of the OIV class SoTransformManip. It is a transform node with 3D interface 

for changing scaling, rotation and translation. Because it is the base class of all 

SoTransform nodes, any change to its fields results in the other nodes that follow in 

the scene graph. Hence, the manipulator permits to modify the modelled geometry 

in a dynamical manner. Each manipulator contains a dragger that responds directly 

to user events and in turn modifies the fields of the manipulator. By attaching a 

manipulator on the curve control points, the user can drag the manipulator to pick 

and translate the control point and, consequently, modify the curve shape. 
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When new curves have to be modelled, they are traced clicking the mouse along 

the boundary lines on the texture, which were highlighted during the former image 

processing. The coordinates of the selected points are extracted by means of the 

SoRayPickAction event and stored in a points array. Then the curve is generated, 

according to the procedure described above. 

The further step of the method consists in the approximation of the growth surface. 

In this case the only input data are given by the boundary curves of the surface. 

The idea to span a given curve complex using appropriate blending functions goes 

back to Coons (1964, from Hoschek & Lasser, 1989). A Coons patch is a surface 

patch which interpolates given data along the surface boundary. In case of a 

quadrilateral boundary, the following parametric formula for the interpolating surface 

is given: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

)(
)(

)1,1()0,1(
)1,0()0,0(

))(),((

),1(
),0(

))(),((
)(
)(

))1,(),0,((),(

1

0
10

10
1

0

vf
vf

vfvf

v
v

vfvf
vf
vf

uuwu

PP
PP

P
P

PPQ
 

(6.16) 

 

Where ),( viP and ),( iuP are the parametric representations of the boundary 

curves for i=0,1 and if  are the blending functions. If 1C  continuous surfaces are 

required then two Coons patches along a same parametric curve have to share the 

same tangents along this curve. 

In the methodology implemented in the current research, a function given in Open 

Cascade is used, to extract surfaces from their boundaries. The 

“GeomFill_ConstrainedFilling” OCC class permits to generate a BSpline-Surface 

from three or four boundary curves. 

In some cases, especially for diagonal-grained timber elements, it may be 

necessary to work with five-sided patches. This special circumstance has to be 

carefully treated. In fact, a five-sided surface can be modelled either by dividing it in 

triangular and quadrilateral sub-domains, or by merging two adjoining boundary 

curves, in order to reduce it to a quadrilateral domain. In the first case the problem 

of the 2C  continuity, that is, of the smoothness of the polysurface at the connecting 
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boundary, arises (Fig. 6.2.). In the second case a smooth surface is created, but 

one of the corner points of the original domain is not preserved anymore (Fig. 6.3). 

This can be a problem, if a solid model of the consecutive layers has to be built for 

the geometric model in the FEM analysis, as described in the next chapter. 

 

 
Figure 6.2. 5-sided surface modeled 

through two quadrilateral patches 

 
Figure 6.3. 5-sided surface modeled 

by merging two boundary curves 
 

Therefore, in order to better control the result, the five-sided surfaces are modeled 

outside the implemented application, after exporting the boundary curves. For this 

reason, as further specified, the modeled curves can be exported in an IGES file 

and processed by means of a commercial CAD software. 

For modelling three-sided and four-sided surfaces by means of the 

“GeomFill_ConstrainedFilling” function of Open Cascade it is necessary to define 

the 3D curves as surface boundaries, by means of the “GeomFill_Boundary” OCC 

class. The data structure of the curves, that is stored in a list for each element face, 

permits to properly select the boundary curves belonging to the same surface. 

Therefore every single surface is modelled by picking the selected boundary 

curves, on the different element faces. OCC calculates the matrix of control points, 

the knot sequence for both parameters u and v and the multiplicity. These data 

permit to convert the surface into an OIV node, specifically a SoNurbsSurface. 
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Figure 6.4. NURBS approximating a growth surface 

 
Also the generated surfaces can be eventually post-processed, analogously to the 

curves, by moving the manipulator attached to the control points on the boundary 

curves.  

Model data can be exported, in a text file as well as in an IGES file, both after the 

curves and the surfaces generation. The text format permits to read and eventually 

process the relevant geometric data of the model. The IGES format permits the 

graphical data to be either imported in commercial CAD software, in order to be 

analyzed and further processed, as done in the testing method described in the 

next paragraph, and in FEA software, as geometrical input data for the mechanical 

modelling, as described in the next chapter. 

 

6.4 Verification and applicability of the method 

 
In order to validate the method, tests have been performed on spruce elements of 

different size and growth layers orientation. A sensitive study on cross-section size 

and length effects followed, in order to test the predictive ability of the method for 

element in structural dimension. 

A first series of tests have been carried out on elements whose dimensions (“Type 

A”: 8x8x20 cm; “Type B”: 10x15x20 cm) permitted to acquire the surfaces texture by 
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means of a plane scanner. In this case the sensitivity of the method to the cross-

sectional size is analyzed. 

As regards the texture characteristics, two classes of specimens have been 

considered: 1) “clear” and “diagonal-grained” wood elements and 2) elements with 

knots.  

To the first category belong elements without macroscopic defects, such as knots, 

both straight-grained and with diagonal grain. In the second group belong elements 

with knots, which cause an extreme local variation of the layers orientation. At this 

scale of the analysis, the fiber orientation is not considered, but rather the growth 

layer orientation. Therefore neither spiral grain nor dive angles of fibers around the 

knots are taken into account. 

Subsequently tests on timber in structural dimensions (“Type C”: 9x9x170 cm) have 

been carried out. In this case, in order to minimize the presence of extreme local 

deviations of the growth layers around knots, some limits on knots number and size 

have been set. Single knots, 50 mm in maximal diameter, were permitted, while in 

case of multiple knots, the global area enclosing the knots had to be not wider than 

0.4 mm2. Measurement and size limits of knots comply with the visual strength 

grading standards stated in UNI 11035-1/2 (2003) (which agrees also with 

requirements of prEN 14081-1 (2000), paragraph 5.2 “Visual strength grading”); in 

particular the chosen elements fall into the S1 strength class, as regards the knots 

features. 

Close range photogrammetric techniques have been applied to acquire the texture 

of the “Type C” elements as well as the geometric data necessary to generate the 

model of the beam external surfaces. Even if the tests have been carried out in a 

lab, CRP is of course the most suitable and accurate technique for acquiring 

textures during an in-situ survey. 

Obviously errors occurring during the NURB curves modelling propagate in the 

automatic extraction of the inner NURBS surfaces. Therefore, in order to isolate the 

error occurring in the surface modelling phase, the models were tested after post-

processing the curves, approximating the boundaries of the growth layers on the 

element faces. 

Graphical data have been compared with the relevant features observed on the 

correspondent sample. For this purpose, the models have been imported in a 

commercial 3D CAD software (Rhinoceros). Cross-cutting planes were modelled in 
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order to visualize the layers pattern in different cross-sections along the virtual 

specimens (Fig. 6.5). Analogously, the real samples were cut at the same distance 

along the longitudinal axe.  

The two cross sections at one and two-thirds of the length of “Type A” and “Type B” 

specimens have been considered, while “Type C” elements have been cross cut at 

the mid span as well as at the knots and beside them, where knots had no more 

effects on the layers orientation (Fig. 6.6). 

 

 

Figure 6.5. Model of a “Type A” element and cross-sections location 
 



6. GEOMETRIC MODELLING OF WOOD GROWTH LAYERS 

 

 121 

 

Figure 6.6. Model of a “Type C” element and cross-sections location 
 

The cross sections of the real samples have been analyzed following the same 

procedure adopted for measuring the ring-widths on the element end sections, as 

described in the previous chapter. Therefore, also in this case, a Lintab 3.2 ® 

measuring stage and the TSAP ® software were used to measure and record ring-

widths. 

The distances between the modelled surfaces were measured from the obtained 

cross-sections of the model, along the same lines where the measurements on the 

real sample were taken. Measurement lines were traced, approximately 

perpendicular to the growth ring, at the center of the cross section. 

 

6.5 Analysis of results: virtual versus real 

 
Errors between the ring-widths measured on the real samples and on the model 

were calculated as a percentage of the ring-widths measured on the real sample. 

As shown in Figure 6.7 and Table 6.1 good results were obtained for models of 

“Type A-1” samples, both straight- and diagonal-grained. Some problems occur, 

however for surfaces whose boundaries consist of more than four curves, as 

typically happens for some growth layers in diagonal-grained elements. In this case 
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the surfaces are not directly generated in the implemented application, but rather 

the boundary curves are exported, in an IGES format, and the surfaces are 

modelled by means of a commercial 3D CAD software, either by dividing them in 

triangular and/or quadrilateral patches or by merging together two consecutive 

boundary curves. The latter method permits to have smoother surfaces and a better 

approximation of the growth surface. 

The main problems occurred for specimens with knots (“Type A-2”). The method, in 

fact, at the actual stage of the research, is not able to predict the deviation of the 

layers inside the element around the development of the knot. In this case the 

distortion is related to the knot-bump, which causes growth layers to bulge from the 

cylindrical form of the stem. Therefore, errors due to the method accuracy derive, 

basically, from the limit of the NURBS mathematics to model abrupt slope changes, 

as the ones occurring around the knots. Moreover, errors obviously occur where 

“extraneous objects”, like the knots themselves, are located. 

Figure 6.8 shows the distribution of the error along the length in the “Type C” 

element represented in Figure 6.6. 

 

 
Figure 6.7. Relationship between ring widths measured manually with the Lintab 3.2 ® and 

those computed from the models 
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Type "C": maximal method error along the element
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Figure 6.8. “Type C”: error distribution along the element length 

 

 

Element Type 
 

Mean Std. Dev. 

Type A-1, 
sample with straight-grain 
 

0,989 0,124 

Type A-1, 
sample with diagonal-grain 
 

1,266 
 

0,638 
 

Type A-2, 
sample with a knot 
 

1,218 0,645 

Type B-1, 
sample with straight-grain 
 

0,978 0,173 

Type B-1, 
sample with diagonal-grain 
 

1,032 0,158 

Type B-2, 
sample with a knot 
 

0,992 0,112 

Type C 
 
 

1,457 1,056 

Table 6.1. Errors between the ring-widths measured on the real samples and on the model 

 
6.6 Conclusions 

 
The method described in this chapter proved to be effective in spatially modelling 

the inner growth layers of clear and diagonal grained wood elements. On the 

contrary, the presence of knots and the consequent local distortion of the growth 

layers layout cause a significant spread in the results. The model does not show 
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sensitivity to cross-section size, in “Class 1” samples. The method sensitivity to 

element length derives from the unavoidable presence of knots in elements in 

structural dimension.  

The gathered results are very interesting and promising: the implemented 

methodology permits to spatially model the material layers, using as input data only 

the texture images of the element external faces. 

In future research, the presented methodology will be further implemented to take 

into account also the presence of knots, and model the relevant distortion of the 

material layering, in order to achieve a more predictable model for timber elements 

in structural dimension. 

For this purpose, the actual hardware set-up could be coupled with other input 

devices, i.e. CT devices, in order to locally detect heterogeneities, such as knots. 
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7. MORPHOLOGICAL MODELLING. THE SECOND STEP: 
IMPLEMENTING THE GEOMETRICAL MODEL TO 
NUMERICAL ANALYSES OF TIMBER ELEMENTS 

 
 
 

7.1 Introduction 

 
For the purpose of numerical analysis, wood is often considered homogenous and 

isotropic. This is certainly not the case, in fact wood exhibits anisotropic elastic and 

inelastic behaviour and heterogeneities occur also in clear wood. 

In the implemented method the heterogeneities at the level of the growth layers are 

introduced, by differentiating the earlywood and latewood materials. Moreover the 

orthotropic behaviour is modelled considering the variation of the material 

directions. 

Calculations have been performed with the general analysis program ANSYS. 

Assumptions and methods for the definition of the material properties for numerical 

prediction of the behaviour of the timber elements are discussed in the next 

chapter. 

In this chapter, the problems and methodological limits encountered in the definition 

of the geometrical model for the implementation of the numerical analysis are 

presented, as well as the strategies adopted. In particular the definition of the solid 

modelling procedure, the consequent mesh generation process and the approach 
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adopted to model the variation of material directions within the timber element are 

presented. 

Problems and strategies discussed in this chapter involve both computational 

mechanics issues and applications of CAD. In particular, among the methods in 

computational mechanics, the finite element method (FEM) is the one adopted to 

perform the numerical analysis of timber elements on the base of the proposed 

“morphology-based” models. 

 
7.2 General assumptions and strategies 
 
3D solid analysis models are used for thick structures in 3D space that have neither 

a constant cross section nor an axis of symmetry. This is, in general, the case of the 

wood growth layers in a timber element. Only in particular cases, such as for 

straight-grained elements, perfectly tangential or radial, with constant thickness of 

the annual layers, “morphology-based” models can be simplified in 2D space. In the 

present research, in order to represent the general case, a three-dimensional 

geometrical domain has been defined for the numerical analysis of timber elements, 

as already stated in Chapter 4. In this case, the model generation consists in the 

definition of the geometric configuration of the nodes and elements that represent 

the spatial volume and connectivity of the actual system. 

The modelled element is assumed to be composed of different solid entities, the 

growth layers, whose interfaces are the growth surfaces. The intersections between 

the growth surfaces and the faces of the timber element are referred to as boundary 

curves. In the previous chapters the methodology for the definition of both boundary 

curves and growth surfaces has been presented. In the next paragraph the 

procedure for the definition of the volumes representing the growth layers is 

discussed. The growth layers are assumed to be bounded, therefore no mechanical 

interfaces are modelled between them. 

Material properties within the growth layers correspond to a homogeneous 

orthotropic material; if also the intra-ring layers are modelled, homogeneous 

properties are assigned for the earlywood and latewood portions, as discussed 

further in the next chapter. With a simplification, it is assumed a constant fiber 

orientation within each growth layer. If spiral grain can be neglected, than the 

orthotropic material directions are assumed coincident with the anatomical 

directions at the mesoscale, defined by the spatial orientation of the growth layers, 
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as described in § 7.5. In the case of spiral grain, the orientation of the material is 

both dependent on the grain orientation within the layer (L-axis) and the transversal 

orientations of the growth layer (R- and T-axes). 

 
7.3 Solid modelling procedure 

 
The geometric entities, defined by means of the method described in the previous 

chapters, are spatial curves and surfaces. In order to generate the finite element 

model the solid volume to be meshed must be modelled. 

There are two main approaches for the representation of a solid model: an implicit 

construction technique and an explicit boundary-based technique (Mortenson, 

1997). The most common constructive technique is called Constructive Solid 

Geometry (CSG), in which the target object is constructed by a set of Boolean 

operations applied to primitive objects. Boolean algebra provides a means for 

combining sets of data, using such logical operators as intersect, union, subtract, 

etc. 

In the Boundary Representation (B-REP), the geometry of an object is defined by its 

boundary elements, such as vertices, edges and surface patches. However, the 

complete definition of the solid model requires combinatorial relationships among 

the several surface patches, and an explicit definition of the way in which vertices 

bound edges and edges bound surfaces. The set of incidence relationships is 

called the topology of the model. 

In ANSYS the solid model can be generated either by importing the geometrical 

data created in a CAD system or by using the CAD techniques available within the 

pre-processor of the FEM program. 

In the method followed in the present research, the geometric data, defining the 

wood growth surfaces, are created within the implemented application, as described 

in the previous chapters, and exported as IGES files. Therefore only data relative to 

the surfaces and associated edges and vertex are imported in the FEM program. 

The solid model can be then generated either through a top down approach, 

following a CSG scheme, or through a bottom up procedure, from its boundaries. 

Following the former approach, from the primitive defining the sawn wood, the 

solids representing the internal growth layers are obtained by using Boolean 
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operators. In particular the imported surfaces are used to “divide” the original 

prismatic volume. 

In this context, a no rigorous definition of a Boolean model is used. In fact, 

according to the rigorous definition, all the objects must be of the same spatial 

dimension. 

Because the Boolean model is a “procedural representation”, its evaluation, in 

terms of determination of the new edges and vertices and analysis of the 

connectivity of these new elements, is made “a posteriori”. For this reason the 

generation of the solid model by following the top down approach, in the case of 

very complex shapes, can fail. 

If a bottom up approach is adopted, the surfaces delimiting the growth layers are 

imported in the FEM pre-processor and, from them, the “higher order” geometric 

entities, the volumes, are generated. This procedure is more time consuming but 

allows the analyst a better control of the model generation, highlighting local 

degeneracies and permitting to intervene on single parts of the model, in order to 

“repair” them. 

Three essential criteria for a valid solid are: 1) at least three edges must meet at 

each vertex; 2) edges must connect two vertices and be shared by two faces, 3) 

faces must not interpenetrate. While the first two are easily verified, checking the 

last criterion is computationally intensive. 

Traditional B-REP techniques apply to objects that decompose space into three 

parts: interior, exterior and boundary. This class of objects is referred to as manifold 

objects, because their boundaries are twomanifold sets in three dimensions. This 

means that the original techniques could not model multi-region objects. Many 

applications in engineering need to model multi-region objects or objects that 

present other non-2D closed-manifold features, such as dangling faces or edges. 

For this reason, many works in the literature have proposed non-manifold modeling 

schemes. The generation of a consistent non-manifold B-REP model from a set of 

surface patches is not a simple task and may involve surface intersection and 

region detection. 

The more complex solid model type, obtained by the method described in the 

previous chapters, is the one that “morphologically” reproduces the growth layers of 

diagonal grained timber elements. In this case, the presence of many five-sided 

surfaces is unavoidable. Because the smoothness of the polysurface at the 



7. IMPLEMENTING THE GEOMETRIC MODEL TO NUMERICAL ANALYSIS OF TIMBER  

 

 129 

connecting boundary is generally very poor, problems of intersection between two 

consecutive surfaces can occur, especially if intra-ring surfaces are also modelled, 

and, consequently, very narrow volumes are created. 

 
7.4 Meshing 

 
In the Finite Elements method (see i.e. Zienkiewicz, 2000), the continuous problem 

is replaced by an approximated problem, that consists of the construction of a 

subspace hV , which is a finite-dimensional sub-space of space V, and the definition 

of hu , an approximate solution of u, as solution of the problem expressed in Eq. 

7.1: 
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Where ),( vua  represents the deformation energy of the system and f(v) represents 

the potential energy of the external forces. 

The construction of the subspace hV  is based on the following concepts: 

• the creation of a mesh of domain Ω , defined by a set, hΤ , consisting of a 

finite number of segments in one dimensions, segments, triangles and 

quadrilaterals in two dimensions and tetrahedra, pentahedra and 

hexahedra in three dimensions. The domain is written as the finite union of 

elements K. 

• the definition of hV  as the set of functions hv , whose restriction to each 

element K in hΤ is a polynomial. 

The “discretization” of the problem’s domain is combined with additional information 

necessary for the complete definition of the physical problem. Such information 

consists of a set of parameters, called simulation attributes (Shepard & Finnigan, 

1988). The finite-element mesh consists of a group of nodes or vertices (points with 

coordinates) and a group of cells, called finite elements, with a predefined topology 

(triangular, quadrilateral or tetrahedral, for example). The elements are defined by a 
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list of node connectivity (the sequence of vertices that belong to each element) 

(George, 1991). 

From the connectivity of the nodes, the topology of the element can be defined. 

In particular, the oriented numbering of vertices permits to compute the surface of a 

triangle with a positive, or directional, sense. It also permits to evaluate, for each 

edge, the direction normals. 

The elements constituting the mesh must generally satisfy the following specific 

geometric properties: 

• The variation in size between two adjacent elements must be progressive 

and discontinuity from elements to elements must not to be too stiff 

• When elements are of a triangular type, the existence of an obtuse angle is 

to be avoided 

• The aspect ratio of the element must be as much as possible close to 1. 

The mesh generation process takes as its input the shape of the domain being 

analysed, and produces the collection of nodes and elements for the analysis 

program. The traditional meshing technology is mapped meshing, where certain 

standard topological shapes can be filled with mesh of a fairly standard pattern, with 

the actual coordinates of the nodes being computed to give a good mesh flow 

inside the actual shape. The main problems with this technique are first that the 

pattern of mesh inside a piece couples the imprints of the mesh on the boundaries. 

The second problem is that the complete domain needs to be split into such 

meshable pieces. If the domain is three-dimensional and the elements that have to 

be used for generating a mapped mesh are bricks the problem becomes even 

harder. Therefore there has been a general trend towards `free' meshes of 

tetrahedra, which can be built automatically without interaction. With tet meshes 

there is no interaction between the object faces, and no splitting into pieces is 

necessary. However, the coherence between the meshes of parametrically varying 

objects is not ensured, and so great care must be taken if trying to use a free 

mesher inside an optimisation loop. 

In the case of the geometric domain given by the series of volumes representing the 

wood growth layers, the possibility of using a mapped mesh is generally limited by 

the complexity of the shapes to be meshed. A mapped mesh applied to a four-sided 

parametric surface is implicitly defined by a grid of isoparametric curves. By using 

the Ansys pre-processor a volumetric mapped mesh can be obtained, by means of 
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the “sweeping” tool, also if both the source and target area and the sweep paths are 

not equal. This is the case of two consecutive growth surfaces and of their linking 

edges. Limits to a mapped mesh generation occur if the surface to be meshed is 

other than four-sided. Five-sided surfaces are split into triangular and/or 

quadrilateral patches. In some cases, the “merging” of the sub-areas permits to 

apply a mapped mesh also on five-sided surfaces. 

In general, however, for very complex shapes, such as those generated from the 

growth layers of diagonal-grained timber elements, the only available option is to 

use a “free mesh” with tetrahedral elements. This circumstance put some limits on 

the further implementation of the numerical model, as discussed in the next 

paragraph. 

 

 
Figure 7.1. Mapped mesh with hexahedral 

elements 

 
Figure 7.2. “Free” mesh with tetrahedral 

mesh 
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7.5 Modelling the material directions 

 
The method permits to extract a complete set of coordinate axes of the material in 

the two cases of straight-grain and spiral grain. In the latter case additional 

measures on the faces of the element must be done, in order to consider the real 

value of the grain angle. 

When spiral grain occurs, fibers are rotated, within each growth layer, with respect 

to the pith direction. One likely hypothesis is that the angle of spiral grain is constant 

within the individual growth layers in relation to the local radial axis. It is then 

assumed that the predicted fiber orientations within these layers are affected by 

spiral grain in a manner which could be described by an additional rotation of the 

longitudinal axis of the local cylindrical coordinate system. 

The degree of spirality often changes in wood, during subsequent growth and it is 

generally accepted that spiral grain varies linearly with the distance to the pith. 

Therefore, in order to model the variation of the grain angle, different local 

coordinate systems have to be assigned to the different growth layers or set of 

layers. 

The geometrical data of the surfaces approximating the boundaries of the growth 

layers permits to directly derive one of the anatomical directions of the material, 

namely the radial, for each point of the surface. The other two directions depend on 

the patterns of the fibres within the growth layers. 

If spiral grain can be neglected, the longitudinal and tangential directions can be 

computed at any point, from the tangent vectors along the parametric directions of 

the growth surface (Fig.7.3). The tangent vectors are given by the partial derivatives 

(Eq. 7.2): 
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where u and w are the two parameters of the NURBS uwp  modelling the growth 

surface, corresponding to the longitudinal and tangential anatomic direction 

respectively. 

The vector product of the two tangent vectors is the normal of the surface at the 

point, which corresponds to the local radial direction of the material (Eq. 7.3): 
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In case of spiral grain, the vector defining the local longitudinal direction is rotated of 

an angleγ , which depends on the position of the growth layer and on the fiber 

deviation measured on the external faces of the elements, (Eq. 7.4): 

 

x
l
βααγ −

−=                                                                                                  (7.4) 

 
where α and β are the grain angles measured on the longitudinal faces, l is the 

distance between the two faces and x is the distance of the layer from the face 

where α is measured, along the anatomic radial direction. 

 

 
Figure 7.3. Local coordinate system: normal and tangent vectors of the growth surface. 
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Alternatively, method for taking into account the local variation of the material 

directions is to relate them with the topology of the finite element. If a “well 

structured” mesh can be generated, using hexahedral elements and by giving 

element divisions along the surfaces and in the transversal direction, then element-

dependent material directions can be assigned. In particular, in Ansys, the element 

SOLID45 permits to assign local coordinate systems from the local triad computed 

for each hexahedral finite element, with the X-axis directed from its first node 

toward its second node. The shortcoming of this procedure is that, during the 

automatic mesh generation, the nodes connectivity (the sequence of vertices that 

belong to each element) is often missed, so that the two consecutive nodes that 

define the X-direction are differently located and oriented in each finite element. 

For this reason and because a structured mesh is not only applicable on the solid 

models generated following the implemented method, the local variation of the 

material direction is neglected, and the material orientation is averaged at the level 

of the growth layers. Hence, a cylindrical coordinate system is used, to approximate 

the global material directions. 

 
7.6 Limits of the numerical model 
 
Objects having complex shapes, such as the wood growth layers modelled by 

means of the implemented methodology, present a challenge for discretization. On 

the one hand, by reducing element sizes the accuracy of the model increases, but 

on the other hand, this option also increases the amount of memory required for the 

simulation. 

When the required accuracy is not possible, with available computational resources, 

it is necessary to proceed with approximate analyses and make provisions for 

approximation errors. 

Results of computational mechanics simulations involve errors that are introduced 

at three stages. 

• creating mathematical models of real structures (error 1) 

• representing mathematical models using numerical models (error 2) 

• simulating numerical models on computers (error 3). 

Improving the accuracy of stage 1 is an engineering challenge, whereas improving 

the accuracies of stages 2 and 3 is mostly a computational challenge.  
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As regards the errors occurring at stage 2, they can be due to: 

• The approximation of the geometry: elements are usually defined by low 

degree polynomials and the boundary of the mesh is therefore only an 

approximation to the boundary of the object. As the density of the mesh 

increases, the error from this source decreases, and so it is possible to 

make the error small by using a dense enough mesh. 

• The approximation of the physics: the behaviour of the field assumed inside 

an element is not an exact solution of the partial differential equation 

actually satisfied by the field. 

Simulation on computers involves further errors, such as the propagation of round-

off errors caused by the binary representation of real numbers.  

Choosing appropriate models requires expertise and often models have to be 

iteratively refined to conform to expected results. 

The fact that results are always approximate is not of itself a source of concern: 

however, it means that we have to be aware of the sources of error and make sure 

that the errors are not large enough to invalidate the purpose of the analysis. 
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8. MODELLING TIMBER ELEMENTS IN TRASVERSE 
COMPRESSION AND BENDING 

 
 
 

8.1 Introduction 

 
By the end of the 1970’s the finite element method was well established, and it was 

possible to assign different material properties to elements in different directions. 

One of the first attempts to analyse wood elements by means of 3D FE models was 

made by Al-Dabbagh et al. in 1972. They modelled wood as a set of hexahedral 

finite elements with anisotropic material properties. The method permitted to 

account for cross grain, after transforming the stiffness matrix, and to represent 

latewood and earlywood, by means of a layered model with different stiffness. 

Despite its spatial variability, however, wood is generally studied by means of 2D 

FE analyses, with plane-stress or plane-strain assumption, that are unable to 

completely describe a 3D stress field. 

The behaviour of wood in transverse compression was analyzed by Pellicane et al. 

(1994) using a model with six-node, triangular, linear-strain, isoparametric elements 

and orthotropic material properties. The model was able to predict the development 

of tension stresses perpendicular to the loading direction, however a large variation 

in error (41.5% Std. Dev.) was estimated. A similar approach was adopted by 

Hoffmeyer et al. (2000), for modelling both glulam and structural timber. 
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Analogously, a simplified 2D orthotropic model is used by Yoshihara et al. (1998) 

for FEM simulation of static bending. 

In the current research, 3D FE models are analyzed, with tetrahedral elements 

defined by 10 nodes and the orthotropic material properties. The models reproduce 

the spatial configuration of the growth layers in a specimen, and the material 

directions are given accordingly to this configuration, as specified in Chapter 7. A 

stepwise approach was adopted, in order to separately analyze the influence of the 

considered parameters (i.e. cross-grain and orientations of the growth layers, early- 

latewood alternation). 

The level of magnification and the other characteristics of the model permit to 

effectively study the behaviour of wood under specific loading conditions. In 

particular transverse compression and bending for different orientations of the 

growth layers have been studied, for spruce elements at 12% MC. 

The mechanical behaviour of wood is significantly dependent on moisture content 

and, in the analysis at the meso-scale, the different moisture sensitivity of the two 

intra-ring materials should be taken into account. Therefore, in this chapter a 

discussion on the possible approaches and limits for the determination of the 

mechanical properties of wood at the FSP is also included. 

 

8.2 Geometric modelling 

 
In numerical analysis, the geometric modelling is generally considered as the 

definition of the dimensions, shape and other relevant geometric characteristics of 

the modelled structure as well as of the boundary conditions. 

Two different classes of members have been studied in this research: approximated 

cubic elements (c.a. 20 cm side) for analysis of timber under transverse 

compression, and small size clear wood specimens (8x80x200) under flat-wise 

bending. 

The three-dimensional model of the wood growth layers was obtained, according to 

the procedure described in Chapters 4-6, for each of the analyzed timber element. 

The timber element is modelled as a unique body; according to this assumption, the 

consecutive layers can be considered fully constraint to each other along the whole 

boundary surface. 
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In fact, the boundaries between the different material layers are not modelled with 

contact elements, due to the difficulties of simulating correct contact behaviour of 

the interfaces. 

The loading conditions reproduce the experimental ones, as described in the next 

chapter. 

In the models of timber in compression, the development of frictional forces at the 

interface between specimen and loading and supporting plates must be taken into 

account. The frictional forces result from the loading and supporting plate restrains 

on the transverse expansion caused by the Poisson’s ratio effect. A possibility to 

model this effect is to assume a Coulomb friction at the interface between the plates 

and the timber faces. The frictional force is therefore defined as: 

 

nt FF ⋅= μ                                                                                                            (8.1) 

 

Where μ  is the coefficient of friction, nF  is the force normal to the contact surface, 

and tF  is the maximum possible tangential force exerted by friction. 

This option, however, was not always applicable, because of the computational 

requirements needed to model a high number of target surfaces, corresponding to 

the faces of each growth layer volume, in contact with the loading or supporting 

plate. 

In the presented results, a bounded rigid contact simulates an infinite friction at the 

loaded surfaces. 

Among the contact elements provided by ANSYS, CONTA174 was used to 

represent contact and sliding between the 3-D “target” surfaces. This element has 

midside nodes, so it can be use with ten-node tetrahedral elements. The target 

surface is discretized by a set of target segment elements (TARGE170) and is 

paired with its associated contact surface via a shared real constant set. 
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8.3 Material modelling 

 
A stepwise approach has been adopted for the numerical analysis of the timber 

elements. 

In a first, simplified model the differentiation between earlywood and latewood, 

within each growth layer, is not considered. Hence, just the boundaries of the 

annual rings are modelled. 

This simplification permits to separately analyse the influence of the local variation 

of the material directions on the global behaviour of the element. 

In a further step, different materials are modelled within each growth increment. 

The species chosen for investigation is spruce (Picea Abies Karst.) that is 

characterized by a gradual variation of material properties within the annual growth 

layer. A complete stiffness matrix of early-, transition- and latewood of spruce was 

determined by Persson (2000). Nevertheless in our research a simplification is 

made and only two differentiated materials are considered. 

Experimental studies (Cramer et al. 2005, Farruggia et al. 2000) highlighted the 

variability of the mechanical properties of both earlywood and latewood within the 

single bolt: along the height of the stem, across many rings and even around a 

single ring. However, in this research, the influence of the material layering on the 

mechanical behaviour of wood was studied, assuming constant values of the 

properties of the two seasonal materials. 

The influence of the moisture content on some material parameters was 

experimentally estimated for clear wood, while the influence on the behaviour of 

both early- and latewood has been deduced from the literature. 

 

8.3.1 Stiffness properties of Spruce (Picea Abies Karst.) 

 
Wood has been modelled, below the limit of proportionality, as an orthotropic elastic 

material. 
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The parameters of the material stiffness matrix are three moduli of elasticity, LE , 

RE  and TE , three shear moduli, RLG , TLG  and RTG  , and six Poisson's ratios, 

LRν , RLν , LTν , TLν , RTν and TRν  (three of which are independent). 

In Chapter 3 the experimental determination of the Young’s moduli as well as of the 

rigidity moduli of clear spruce wood, in the three anatomical directions, has been 

described. 

Both moduli of elasticity and rigidity have been determined for wood at 12% 

moisture content, while for saturated wood only the Young moduli were obtained 

from tests. 

Experimentally determined parameters have been compared with the values 

reported in literature, which are summarized in Table 8.1. 

 

*(from Kollmann & Côté 1984) 

Table 8.1. Mean values of the elastic constants (MPa) for clear Spruce at 12% M.C. 

 

Reference 
LRμ  LTμ  RTμ  TRμ  RLμ  TLμ  

 
Carrington (1923)* 

 
0.37 

 
0.57 

 
0.43 

 
0.33 

 
0.018 

 
0.021 

 
Stamer, 

Sieglerschmidt (1933)* 

 
0.43 

 
0.53 

 
0.42 

 
0.24 

 
0.019 

 
0.013 

* (from Kollmann & Côté 1984) 

Table 8.2. Poisson’s ratios for Spruce 

 

Reference 
LE  RE  TE  RLG  TLG  RTG  Density 

(g/cm3) 

 
Bodig, Jayne (1982)  11507 830 493 699 662 65 

 
0.38 

 
Hörig,Stamer (1935)* 15916 686 392 618 765 39 

 
0.44 

 
Hearmon (1948)* 13494 892 480 716 500 29 

 
0.43 

 
Carrington (1923)* 16710 814 637 628 853 39 

 
0.50 
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The modulus of elasticity in the longitudinal direction can be related to the other 

stiffness parameters, according to the ratios reported in the Table 8.3 (from FPL, 

1989). 

 

Species 

 

ET/EL ER/EL GLR/EL GLT/EL GRT/EL 

 

Spruce, Sitka  

 

0.043 

 

0.078 

 

0.064 

 

0.061 

 

0.003 

 

Spruce, Engelmann  

 

0.059 

 

0.128 

 

0.124 

 

0.120 

 

0.010 

Table 8.3. Elastic ratios for Sitka and Engelmann Spruce at 12% M.C. (from FPL, 

1989) 

 

Table 8.4 lists the stiffness properties assumed in this research, for spruce at 12% 

M.C. 

 

Elastic constant  

EL 10400 

ER 236 

ET 387 

GLR 650 

GRT 29 

GLT 597 

RTμ  0.42 

TLμ  0.017 

RLμ  0.018 

Table 8.4. Assumed stiffness properties of spruce (MPa) 

 

Data on the variations of elastic constants with moisture content are reported by 

Carrington (1922, from Kollmann & Côté 1984), some of these data are listed in 

Table 8.5. 
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Elastic constant Ratio to the value 

 at u≥30% for u=12% 

EL 1,24 

ER 1,83 

ET 2,11 

GLR 1,36 

GRT 1,54 

GLT 1,44 

Table 8.5. Variations of elastic constants with moisture content for spruce 

(Carrington, 1922, from Kollmann & Côté 1984) 

 

From experiments carried out by Kretschmann and Green (1996) on clear southern 

pine specimens, the change in LT Poisson’s ratio, relative to the value at 12% MC, 

was about -36% when green, while LR Poisson’s ratio varied of -67% from 12% MC 

to the FSP. 

According to McBurney and Drow (1962), Poisson’s ratios RTμ , TRμ , LTμ of 

Douglas-fir tend to increase with an increase in moisture, this different behaviour is 

obviously due to the fact that the ratios depend on the different sensitivity of the 

Young moduli to moisture content. The percentage increase in the ratios, for a 1% 

increase in moisture content, is respectively 2%, 0.6% and 1%. 

 

8.3.2 Stiffness properties of early- and latewood  

 
In past researches, values of the mechanical properties of earlywood versus 

latewood were deduced from the differences in densities. 

Bodig and Jayne (1982) correlate mechanical properties of wood with specific 

gravity by means of a predictive relationship that takes the general form given in 

Chapter 3 (Eq. 3.14). 

From the measurements at the growth ring level reported in Chapter 3, 350 kg/ m3 

and 712 kg/m3 can be taken as average values of specific gravity for earlywood and 

latewood respectively. Therefore, the mechanical properties of the two materials 

can be calculated, using Eq. (8.2): 
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( )babaDY e 35,0==   

and  

( )babaDY l 712,0==  

(8.2) 

 

Mechanical properties, from Eq. (8.2), are listed in Table 8.7: 

 

Elastic constant 

 

Earlywood Latewood 

 

EL 8234.17 28160.17 
 

ER 765.15 1549.14 
 

ET 438.51 1214.26 
 

GLR 654.96 1151.70 
 

GLT 626.97 1012.39 
 

GRT 58.23 169.99 
Table 8.7. Elastic parameters (MPa) of earlywood and latewood at 12% M.C, 

from Eq. (8.2) 

 

Ylinen (1942, from Kollmann & Côté, 1984), proposed the following equation, that 

link density and Young’s modulus of clear wood, early- and latewood: 
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where 0lρ , 0eρ  and 0ρ  are the density of oven-dry latewood, earlywood and clear 

wood respectively and luE , euE  and uE  are the Young’s modulus of latewood, 

earlywood and clear wood at moisture content u. 

If all the other numerical values are known and a relationship is established 

between luE  and euE , Eq. (8.3) can be used to estimate the moduli of the two 

materials. 

However, not only does specific gravity vary between earlywood and latewood but, 

also chemical composition. Andrews (1986, from Zobel & van Buijtenen, 1989) 

found greater differences in chemical composition between early and latewood 

within an annual ring than between sapwood and heartwood of the same Douglas-

fir tree. 

Thus basing the determination of the mechanical properties of the two materials 

exclusively on density differences can lead into error. 

Experimental methods to determine variation of material properties within the 

growth layers in clear spruce wood have been proposed by Farruggia and Perré 

(2000), and Jernkvist and Thuvander (2001) for the transverse direction.  

In particular, microscopic tensile tests performed by Farruggia and Perré (2000) 

highlighted a large anisotropy ratio in earlywood (ER/ET ranges between 3 and 4), 

whereas latewood could be considered roughly isotropic. Moreover earlywood 

exhibited a non linear behaviour in the tangential direction. 

Published results of experimental determination of early and –latewood properties 

in spruce, out of the transverse plane, are unknown by the author. 

As regards other softwood species, Kretschmann et al. (2002) and Cramer et al. 

(2005) determined the longitudinal Young and shear moduli of both early- and 

latewood of loblolly pine (Pinus taeda), from bending and torsion micromechanical-

tests. The experimental results highlighted the ratios of EL of latewood to adjacent 

earlywood, that ranged from 1.0 nearest the pith to 7.0, while ratios of shear 

modulus of latewood to adjacent earlywood ranged from 1.0 nearest the pith to 4.0. 

The most impressive result, however was that the variation of EL around a single 

ring was as large as the variation across many rings. 

Results published in the cited research works cannot be assumed as universal 

properties of the growth ring materials. Moreover, they are dependent on the 
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moisture content of the specimens and don’t depict the variation of properties at 

different environmental conditions. 

An alternative to the experimental investigation is the numerical determination of 

mechanical properties, estimated from models of the wood anatomy. 

Koponen et al. (1991) used a hexagonal cell model to determine the properties of 

earlywood and latewood separately, assigning different densities and cell wall 

properties to these two wood regions. The effects of moisture content on the radial 

and tangential elastic moduli of both materials were also considered. Astley et al. 

(1998) analysed a honeycomb model, whose cell geometry was taken from a 

particular micrograph of Radiata Pine earlywood. The model was used to test the 

effect of varying internal cell-wall parameters and to derive the related stiffness 

matrix. Persson (2000) determined the complete material matrices of the early-, 

transition- and latewood in Nordic spruce, by modelling variations in cell structures 

such as size and shape, cell wall thickness and variations of assumed micro-fibril 

angles. Modified parameters from Persson’s have been used by Foley (2003). 

Numerically and experimentally determined stiffness properties of early- and 

latewood, published in the cited works, are tabulated in Table 8.8 and Table 8.9 

respectively. 

 
Reference EL ET ER GLR GLT GRT 

RLμ  TLμ  TRμ  

7000 120 150       Koponen et 

al. (1991) 29000 1100 900       
Astley et al. 

(1997) 

Pinus 

radiata 

10500 250 760 840 550 30 0.31 0.31 0.40 

7710 82.9 671 675 397 9.23 0.057 0.006 0.124 

11400 441 953 780 861 10 0.009 0.054 0.241 

Persson 

(2000) 

Picea 

Abies 36400 2100 1570 1760 1770 43.1 0.018 0.032 0.219 

7710 82.9 574 600 397 29 0.042 0.006 0.2 

18660 430 800 580 550 32 0.009 0.007 0.48 

Foley 

(2003) 

Picea 

Abies 36400 2100 1330 1565 1770 120 0.018 0.032 0.45 

Table 8.8. Numerical estimation of the elastic properties (in MPa) of early- (italic), 

transition- and latewood (bold) 



8. MODELLING TIMBER ELEMENTS IN TRANSVERSE COMPRESSION AND BENDING  

 

 147 

Reference M C % Density kg m-3 

Koponen et al. (1991) 9 320 
 9 830 
Astley et al. (1997) 

 
12 / 

Persson (2000) 

 
12 

 

/ 

Table 8.9. Physical properties of the numerical model of Table 8.8 

 

 

 

 
Reference EL ET ER G 

TRμ  RTμ  M C 

% 

Density  

kg m-3 

/ 200 780 / 0,30 0,26 7 300 Farruggia et 

al., 2000 

Picea Abies 

 

/ 1230 1225 / / 0.39 7 750 

3400 / / 760 / / / / Kretschmann 

et al., 2002 

Pinus taeda 

 

3400 
24100* 

 

/ / 690 
2500
** 

/ / / / 

4340***

 

/ / 770 / / / / Cramer et al. 

(2005)  

Pinus taeda 

 9880* / / 1590
** 

/ / / / 

1380 / / / / / FSP 210/350 Biblis (1969) 

Pinus taeda 9650*  

 

/ / / / / FSP 560/720 

* values increase from pith to bark 

** values decrease with height 

*** values increase with height 

Table 8.10. Experimental average elastic properties (in MPa) of earlywood (italic) 

and latewood (bold) 
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These tables highlight the high variability of the results, as well as their 

incompleteness. They can be hardly compared, because of the different set of 

conditions they are based on (moisture content, density, species). 

Growth layers material properties applied within the analysis presented in this thesis 

are mainly based on the results presented by Persson (2000). Persson’s values 

have been however altered, considering also some of the cited experimental data, 

in order to correspond better to experimentally determined clear wood properties as 

well as to model just two different materials in the growth ring. 

From the tests carried out to assess the method for the growth curves detection 

(Chapter 5) it results that also a portion of transitionwood is included in the detected 

latewood layers. 

Table 8.11 shows the assumed stiffness properties of earlywood and latewood, at a 

moisture content of 12%. 

 
Elastic constant 

 

Earlywood Latewood 

EL 7710 23900 
ER 150 670 
ET 200 1091 
GLR 675 1172 
GLT 397 1315 
GRT 30 65 

TLμ  0,006 0,0425 

RLμ  0,009 0,0135 

RTμ  0,26 0,39 

Table 8.11. Assumed stiffness properties (MPa) of earlywood and latewood, at 12% 

M.C. 

 

To model the variation of properties of early- and latewood depending on moisture 

content, and in particular to assign materials properties in the case of green 

(saturated) wood some hypothesis and simplification must be formulated. 

The possibility of considering the influence of moisture content in wood models is 

theoretically given in all the above cited numerical studies. In fact, in calculating the 

orthotropic elastic constants of wood, they all assume the cell-wall material as the 
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basic unit, whose stiffness is predicted from the corresponding responses of 

chemical constituents. Cave (1978) determined the stiffness matrices of cellulose, 

hemicellulose and lignin. The former, ignoring small water absorbing non-crystalline 

regions, is considered moisture insensitive, while both hemicellulose and lignin 

stiffness properties vary linearly according to moisture-dependent empirical 

parameters. Because the three chemical constituents differ in their water 

absorption, they also differ in the volume changes that occur in response to 

moisture changes. 

Following the different cited methods, values of earlywood and latewood properties, 

for moisture contents different from the one considered by the authors, could be 

determined, but this is of course out of the scope of this research work. 

The different moisture sensitivity of early- and latewood has been highlighted by 

authors, such as Koponen et al. (1991), who observed that the effect of moisture is 

5-10% to the elastic modulus in the transverse direction in earlywood and 10-20% 

in latewood. This different sensitivity is due to the fact that latewood’s cell-walls are 

thicker than softwood’s. The lack of referenced criteria doesn’t permit to determine 

a complete stiffness matrix of the two materials at the FSP. 
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9. VERIFICATION ANALYSES 
 
 
 

9.1 Introduction 

 
The fundamental goal of the morphological model of wood described in this 

research is to fashion the capability to make some specific predictions of material 

behaviour, based on the description of the wood layering at the mesoscale. 

In the verification analyses described in this chapter, the validity and the limits of the 

proposed morphology-based modelling approach are discussed. 

The key-factors that come into play in the definition of the numerical model are, on 

the one hand the mechanical properties attributed to the intra-ring material, as 

discussed in the previous chapter, on the other hand, the assumption of a 

cylindrical orthotropic material, whose directions are given from the geometrical 

data obtained in the modelling phase described in Chapters 5 and 6. 

According to the different kinds of approach, and depending on the goals of the 

investigation, separate procedures can been used in the testing phase. Those 

differences begin on the specimens’ type definition. The purpose of this research 

was to analyze the possibility of highlighting by means of morphology-based FEM 

models, the effects of some anatomical features at the mesoscale on the transverse 

compressive behaviour and on the bending behaviour of wood. Therefore 

specimens’ characteristics have been chosen in order to highlight the influence of 

factors such as the earlywood/latewood ratio and density differences between 

earlywood and latewood, as well as curvature and long direction of the growth 

increments. These factors had to be considered as much as possible isolated from 
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other macro and meso variables. Hence, specimens shape and size have been 

chosen in order to limit the presence of other gross anatomical features and 

defects, such as knots or checks. Nevertheless it was impossible to completely 

avoid them as well as to avoid the presence of other anatomical inhomogeneities 

such as juvenile wood and limited portions of compression wood. 

In order to confine the variability of the other material properties, the material used 

in the tests was taken from a single log, whose characteristics have been already 

described in Chapter 3. 

Other factors such as the development of frictional forces at the interfaces between 

specimens and loading heads, also depend on the size of specimen and influence 

the results, as discussed in the following paragraphs. 

The material has been analyzed at 12% MC. For this purpose the specimens were 

previously conditioned in a climatic chamber with a temperature of 20 ± 2ºC and a 

humidity of 65 ± 5%. The tests specimens were considered conditioned when the 

density variation was smaller than 0.5% in a period of two hours. After testing, 

however, moisture content was also measured by means of a resistance moisture 

meter. 

 

9.2 Compression 

 

9.2.1 Test procedure and specimens description 
 
Wood in transverse compression under full-surface loading has been tested and 

analysed.  

In the partial area loading procedure (ASTM D 143:94), an added edge effect 

occurs, due to the shear along the perimeter of the compression plate. The 

resistance to the shearing force, which is additional to the compressive resistance 

of wood, is given by the bending of fibers along the edges of the compression plate. 

The full area loading test, which is adopted by the EN 1193:1999 standard, should 

lead to pure compression, nevertheless, also in this case, a complex stress 

distribution occurs, as it was observed by Pellicane et al. (1994), whose finite 

element analyses highlighted the development of stresses perpendicular to the 

loading direction. 
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The testing procedure followed in the present research permitted to map the stress 

variation on different points of the sample during loading, and to highlight the 

influence of some anatomic features of wood on the development of a nonuniform 

stress distribution in transverse compression. 

An oleodynamic universal testing machine Metrocom, with a load cell of 1000 kN 

(maximum) was used for the compression tests. To assure uniform load distribution 

on the specimen, a spherical alignment head was placed between the load cell and 

the loading plate. HBM (DD1 type) mechanical strain gauges, with a gauge length 

of 25 mm and accuracy of 2.5x10-3 mm, were used to measure vertical and 

horizontal displacements during loading. The gauges were attached to the wood by 

two small nails via base shoes. Data have been acquired by a HBM system (Spider 

8). 

The testing method consisted of two phases. In the first phase, loads were applied 

within the elastic limit; the test was repeated several times, each time mounting the 

strain gauges in different positions onto the specimen, in order to map the stress 

distribution. Figure 9.1 shows the scheme of the gauges positions onto the 

specimen faces. 

In a further phase, the specimen has been loaded until failure and strain gauges 

were placed, on the basis of the displacement values measured in the previous 

phase, in order to analyze displacements in the area of major stress, and 

consequently the probable failure initiation. 

 

 
Fig.9.1. Gauges positions for vertical (left) and horizontal (right) displacements measurement 
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As already introduced, specimen’s size and shape is an important factor in the 

formation of stress distribution. 

Bodig (1966) observed that, varying the height of specimens in radial compression, 

strain at proportional limits was much more affected by height change than total 

deformation at proportional limit. This result is the basis for the “weak-layer theory”, 

according to which, a relatively weak earlywood layer controls the major portion of 

deformation, regardless of the extra material present above or below this layer. 

Weibull (1939) theorized that, when subjected to equal stresses, the failure 

probability of a material with a larger volume, and consequently with an increased 

probability of flaws, was greater than that of the same material with a smaller 

volume. In compression, this effect is further modified by the development of 

frictional forces at the interface between the specimen and the compressing heads 

of the testing machine. The effect of this frictional force can influence the measured 

values. It diminishes with distance from the interfaces and by decreasing the loaded 

area. 

On the basis of the considerations presented above, a cubic specimen, with a 

nominal side dimension of 200 mm, has been cut from the log section labelled 4, as 

described in Chapter 3. The specimen was sawn by way of obtaining a diagonal 

grained element, whose annual ring orientation was intermediate between the pure 

tangential and radial one, so that both longitudinal and transversal material 

directions didn’t coincide with the element geometrical axes. 

Mechanical behaviour of wood is dependent on the rate of loading, since wood is a 

viscoelastic material. Statistical analyses made by Bodig (1966), showed that 

loading rate is the most important single factor affecting the transverse compressive 

properties of wood. 

On the basis of these observations tests were carried out at low rate of loading (0.5 

mm/s), under force control. 

 

9.2.2 Model  

 
Wood is normally modelled as a homogeneous orthotropic material, whose material 

axes are coincident with the geometric axes of the element. This simplification is 
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justified by the fact that, for sawn timber of structural size, a definition of the 

material depending on the angle to the annual ring is unrealistic. 

In order to evaluate the divergences between this modelling modality and the real 

behaviour of timber under full-area transverse compression, a first simplified FE 

model (Model Type 1) has been analysed and its results have been compared with 

the experimental ones. 

In a further step of the numerical analysis, the material coordinate system was 

rotated in order to take into account the contingent presence of slope of grain. 

Global slope of grain was detected by means of a scribe, or when present, by 

measuring shrinkage splits on the longitudinal faces accordingly to the Italian 

standard UNI 11119 (2004) (Model Type 2). Also in this case the analysis of 

experimental versus numerical results was carried out. 

A more sophisticated approach consists in the morphology-based definition of the 

geometry of the FE model as described in Chapter 7. In this case the element has 

been modelled not as a single volume, but with different, attached volumes, 

corresponding to the stratification of the material in each growth ring. Material 

directions are referred to a global cylindrical coordinate system, accordingly to the 

spatial directions of the growth layers. The implemented method permits to model 

both annual rings (Type 3a) and intra-ring layers (Type 3b). 

For the studied specimen, however, a series of problems arose during the pre-

processing phase of the latter model type. Indeed, intersection between two layers 

occurred at one edge of the tangential face labelled 2, while some gaps formed 

between adjacent internal solids (Fig.9.2). Those problems depend on the reduced 

thickness of the layers associated to their very irregular shape. Of course, the 

inaccuracy of the geometrical model has repercussions on the numerical solution; 

therefore, results of model 3b are not discussed in details, as for the other model 

types. 
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Fig.9.2. FEM model “type 3b”: solids intersection (A) and gaps (B) 

 

 

For all the models, a free mesh with tetrahedral 10-node elements has been 

adopted, on the basis of the conclusions drawn in Chapter 7. 

To compare the experimental with the numerical results, the mesh was forced to 

follow determined element divisions, given by the position of the gauges clamps. 

In order to reproduce the experimental case, contacts have been modelled between 

the loaded face and the loading plate. A bounded rigid contact was chosen, that 

simulate an infinite friction at the interfaces. A concentrated 25 kN loading force, 

that corresponds to a given experimental load value within the linear elastic range, 

is applied at a centrally located pilot node of the contact element. This permits to 

simulate the experimental loading modality, under force control, and the contingent 

rotations of the loading plate. 
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9.2.3 Analysis of the results 

 
The behaviour of timber in transverse compression, within the linear range, is 

depicted in terms of displacement values, as measured from the experimental load-

displacement curves obtained at the different strain gauge positions (Fig. 9.3). 

Model verification was achieved through comparison of the measured 

displacements under a load of 25 kN with those obtained numerically, at the same 

loading conditions. 

 

 
Fig.9.3 Sampled points on the test specimen 

 
Vertical displacements (mm) Horizontal displacements (mm) 

 1 2 3 1 2 3 

A -0.148 -0.188 -0.128 -0.091 -0.166 -0.089 

B -0.207 -0.189 -0.085 -0.175 0.185 0.07 

C -0.215 -0.106 -0.121 0.133 0.072 -0.1 

Table 9.1. Experimental displacement values. face1 

 

Vertical displacements (mm) Horizontal displacements (mm) 

 4 5 6 4 5 6 

A -0.085 -0.049 -0.028 0.002 0.001 -0.004 

B -0.127 -0.099 -0.102 0.001 0.002 -0.001 

C -0.125 -0.155 -0.144 0.003 0.002 -0.006 

Table 9.2. Experimental displacement values, face2 
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Vertical displacements (mm) Horizontal displacements (mm) 

 7 8 9 7 8 9 

A -0.069 -0.197 -0.215 -0.022 -0.168 -0.177 

B -0.083 -0.165 -0.214 -0.075 0.16512 0.176 

C -0.164 -0.111 -0.099 0.157 0.0916 -0.075 

Table 9.3. Experimental displacement values, face3 

 

Vertical displacements (mm) Horizontal displacements (mm) 

 10 11 12 10 11 12 

A -0.010 -0.012 -0.019 0.000 0.000 0.000 

B -0.005 -0.003 -0.013 0.002 0.000 0.000 

C 0.008 -0.043 -0.009 0.002 0.006 -0.003 

Table 9.4. Experimental displacement values. face4 

 

In Tables 9.1-9.4., both the vertical and horizontal displacement values, measured 

during the mechanical tests, are reported for each face and gauge position of the 

specimen. 

 

Fig. 9.4 shows the diagrams of the numerical and experimental displacements for 

each mapped point in the specimen. The numerical results of model types “1” and 

“2” average the displacement values in all the location. The morphological model 

depicts well the strain variation within the specimen while the accuracy of the 

prediction is strongly dependent on the parameters assumed for modelling the 

material. 

In Table 9.5 and 9.6 the errors between numerical and experimental deformations 

calculated as a percentage of the numerical value, are indicated, respectively for 

the vertical and the horizontal displacements. 
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Fig.9.4.  Schematic of the numerical and experimental displacements  
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Error (%)   Model 1 Model 2 Model 3a 

  

mean  

  

  

  

  

st. dev. 

  

  

  

Line A 

Line B 

Line C 

Tot 

 

Line A 

Line B 

Line C 

Tot 

194.3

569.9

-241.6

174.2

525.9

569.9

494.3

866.6

-49.8

-49.3

-96.9

-65.3

90.3

-49.3

7.5

75.1

  

-49.8

-49.8

-99.9

-66.5

  

90.4

-49.8

0.1

75.6

Table 9.5. Errors between numerical and experimental vertical displacements 

 

 

Error (%)   Model 1 Model 2 Model 3a 

  

mean  

  

  

  

  

st. dev. 

  

  

  

Line A 

Line B 

Line C 

Tot 

 

Line A 

Line B 

Line C 

Tot 

4278.1

4706.4

828.2

3270.9

5696.1

7069.2

1057.4

5418

276.3

252.2

81.7

203.4

236

347.8

48.5

252.9

  

444.8

325.4

91.0

287.1

  

436.4

534.6

75.1

416.7

Table 9.6. Errors between numerical and experimental horizontal displacements 
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In total, 72 experimental measurements were compared to finite element 

predictions. 

As regards the vertical displacements, the average error of the morphological model 

(model type 3a) is 66 %, versus 174 % of model type 1 and 65 % of model type 2 

predictions. Higher average errors result in the predictions of local horizontal 

deformations.  

The seemingly large variation in error, indicated by its standard deviation, is 

primarily due to the fact that the magnitudes of the measured and predicted 

displacements were near zero in many locations. So, when the error is calculated 

by dividing by a near zero number, a relatively small difference between measured 

and predicted deformation can appear as a very large percent difference. 

Furthermore, it should be considered that the error associated with the experimental 

measurements could have been of the same magnitude of the one resulting from 

the numerical analysis. 

The error associated with the use of the strain gauges depends on the accuracy of 

the instrument. An accuracy class of 0.1 and a nominal displacement equal to ± 2.5 

mm are indicated for the HBM DD1. Since the gauge length is 25 mm, the maximal 

gauge error is given by: 

 

gauge error = ± 2,5mm×0,1% = ±2,5×10-3mm                                                  Eq. 9.1 

 

Therefore, the gauge error is of the same magnitude of the vertical experimental 

displacements mean value and one magnitude bigger than the mean value of the 

horizontal ones. 

Another error source, associated with the experimental measurements is due to the 

embedment of the gauge nails, that hampers the repeatability of the tests. 

 
The capability of the morphology-based model to highlight the areas of stress 

concentration and, therefore, of probable failure initiation can be also evaluated, by 

comparing the stress distribution plots of the different models and the pictures of the 

real specimen, taken after testing. 
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The pictures of the radial faces (RT plane) of the specimen after destructive 

compression tests, in Figure 9.5, can be qualitatively compared with the plots of the 

Z-component of stress resulting from the different model types (Fig. 9.6). 

The finite element analysis indicates that some stresses develop in the directions 

perpendicular to the applied load. This would be intuitively expected for partial-

surface loading; however it was found to be true also in case of full-surface loading 

(i.e. by Pellicane et al., 1994), among other factors, because of the development of 

frictional forces restraining Poisson expansion. 

The specimen failed due to tensile stresses perpendicular to the direction of the 

applied load. 

The graphical results demonstrate the capability of the morphological model to 

highlight the failure initiation loci, corresponding to the area of tension stress 

concentration. If the intra-ring layers are also modelled, the crack path can be 

depicted, following the direction of the more stressed layer. 

 

 

 
Figure 9.5. Specimen after destructive compression test 
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Figure 9.6. Z-component of stress for FEM model type 1, type 2 and type 3a and 3b 
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9.3 Bending 
 

9.3.1 Test procedure and specimen description 
 
The meso-scale morphological modelling of bending timber elements aims at the 

study of the influence of ring and grain orientations on the stiffness and bending 

strength of wood, and secondarily, the influence of the earlywood and latewood 

layers on those properties. 

In order to verify the effectiveness of the modelling approach proposed in the 

current research, numerical data were compared with the results of the 

experimental campaign. 

In past researches the effects of ring orientation, material layering and grain 

orientation have been generally studied separately. 

Grotta et al. (2005) used 10x10x150 mm specimens to study the effects of growth-

ring orientation and earlywood/latewood location on bending properties of Douglas-

fir beams. The authors observed an increase of the modulus of rupture (MoR) of 

about 5%, when beams were loaded on the radial rather than the tangential surface 

(tangential vs. radial beams), while modulus of elasticity (MoE) did not differ with 

ring orientation. Moreover they observed that earlywood/latewood location on the 

top and bottom surfaces affected both MoR and MoE of radial beams (loaded on 

the LT plane). Biblis (1969) found that MoR obtained from small southern pines 

beams (25 to 35 by 25 to 35 mm as cross-section) loaded on the tangential surface 

was 10% higher than from beams loaded on the radial surface. Forsaith (1933, from 

Biblis 1969) tested matchstick-sized southern pine specimens. He found that the 

effects of earlywood and latewood locations in radial specimens were larger than 

the effects of the ring orientation. The cited results suggest that the earlywood and 

latewood location can affect the behaviour of small specimens (approaching the 

width of some individual growth rings) while their effects are obviously less 

important increasing the size of the element. These experimental data are also 

theoretically validated by the study of Ylinen (1943, from Kollmann & Còtê 1984), 

who theorized that stresses over a cross section in a bent beam, with a limited 

number of annual rings, are distributed by jumps, due to the variation of Young’s 

moduli in earlywood and latewood. The effect of size on the bending properties is 

based on the heterogeneous structure of the wood. By increasing the size of the 
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beam it will increase the probability of defects occurrence, on the other hand, if the 

number of the growth rings in a beam is large enough, the heterogeneity due to the 

earlywood/latewood variation can be neglected. 

Bohannan (1966) used the Weibull theory of strength (1939) to study the effect of 

size on bending strength of wooden beams. He observed that MoR decreases with 

an increase in depth or an increase in length, while it is independent of the beam 

width.  

Obviously, in the case of structural timber, including defects such as knots, size 

effects on the flexural properties are much more significant (e.g. Barret & Fewell, 

1990; Madsen, 1991; Isaksson & Thelandersson, 1996).  

 

Compared with the influence of ring orientation, the effect on MoR of the fiber 

direction, with respect to the applied load, is much more important (Baumann, 1922, 

from Kollmann & Còtê 1984). 

Influence of grain direction on stiffness and bending strength has been studied by 

several authors (i.e. Luxford, 1918, Brazier, 1954). Wilson (1921, from Kollmann & 

Còtê 1984) conducted a series of tests at the Forest Products Laboratory, on 

various wood species with 7% moisture content. Pope et al. (2005) tested in 4-point 

bending 38x225x900 mm specimen of Spruce, with slopes of grain of zero, 1/8, 1/6 

and 1/4. Results obtained from the cited researches are reported in Table 9.7. 

 

SoG 

 

MoE (%) MoR (%) Species Reference 

1/10 78 83 Sitka spruce Luxford, 1918 

1/5 51 56   

1/10 83 87 Sitka spruce Wilson, 1921 

1/5 56 64   

1/10 85 83 Sitka spruce Brazier, 1954 

1/5 71 67   

1/10 81  “Softwoods” FPL, 1999 

1/5 55    

1/10  76 Spruce Pope et al., 2005 

1/5  53   

Table 9.7. Effect of Slope of grain (SoG) on MoR and MoE 
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In the current research, a four-points bending test until failure was carried out on a 

8x80x200 specimen. The specimen was a diagonal grained element with 

intermediate ring orientation. 

Fiber deviations due to spiral grain has been considered separately, and 

determined with the scribe method, on the true tangential plane either of the 

specimen or of the log section from which the specimen was sawn. 

The loading scheme was designed according to the EN 408 standard. 

A Galdabini universal testing machine was used, with a load cell of 100 kN 

(maximum). Data have been acquired by a HBM system (Spider 8). The specimen 

was instrumented with four LVDT transducers, with an accuracy of 1x10-3 mm. The 

LVD transducers were placed at the mid-span on both the opposite lateral faces, as 

well as at the supports. 

During bending test nonlinear deformation, caused by frictional forces and stress 

concentration at the loading and supporting points, can occur and produce extra 

deflection. In order to reduce these local effects, a preliminary study on the optimal 

span/depth ratio and consequently on the optimal size of the specimen was carried 

out. However, in order to record contingent local indentation at the loading and 

supporting points, the longitudinal faces of the specimen were mapped with a grid 

and photographs were taken at different loading stages. 

The test specimen was loaded until failure, under displacement control, with a rate 

of loading of 0.05 mm/sec. Both mode and location of failure were recorded, by 

means of photographs and videos. 

 

9.3.2 Model 
 
Analogously to the part of the research aimed at studying the influence of material 

layering and orientation in transverse compression, different numerical models of 

increasing complexity were analyzed, in order to study the influence of the cited 

factors on the bending behaviour of wood. 

In model types “1” and “2” wood is modelled as homogeneous and orthotropic. In 

the former model type material directions are coincident with the geometrical ones 

and a global Cartesian coordinate system is adopted. In model type “2” the global 

slope of grain is taken into account by rotating the element coordinate system with 

reference with the grain angle measured on the longitudinal faces of the specimen. 
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Models type “3a” and “3b” are “morphological” models. In the latter model type, 

material parameters assumed for earlywood and latewood, as reported in Chapter 

8, were assigned to the intra-ring layers. 

Material directions are referred to a global cylindrical coordinate system, with the Z-

axis approximating the position and the direction of the stem pith, as described in 

Chapter 7. 

The finite element mesh was generated in ANSYS by means of 10-node tetrahedral 

elements. 

Boundary conditions simplify the experimental case. Both loading and support 

cylinders are considered to transmit (or avoid) nodal displacements along the lines 

of initial contact with the timber beam. Even if limited, local nonlinear deformation 

caused by frictional forces and stress concentration at the point in contact with the 

cylinders occurred during bending, these local effects have been neglected in the 

numerical analysis. 

 

9.3.3 Analysis of the results 

 
A first, qualitative evaluation of the effectiveness of the proposed morphology-based 

modelling methodology in depicting the behaviour of clear wood element in bending 

can be made by comparing the plots of FEM analysis results with the pictures of the 

real element after testing. 

For this purpose the plots of the X-component of the stress (corresponding to the 

component along the longitudinal axis of the beam), resulting from the analysis of 

model types “1”, “2”, “3a” and “3”, are shown in Figure 9.7 a, b, c and d, 

respectively, and compared with the pictures of the specimen in Figure 9.8. 

During the bending test, the failure occurred on the tensile side of the specimen in 

the proximity of one of the two supports. Failure initiation, as well as propagation, 

involves crack growth through earlywood and latewood areas of different densities. 

The crack initiated in the earlywood layer, at the interface with the adjacent annual 

ring, bypassing the latewood band that was positioned exactly upon the support. 

The irregular failure pattern, on the wide faces of the specimen, shows the influence 

of the repetitive stiffness variation in the growth rings. 

As it was expected, a typical cross-grain tension failure occurred. 
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In model type “1” the symmetric stress distribution doesn’t present any singular area 

of stress concentration, which could eventually highlight critical area of failure 

initiation. 

Results of model type “2” show a more realistic stress pattern. In fact, in this case, 

the grain orientation has been properly given and differentiated from the longitudinal 

direction of the specimen. Nevertheless the position of the areas of failure initiation 

and propagation is not adequately highlighted. On the contrary, from the analysis of 

the stress distribution in models type 3a and 3b, it is possible to make an estimation 

of the real failure pattern, except for the last part, that is probably caused by local 

weakness of the material. In particular, the latter model highlights the area of stress 

concentration, corresponding to the stiffer latewood bands. 

 

Very different values of stress result from the different model types. In particular 

values of stress obtained from model type “1” and “3b” analysis differ strongly from 

the data of the two other models. 

In order to quantitative estimate the results of the numerical analysis, the value of 

the force corresponding to a given displacement was compared with the 

experimental value, for all the presented models. 

Both numerical and experimental analyses were carried out under displacement 

control. The nodal displacement value applied to the FEM models is 2.076 mm, 

which corresponds to a given experimental displacement recorded in the linear 

elastic phase. The corresponding force value, in the experimental load-

displacement curve, is 1595,183 N. In Table 9.8 the values of the loading force 

resulting from the numerical analysis and the errors between numerical and 

experimental results, expressed as ratio to the experimental value are reported, for 

each model type. 

As it was expected, results of Model type “1”, which neglects the real directions of 

the material, that in the case of the modelled specimen are primarily influenced by 

the grain deviation, predict a behaviour that is stiffer than the one experimentally 

observed. 

On the contrary, the high stiffness predicted by the Model type “3b” depends on the 

assumptions made for the mechanical properties of the intra-ring materials. 
 



9.  VERIFICATION ANALYSES 

 

 169 

 
Figure 9.8. X-component of stress for FEM model type 1 (a), type 2 (b), type 3a (c) and type 

3b (d) 
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Figure 9.9. Specimen after destructive bending test upper face (left panel) and lower face 

(right panel) 

 

 
Model type Load (N) Ratio to the experimental value 

1 1857.7 1.16 
2 1251.9 0.79 

3a 1250 0.78 
3b 2081 1.30 

Table 9.9. Numerical loading force values and errors between numerical and experimental 

result 

 

 

9.4 Conclusions 

 
Four methods for numerical modelling of wood are discussed in this chapter with 
emphasis on their suitability for problems involving stress analysis and failure 
processes modelling. 
The simplest studied models consider the wood as a rectilinear orthotropic material, 
with the coordinates of anisotropy aligned with the rectilinear global axes (model 
type 1), or, rotated according to the measured grain angle (model type 2).  
In case of off-axis loading, results of the former method depict a too stiff behaviour 
of the material. Even if the rectilinear assumption is better suitable for boards far 
from the pith, the latter method, accounting for the real (global) orientation of fibers, 
gives more reliable results; however, local phenomena, such as stress 
concentration, are not highlighted. 
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An alternative modelling approach is based on the assumption of a cylindrical 

orthotropic material and accounts for the real growth ring curvature within a 

specimen, determined from the geometrical data of the growth ring surfaces. 

Instead of modelling the specimen as a unique solid, it is composed of a series of 

adjacent solids, representing the annual layers, in the homogenized analysis (model 

type 3a), or the seasonal layers, in the heterogeneous analysis (model type 3b), 

which also accounts for variations in material properties between earlywood and 

latewood. 

This model is physically the closest to approximating the structure of real wood. It 

can account for both differences between pith and periphery boards and size 

effects. Moreover it allows modelling failure processes induced by localized 

stresses, even limiting the analysis within the linear range. 

The application of the morphological modelling approach, however, is limited 

primarily by the level of magnification of the analysis, that is, the difference in 

dimension between the timber element and the thinnest growth layer portion, and 

by the complexity of the modelled shapes. Both the factors influence the size of the 

FEM model, in terms of nodes’ number, being the mesh size exclusively dependent 

on the growth layers thickness. 

The accuracy of the implemented morphological models is mainly influenced by the 

complexity of the modelled shapes and the thickness of the layers. Indeed, during 

the model generation, local geometrical degeneracies can occur, which can 

severely affect the overall quality of the analysis. 

Calculations explicitly modelling earlywood and latewood need more reliable values 

for their mechanical properties. New experimental work to measure these properties 

would be beneficial. 

During .the experimental analysis, in order to reduce the sources of error caused 

i.e. by difficult bonding and limited resolution of strain gauge, alternative measuring 

methods, in particular full-field contactless methods such as optical methods, could 

be adopted. 
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10. CONCLUSIONS 
 
 

10 Conclusions and future research 
 
The influence of anatomical characteristics of wood on the mechanical behaviour of 

the material has been studied, in this research, by means of morphology-based 

models at the mesoscale. The aim of the models was to eventually highlight local 

phenomena and failure initiation loci in wood specimens under specific loading 

conditions, namely transverse compression and bending, by considering some 

three-dimensional characteristics of lumber. In particular, the influence of the local 

variation of the orthotropic directions, due to the curvature and the tapering of the 

growth rings, has been investigated. Secondarily, the stiffness variation within the 

growth increments has been considered for spruce, a species with a gradual 

transition from earlywood to latewood, for which data on mechanical properties of 

the seasonal layers were available from literature. 

The possibility of using digital technologies to realistically and three-dimensionally 

describe growth layers in a wooden sample has been investigated. In particular a 

methodology has been implemented that permits to semi-automatically model 

growth increments in prismatic clear wood elements, from the images of the ring 

and vein textures on the element faces. 

The method, that integrates computer vision and geometrical modelling techniques, 

consists in two phases: the detection of the growth ring and intra-ring edges on the 

wood texture images and, consequently, the modelling of the curves along the 

detected edges as well as of the surfaces bounded by those curves. 
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The two phases have been separately verified, for spruce samples. 

The edge-detection method proved to be effective to detect ring and intra-ring 

boundaries on both the transversal and the longitudinal faces of the samples. In 

most cases the transitionwood portion of spruce is included in the detected 

latewood portion. Problems can occur, however, in case of a great variability of ring 

thickness; in this case a partitioning technique that permits to separately analyse 

regions of different density should be implemented in the application. 

The automatic detection of the texture features is also sensitive to the 

characteristics of the wood surfaces (residual element roughness) and the species. 

The curve and surface modelling method is effective in case of clear and diagonal 

grained wood elements. However, in the latter case, parametric surfaces with more 

than four boundary curves are present and characterized by a lesser smoothness. 

The presence of knots and the consequent local distortion of the growth layers 

layout cause a significant spread in the results. Therefore, in future research, knots 

and relevant distortion of the material layering should be taken into account, in 

order to achieve a more predictable model for timber elements in structural 

dimension. For this purpose, the actual hardware set-up could be coupled with 

other input devices, i.e. CT devices, in order to detect internal defects. 

The method is implemented, so far, only for prismatic, regular wood elements, 

which is a limitation, especially if old beams, which are often tapered, wayned or 

distorted, have to be analysed. 

The use of the generated geometrical model as input data of the numerical model is 

restricted by the amount of memory required. The level of magnification of the 

analysis and the complexity of the modeled shapes make problematic the 

application of the method to full-size structural timber. 

In order to extend the method to full-size members a simplification of the domain 

geometry must be produced. For this purpose, the modelled parametric surfaces 

should be used to map the variation of the material directions within the element. 

The resulting input data for the FEM analysis will be the set of local coordinate 

systems, referred to the corresponding groups of finite elements. 

The accuracy of the numerical analysis is limited by the problems occurring during 

the FEM pre-processing phase. In particular, in the solid modeling phase, gaps, 

intersections and lack of coplanarity of adjacent surfaces can occur. In the meshing 
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phases, distorted elements are often generated, especially for very irregular 

volumes, representing the growth layers. 

The scarcity of documentation on the mechanical properties of the intra-ring 

materials, as well as the difficulties in experimentally assessing them, severely 

hampers the effectiveness of the analysis at the mesoscale. As a consequence, 

modelling the intra-ring differentiation doesn’t introduce benefits to the analysis. 

Taking into account the effective orientation of the material in the orthotropic model, 

it is possible to highlight local effects and the failure initiation “loci”. 

Failure initiation can be already pinpointed by means of a linear elastic 

“morphological” model, assuming a cylindrical orthotropy. 

Methods based on fracture mechanics, such as the Linear elastic fracture 

mechanics (LEFM), should be useful for the analysis of the propagation of pre-

existing cracks and whenever large stress gradients occur. The calculation of the 

load that gives further development and propagation of the cracks can be carried 

out by analysis of the intensity of the singular stress field at the tip of the crack or, in 

alternative, by analysis of the release of energy when the crack propagates. 

However, this implies the knowledge of material parameters, such as the fracture 

toughness, either at the macro or at the mesoscale, according to the type of model. 

The lack of standard method for determining fracture toughness of wood as well as 

the influence of condition factors, such as species, orientation, grain angle and 

moisture state on the measurement of this parameter, make the implementation of 

the proposed morphological models beyond the linear range very tricky and 

problematic. 
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