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Abstract 

Spurred by the continuing use of wood as a building material, its physical properties have 

been the focus of extensive scientific research. Particularly, the determination of elastic 

properties and macroscopic strength are of primary interest. But due to its complex and 

variable microstructure, the behavior of wood is not completely predictable with 

macroscopic models. Therefore knowledge at different hierarchical levels is beneficial, as 

the evolution of mechanical processes and failure mechanisms depends on the structure 

and the stress on the sample. The microscopic mechanisms leading to ultimate failure of 

the material have been observed after failure without monitoring of the damage 

progression, and for selected thin samples of the total volume. Additionally, failure of cell 

elements isolated from tissue has been investigated. The deformation of cells inside the 

non- and pre-damaged composite has not been the focus of extensive research.  

Non-destructive methods are necessary to monitor the three-dimensional behavior of the 

wood cell structure under load. In particular, synchrotron radiation-based computed 

tomography (SRbCT) allows monitoring of arbitrary three-dimensional material structures 

with microscopic resolution and faster data acquisition than for a common x-ray computed 

tomography (depending on the quality starting from half a second).  

In this thesis, a portable mechanical loading device was developed for on-site operation at 

the Synchrotron radiation microscopy laboratory at the TOMCAT beamline (Swiss Light 

Source (SLS) at the Paul-Scherrer-Institute). The installation was applied to experimentally 

monitor the three-dimensional microstructure of wood at specific loading states. 

A main objective was the construction of a mechanical testing device with fast adaptability 

for tension and compression tests, and the design of sample geometries, production and 

testing methods. A suitable specimen shape, for which the highest percentage of failure 

occurred in a defined small field of view at the center of the specimen, was determined and 

verified. Next, comparative studies between surface deformations and strains determined 

with Digital Image Correlation observed in the small field of view were performed and the 

strains gained through the deformation over the complete sample length evaluated. The 

correlation of density with compressive strength was proven for the sample geometry and a 

possible size effect was found for up-scaled specimens.  

Two softwood species (Picea abies [L.] Karst and Abies alba Mill.) and one hardwood 

species (Fagus sylvatica L.) were tested under increasing compressive load in the 

longitudinal direction with two different spatial resolutions to evaluate and determine 



plastic deformations. First, the original structure was recorded and afterwards 

modifications visible in tomograms acquired at equidistant steps were investigated with 

respect to the initial tomograms. With this method, the origination and development of 

plastic failure processes were assessed and described for different structures.  

For the first time, the initiation and further progression of deformation during compressive 

load was shown for isolated structures (like vessels and tracheids) from inside a complete 

wood sample to illustrate the deformation mechanisms and origination under compression. 

Mainly telescopic shortening and buckling, previously found in literature, as well as a 

combination of both, were identified. Single cell-width wood rays and resin channel 

seemed to deform equally with the surrounding tissue without contributing to the strength 

or a deflection of the failure lines. Further, the failure areas in the form of kink lines could 

be isolated and described for latewood of softwood, hardwood and specific material 

compositions. The failure area was automatically determined by monitoring the change of 

the density in the sample.  

Finally, to evaluate the set-up for tension, one wood species was loaded in two different 

directions (longitudinal and radial), combining acoustic emission and synchrotron 

radiation-based computed tomography in-situ. The experiments were conducted 

successfully and significant differences in the acoustic signal strength, distribution and 

onset between the two loading directions could be shown. In the acquired tomograms, the 

failure region for radial loading and the starting fissure for axial loading were successfully 

isolated. Similar to compression, distinct failure mechanisms were found for each direction 

and the influence of wood rays and resin channels was described. For radial loading, fiber 

bridging and varying cell wall failure mechanisms could be shown.  

Overall, this thesis introduced a complete set-up for tensile and compressive in-situ tests in 

combination with synchrotron micro-tomography. Observations of initiation and 

development of failure in tension and compression were successfully executed for different 

wood species and compositions. A combination of procedures with additional 

measurement methods was realized and future applications for different structures, higher 

resolutions and loading modes were suggested. For the first time, the development of 

failure mechanisms of single elements inside an undamaged structure could be observed 

for tension and compression. The data generated by the proposed combination of methods, 

can be used to quantify failure processes and deformations occurring during an increase of 

load. 



Zusammenfassung 

Die technologischen Eigenschaften des CO2-speichernden Holz werden zurzeit intensiv 

beforscht, um dessen technologischen Eigenschaften effizienter für das Bauwesen nutzen 

zu können. Von besonderem Interesse sind z.B. die elastischen Eigenschaften und 

Festigkeiten. Die Einwirkung von Kräften auf das Holzgewebe erzeugt Spannungen, die 

Versagensmechanismen entscheidend beeinflussen. Die grosse Variabilität der 

holzanatomischen Struktur und ihrer Abhängigkeit von Umgebungsbedingungen (Feuchte, 

Temperatur), die für die Anisotropie und Inhomogenität des Holzes ursächlich sind, 

erschweren die Vorhersagbarkeit des Versagensverhaltens. Um dennoch Vorhersagen zu 

ermöglichen, werden Materialdaten von verschiedenen holzanatomischen 

Hierarchieebenen benötigt. In der Literatur wurden Experimente beschrieben, in denen 

mikroskopische Versagensmechanismen meist ohne Aufzeichnung des 

Deformationsverlaufes dokumentiert wurden. In Experimenten mit Betrachtung des 

Deformationsverlaufes, wurden Dünnschitte oder isolierten Zellen zur Untersuchung 

herangezogen. Im Gegensatz zu diesen Methoden, erlaubt Röntgen-Computertomographie 

die Dokumentation von Deformationsvorgängen in-situ am unbeschädigten 

Gewebeverbund.  

Synchrotron Mikro-Tomographie zeichnet sich im Besonderen dadurch aus, dass sie sich 

für die Analyse der gesamten Materialstruktur und der Strukturänderungen sehr gut eignet. 

Zudem bietet sie im Vergleich zur Röntgen-Computertomographie eine höhere Auflösung 

und eine schnellere Datenaufzeichnung (beginnend bei einer halben Sekunde bis 20 

Minuten).  

In dieser Arbeit wurde eine Mikro-Prüfmaschine für die Verwendung an der 

Synchrotronstrahllinie ‚Tomcat‘ (Swiss Light Source (SLS) am Paul-Scherrer-Institut) 

entwickelt. Mit dieser Einrichtung wurde die dreidimensionale Mikrostruktur von Holz 

unter unterschiedlichen Belastungsarten untersucht.  

Ein Hauptziel dieser Arbeit war die Konstruktion und der erste experimentelle Einsatz der 

mechanischen Prüfmaschine, die einen schnellen Wechsel der Prüfrichtung erlaubt. 

Zusätzlich wurden Probengeometrie, Probenpräparationsmethode, sowie die Prüfmethodik 

entwickelt. Eine geeignete Probengeometrie mit der Sollbruchstelle im Schwerpunkt der 

Probe wurde gewählt. Anschliessend wurde mittels Digital Image Correlation die 

Oberflächendeformation an der Sollbruchstelle bestimmt und mit der Dehnung der 

gesamten Probe verglichen. Die Druckfestigkeit zeigte die erwartete Korrelation von 



Dichte und Druckfestigkeit für die gewählte Geometrie. Untersuchungen an 

grössenskalierten Proben und anschliessende Korrelation von Dimension und 

Druckfestigkeit anhand verschiedener Theorien, zeigten einen möglichen Grösseneffekt.  

Um plastische Deformationen durch Druck zu identifizieren, wurden zwei Nadelhölzer 

(Picea abies [L.] Karst and Abies alba Mill.) und ein Laubholz (Fagus sylvatica L.) in 

longitudinaler Richtung belastet und mit zwei verschiedenen Auflösungen beobachtet. Als 

erstes wurde die ursprüngliche Struktur aufgezeichnet und mit Tomographien nach 

steigender Belastung verglichen, um sichtbare Veränderungen zu bestimmen. So konnte 

die Entstehung und Entwicklung plastischer Versagensmechanismen für unterschiedliche 

Strukturen beschrieben und bewertet werden.  

Zum ersten Mal wurde die Entstehung und Entwicklung von Verformungen unter 

Druckbelastung an aus dem Inneren einer Holzprobe isolierten Strukturen (wie Gefässe in 

Laubholz und Tracheiden in Nadelholz) gezeigt. So wurden die in der Literatur 

beschriebene Verkürzung, das Ausknicken und Mischformen, identifiziert und bestätigt 

und deren Entwicklung aufgezeigt. Mit Hilfe der Tomographien wurden in Strukturen mit 

ähnlicher Dichte und Zusammensetzung, sowohl in Laub- wie auch Nadelhölzern, analoge 

Effekte beobachtet. Holzstrahlen von geringer Breite und Harzkanäle zeigten keinen 

grösseren Einfluss auf Richtung oder Stärke der Deformationslinien und verformten sich 

mit den umliegenden Geweben. Zusätzlich zu der Beobachtung der Veränderung einzelner 

Strukturen, konnten Bruchebenen in verschiedenen Formen isoliert werden. 

Um die Methodik für Zugversuche zu testen, wurde eine Holzart in zwei verschiedenen 

Richtungen (longitudinal und radial) belastet und zusätzlich zu Synchrotron 

Mikrotomographie mittels akustischer Emission erfolgreich in-situ beobachtet. Es zeigten 

bezüglich des Starts der akustischen Emission, der Verteilung und der Energie der Signale, 

entscheidende Unterschiede zwischen den beiden Belastungsrichtungen. In den 

Tomographien konnten die Bruchregion bei radialer Belastung und der Startriss bei 

longitudinaler Belastung erfolgreich isoliert werden. Wie bei Druck, wurden auch bei Zug 

unterschiedliche Versagensmechanismen für die beiden Belastungsrichtungen gefunden 

und der Einfluss von Holzstrahlen und Harzkanälen beschrieben. Für radialen Zug wurden 

unter anderem Faserbrücken und verschiedene Arten von Zellwandbrüchen nachgewiesen. 

Zusammenfassend wurde in dieser Arbeit eine Einrichtung zur in-situ Kombination von 

Zug- und Druckexperimenten mit Synchrotron Mikro-tomographie vorgestellt. Dies 

ermöglicht die Untersuchung der Entstehung und Entwicklung von 

Versagensmechanismen unter Zug und Druck für verschiedene Holzarten und 

Zusammensetzungen. Bei den Versuchen, wurden zum ersten Mal, Einzelelemente aus 



dem unbeschädigten Inneren der Probe für Zug und Druck isoliert und deren Veränderung 

unter Last beobachtet.  

Schliesslich werden zukünftige Anwendungen für unterschiedliche Strukturen, höhere 

Auflösungen und Belastungsrichtungen vorgeschlagen. Die mit der vorgestellten Methode 

gewonnenen Daten, können in weiterer Folge verwendet werden, um Mechanismen und 

Deformationen im Holzverbund zu klassifizieren und zu quantifizieren. Damit könnten 

Modelle plastischen Versagens beurteilt werden und akustische Signale zu 

Versagensmechanismen zugeordnet werden.  





Notations 

Abbreviatons 

AE acoustic emission 

DIC digital image correlation 

EW earlywood 

FoV field of view 

HW hardwood 

IC intercell failure 

IW intrawall failure 

L longitudinal direction 

LW latewood 

MFSL multifractal scaling law 

MOE modulus of elasticity 

R radial direction 

RoI region of interest 

SEL size effect law 

SW softwood 

T tangential direction 

TrW transwall failure 

TW transition wood 

µCT x-ray computed microtomography 

El, Er, Et moduli of elasticity of wood in the orthotropic directions 

E+ modulus of elasticity normal to the longitudinal direction 

σl, σr ,σt normal stresses in the orthotropic directions 

σ+ stress normal to the longitudinal direction 
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1 Introduction 

Wood, as a readily available and replenishable material, has been widely used for building, 

insulation and further purposes. As one of the first materials utilized for structures and 

construction [1], its importance has been recently raised on account of the increasing 

ecological awareness, further developing uses as a source for enhanced materials (e.g. 

plywood, MDF, OSB, particleboard [2]) and changes in building guidelines [3]. The 

continuing and increasing use of wood is based on its advantages: when considering its 

specific strength, wood is superior to other commonly used construction materials such as 

steel. It is a renewable raw material with low energy production costs [2, 4] and high 

adaptability with further processing. But as a natural grown resource, the structure depends 

on the environment and genetics [5, 6]. Following this, it shows a high variability in 

properties and strength over species, trees, and even within a single tree. The structure is 

heterogeneous on all hierarchical levels, adapted from microscopic to macroscopic range to 

fit the need of the living plant. This leads to a large difference of the mechanical properties 

for different loading directions [6-8]. The above listed uncertainties make higher safety 

margins in wood building necessary, which limit the use of the raw material.  

To increase the efficiency in the use of the material and further the knowledge of the 

structure-property relationships, research has been conducted to serve as basis for 

modeling and precise guidelines. Various approaches to model the behavior of wood, 

depending on the structure, exist: Experimental and theoretical models are based on or 

refined by data gathered through wood testing and analysis of the structure of wood. 

However, due to the high variability of wood, data and especially verification of the 

existing models at the micromechanical level is still incomplete [9]. 

Motivation 

As a naturally grown, anisotropic structure, wood shows a high dependency of strength [6, 

7] and failure mechanisms [10-14] on the three-dimensional structure. Furthermore, the

deformation of individual elements is influenced by the surrounding tissue. To observe the 

deformations of wood under load and the occurring subsequent changes, as well as to 

connect the mechanism to the structure, non-destructive methods are necessary. 

Additionally, to decrease differences in failure mechanisms due to pre-damage, the 

observed elements have to be largely intact to show their actual behavior. Computed 

Tomography, and especially synchrotron tomography are well suited methods for these 
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particular observations, because of ever increasing quality and speed. They have been used 

for wood by e.g. [15-17].  

To test samples, in-situ devices fitting the special boundary conditions of the used 

beamline and the specified purposes have to be specifically developed (e.g. [15, 18-22]). 

Many testing devices are limited to selected sample geometries or loading moduli and fit 

specific boundary conditions. Therefore the motivation of this work was to develop the 

necessary devices, methodology and procedures to use synchrotron tomography at the 

TOMCAT beamline in-situ on wood samples, with varying loading types and on different 

wood species. Additionally, the machine had to be fully functional outside of the beamline. 

With the following in-situ tomographic data and analysis, the introduction and 

development at the failure on the microscopic level was to be observed for different 

structures and first analysis of the processes to be introduced. . 

Research objectives and work outline 

In this thesis the objective was to develop the method and means to test wood with 

synchrotron micro-tomography in-situ and ex-situ, including the necessary devices and 

programs. With this, a verification of the method and the observation of failure in wood 

under stress in-situ were to be achieved and described.  

For this, different work steps were defined: 

 Design and construction of the testing device and programming. This was followed

by the design and development of a production method of possible sample shapes.

As a prerequisite, the design limitations were defined and possible concepts for

construction were created. Following this, the sample geometry was developed and

the procedures for testing introduced.

 Development of the best sample geometry and extensive testing ex-situ to verify the

usability for in-situ testing and determination of possible relaxation effects.

Additionally experiments on sample shape in regards to possible up scaling and

scaling effects had to be executed and differences in the load curve due to the

geometry examined.

 In-situ testing with synchrotron tomography with the use of the device.

Tomographic reconstructions of selected samples were to be evaluated to obtain

information about structure, failure mechanisms and failure development for a set

of samples.

 Further combinations of the testing devices with additional in-situ methods were to

be tested, as well as tensile tests.
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The structure of the thesis reflects the necessary steps: First an overview about the 

underlying background and state of research is given in chapter 2, followed by the 

development and construction of the mechanical testing device, as well as the sample 

geometries for compression and tension in chapter 3. Next the determination of the sample 

geometry and an extensive testing of the device are shown in chapter 4 for compression 

through testing ex-situ, followed by experiments investigating up scaling in combination 

with a determination of local deformation.  

This is followed by the main experiments with synchrotron tomography in combination 

with in-situ compression. The results for three wood species are discussed in chapter 5. 

There, the deformation mechanisms are determined and described. Finally, tomograms of 

samples under tensile load are shown in section 6 and first results of a combination with 

Acoustic Emission are presented. In the outlook, further possibilities to combine the 

introduced device with different procedures and advanced analysis methods, improvements 

and additional tests, are presented. 
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2 State of research 

2.1 Wood anatomy 

Wood is an evolutionary driven, biological material with composite character. All elements 

are produced and arranged to fulfill the necessary needs of the living plant, such as 

mechanical stabilization (e.g. support of the crown that produces nutrients), as well as 

storage and water transport. To meet these demands, a complex hierarchical structure is 

built. In order to cope with environmental stresses, which can be divided into biotic (e.g. 

insects, fungi) and abiotic factors (such as water and wind), the structure can vary over a 

wide range. In consequence, the density of wood, as one of the most important physical 

parameters, varies from 120 kg/m
3
 for balsa wood (Ochroma pyramidale) to 1200 kg/m

3

for lignum vitae (Guiacum spp.). Variations of density between trees of the same species 

can be as large as variations of trees of different species.  

Two main classes of trees can be distinguished: The evolutionary older coniferous plants 

(gymnosperms), forming softwood (SW) with a lesser degree of specialization of the cells, 

and the younger deciduous trees (angiosperms), forming hardwood (HW) with a higher 

specialization.  

The following introduction presents an overview of the different hierarchical levels of SW 

and HW, ranging from the macroscopic (tree stem) to the ultrascopic region (cell walls). 

Macroscopic level 

The basic form of a tree stem can be approximated by a cylinder. The large variations with 

respect to the different anatomical directions lead to the use of a special coordinate system: 

The axial direction is termed longitudinal (L), while radial (R) and tangential (T) are used 

for the other directions (see Figure 1), respectively. Sectioning wood perpendicular to the 

longitudinal direction results in a cross section. Cutting along the radial direction results in 

a radial section (the LT-plane) and cutting in the tangential direction results in a tangential 

section (the LR-plane, Figure 1). In every section the observed structures differ. 

Mainly two regions can be distinguished in the cross section of a stem: wood (xylem) and 

bark (phloem). Between wood and bark the biologically active cambium is located. During 

the vegetation period, the cambium simultaneously produces wood cells towards the center 

of the tree and phloem cells to the exterior for the bark. The bark protects the tree from 

environmental influences and transports nutrients up- and downwards, while wood works 
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as mechanical support and functions as water transport system from roots to crown. Further 

division of the xylem into two regions is possible: Heartwood in the inner region of the tree 

and sapwood. Whereas sapwood is responsible for the above mentioned water transport, 

heartwood is no longer involved. The transformation from sapwood to heartwood leads to 

species-dependent changes, which alter weight, durability and permeability as well as the 

humidity based properties, e.g. water transport function of the sapwood. Further 

differences in wood at the macroscopic level can be found in the innermost part of the 

cross-section: Juvenile wood is produced in approximately the first 20 years and exhibits a 

lower difference in density between wood produced by the cambium in spring and autumn 

than the adult wood produced later in the tree life.  

Figure 1: Schematic section of a tree stem. From the outside to the inside: Bark, Cambium, Sapwood, 

Heartwood and Pith. LW (Latewood), EW (Earlywood) 
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Mesoscopic level 

In moderate to temperate regions, visible growth rings develop on the mesoscopic level. 

The width of those rings depends on the temperature, precipitation, age of the tree, species, 

nutrients, and silvicultural management. A growth ring consists of earlywood (EW) and 

latewood (LW). For SW the difference between EW and LW is the functionality and 

differing density. EW, produced at the beginning of the vegetation period, has a higher 

capacity to transport water and inorganic substance from bottom to top. During the growth 

period this changes in the intermediate region (slow or fast depending on the wood 

species), until at the end of the growth period the main function is the structural support. 

For HW this differentiation in function is not as pronounced in all species.  

The EW of SW is mostly lighter in color. HW can often be differentiated from softwoods 

through the visible porous structure and the lighter color of the LW. Additionally, 

depending on the species, radially oriented lines are often visible in HW and SW. 

Microscopic level (cellular region) 

Wood is made up of different cell types, which are organized to meet the mechanical and 

biological needs of the plant. Two basic cell types can be distinguished: 

 Parenchyma cells are storage elements and may fulfill a transport function. They

remain alive while used for this purpose and are found as brick-shaped ray cells in

wood rays, as axial or radial parenchyma or epithelial cells (e.g. surrounding resin

channels).

 Prosenchyma cells lose their cell core (protoplasm) and die within a year. They are

elongated cells with tapered ends and have a higher length to width ratio than

parenchyma cells. Their main function is mechanical support and water transport.

Certain similarities between the composition and functionality of cells are found between 

HW and SW: The main reason for the higher strength of wood in one direction is the 

alignment of the elongated prosenchyma cells in the longitudinal direction, leading to high 

values for single cells and the whole structure parallel to the L-direction, but low strength 

perpendicular. Additionally, the cell wall thickness increases during the growth period to 

increase the structural support midway to end of the growth period. This leads to higher 

densities in this region. 

SW and HW differ substantially (Table 1) regarding the elements used for different 

functions on the microscopic level, and will therefore be looked at separately. 
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Table 1: Function of the different wood elements for softwood and hardwood 

Softwood Hardwood 

Function Direction Cell Type 

Structural support axial Tracheid Fiber 

Transport (water) axial Tracheid Vessel 

Transport (nutrient) radial Wood rays (parenchyma) Wood rays (parenchyma) 

Storage radial/axial Parenchyma Parenchyma 

Softwood 

For an overview of the SW structure, see Figure 2. Two main types of cells are commonly 

found: Up to 95% ([6, 23]) of the material is composed of tube-like cells aligned in the 

longitudinal direction with closed and pointed or blunt ends (prosenchyma) – termed axial 

tracheids. Tracheids are the main water conducting cells for SW and provide the main 

mechanical support for the structure. Their length of commonly 2-4 mm and up to 7 mm is 

far greater than their lumen diameter of 15-60 µm. This leads to an aspect ratio of 

length:diameter of 100:1 [24]. The lumen of the EW-cells is bigger to increase the water 

transport capacity, while the cell walls are thinner. In LW the cell walls are thickened to 

increase mechanical support. The single wall thickness in EW is around 2 µm and in LW it 

is less than 10 µm. LW tracheids are slightly longer than EW tracheids. In the tangential 

direction, the width within a single row of tracheids is stable (Figure 2), while the radial 

cell diameter decreases from EW to LW. The tracheids are connected to each other through 

bordered pits, which are small, circular, reinforced openings in the cell wall (Figure 2, 

left). 

Wood rays lead radially to the inside and consist of one row of ray parenchyma, which are 

rectangular, short, brick-like cells. They have simple pits as connections to the other cells. 

The spindle shape of wood rays may be advantageous [25] and offer additional mechanical 

strength in the radial direction ([26]). In some softwoods (e.g. spruce), the bordering 

elements of wood rays are shorter ray tracheids with a length of 0.1-0.2 mm [23] for water 

transport.  
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Table 2: Cellular Properties of Norway spruce and White fir (data from [27] if not listed) 

Norway spruce (Picea abies [L.] 

Karst.) 

White fir (Abies alba 

Mill.) 

General Softwood Softwood 

Resin channels (diameter 30-150 µm) no resin channels 

27 bordered pits/mm tracheid 

Porosity [%] 71 73 

Density [kg/m
3
]

Moisture 

Content 12% 
330…470…680 350…450..750 

oven dry 300…430…640 320…410…710 

Rays 
percentage 

[%] 
4.4…4.7…5.5 8.4…9.6…12 

rays/mm 

transverse 
4...5...7 5...6...7 

width [μm] 8…14 12…16…19 

height [μm] 100…150…190 90…200…430 

composition 
heterocellular (radial tracheids as 

bordering cells up to 2,6%) 
homocellular 

Axial 

Parenchyma 

percentage 

[%] 
0…1.4…5.8 marginal 

Tracheids 
percentage 

[%] 
94.5…95.3…96.5 88…90.4…91.6 

length [μm] 1300…2800…4800 [28] 3400…4300…4600 

1280…4290 

lumen [μm] EW 16…32…45 21.1…34.6…54.4 

LW 6.4…17.4…22 6.8…16.2…24.6 

double cell 

wall 

thickness  

[μm] 

EW 1.9…3.5…4.9 2.2…3.7…5.1 

LW 9.3…10.7…11.6 6,6…9…12,3 
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Figure 2: Cellular structure of softwoods (spruce image obtained with synchrotron based tomographic 

microscopy) 

In some species resin channels are found radially aligned within rays (e.g. spruce) or in the 

axial direction. They are cavities, surrounded by epithelial cells. Traumatic resin channels, 

often grouped, are usually aligned in the axial direction and may also be found in SW 

species without normal resin channels (e.g. fir). Norway spruce and White fir were used in 

the experiments in this work and are therefore described in detail. Table 2 shows an 

overview of the composition and properties. They are very similar in their overall 

structure, but Norway spruce usually shows non-traumatic resin channels and has 

heterocellular wood rays with ray tracheids.  

For an analysis of the behavior, some properties are especially important because of their 

large influence: the density, the ray width and the tracheid percentage. The difference in 

wall thickness of EW- and LW-cells has an impact on the homogeneity of the wood.  
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Hardwood 

In HW, water conduction and mechanical stabilization are fulfilled by separate cell types 

(Table 1). Fibers with tapered ends exhibit a similar, tube like structure as tracheids in SW, 

but with shorter lengths (up to 2 mm), thicker cell walls and narrower lumen. This leads to 

a similar length to cell wall thickness ratio of 100:1. They are the main mechanical 

elements and strengthen the structure. 

Figure 3: Cellular structure of hardwoods (beech, image done with synchrotron based tomographic 

microscopy) 

Vessels (also called pores in the cross section) are the main water-transporting element in 

all hardwoods and are composed of vessel elements positioned in a vertical stack. Each cell 

is 0.2-1.2 mm long and up to 0.5 mm wide with a wood volume fraction ranging from 18 

to 92 % [24]. As a result of the large lumen, vessels have a high water conductivity that 

makes other water transporting elements obsolete. In ring-porous species (e.g. oak), large 

vessels can be found at the beginning of the growth period, while the size and amount 

significantly decreases towards the end of the growth period. In other species (e.g. beech), 

the vessel diameter is constant throughout the growth period. Those species are called 

diffuse porous. Additionally, vessels can be grouped or singular, depending on the species. 

The interconnection between the vessel elements is characteristic. Ladder-shaped 

(scalariform) perforations are the evolutionary older type, while simple shaped circular 

perforations are evolutionary younger. Many species exhibit both kinds of interconnections 

in varying percentages (e.g. beech), with higher percentages of simple shaped perforations 

for evolutionary younger species.  
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Tracheids are found in most species, but of shorter length than in SW and with a lower 

percentage (1.5 % for beech [27]). In comparison to the vessels, tracheids transport small 

quantities of water, but strengthen the structure because of their similarity to fibers.  

Parenchyma cells are found outside of wood rays as axial cells along the grain, distributed 

between the fibers or grouped around the vessels. Compared to SW, wood rays can be of 

largely differing length and width: from one up to multiple rows of ray cells (in beech 

multiple rows are found).  

Table 3: Cellular Properties of Beech [27] 

European beech (Fagus sylvatica L.) 

General Hardwood 

Transition zone with few pores 

Wood Rays visible 

Large Rays every 0.5-1 mm 

Density [kg/m
3
] Moisture Content 12% 540…720…910 

oven dry 490…680…880 

Rays percentage [%] 11.2…15.7…21.2 

rays/mm transverse Large: 500…4000 

Small: 60…1000 

width [μm] Large: 30…200 

Small: 20…60  

height [μm] 

composition 
Rays with single cell width and 

multicellular width 

Pores percentage [%] 24.6…39.5…52.5 

diameter [μm] 8…45…85 

pores/mm2 80...125...160 

Fibers percentage [%] 25.2…39.6…57.2 

wall thickness (2W) [μm] 3.6…7.5…10.3 

lumen [μm] 3.5…7.1…10.3 

length [μm] 600…1300 

Axial 

Parenchyma 
percentage [%] 3.5…5.2…7 

Tracheids percentage [%] 0.4….1.2 
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For an overview about the cellular composition of beech, which was used in the following 

later experiments, see Table 3. Beech has both simple and scalariform openings and is a 

diffuse porous species. In addition to the properties listed for SW, in HW the porosity 

(percentage of pores), the diameter and distribution (ring- or diffuse-porous) influence the 

properties. Another factor is the distribution, broadness and length of the wood rays.  

Ultrascopic level (cell walls) 

Figure 4: Model of cell wall and direction of the cellulose fibers after [6]; L: Longitudinal direction, M: 

middle lamella, P: Primary wall, S1:S3: Secondary walls 

The cell wall is composed of different layers and pure cell wall material is assumed to have 

a density of about 1500 kg/m
3
, regardless of the species

 
[7]. All wood cells consist of the

primary wall (P), with a thickness of 0.1 µm, and a secondary wall. For tracheids, the 

secondary wall can be further divided into an outer (S1), middle (S2) and inner (S3) layer. 

All layers consist of a mixture of cellulose, lignin and hemicelluloses in different 

percentages, with the highest amount of cellulose in the S2 layer [6, 29] and the highest 

concentration of lignin in the middle lamella. Similar to a fiber reinforced composite, it is a 

matrix of lignin and hemicellulose with imbedded cellulose macrofibrils. S2 contributes 

the highest amount of cellular mass with an average thickness of 2 µm, depending on the 

growth period (EW (1-4 µm) or LW (3-8 µm)); the cellulose-molecules in the S2 layer are 

oriented towards the axial direction with an angle and reinforce the cell wall in the axial 

direction. The orientation of fibrils differs between layers (Figure 4) and is measured in the 

S layer as a microfibril angle (MFA) of fibril to cell axis (longitudinal direction).  
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In the secondary wall, the cellulose fibrils lie parallel to each other, but with a difference in 

orientation from S1-S3. The MFA in the S2 layer is small, nearly parallel to the cell axis 

with a value of 0-50° [30, 31]. This angle is most often described and measured because of 

its large influence on the properties. It is a cause for the anisotropic behavior of wood [29]. 

In the other S layers the MFA is higher, with a value of between 60-90°. 

2.2 Mechanical properties of wood 

The reaction of a material to mechanical load (or hygroscopic stress) depends on the 

structure, composition and geometry. Properties of wood, an anisotropic material with the 

above-mentioned hierarchical organization, exhibit a high dependency on various factors. 

In a single wood species, the factors include loading direction (orthotropic behavior), 

loading angle, density, moisture, temperature, as well as the intensity and velocity of load. 

In addition to these factors, the loading history of the tested sample has a high influence on 

the material response in subsequent testing. The largest influencing factors on the 

mechanical properties are density and humidity and are therefore described in detail for 

uniaxial load in the following section. 

Because of the high influence of moisture content (MC) on the mechanical properties, of 

wood, it has to be defined before the mechanical properties are introduced. The MC u is 

commonly noted as: 

0

0

u
w w

u
w




u
w ….weight at MC u 

0
w …oven-dried mass 

The MC in wood depends on the climate. If it is altered, the MC changes until it reaches an 

equilibrium state. In this state no further mass is accumulated. With an increase of MC, the 

sample expands. The expansion and shrinkage is not uniform in the three directions; in the 

longitudinal direction a reason for this non-uniformity is probably due to the MFA in the 

S2 wall and the lamellar structure perpendicular to the fiber [24, 32]. Various theories exist 

to explain the difference in swelling in the tangential and radial direction: e.g. hindering of 

swelling in radial direction by wood rays [33, 34], geometry [34, 35], distribution of 

singular elements [34] or molecular composition [32]. Consequently, pre-damaging of 

wood and cell walls can occur. For wood testing and measurement, a standard climate of 

20° C and 65% humidity is commonly used and defined. This equals about 10-12 % MC.  

Commonly, the MC in green wood (fresh timber) ranges from 60-200%. This decreases 

after cutting to about 12% at standard climatic conditions (20°C and 65% humidity). Down 

to 18-33% MC (depending on the percentage of extractives [36]) bound water is preserved 

and free water (e.g. in the cell cavity) is lost (although free water can also be found below 

this value according to [33]), while dimensional changes occur ([37]). This is called the 

fiber saturation point (FSP).  
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Table 4: Mechanical Properties of Norway spruce, White fir and European beech, if MC was listed, 

only values for an MC of 8-13 was taken. Unit of all mechanical properties listed: [N/mm
2
] 

Norway spruce  

(Picea abies [L.] Karst) 

White fir  

(Abies alba Mill.) 

European beech  

(Fagus sylvatica L.) 

Compression 

El 

13650 [38] 
  

11900 [39] 

13905 [40] 

11060 [41] 

Er 

789 [38]     1700 [39] 

1897 [40] 

1650 [41] 

Et 

289 [38]     1090 [39] 

606 [40] 

750 [41] 

σl 

33…50…79 [27] 31…47…59 [27] 41…62…99 [27] 

34.1 [38] 39.2 [38] 56.7 [38] 

40…50 [42] 40...52 [42] 52…64 [42] 

30 [23] 33 [23] 46 [23] 

30…66…116 [7] 45 [41] 

σr 
4.1 [23] 4.7 [23] 7.9 [23] 

3.4 [38] 12.9 [38] 

σt 4 [38] 8.5 [38] 

Tension 

El 
14956 [38] 16750 [38] 

12800 [43] 10560 [41] 

Er 

625 [43] 1510 [41] 

3088 [38] 1588 [38] 

612.5 [44] 1203 [44] 

Et 

397 [43] 730 [41] 

555 [38] 613 [38] 

413.3 [44] 765.4 [44] 

σl 

80…90 [42] 80…93 [42] 100…135 [42] 

21…90…245 [27] 48….84…120 [27] 57…135…180 [27] 

84 [23] 78 [23] 130 [23] 

96.7 [41] 

σr 
3.6 [45] 19.5 [41] 

4.8 [44] 13.2 [44] 

σt 
2.6 [45] 8.9 [41] 

3.93 [44] 7.66 [44] 

σ+ 
1.5…2.7…4 [27] 2.3 [27] 7…10.7 [27] 

1.5 [23] 1.4 [23] 3.5 [23] 

Bending 

El 

7300…11000…21400 [27] 6600…11000…17200 [27] 10000…16000…18000 [27] 

11600 [46] 10000…14500 [42] 12300…16400 [42] 

9100 [23] 9600 [23] 13130 [23] 

10000….12000 [42] 

Er 700 [47] 

Et 400 [47] 

E+ 
170…540…690 [48] 1080…1470…2340 [48] 

σ 

49…78…136 [27] 47…73…118 [27] 74…123…210 [27] 

65…77 [42] 62…74 [42] 90…125 [42] 

60 [23] 67 [23] 104 [23] 

42…66…116 [7] 
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The second large influence on the mechanical properties is the density. Density partly 

depends on the MC, as water is stored in wood. In oven-dried wood the differences in 

density can be attributed to differences in the structure of wood and the amount of 

extractives. 

Figure 5: Schematic stress-strain curves for uniaxial loading in the longitudinal direction and 

determination of elastic modulus 

Stress-strain curves show the mechanical properties of a material under load. For wood, an 

exemplary curve for loading in the longitudinal direction is depicted in Figure 5. 

Deformation processes leading to strain, can be divided into elastic and non-elastic 

deformation: The region of the stress-strain curve with a constant slope is called elastic. 

After the yield point, the slope decreases and the following deformations are commonly 

termed plastic. Both elasticity and plasticity differ in the underlying processes.  

2.2.1 Deformability 

Elasticity 

If the deformation of a body caused through mechanical load, can be reversed 

instantaneously, completely and without energy loss after load removal, it is ideal elastic 

and follows Hooke’s law. This means, a direct proportionality between stress and strain 

can be assumed. Wood is nearly ideal elastic in the elastic region and follows Hooke’s law 

until the yield point where the material starts to deform plastically.  
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The modulus of elasticity E (also MOE or young’s modulus) is a measure of the stiffness 

of a material under tension or compression and is determined as the correlation of stress 

 (the proportion of force F on area A) to strain  
  

 
 (the change of length). Stress 

in the elastic region can be defined as            and            , with C representing 

the elastic compliance matrix and D the elastic stiffness matrix. For the tensors, the wood 

based coordinate system LRT is used. The tensor is symmetric with nine independent 

variables necessary to determine the relationship between stress and strain. The inverse of 

elastic modulus E and the shear modulus G are defined as the diagonal elements of the 

tensor:  

1
0 0 0

1
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1
0 0 0

1
0 0 0 0 0
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Whereas  
   

  
  

 are the Poisson’s ratios: The ratio of the deformation under uniaxial load in 

load direction (j) and perpendicular to the loading direction (i). 

The MOE can be determined dynamically or statically. For a dynamic measurement the 

velocity of an ultrasonic wave in a small sample is used (preferably in a long rod), or 

through dynamic loading. The static MOE is determined in the stress-strain curve of a 

sample in the region with a linear slope (and a second derivative of zero). A tangent is 

fitted with the maximum possible gradient (Figure 5).  

Due to the anisotropy of wood, the MOE varies in different loading directions, loading 

moduli and species, as exemplarily shown in Table 4. The ratio of MOE : :
L R T

E E E  

within a species was shown to be approximately 20:1.7:1 for softwoods and 13:1.7:1 for 

hardwoods [6]. The MOE for all species is highest in the longitudinal direction and 

decreases with increasing grain angle and ring angle [6, 39, 49]. The dependence of MOE 

and strength on the loading angle approximately follows the Hankinson Formula [6] in 

experiments [50, 51].  
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A main influencing factor on the MOE is the density: The MOE is approximately linearly 

correlated to the density in all loading directions [6, 52-55]. An increase in MC starting 

from 10 % leads to a decrease of the MOE until the FSP is reached. The behavior of the 

MOE under 10 % MC depends on the loading direction [41]. 

On the microstructural level, the initial MFA influences the stiffness of the cellular 

structure, with lower MFA leading to a higher stiffness [56]. With increasing load, a 

change of the MFA can be observed. [57] found a linear correlation for the change of the 

MFA with increasing strain for compression wood with no change of the function at the 

yield point, while [20, 21] found no systematic decrease for stretched samples. [20] found 

an elongation of the cellulose chains and reduction of the distance.  

In Table 4 an overview of the elastic properties of European beech, Norway spruce and 

White fir found in the literature, is presented. The values for the longitudinal direction are 

highest. In the radial loading direction, the values for compression, tension and bending are 

significantly higher (approximately double) compared to the tangential direction. Beech 

has higher average values than fir and spruce due to the higher density. Fir and spruce have 

similar values due to the similar structure and density.  

Non-elastic region 

Beyond the elastic limit (yield strength), the slope of the stress-strain curve decreases and 

is no longer constant (see Figure 5). Beyond this point, permanent deformation in the 

material will occur. Those deformations, which do not reverse to the original state after 

removal of the load, are called plastic. The failure stress, also called ultimate strength, of a 

material is the highest possible stress the sample can bear in tension and is equal to the 

highest point of the stress-strain curve For compression, the compressive strength is 

equivalent to the first maximum in the stress-strain curve. For wood, the compressive 

strength can’t always be reached perpendicular to the fiber due to an increase in density 

through densification and therefore increasing strength.  

2.2.2 Strength 

Equivalent to elasticity, major differences in the behavior can be found for different 

loading directions, different grain and ring angle [58] and loading type (e.g. compression, 

tension). Because of the directionality of wood, loading in the longitudinal direction leads 

to the highest values of ultimate strength for all loading types, while radial and tangential 

values are similar. In Table 4, the large differences for loading types and directions can be 

seen for the three exemplary wood species used in the tomographic experiments. 
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Tensioning in the longitudinal direction  leads to the highest value, while the highest stress 

for compression is approximately half the tensile strength. Values for bending are found in 

between those for compression and tension, but closer to tension. If wood is loaded in the 

radial or tangential direction, the values are significantly lower. For compression they are a 

tenth of the compressive strength in the longitudinal direction, while the values for tension 

are similarly lowered. A direct comparison of the strength values for the three species 

shows the proportionality of the strength to density that can be found for all species [7, 55, 

59]. Additional, a large influence of MC is found for all wood species:  

Similar to the elastic region, the plasticity and strength of wood depends on the MC. From 

the FSP downwards, the strength increases with a reduction of moisture but decreases for 

certain directions under 8 % content [41]. Above the FSP the strength remains nearly 

constant. At lower MCs wood exhibits a more brittle behavior, while it is more ductile for 

higher percentages. Equivalent to the MOE, the failure strength increases with density [7, 

59] and decreases with increasing loading angle ([7, 49, 60]). An increase of fiber length

and latewood percentage increases the strength as well [7]. 

Differences in the loading directions are caused by the structure of wood and the alignment 

of the load bearing cells in the longitudinal direction. The main differences in the 

mechanical behavior and classification of damage mechanisms are significant for different 

loading mechanisms, therefore compression, tension and bending will be described 

separately below. 

2.2.3 Loading conditions 

Compression 

If the load is oriented towards the center of the sample, the length of the sample decreases 

and it is therefore compressed. Compression in wood is characterized through the slower 

and more ductile deformation mechanisms; for wood usually no rupture occurs at the 

highest stress level.  

Major differences in the stress-strain curves can be observed for loading parallel and 

perpendicular to the fiber direction. Loading of wood beyond the yield point in the 

longitudinal (Figure 5) or radial direction leads to a first maximum of the force in the 

stress-strain curve, identified as the compressive strength. For some species, a significant 

densification in the longitudinal direction can be found after further increasing the load 

(e.g. [61]). In the tangential direction, a force peak can be seen for some wood species, 

while the load increases steadily without a peak for other species (e.g. [14]).  
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After a peak is reached, the stress decreases to increase after further loading. This can be 

repeated multiple times. For all loading directions, a final densification is reached with a 

steep increase in the stress-strain curve. Since the speed of deformations in compression is 

slower, the damage evolution is easier to observe than for tension. 

Following, the three loading directions will be described separately on the cellular level 

because of the large differences in the varying directions.  

Longitudinal compression 

On the microscopic level, different deformation mechanisms can be classified. Buckling 

and telescopic shortening [10, 11, 60] are the dominating failure types when loading 

parallel to fibers. Buckling (Figure 6a), equivalent to kinking, is a deformation mechanism 

found for the stiffer LW cells and fibers due to the smaller lumen. Buckling, the main 

mechanisms found in HW [11], is the dislocation of a part of the cell from the axial 

direction to a S-, or U-shape for stronger deformations. Buckling is often accompanied by 

cracks of the middle lamella, especially between tissues with different deformation 

behaviors. The second mechanism is telescopic shortening (Figure 6b), mainly in thin 

walled elements (EW cells and vessels), accompanied by longitudinal cracks and folds on 

the inner surface of the cell. Failure at the end caps of tracheids in SW is also found [60]. 

In theory, a delamination of the fibers in the wood ray may occur, similar to delamination 

for tracheids (Figure 6c) [25]. 

Figure 6: Types of failure for compressive load - Buckling (a), Telescopic shortening (multiple failures) 

(b) and separation of cells (c) 
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An explanation for the decrease in load after reaching the compressive strength can be 

found through a comparison of mechanisms found for fibers in fiber composites [62]. This 

is possible because buckling can be equaled to kinking. After the yield point and before the 

peak stress is reached, single fibers begin to buckle and deform. During and shortly after 

the peak stress, the kinking in localized areas spreads and fibers rotate to form a single 

kink (stress line). In this phase the force decreases until the kink stiffens due to lock-up 

mechanisms. After this, the kink band broadens and fibers at the edge of the stress line are 

compressed. The resulting compression failure lines are layer like and have an inclination 

of 45-65° to the axial plane [10, 11] and frequently branch in the tangential plane.  

Perpendicular compression 

For loading perpendicular to the fibers, a deformation of the cell walls in the radial or 

tangential direction is found. If the load is further increased after this deformation, rupture 

of cell walls at the hinges may arise. For radial load, the break in the cell wall occurs in the 

radial cell walls before the cells are close to collapse [63]. Separations along ray-fiber or 

fiber-fiber interfaces are found too [11] (see Figure 6c). 

Increasing the load on SW in the radial direction leads to a deformation of cell walls and 

subsequently to a collapse of the affected cells towards the lumen. The onset of collapse 

starts at low stresses through deformations of cells in the EW with thin walls due to 

instabilities after the yield point [63-65] and a tangential failure band parallel to the year 

ring in the EW is produced. The collapse of EW cells in one year ring is followed by the 

collapse of EW in other growth rings [60]. After the band is completed, further EW cells 

collapse in the LW direction. This leads to a densification of the wood. Even at high 

forces, LW deformation is small [64]. In HW, vessels are deformed. The stress-strain 

curves are very variable for different species and have to be related to the structure and the 

vessel distribution [10, 14, 66]. In oak, showing brittle failure, vessels deform and fracture 

into a sickle form. Deformations of vessels in beech consist of wrinkling. 

Tangential deformation leads to a deformation of tangential cell walls and a possible 

change of the form to a rhomboid. Cell wall bending is found as a single layer of EW and 

LW. Initiation of yielding happens through the deformation of LW [65].  

Compression under an angle 

If the load acts at an angle between perpendicular and parallel to the fibers (i.e. between 

90° < 0°), shear stresses begin to develop. For 20° and 45°, shearing failure at the annual 

ring border can be observed. At 70° cells are perpendicularly crushed in the EW zone [60].  
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Tension 

Tension leads to a fast, brittle failure in wood. It is characterized as the loading towards the 

outside and, similar to compression, shows different failure types for the three main 

loading directions. The stress-strain curve usually has a long elastic region, and a short 

plastic region with abrupt failure (Figure 5).  

On the cellular level, the main deformation mode is rupture in different directions and 

through different parts of the cell. Cracks leading to an opening of the lumen are called 

intracellular [67] or transwall (TrW) breakage [13], either parallel to the axis (Figure 7a) or 

perpendicular (Figure 7b). In TrW failure, bordered pits may be circumvented [11, 13]. If 

the lumen is not opened, then the cells fail intercellular [67]. To further differentiate 

intercellular failure, cracks through the cell wall are called intrawall (IW), while intercell 

(IC) is a rupture through the middle lamella (Figure 7) [13]. [25] suggested that cracks in 

the end caps of wood rays may be found.  

Fiber bridging, where fibers or fiber bundles connect two separated regions, acts as 

reinforcement through crack tip hindering [68]. 

Figure 7: Types of cellular failure in tensile loading. The lines show the respective failure areas on the 

original cell in the center. From left to right: transwall (TrW), intrawall (IW) and intercell (IC) 
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Longitudinal tensile loading 

While testing single wood fibers under tension [69], EW tracheid walls first fold and then 

break near the folding. The stiffer LW cells separate through a clean crack, while transition 

wood fibers either break similarly to LW or through folding near pits and a subsequent 

collapse. On a microscopic scale, the most common deformation mechanism is TrW 

failure, while LW shows IW failure - probably due to the thickness and stiffness of the cell 

walls [13]. TrW failure tends to spiral, following the MFA [11]. Rays are weak points in 

this direction as shown by drastic deformations in thin tangential cuts [12].  

Perpendicular tensile loading 

By loading SW either radially or tangentially, two different configurations of cells are in 

the crack path: In a similar arrangement to a brick wall, the cells are aligned at equal height 

along the radial direction, while they are displaced against each other in the tangential 

direction. Therefore, for radial load, TrW failure is more dominant than it is in tangential 

load where IW and IC failure are more common [70, 71]. Shifting of the crack path is due 

to TrW failures, while a higher density and therefore a higher amount of LW leads to a 

higher percentage of IW failure [13]. Tangential loading leads to a clean fast break with 

minor path changes while radial loading develops in steps parallel and perpendicular to the 

path. In the radial direction, wood rays can be a stabilizing element, giving strength to the 

structure [12].  

Tensile loading under an angle 

Loading at an angle often causes the failure planes to shift around wood rays [13] and both 

TrW failure and debonding occur. 

Bending 

Under bending stresses, compressive and tensile strains develop in the sample. Shearing 

strains occur for three-point bending and between indenter and bearing on the borders for 

four-point-bending. Due to the lower compressive strength and proportionality limit, the 

compressive deformation is first observedt, while the ultimate failure is due to tension 

cracks developing at higher forces [6].  

If the failure is big enough, it can be seen macroscopically as slip lines or planes in the 

form of dark crossings. Starting with the collapse of one cell, the compression for the rest 

is increased and a part of the cells deform. Due to the connection of the cell to the 

surrounding tissue, the connected cells collapse and an observable failure line develops. 

Deformation in bending is macroscopically visible at ¾ of the breaking strength, while a 

microscopic deformation is visible at ½ of the breaking strength [72]. 
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2.2.4 Rheological Behavior 

If a constant deformation or load is applied, next to the elastic and plastic deformation 

additional viscous effects are observed. Wood exhibits a viscoelastic behavior, which is 

effectively a combination of elastic and viscous (or plastic) deformations. This time-

dependent behavior is also known as rheological (“rhei” – flow, “logos” - study). To test a 

material on rheological effects, two main methods are commonly used in wood: If the load 

is kept constant over a longer period of time and the deformation increases with elapsed 

time, it is called creep. While keeping the deformation constant, the stress on the sample 

necessary to maintain the deformation decreases with elapsed time and relaxation can be 

observed. Creep is commonly used in experiments because of the simple realization with a 

weight, easily mimicking loading situations in buildings. During in-situ-testing, where 

constant deformations are necessary for recording, relaxation plays an important role.  

In rheological processes, three main deformation mechanisms are distinguishable: elastic, 

delayed elastic and viscous deformation [6]. Elastic deformation is instantly recovered 

when load and/or deformation are removed. This can be explained on the molecular level 

with reversible distortions of the spatial orientation of the molecules. If the force is 

removed, the molecule will return to the original state. Delayed elastic deformations 

completely recover with time. A theory is that the molecule is uncoiled with increasing 

stresses but changes back to the initial lower-energy state after removal of stress. In 

viscous (plastic) deformations a stick-slip mechanism is dominant: Bonds are broken and 

the molecule parts are laterally displaced, where the bonds reconnect. 

Creep 

Under constant load, the deformation of a sample increases with elapsed time. An 

extensive review can be found in [73]. In the first stage, the primary creep, the slope of the 

deformation decreases while the molecules are oriented. After the molecules are oriented, 

the bonds in the molecules break and reform in the secondary creep stage and the slope of 

the deformation becomes constant (an equal amount of bonds are destroyed and recovered 

[7]). In the tertiary stage, more bonds are destroyed than recovered and the deformation 

increases till the sample fails (Figure 8). With increasing elapsed time, part of the initial 

elastic deformation of the sample changes to delayed elastic and viscous deformation. If 

the load is removed, the elastic component is instantly recovered, the delayed elastic 

response after an elapsed time, while the viscous deformation is lasting and unrecoverable.  
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Figure 8: Development of deformation under constant load – adapted from [6] 

The level and magnitude of creep depends on various factors, including the level of load, 

the loading history, type and direction of load, duration, temperature and MC ([6]). A high 

or very low MC leads to a higher creep, with high moisture leading to the highest creeps 

because of the higher plasticity [6, 73, 74]. With increasing loading angle, the creep 

increases and compression shows more creep than bending, while tension displaying the 

least. Radial loading shows a higher creep than tangential [7, 75] and cell wall features 

additionally influence creeping [76]. When the humidity (and therefore the MC of the 

sample) changes during loading, the creep enhances. This is called mechano-sorptive 

creep. 

Relaxation 

When the applied deformation on a sample is kept constant, the load on the sample 

decreases with elapsed time (Figure 9a). In relaxation, the stress decreases with a 

decreasing rate over time. The slope in relaxation is high at the beginning and the loss of 

load is higher for higher initial forces, but after a longer elapsed time, the slope equalizes 

for all starting forces [74]. Equivalent to creep, a part of the initial elastic deformation is 

transformed into delayed elastic and plastic deformations over time (Figure 9b). Once the 

applied deformation is removed, the elastic deformation instantly recovers and the other 

components develop accordingly to creep (Figure 9b). The change of elastic to plastic 

deformation leads to the possible failure of the material during relaxation, maybe due to 

deformations in the cell walls in thin tissue. 

The strength of the relaxation depends on the same influencing factors as creep. The 

relaxation is highest for high MCs and lowest for intermediate MCs [6].  
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Figure 9: Relaxation - Development of (a) Force under constant deformation, (b) Composition of 

deformation elements – adapted from [6] 

2.2.5 Size effect 

A size effect is recognized when the strength of a sample is not independent of the 

dimensions of the sample. Different approaches are known to explain this phenomenon 

(see e.g. [77, 78]):  

Weibull’s theory [79-81] was theoretically developed and experimentally proven. It is a 

statistical approach, also known as “weakest link theory”, where a specimen breaks due to 

the collapse of a defect with minimal strength in the sample. The probability of 

encountering a weak link is higher in samples with a greater volume and therefore the 

ultimate strength of bigger samples is comparatively reduced. On a double logarithmic 

scale (size versus strength), Weibull’s theory can be represented as a linear line. Later a 

Weibull-parameter m was introduced [77, 82], with n as scaling parameter (1 for a sample 

with one critical dimension up to 3 for all dimensions) and D as characteristic size. With 

the formulation as power law, the nominal strength is     
    ⁄ . A necessary

prerequisite for applying the Weibull-criteria is failure at the initiation of the macro-crack, 

and a brittle structure as sample material [83, 84], but it can be used for unnotched 

samples. 

For quasi-brittle materials, two main theories are currently found in literature, both 

developed based on concrete. The ‘Size effect law’ (SEL) and an expansion called 

‘Universal Size effect law’ (USEL) are energetic based approaches, while the ‘multifractal 

scaling law’ (MFSL) is a fractal based approach. They are phenomenological approaches 

and the resulting strength-size relationships are illustrated in Figure 10:  
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Figure 10: Curves for size effect: Weibull, MFSL, SEL/USEL 

 SEL [85] is based on linear elastic fracture mechanics (LEFM) with an inherent

size effect, and the strength criterion. The process zone is a crack band with energy

release, and an area of microcracking ahead of the crack. LEFM is applicable for

bigger samples and tends towards a strength of zero. For smaller samples, the

strength criterion is used as a limit for the maximum. Nonlinear fracture mechanics

is applied to gap the differences between the two criteria.

The resulting stress equation for the size effect with the empiric constant B and D0

and the characteristic size d is:

0

1

N

B

d
D

 



Important prerequisites of the model are usually the notching of a sample, a quasi-

brittle behavior, as well as no change in the proportion of the notch-length to the 

critical dimension. 

 MFSL [86] is a phenomenological approach, based on geometrical multifractality

and self-affinity. In this theory, the size of microstructural elements has a negligible

influence on the behavior and can be regarded as homogenized, i.e. the strength

vanishes in the infinite asymptote. For smaller specimens, the influence of the

microstructure increases, i.e. tending asymptotically towards infinity for zero size.

Two constants are necessary and the formula was mainly introduced for tensile

strength-tests. The equation formulated in this theory can be written as

N

BA
D

   , with the constants A and B (to be determined in experiments) and

D, the characteristic size. 

 USEL [84, 87] is an expansion of the SEL for samples without notching. Here, the

stress values for large structures are not 0, but approach an asymptotic value for

infinitely large structures.
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Most works available feature quasi-brittle or brittle material (rock, ice, concrete) in 

tension, shear or bending. For fracture mechanics, approximations of the kink band 

(microbuckling behavior included) to a crack were done for notched samples [88, 89]. [90] 

based a compression test for fiber material (PEEK) of a notched specimen on this, showing 

that the kink band can be treated as a crack and buckling to the crack growth. In these 

experiments a size range of at least 1:4 has been suggested.  

Despite wood lacking the prerequisite of a brittle behavior, most experiments in wood have 

been based on Weibull’s theory (e.g. [91]), although the SEL approach was used with good 

results for crack resistance measurements [92-94]. Many works show the size effect for 

wood (e.g. [95-98]) mostly for bending and tension. Only a few experiments concerning 

compression of wood regarding the size effect could be found in literature [99, 100]. 

Overall the size effect for wood under compression was found to range between no effect 

[100] and 10 % [99]. 

2.3 Mechanical testing of wood 

Different testing methods are available to determine mechanical properties and the reaction 

of wood to load. They vary depending on the type of load, direction and specimen size. To 

measure the force exerted on the sample, load cells are commonly used. To determine the 

strain of the sample, different methods are available: Strain gauges are mounted on the 

sample and deform with it. In video extensometry the deformation is calculated using the 

difference of two focal lines in consecutive pictures of a video. Digital Image Correlation 

(DIC) calculates the strain through the changes in a pattern found in the area of the sample 

in the image.  

To measure the mechanical properties of wood, small clear (defect-free) wood specimens 

are preferred, because defects like knots can lower the mechanical properties significantly 

[8]. To ensure comparability of the results, standardized testing methods (DIN and ASTM-

standards) are commonly used to determine the mechanical properties. Results may vary 

due to the variability of wood, the limited amount of test samples and differences in test 

procedure settings.  

Two distinct control mechanisms are possible: Constant rate of displacement or constant 

rate of loading. Usually the displacement is used in wood testing, because a closed loop 

system is necessary to adjust the strain and loading rate for a constant increase of stress.  

In standardized testing procedures, the loading rate is defined based on the testing time to 

failure with maximum strength after 90±30 seconds (e.g. [101, 102]). 
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The three principle loading modes: compression, tension and bending, are often used for 

experiments on wood. In compression testing, simple cuboid geometries are common for 

tests perpendicular and parallel to the fiber [103, 104]. Ball-and-socket bearings often 

balance uneven endings of samples. A reason for this is that if the sample is loaded at an 

angle due to dislocation, then, in addition to compression, bending effects that change the 

ultimate strength, will be observed. This happens especially if the length-to-width ratio is 

high.  

For uniaxial tensile testing, the sample has to be fixed to the testing device on both ends. It 

can either be glued to the ends of the holders of the machine, a wedge can be applied to 

hold it in place or the end parts of the sample can be clamped. Due to the low compressive 

strength of wood, especially perpendicular to the grain, the cross section of the sample at 

the ends is usually bigger than at the center to prevent critical damage in the clamping or 

wedging area. Additionally, the cross section in this area is smaller than at the end pieces 

to increase the probability of failure in the center of the sample. To load parallel to the 

fiber direction, the middle of the sample has a constant diameter where a gauge for strain 

measurement can be mounted. In loading perpendicular to the fiber, the ASTM standard 

[105] gives a sample similar to a hyperboloid in the center, leading to higher stresses and a 

higher probability of failure in the center of the sample. Without a constant cross-section, 

only the ultimate strength can be determined, but without MOE.  

In standard tests for bending, cuboid shapes with higher length-to-width ratios than for 

compression testing are mounted on bearings. Force is applied at the center through one 

(three-point-bending) or two (four-point-bending) points. As this testing method is easy to 

realize, bending tests are often used for the determination of elastic properties, especially 

in the wood industry. In laboratory tests, experiments with small specimens ([15, 16]) were 

done with this method for deformation measurements.  

In wood research, in addition to the standardized sample shapes, other geometries are used 

to fit the needs of the individual testing procedures. This is especially the case if several 

testing methods are combined, to observe, for example, microstructural changes. Different 

geometries based on DIN-norms were used in exemplary scientific research. [40, 41, 43] 

used a volumetric dog-bone shape with a middle part with a constant quadratic cross 

section for tensile testing to determine the MOE and strength. The deformations in the 

center part were determined with DIC.  

In microtensile fiber testing, single fibers [69] or rays [106] were glued onto a surface or a 

holder for testing.  
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2.4 Modeling of wood 

To predict the behavior of wood, different approaches exist. In global models (e.g. [40, 

107]) measured mechanical properties (MOE, strength, diffusion) of wood with a known 

structure and density are used to model the behavior of wood with varying properties. One 

disadvantage is that the behavior of those models is based on global values.  

In a hierarchical approach, the response of wood to load is modeled at some of the levels 

through sized, homogenous elements representing the structure on the size level [108-110]. 

Basis for modeling and the verification are observations of similar structures in mechanical 

tests and the determination of a variety of mechanical properties. With this, knowledge of 

the structure-property relationships is gained and the models can be refined. But data for 

modeling is often missing [110].  

2.5 Non-destructive methods for in-situ monitoring of wood under load 

To observe changes in the structure of a sample under load over time, non-destructive 

techniques (NDT) are necessary. To monitor specific mechanical, physical and chemical 

properties, a variety of NDT are available. The use of these techniques depends on the 

hierarchical level of wood to be observed, the material property investigated and additional 

prerequisites like MC. Various comprehensive overviews of NDT methods are found in 

literature, e.g. [111-115]. Overviews of the use of NDT in the forest industry to determine 

physical and mechanical properties of standing trees and lumber are found in [116-118]. 

From the variety of NDT, few are commonly used in combination with in-situ mechanical 

or hygroscopic loading of wood (Figure 11). All methods described below are based on 

material (particle) and electromagnetic waves, as well as (sub)atomic particle fluxes. 

Strictly, due to the wave-particle duality, all moving particles with low masses (e.g. 

electrons) exhibit observable wave characteristics.  

Following commonly used methods are described. Acoustic emission and sound 

transmission are based on the propagation of material waves. Electromagnetic waves range 

from visible light to synchrotron radiation. Many particles are used, ranging from electrons 

to more massive compounds (e.g. He-cores for Rutherford scattering). Particles can 

interact with materials through elastic and inelastic scattering. For wood two particle 

subtypes are mainly used: Electron and Neutron: Neutrons due to their high sensibility to 

water, because of the high influence of moisture on wood, and electrons due to their high 

resolution caused by the smaller wave length.  

Acoustic emissions do not allow the direct volumetric imaging of wood. All other listed 

methods (Figure 11) can be used to imaging wood when used with NDT testing, and 

typically comprise similar post-processing steps.  
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Figure 11: NDT Testing methods used for in-situ measurement of loaded samples 

2.5.1 Acoustic methods (material wave) 

Sound waves are a consequence of mechanical vibrational motion and thus require a 

material medium to propagate. The attenuation and changes of sound velocity depend on 

the basic structure of the material and the restoring forces of its components against 

deformation. Two main methods based on acoustics are available to monitor wood: 

Acoustic waves produced outside the sample can be used to measure different properties of 

and in wood, for an overview see [114]. In the practical use of NDT, vibrations at 

ultrasonic frequencies (>20 kHz) are used to detect defects in wood [119]. In wood 

research, the ultrasound propagation in wood can be used to determine the (dynamic) 

Young’s and shear moduli in all material directions through determination of the respective 

wave velocities. This method is widely applied, for instance, for timber grading.  

The sound velocity changes with differences in density and structure. Therefore the impact 

of loading on the sound propagation and the change of elastic properties have been 

measured on samples. This is called acoustoelasticity [120-122]. This method was 

combined with cyclic loading on spruce [120], where the run-time of the wave was used to 

determine the stiffness of a sample under load and for an interpretation of the mechanical 

fatigue processes [122]. The impact of compression and tension on the sound velocity in 

wood was also compared with this method [123]. 

The second method is the Acoustic Emission (AE) measurement. Elastic stress waves that 

are generated by spontaneous plastic deformation of the wood (e.g. micro-cracking or 

slipping/friction of the tracheids [124]), are recorded by transducers made of a piezo-

electric crystals, and amplified. Particularly, events with fast damage evolution produce the 
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necessary energy to be recorded. Due to the structural composition of wood, waves are 

transported through the cell walls of the tracheids or vessels that offer large connected 

regions, but are hindered in the perpendicular direction due to the large differences in 

density and variation of air and material. Counts and amplitudes of the detected AE signals 

are used for the interpretation. AE is a technique with high time resolution, and continuous 

monitoring is possible without disturbance to the sample.  

In one of the earliest acoustic emission works for wood, a correlation of toughness and the 

proportion of LW- to EW cells to AE was found [125]. An overview for different species 

and different loading types is listed in [126]. According to that, compressive loading leads 

to few AE signals only up to 50 % load capacity, while tension has the highest amount of 

signals and reaches over 50 %.  

The location of flaws with AE signals is limited by anisotropy and attenuation problems 

[127], but a location of the signal origination and type was done, for example for tension 

on wood, without visual verification [128]. For the identification of the signal type in wood 

and interpretation without localization, comparative testing methods to visualize the spatial 

structure are needed [124].  

Recently DIC and AE were combined to compare different layered wood materials and 

solid wood [129, 130]. Differences in mechanical behavior and the amplitude distribution 

of AE signals were observed between the different layered materials and solid wood. A 

connection between the surface deformation monitored through DIC and the strength and 

distribution of AE signals has been found.  

2.5.2  Electrons 

After the development of the electron microscope in 1931, the method has become a 

standard for micro- and nanoscopic observations. A ray of electrons is produced in an 

electron gun and focused with electromagnetic lenses. It can be used in transmission and 

reflection mode. In transmission, the transmitted particles or energies are measured after 

traversing the sample, while the sensor is placed on the same side as the emitter of the 

sample in reflection mode and the initial beam is recorded. Both modes are often used with 

a scanning technique (scanning electron microscope – SEM), where the beam is moved 

over the sample in a pattern. In the classical electron microscopy (transmission and 

reflection) a high vacuum is needed for a high resolution and sputtered coatings for non-

conductive materials are preferred to enhance conductivity. In contrast, ESEM 

(Environmental scanning electron microscope) uses a lower vacuum and enables recording 

without sputtering of the sample. A climatic change is also possible. Because of the higher 

interaction possibility of the electrons with molecules in an ESEM, the picture quality is 

lowered.  
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ESEM has been used for observation of plastic deformations of isolated EW, LW and TW 

fibers in tensile tests [69] and in combination with DIC to measure the non-uniform strain 

distribution [131], crack growth in wedge-splitting tests [132], in tensile testing of notched 

samples [133] and to investigate the development of fracture paths in tensile tests [134]. 

Testing with a SEM was done for different loading types and directions [64]. 

2.5.3 Neutrons 

The second particle based method used for wood is neutron-imaging. Neutrons are bound 

with nuclear forces to protons in atom nuclei and unstable when unbound. Contrary to X-

rays, the attenuation coefficient (measure of the interaction probability of a medium) does 

not scale nearly monotonically with the atomic mass. Neutrons show a high attenuation 

coefficient for hydrogen (and consequently for water) and a relatively low attenuation 

coefficient for most metals. Due to the limitations of the detector technology and the lower 

flux, the resolution of neutrons imaging is lower than for X-rays [135]. Neutron rays used 

for neutron imaging are either produced in nuclear reactors or in neutron spallation sources 

through the collision of protons with heavy metallic materials. They are moderated to the 

desired energy after production. 

Due to their high sensitivity to water, neutrons were used for imaging of adsorption and 

desorption processes and swelling processes in wood, for example changes of water 

content monitored with neutron transmission [136]. 

[137] and [138] measured time dependent diffusion processes and MC. The sample 

swelling due to the change of MC was not accounted for. To determine local MC, [139] 

combined DIC and neutron imaging. 

2.5.4  Light 

Optical microscopy has been frequently used for the determination of the structure of wood 

and the monitoring of damage evolution: either with standard microscopes (e.g. [12, 140]), 

confocal microscope (e.g. [70]) or with Raman microscopy [141]. The techniques are 

limited to surface observations of limited depths in reflection mode, or to thin sample cuts 

in transmission mode for confocal and standard microscopes. Most optical microscope 

investigations are performed in samples previously subjected to loading until failure, from 

which damage processes are inferred. For an overview of works before 1969 and the 

influence of different structural elements, see microtensile tests done by [12]. Optical 

microscopy has been used for strain determination on wood under radial and tangential 

tensile load [140]. The behavior of wood under radial and tangential compression has also 
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been studied [65]. Crack growth was also investigated and compared to FEM simulations 

[142], in order to assess the influence of structural elements on the fracturing of wood. 

[143] measured hygroscopic swelling with a fluorescence microscope by determining the 

dimensional changes of the cells.  

Confocal laser scanning microscopy was applied by [70] to monitor crack growth and 

different crack behaviors, as well as to monitor hygroscopic swelling [144]. 

High resolution microscopy in the range of cellular structures was performed with CCD 

cameras by [145] for compression loading, which allowed observation of the deformation 

along the year rings. 

With Raman-spectroscopy the chemical properties of a sample can be observed and the 

bonding strength and length of atoms in molecules can be determined. [146] used Raman 

spectroscopy in combination with FTIR (Fourier transform infrared spectroscopy) and 

found no influence of humidity on the strain on the molecular level or for the lignin 

components. [141] measured the stretching of lignin and cellulose.  

A technique often used in combination with CCD cameras for the evaluation of strains and 

stresses on wood is DIC. Changes in speckle images recorded in series during loading 

processes are calculated and the strain on the surface or in a volume (volume image 

correlation) is determined. The quality of DIC depends on the chosen calculation 

parameters and spatial resolution calculation parameters chosen [147]. Similar to DIC, 

moire-patterns can be used to monitor differences in the surface from the change of a 

holographic interferometer pattern of light on the surface [148]. 

In an early work, [149] compared the strain obtained via DIC on samples without speckle 

patterns with photographic techniques and obtained congruent results. [150] used speckle 

patterns and was able to determine the strain distribution in wood samples through full 

field analysis.  

Further uses for wood microscopy were the analysis of mechanical differences in EW and 

LW [151], the influence of thickness and loading rate on the deformation [152], the multi-

scale investigation of wood bending [153] and the determination of the elasticity along the 

growth ring with digital speckles [154]. 

Two cameras in a stereoscopic setup are necessary to monitor three-dimensional 

deformations. Additionally, a stereoscopic method can minimize measurement errors due 

to out-of-plane deformations. With DIC3D, the MOE in compression on wood [155], 

tension on wood composites [156] and deformations on two adjoining surfaces [129] can 

be determined amongst others.  
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2.5.5 X-ray tubes and synchrotron radiation 

X-rays are electromagnetic waves emitted by accelerated electrons. X-rays have a 

wavelength range from 0.01 nm to 10 nm. They can be produced by two different set-ups 

and are classified accordingly: 

 In X-ray tubes electrons are emitted by a cathode and accelerated to the anode where

they collide with the target. Most of the energy released in the collision is lost as

heat. Furthermore, two processes can happen in the material: An orbital electron is

knocked out of an inner shell of a target atom, then an electron from an outer shell

fills the vacancy and characteristic radiation with a specific wavelength for the

material is emitted. The second process is the production of radiation through

scattering and deceleration of the electron in the field of the atom, called

Bremsstrahlung, which has a continuous energy spectrum. Observations of wood

under load were seldom done with common micro-X-ray devices used for x-ray

computed microtomography (µCT) and only previous works that measured the

moisture gradient and the impact of moisture on the density could be found [157-

159]. A possible reason is the need of the specialized testing devices, the high cost,

the low availability of devices in the field of wood research and the lower quality

compared to synchrotron beamlines. Despite that, µCT-devices, offering micron to

submicron resolution, were used to show the structure of wood without loading, e.g.

[160, 161].

 Synchrotron radiation is produced in synchrotron accelerators, which use magnetic

fields to force electrons onto a circular orbit. A negative acceleration, generated by

the continuous directional change or through a forced directional change, leads to an

emission of electromagnetic radiation with a broad continuous spectrum. This

radiation shows higher flux and brilliance than the one produced in conventional X-

ray tubes and therefore exhibits lower recording times. See section 2.6 for detailed

descriptions of synchrotron radiation.

Additionally, X-rays are commonly classified according to the radiation detection mode. 

Two methods are typically distinguished:  

 X-ray-scattering and -diffraction are used to measure crystallographic structures.

With this method, the intensity of a scattered beam is measured and the direction of

crystalline structures can be determined. Therefore the MFA can be obtained by

observing the crystallized parts of the cellulose and measuring their direction. This

has been used to monitor the change of the MFA of single fibers during load with

synchrotron radiation in-situ. [57] measured the reaction of compression wood and

found a linear response of the MFA to strain, while [20, 21] measured different

responses for normal wood.
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 The second method is radiography, which records the absorption of the structure or

the phase shift in the beam-path. A radiogram records the sum of the absorption of

all elements or the phase shift along the X-ray path, providing a two-dimensional

image of the sample. A newer method is x-ray computed tomography (CT)

(developed 1969-1971), which records radiographies (projections) of the sample at

different angles. With this information the values of absorption of arbitrary points

within the sample are calculated, therefore providing a three-dimensional image of

its inner structure. Tomography was used to calculate the strain of fibers in a particle

board under compression [22]. Additionally, tomographic data of wood under

bending was used for DIC and the determination of the strain field [15, 16]. More

recent works have also measured the swelling of cell walls in changing climates [17].

2.6 Synchrotron Tomography 

The main difference between synchrotron radiation CT and common x-ray CT is in the 

radiation source used. In synchrotron facilities, the necessary radiation (X-ray) for the 

measurement is produced by electrons with high energies that are forced along a bending 

path.  

For a stable production of radiation, today storage rings are used to produce and store 

electrons with a constant energy. In Figure 12 the principle construction of a synchrotron is 

depicted. Electrons are pre-accelerated by linear accelerators and fed into the storage ring. 

Electrons in the storage ring move on an orbital path near relativistic speeds. They are 

continually decelerated radially towards the direction of movement, which leads to an 

energy loss. To keep the electrons on the orbital path, magnetic fields are installed. 

Electromagnetic Fields are used to feed energy to the electrons (e.g. in accelerator 

sections), accelerating them to keep the velocity constant. A vacuum is necessary to limit 

scattering effects, collisions and interactions of the electrons with atoms. A higher vacuum 

leads to higher stability and quality of the beam. As there is a loss of electrons in the 

storage ring, accelerated particles have to be continually re-injected. 

To specifically produce radiation with a high photon flux to be used for tomography, 

electrons move through a series of undulators or wigglers in the beampath. They consist of 

a series of magnets (poles) aligned on a linear path. Undulators work with interferences, 

wigglers periodically deflect the electrons on a sinusoidal path. Radiation is emitted 

tangentially to the movement curve onto the center of the electron path. Wigglers lead to a 

higher deviation of the electrons because of higher magnetic fields and longer distances 

between magnets. Depending on the spectrum to be used either undulators or wigglers are 
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used: For lower energies undulators are favorable. In contrast to the production in an X-ray 

tube, the energy spectrum has no characteristic peaks, a high flux that enables a high flux 

of monochromatic radiation after filtering and high brilliance (a small divergence and high 

spatial coherence) or a broad spectrum. 

Figure 12: Synchrotron beamline – electrons are emitted at the source, accelerated in the linear 

accelerator and fed into the storage ring. For experiments the electrons are extracted from the ring 

into a beamline. 

Two different techniques, based on different approaches for the recording of a radiogram, 

also called projection (the two-dimensional recording of the sample), are available: 

Absorption and Phase contrast. 

Absorption 

The absorption based method uses the same technique, the first radiograms were made by 

W.C.Röntgen. The absorption of radiation can be described with the Lambert-Beer law: 

0
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While being transmitted, intensity of the incident ray I0 decreases depending on the 

absorption coefficient µ and the traversed distance x. The strength of the absorption 

coefficient depends on the material(s) found in the traversed path and roughly increases 

with increasing density - with peaks for certain materials.  
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Additionally, the absorption coefficient decreases with a power of 3 with increasing 

energy. For a material with different components, the decrease of intensity of the incident 

ray is the integral of the single absorption components: 
)

0
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By convention, high absorbing areas are shown as brighter areas in radiographies and low 

absorbing areas are darker.  

Phase Contrast 

Phase contrast is used to enhance the resolution of materials with weak absorbance 

(especially found in materials with low atomic numbers), to distinguish internal features 

and to enhance density gradients (edges). An overview of phase contrast methods used in 

material science can be found in, for example, [162]. The basic principle of phase contrast 

was developed for optical and electron microscopy and uses the phase shift in the radiation 

caused by differences in the refractive index of the observed materials [163]. This 

represents the first possibility to produce phase contrast radiograms called in-line 

holography. The object is placed at a greater distance from the recording media, leading to 

an interference of the coherent parts of the original incident wave and the reflected wave 

emitted by the object. This is converted to intensity variations in the recording. Depending 

on the distance of the object to the recording media and the used wavelength, the strength 

of the interference increases. Directly behind the object, the absorption region without 

interferences is found (distance d=0). Distancing the object from the recording media the 

near-field region (d<h
2
/λ, h=object height) is used, followed by the Fresnel-region

(d~h
2
/λ). Adjacent to the Fresnel-region is the Fraunhofer-region (d>h

2
/λ). With greater

distance between the object and the camera, the contrast between media with different 

densities is enhanced, and information about the dimensions of the object is overlapped 

with an enhancement of the interfaces.  

No change in the basic set-up is needed for this type of phase contrast. Due to limitations 

of the sample placement in in-situ-loading devices, a certain distance between camera and 

object can’t be avoided. Therefore a small amount of phase contrast is present in recorded 

radiography in absorption modus.  

A second method uses crystal interferometers (creating two coherent beams when the X-

rays satisfy Bragg’s condition) and specialized set-ups. One of the beams is transmitted 

through the object and interferes with the second, unchanged beam to produce a pattern 

[164, 165]. Further possible methods for phase-contrast imaging are grating-based ([166, 

167]), where a ray is split and sheared by a small angle before passing through the sample. 

The resulting change in the interference pattern position is determined with a combination 
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of two gratings. The diffraction enhanced method ([168]) necessitates a monochromatic 

beam and uses an micro-angle-rotatable analyzer crystal between object and camera. Only 

a narrow band of the ray satisfies the Bragg condition and passes the crystal for each angle.  

Data acquisition and reconstruction 

The principle for computed tomography was developed in the late 60s and early 70s [169, 

170] and the following is true for absorption mode and phase-contrast modulus. A sample 

is placed in the path of the beam and the X-ray is transmitted through the sample (Figure 

13). In the scintillator, placed before the recording device, the transmitted X-ray beam is 

absorbed and “visible” light emitted. The intensities are recorded in CCD cameras, which 

are mostly used for recording. This is a single radiography, representing the sum of all 

structural elements in the beam path. To generate a tomogram, the sample has to be 

recorded from varying angles to obtain different sum-totals. In equidistant angles the 

sample is rotated until the sum reaches 180° (Figure 13). The radiographies of the sample 

(O) are recorded, and then further processed with the methods described below. For a 

correction necessary due to detector noise (thermal noise) a recording of the closed shutter 

of the camera is done, called a darkfield image (D). To determine the flux of the ray, 

images called “flat”(F), are aquired without a sample before and after the recording. To get 

the resulting real corrected radiography, the following image calculation is used:  

Corrected Image 
O D

C
F D





. 

To reconstruct the three-dimensional information of the sample, reconstruction algorithms 

are chosen depending on the recording methods. They are more sophisticated for phase 

contrast. For absorption (and phase contrast), a technique based on the radon-transform and 

filtered back-projection is used ([170]. Because of the phase shift present in the phase 

contrast images, an intermediate step for phase retrieval (e.g.[171]) is necessary. Newer 

methods can use direct reconstruction of the 3D refractive indices of the sample (e.g. [172-

174]).  

At many beamlines, the algorithms are available and used to reconstruct the tomograms 

on-site. In this work the algorithms provided by the TOMCAT beamline (see e.g. [175]) 

were applied. . 
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Figure 13: Recording procedure for a tomography. Recording of projections and following 

reconstruction  

Because all elements in the path of the ray contribute to the absorption recorded in the 

radiogram, structures outside of the principle field of view (FOV) (e.g. a larger structure, a 

surrounding tube) are indirectly incorporated into the picture. If this is the case, a 

quantification of structures in the FOV is hindered because of the differing absorption 

displayed. This has to be taken into consideration for the measurements.  

2.7 Image Processing 

Various techniques are available for image processing, adapted to fit the specific demands 

encountered in different fields. The basic concepts used for grayscale-images (usually 8 to 

16 bits with one layer) in this work will be explained here, while the detailed methods for 

the specific tasks will be listed in methods in the concerning section.  

Histogram 

In a gray scale image, every pixel can have one of x values (x=256 for an 8-bit gray scale 

image, 2 for a 1-bit image). A histogram is a plot of the count of the amount of every pixel 

or equidistant pixel groups (bin) in an image. A histogram with 200 bins for a tomographic 

slice of SW is shown in Figure 14. 
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Figure 14: Histogram of an image with single gray scale values of a tomographic slice of softwood 

As shown in the image, the gray values are not equally distributed. To separate an image 

into different regions (e.g. material and background) represented by the histogram and the 

intensity of the pixels, a threshold gray value is often determined and applied. It can be 

manually chosen at the lowest point between the two maxima found in Figure 14, but this 

can lead to an incorrect segmentation of regions. An automatic intensity-based 

thresholding, limiting the inaccuracies, was developed by Otsu ([176]). This method has 

often been used for many applications depicted in literature, including wood. 

If the image can be divided into two regions, the image can be converted into a 1-bit 

image, once a threshold is determined.. 

Effective lateral resolution 

The effective lateral image resolution is the distance in which two lines can be visibly 

separated. To determine the resolution, borders in images can be used. In an ideal image 

(see Figure 15), a border would be classified through a steep step from one gray value to 

another and the resolution would be one pixel and equivalent to the digital resolution of the 

recording media. The change is gradual in most real images (see Figure 15). To determine 

the resolution, the distance between the 5 % and 95 % limit of the gray values is used. The 

resulting distance in pixels is multiplied by the digital resolution of the camera.  
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Figure 15: Border in an ideal and real image and the limits to determine the resolution 

Modulation transfer function 

The modulation transfer function (MTF) can be used to determine the spatial resolution of 

a system. Contrary to the effective lateral resolution, it takes the contrast into 

consideration. Other than the image of e.g. a series of lines or a slit [177], a carefully 

manufactured edge of an opaque object is a applicable tool (see e.g.[178]). All methods are 

useable and have been used for x-ray tomography. If the edge of an opaque object is to be 

taken, a straight edge found in the sample can be selected. The values in the histogram are 

then differentiated, which leads to the line spread function. To obtain the contrast values 

over frequencies, the MTF, a Fourier transformation of the line spread function is 

calculated and normalized to the value at zero spatial frequency. With this, the area of the 

line spread function is normalized. In this plot, the spatial frequency (mm
-1

, also line pairs

(lp)/mm that can be resolved) can be determined at 10% (see e.g. [179]) or 50% contrast.  

Morphological operations 

Morphological operations take the geometry of the structures in an image into account. To 

realize this, a structuring element is chosen that is used to test the image. The geometry of 

the structuring element directly influences the result. Two main basic operations are 

available: dilation and erosion. For both, the reference point of the structuring element 

passes every pixel of the image. If the pixel of the image under the reference point of the 

structuring element is 1 (or true), all pixels lying under the structural element are set to 1 

for the dilation operation. For erosion, all pixels under the structuring element have to be 

true, otherwise the reference pixel is set false. Therefore erosion decreases the amount of 

pixels, while dilation increases it. An example for dilation and erosion is shown in Figure 

16. The original image consists of a rectangle with a 1x1 pixel
2
 hole (Figure 16a). The
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structuring element is a square that is 3 pixels in length, with the reference point equaling 

the center (Figure 16b). A dilation of the original image with the structuring element leads 

to Figure 16c. The hole is closed and the sides of the rectangle are 1 pixel wider on each 

border. Erosion leads to an image with a hole that is equivalent to the structuring element 

(Figure 16d) and a reduced side length of 1 pixel on every border.  

Figure 16: Morphological operations, starting with the original image (a), with a hole of 1 pixel and the 

structuring element (3x3 square) b). Result of Dilation (c), Erosion (d), Close (e) and Open (f) 

Depending on the order of combination of the two operations, two further operations are 

defined: If dilation is done followed by erosion, it is a “close” operation, closing gaps and 

holes. This can be seen in Figure 16e, where the small hole is closed, while the original 

geometry was preserved. Erosion followed by dilation opens holes and small gaps. This is 

called “open”, which can be seen in Figure 16f, with the hole in the center still present. 
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3 Development and construction of a testing device 

3.1 Boundary conditions 

Synchrotron tomography produces images of high quality and with faster recording times 

than “common” X-ray tomography. But due to the limited number of beamlines with time 

restrictions and specialized set ups, it has a low availability with narrow time slots. Due to 

the specializations and specialized set-ups implemented to fit different needs (e.g. 

synchrotron tomography, diffractometry, temperature variation), the boundary conditions 

encountered at the beamlines vary.  

One of the main objectives of this work was to develop a testing device for miniature wood 

samples, usable at a synchrotron beamline and enabling different loading modes. For 

greater flexibility the possible travelling range was to be maximized. 

The TOMCAT beamline (TOmographic Microscopy and Coherent rAdiology 

experimenTs) (PSI, Villigen) is located at the SLS (Swiss Light Source) and offers 

synchrotron tomography with a flexible setting. Tomograms of clear miniature wood 

samples have been recorded there ([180, 181]), but a machine that could mechanically load 

a sample with different modes and sample shapes was not available. A machine adaptable 

for different future applications had to be designed to fit the boundary conditions on the 

beamline. To achieve this, the traveling range and the possible force had to be maximized 

– leading to a minimum demanded traveling range of 10 mm and a force of 1 kN.

A main part of the beamline, which produces the rotation of the sample during the 

tomography, is the cross table between the end of the X-ray inlet and the camera (Figure 

17). It rotates in time with the single radiography to generate the tomograms and has a 

weight limitation of 2 kg to prevent unhinging. A 9-pin connector is available that 

forwards the connected cables to the system.  

To enhance the quality of the tomography in absorption mode and minimize phase contrast 

effects, the sample should be placed as close to the camera as. Because of the shape of the 

camera (see Figure 18) and the maximum distance of the cross table to the camera center, 

the geometry of the machine was restricted to the depicted dummy. An additional 

prerequisite is that the material before the camera opening to have a low X-ray attenuation 

coefficient. Due to the radiation emitted during the acquisition of the tomogram, the 

machine has to be handled in the controlling room. For an easy usage of the system, the 

machine had to be implemented into the system without the necessity of an additional set-

up of a computer. For experiments outside of the PSI an external computer with a different 
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set-up was necessary. Additionally, due to the limitation of beam-time availability and the 

possible usage by other persons, a fast and easy exchange of the samples and loading 

modulus was to be realized.  

To fulfill the above-mentioned conditions, the machine was split into two parts and 

different set-ups were designed. One half of the machine is fixed during all experiments, 

while the other part is removed during a change of the sample or loading modus. 

Figure 17: Cross table and mounting surface for 

the machine 

Figure 18: Dummy to determine the possible 

dimensions of the machine for the closest fit to 

the camera 

3.2 Mechanical construction 

3.2.1 Stationary part (bottom) of the testing device 

To stabilize the machine with a low center of gravity, the movement and force is produced 

in the bottom. The construction was limited in size and weight to 2 kg, as mentioned in 

Section 3.1. All necessary parts had to fit in the space under the camera, which can be seen 

as rotationally symmetric due to the rotation. The desired maximum distance of the center 

of the sample and the camera opening in the construction was defined as 5 mm. One 

additional goal of the design for the lower part was the possibility of an exchange of the 

parts that determine the speed, load measurement and distances without changes to other 

parts. For the construction, a dummy in the construction program Inventor® (Autodesk®, 

USA) was used to simulate the geometrical restrictions and the following design fitted 

inside.  

In many universal testing machines (e.g. Zwick Roell) the load is produced by 

mechanically or hydraulically moving the cross beam against a stationary counter hold to 

close the force loop. A similar design was done for the construction (see Figure 20): A 

two-phase stepper motor with an integrated planet gear (Nanotec, step size 1.8° and a 
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holding torque of 9 Ncm with a closed loop control) with a gear reduction of 9 produces 

mechanical movement. The motor was chosen to achieve a force of 1 kN, factoring in the 

loss of force at the connecting parts (bevel gear). Because of the space limitations, the 

movement is redirected with a bevel gear to a worm gear with a gear reduction of 15. 

Because of the self-blocking properties in the direction leading to the motor, he worm gear 

was selected. It was mounted on the bottom of a drive shaft perpendicular to the plate with 

a spur gear on top. This spur gear is part of a system of three spur gears, where the other 

two are found on top of two M8x1 leadscrews made of steel. A pair of female screw 

threads was fixed on the leadscrews. They were realized with a length of 6 mm, made of 

brass to reduce friction. This was the minimal possible length to guarantee the safe 

transmission of force. They were inlaid into a cross beam, where the rotational movement 

is translated to a vertical linear motion, and fixed with 4 screws each. On the cross beam, a 

loading cell (Transmetra 0-1kN, G: 0.3%, S=1mV/V) with a diameter of 10 mm was 

installed. A top was screwed into the loading cell that has a female screw (M4x0.7) on top 

for flexible mounting for all top parts. 

Figure 19: Explosion view of the constructed machine, 3D-CAD image 
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The construction is placed on a ground plate with four holes (three are quick to utilize) 

usable to mount it on top of the cross table of the TOMCAT facility with screws. On top of 

the two moving threads, a system of two plates was used (see Figure 19): the lower one 

offering the space for the necessary bearing, while the top one is exchangeable and offers a 

female screw (M14x1) in the center. The screw functions as the second connection point 

for the top parts. All rotating parts perpendicular to the ground plate were placed on 

angular ball bearings because of their support of axial and radial loads, while deep groove 

ball thrust bearings were used on the rotating parts parallel to the ground plate. To connect 

the two plates and offer a counter hold for the movement, three fixed beams were placed to 

stabilize the system. Two were placed with an angle to fit into the construction. Due to the 

weight restrictions, parts like the plates were made of aluminum, with only one-third the 

weight of steel. For safety reasons, two miniature end switches were placed to stop the 

movement. For the electrical connection, the cables of end switches and the motor were 

connected to the 9-pin plug. This was necessary because the cables in the PSI connected to 

the plug lacked insulation. A motor controller was already installed at the beamline, while 

an amplifier for the electrical signals of the load cell was implemented to the mechanical 

controls of the beamline. The loading cell offers a single cable directly connected to the 

beamline controls. 

For the external setting, a motor controller and an analog-digital converter with integrated 

amplifier were chosen to directly connect the machine with a computer.  

With the above listed combination of moving thread and gear reductions, the theoretical 

lowest speed is 0.002 mm/min (equaling 1 step/s). The complete set-up was tested up to 

500 N, because the strongest wood samples to be used were only estimated to reach 350 N 

and no higher values were needed. 

Table 5: Initial desired and implemented specifications 

Feature Intended Construction Commentary 

Traverse path 10-12 10.5 Safety margin through end switches 

Build modular modular 
Load cell, motor, top plate and leadscrews build 

changeable with an exchange of 1-2 parts 

Maximum load 1kN 500 N (1 kN) 
Design for 1 kN, test only up to 500 N because of 

the low necessary forces for wood 

Backlash no yes 
Sample exchange <1 min <1 min 

Deformation 

measurement 
Yes No 

Measurement through deformation in 

tomography; no possibility found to directly 

measure without something in the ray-path 

Test modulus Compression 
Tension, 

Compression 

Set-up PSI Fully rotatable 180-270° 
Due to missing insulation at the PSI-table in the 

intended connector, a second cable was necessary 

Program Automatic Automatic 
Both at PSI and external automatic procedure 

possible 
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Figure 20: Constructed machine, front and top view 
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3.2.2 Exchangeable top parts for different testing modes 

Compression 

The compression setting was designed to fit a sample with a lower and upper diameter of 4 

mm, while allowing a fast exchange. It consists of four parts (Figure 21): A tube made of a 

material with a low absorption coefficient at 10 keV, and two metal pieces glued to the 

tube on the top and bottom with Araldite. The first piece at the bottom is an outer thread 

and serves as a connection to the machine. The upper part is an inner screw used for the 

counter hold to close the force loop. A rod is screwed onto the loading cell and serves as a 

connection to the cross-beam. It features a cylindrical cut with a diameter of 4 mm and a 

depth of 1 mm where the sample can be inserted. When the sample is inserted, a top part 

with cylindrical cut equal to the one in the rod, is placed on top of the sample. It features a 

half-bowl cut on the other side, where the fourth part is placed. The main part of the last 

piece is a thread to be screwed into the top of the tube. On top, a rod for handling with a 

half-ball ending is inserted and placed onto a dish with a half-bowl cut. In this way, an 

imperfect alignment of the sample can be partly balanced with the ball-socket construction 

and a slight pre-load can be exerted. With the bottom of the tube connected to the top of 

the machine and the counter hold for the sample inserted into the top, the circuit for the 

force transmission is closed. 

Figure 21: Set-up for compression testing, a) setting during experiments, b) explosion view to show 

singular parts. For viewing purposes, the tube was made transparent 

Because of the low absorbance of the carbon based material and the high elastic modulus 

and strength, the tube was made of CFK (carbon fiber reinforced plastic) in the 

experiments. Two different lengths were available (the greater 40 mm, the smaller 30 mm). 
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The rods connected to the load cell, functioning as sample holders, have been produced 

with varying heights. Used in these experiments was a part with a length of 10 mm because 

of the necessity to place the center of the sample at the same height as the camera opening.  

Tension 

Tension tests were designed to simultaneous load the sample and monitor acoustic 

emissions caused by deformations and ruptures in the sample. The used acoustic emission 

sensors, with diameter and height of 3 mm and a piezoelectric core, have to be fixed onto 

and be in contact with a plane surface to monitor the emissions. Additionally, the cables 

connecting the sensors to amplifiers have to fit through the tubing without coming into the 

path of the X-ray and without hindering the necessary rotation.  

Figure 22: Set-up for testing of samples under tensile stress with a combination of AE. a) fixed setting, 

explosion view to show the separate parts. For viewing purposes, the tube is depicted as transparent 

Because of the low compressive strength of wood perpendicular to the fiber direction (in 

transverse and radial direction), the sample mounting consists of two cups for gluing. They 

have an inner diameter of 6 mm and threads on the bottom (Figure 22). The sample is 

glued into the cups. One end of the mounted sample is then connected to the load cell. To 

transmit the force, a bottom piece is screwed into the top plate of the machine and 3 

stacked individual parts are placed on top. The bottom and top part of the series were made 

of aluminum with slits for the sensor cables, while the center part is made of a material 
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with a low X-ray attenuation coefficient at 10-20 keV. A disk with a thread-hole in the 

middle is screwed onto the upper sample holder. When the cross-beam moves down, the 

construction is subsequently fixated and tensioned. The completed setting can be seen in 

Figure 23. 

Figure 23: Complete tensile setting at the beamline 

In the preliminary experiments presented in this thesis, PMMA (Polymethylmethacrylat) 

was used for the middle part of the construction, while tubes made of Torlon 4203 

(Polyamidimid) were produced for further tests. For off-site tests, a metal tube is available 

for longitudinal loading.  

The mounting of the sensors (Figure 24) consists of two parts: A ferro-magnetic bottom 

and a non-magnetic top with 6 miniature magnets (1x1mm cubes) glued to it. Cylindrical 

holes are formed to fit the sensors with one side cut open for the cables. With the sensors 

inserted, the construction can be mounted onto a smooth sample surface after inserting the 

sensors and applying a conductor gel on the sensors. This has to be done at different times 

for the two available sensors and before fully stacking the parts together to fit the cables 

through the available slits. 

In order to make external use possible, the force channel was used to synchronize the AE 

data with the data of the machine. Therefore it was split and a second amplifier was used 

(see Figure 25).  
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Figure 24: Sensor holder for AE sensor 

3.2.3 Possible future developments 

During bending, a sample is loaded through an indenter with one (three-point bending) or 

two rods (four-point bending) in the center, while two bearings at the border on the 

opposite side serve as counters. In principle, it is not relevant, whether the indenter or the 

sample moves, therefore it can be fixed to the lower moving or to the stationary counter 

hold of the top section. Additionally one main difference of testing between 3- and 4-point 

bending is that the bearing-width has an influence on bending [7] and a minimal length of 

10 times the width is suggested for three-point-bending. To achieve absorption pictures of 

good quality (due to the increasing influence of phase contrast on the tomography with 

increasing distance) the sample length must be limited while, due to production methods, 

the sample thickness is limited. Therefore a 4-point bending test is suggested for an in-situ 

combination with synchrotron tomography.  

The second possible future development is to test the hygromechanical behavior of wood. 

Because of the fixed climate in the synchrotron environment, housing is needed to isolate 

the sample from the surrounding area. To decrease the necessary space and therefore 

increase the distance to the camera, the housing and necessary tubes should be 

implemented into the construction. For this, the constructions for tension and compression 

would have to be adapted. The compression tube would have to be enlarged and offer two 

tube inlets for a circulation of air, while the tension setting would have to be closed. 
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3.2.4 Limitations  

The construction has certain limitations due to the design and a consequence of the attempt 

to incorporate most of the desired specifications:  

 Since the loading cell has a possible span of force measurement up to 1 kN, the

measurement accuracy in the lower regions has a higher uncertainty. For the sample

sizes used in this thesis, the measured forces were well above this region.

 A second limitation is the missing opportunity to directly measure the deformation.

Thanks to the synchrotron tomography, the deformation of the complete sample (and

the distribution and variation) is available in the recorded region in the tomograms,

however this possibility is limited with external use. A top part made of metal with a

big slit has been made for compression, and tubes that are permeable to visible light

are available (made of PMMA).

 Finally, due to the construction involving a combination of different gears and

bearings, a light backlash or deformation of individual parts can’t be precluded.

Therefore tests with metal samples were done (see 4.1.2).

3.3 Set-up and programming 

3.3.1 Off-site use 

Because of the demand to integrate the machine into the TOMCAT beamline, an external 

setting had to be built and used. A stepper motor controller was installed to control the 

velocity, as well as an amplifier for the loading cell. Both the stepper motor and the 

necessary analog/digital-converter were connected to a computer (Figure 25). The motor 

control program of this device was controlled with Labview® Inc. (USA), allowing 

complete control of the motor, data recording and display. 

Figure 25: Principle electrical set-up for use outside of the TOMCAT beamline 
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3.3.2 On-site use at the TOMCAT-beamline 

A motor control at the TOMCAT is implemented into the beamline controls. The different 

channels made for this can be used to control the motor and record the data of position and 

load. For this purpose, different programs were written in Python by the author, to control 

the settings with a graphical user interface, enable easy control and automated processes. 

For compression and tension tests, two different programs with a graphical user interface 

were used due to the combination of AE and tomography with tension testing. In both 

moduli (Figure 26) the first step was identical. The sample was loaded for fixation in the 

machine to align the sample with the synchrotron ray and to prevent movement during the 

following initial tomography (T0). After the tomography was controlled for defects, and the 

sample position corrected in case of misalignment, the procedure of the programs differed.  

After the initial tomography of the sample under compression, the program can be 

continued, and the recording starts after the sample is loaded by moving the cross beam a 

fixed distance (upwards for compression and downwards for tension). For tension, the 

loading can be repeated without obtaining a tomography, in case no signals are 

encountered. After loading the sample, a predetermined but continuously changeable 

waiting time is included to minimize ongoing relaxation effects, which would lower the 

quality of the tomography. Then a tomography is obtained. The same process of loading-

waiting-recording is repeated as often as determined by the user at the start of the program, 

or until the user aborts the process. All necessary commands are given through the 

program; after a failure of the tomography, indicated by the beamline-parameters, the 

tomography can be repeated. 

This process can be repeated for all samples.  

Other programs include manually driving the cross beam and starting the tomography at 

user-defined points e.g. because of AE signals. 
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Figure 26: Program flow for compression testing (a) and tension testing in combination with AE (b) 



57 

4 Sample geometry and related experiments 

4.1 Compression 

4.1.1 Size and geometry 

Three sample shapes were designed (Figure 27) to fit the complete sample into the field of 

view (FoV) of the 10x objective (1.5x1.5 mm
2
), usable for tomograms in the TOMCAT

beamline. The four following border conditions were applied:  

 The sample shape should fill a high percentage of the FoV with material, without

parts being outside of the FoV.

 A stress concentration in the center of the sample should be generated to ensure a

higher probability of failure in the observed area to ensure failure in the Region of

Interest (RoI).

 For fewer possible disturbances due to the rotation of the sample during tomograms,

a rotationally symmetric design in the vertical direction was preferred.

 For easier handling, the sample had to be horizontally symmetric through the center.

This leads to equal geometries on both mounting ends.

Figure 27: Geometries of the designed Shapes: A) Straight, B) Mixed, C) Curved 
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Following these prerequisites, all three shapes (Figure 27) share equal mounting ends with 

a height of 1.5 mm and a diameter of 4 mm. Sample geometries A and B were designed 

with a constant width over the whole RoI, leading to a cylinder with dimensions 1.4x1.4 

mm
2
, while geometry C was constructed with a radius of 3 mm over the complete length,

connecting both mounting ends. Due to this design, the theoretically smallest diameter of 

the sample is 1.37 mm instead of 1.4 mm. The center of sample Shape A is connected to 

bottom and top through a straight transition, while sample Shape B has the same radius as 

Shape C in this part. The radius of sample Shape C was chosen to minimize the risk of 

failure outside the FoV and to therefore maximize the amount of samples that can be 

successfully tested with synchrotron tomography.  

In the rest of the text, the three sample shapes are identified as curved (c, geometry C), 

straight (s, geometry A) and mixed (m, geometry B).  

After designing the sample shapes and their production, a stress analysis was executed with 

a homogenous basis material and the values for maple in the construction program 

Inventor® to visualize the expected stresses. The von Mises-stress for 15 MPa are shown 

in Figure 28. The curved geometry shows the highest concentration of stress in the middle 

of the sample. For the mixed sample, the stress is nearly equally distributed in the region of 

interest with a higher concentration near the edges, while the straight sample accumulates 

the highest values close to the edges.  

Figure 28: Von Mises-stresses of the three sample shapes for 15 MPa on maple. From left to right: 

straight, mixed and curved 
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Fabrication 

All samples were produced following the same procedure: 

They were manufactured out of rectangular wood pieces with a width of 10 mm (Figure 29 

a). Mounted on a mechanical turning machine, the wood is turned to a rod with a diameter 

of 4 mm and a height of 8 mm (Figure 29 b). To produce the center part of the sample, a 

sharpened steel negative of the curvature is pressed against the wooden rod (Figure 29 c) to 

ablate layer after layer. To increase the success rate of production, the thickness of the 

removed layer was decreased with decreasing diameter, after reaching a smallest diameter 

of 2-2.5 mm. The reason for this is the low compressional strength of wood perpendicular 

to the tracheids. Due to the low strength, this production step led to a high rate of breakage 

and scraps of up to 80% for the straight shape. Both the curved and mixed sample shapes 

had higher success and lower rejection rates. The final step was to remove the turned part 

from the rest of the unprocessed wood with a sharp knife (Figure 29 d).  

Figure 29: Production method for compression sample, exemplarily shown for the curved sample 

Preparation in a direction other than longitudinal was tested with beech and not possible 

with the above-described method of production. All samples broke at a smallest diameter 

of 1.9 mm or more.  

To test the different sample shapes in pre-tests, the specimens were manufactured out of 

spruce wood, while the main tests was conducted with spruce, fir and beech. No apparent 

difference in the failure rates in production was seen for the different wood species. 
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4.1.2  Mechanical testing  

Method 

To verify the results of the simulations of the stresses with the uniform material (Figure 

28) and determine the percentage of failure in the RoI, all sample shapes had to be tested.

After this, the geometry with the highest percentage of failure in the RoI was selected for 

the tomograms. Additionally, the compressive strength of the sample, as well as the 

amount of relaxation during the necessary stop to acquire the tomograms had to be 

determined. Finally the testing was used to verify the behavior, stability and reliability of 

the constructed machine and top part for ex-situ use and longer duty.  

Three types of principle testing were executed with a speed of 0.0025 mm/s: First, to 

determine a common stress-strain curve for each sample shape, the samples were 

continuously loaded until reaching the compressive strength. To simulate the experimental 

procedure to be used at the synchrotron facility, the samples were loaded with equidistant 

stops and a relaxation period of 10 minutes. This was the approximate time necessary for a 

tomography at the time of testing. After the determination of the failure rates in the RoI, 

the two most promising shapes were compressed with 20 minutes relaxation time after 

each step to determine possible changes due to longer relaxation periods, simulate the 

differences to a continuous loading and determine the necessary waiting time to enable a 

higher quality in the tomography. For both modes, the movement of the traverse was 

stopped after a traveling distance of 0.05 mm (equaling 20 s of movement) and the waiting 

time initiated. This process was repeated until the compressive strength of the sample was 

reached. Additionally the two geometries were tested with a relaxation time of 10 minutes 

and a velocity of 0.005 mm/s, to determine a possible higher strength due to a higher 

velocity.  

All the following boxplots are equally formatted. The lower edge of the box is equivalent 

to the 25
th

 quartile, meaning that 25 % of the values are below the box, while the upper end

represents the 75
th

 quartile. A horizontal line in the box is the median of the data set.

Additionally, the whiskers show the values outside of the quartile, while outliers are 

plotted as individual crosses. The maximum whisker length is defined as 1.5 times the box-

length, corresponding to ±2.7σ for normally distributed data. 
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Results and Discussion 

An example of the results of the experiments is shown in Figure 30. In (a) the behavior 

over time is depicted, while (b) shows the stress-strain curve. Compressive force is 

determined as the maximum displayed value (Fmax, Figure 30). To determine the relaxation 

at different forces, the initial stress for each relaxation (Fstart_decline) and the stress after 

elapsed time (Fend_decline) were calculated. Only relaxation periods with a length over 500 

seconds were taken into consideration. 

Due to the varying cross sections over the complete height of the sample and the 

subsequent stress-differences, the elastic modulus was not determined. 

Figure 30: Stress-strain (a) and stress-time (b) diagram for a curved sample with 10 min wait 

In Table 6 to Table 9, the number of samples, density, percentage of failure in the RoI 

and the compressive strength are listed for all geometries. The volume of the ideal 

shape was used to determine the density due to the difficulties in measuring the 

complete geometry. To ensure a better fit necessary due to the production inaccuracy 

and a possible swelling caused due to low humidity during the production, the volume of 

the ideal shape was slightly increased to a diameter of 1.6 mm for the mixed and straight 

samples and 1.5 mm for the curved ones. The weight of the samples was measured at 

standard climate conditions (20°C and 65% humidity), where all experiments were 

conducted. 

To determine the strain, the length of the complete sample (8 mm) was used; the 

compressive strength was calculated with the smallest diameter of the sample. Due to 

the size and varying amount of EW and LW in the wood board used for production and 

finally in the samples, a varying structure in the RoI with similar overall densities was 

possible. At least 20 samples of each sample shape were produced. 
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Table 6: Results for continuous loading 

Continuous load 

Sample Type curved straight mixed 

Nr. Samples 15 15 5 

Density (kg/m
3) 

502 

(±32) 

485 

(±14) 

511 

(±7) 

Failure in RoI (%) 87% 66% 40% 

Compressive 

Strength (N/mm
2) 

46.8 

(±10.3) 

37.7 

(±7.5) 

47.1 

(±7) 

Table 7: Results with a relaxation period of 10 min 

Repeated stop and 10 min wait 

Sample Type curved straight mixed 

Nr. Samples 15 15 15 

Density (kg/m
3) 

533 

(±37) 

487 

(±30) 

496 

(±23) 

Failure in RoI (%) 60% 33% 33% 

Compressive 

Strength (N/mm
2) 

47 

(±10.6) 

41.4 

(±11.8) 

41.5 

(±6.3) 

Table 8: Results for a relaxation period of 20 min 

Repeated stop and 20 min wait 

Sample Type curved straight 

Nr. Samples 5 5 

Density (kg/m
3) 560 (±58) 496 (±36) 

Failure in RoI (%) 80% 80% 

Compressive 

Strength (N/mm
2) 51 (±18.4) 51.9 (±8.3) 

Table 9: Results for the doubled velocity 

Repeated stop and 10 min wait, v*2 

Sample Type curved straight 

Nr. Samples 10 10 

Density (kg/m
3) 518 (±32) 504 (±18) 

Failure in RoI (%) 80% 20% 

Compressive 

Strength (N/mm
2) 38.7 (±11.3) 47.6 (±8.1) 

Overall, the mean density of the samples was 506 (+/- 35) kg/m
3
. The mean values of all 

geometries except the curved ones used for the 20 minute stop (Table 9), were in this 

range. Curved samples showed the absolute highest density values (Figure 32) and the 

highest scatter. No correlation based on the diameter was found (the highest values were 

found for the curved samples with higher speed and straight samples with continuous 

loading). Possible explanations for the high scatter are inaccuracies in the production, 

leading to dimensional differences, errors due to the difficult measurement of the concave 

area, as well as differences in the wood structure that are not controllable due to the sample 

shape. Samples that included LW areas through the center garner higher densities. An 

example of differences due to the production can be seen in Figure 31, where figure (a) has 

a smooth surface and clearly visible LW running longitudinal through the sample, while 

figure (b) is broader in the center and shows a rough surface. 
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Figure 31: Difference in samples due to the production for curved sample: (a) smooth surface, (b) 

rough surface 

For all curved samples, the percentage of samples failing in the RoI was above 60%, while 

the percentage for the other geometries was significantly lower (Table 6 to Table 9). 

Compared to the theoretical stresses (Figure 28), this behavior was expected. Between the 

mixed and straight geometry, the comparison shows a slightly lower amount of failure in 

the RoI for the mixed type for continuous load. With repeated stops, the percentage 

equalizes (Table 7). An explanation for the difference in the continuous load could be the 

lower amount of samples used for the mixed type.  

Figure 32: Density of all samples for each testing 

method. s: straight, m: mixed, c: curved 

Figure 33: Compressive strength for samples 

failing within desired Region of Interest and 

outside  

For further investigations, the compressive strength of all samples broken in the middle 

part and outside the RoI is compared in Figure 33. 
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The median and the upper and lower quartile are similar, most values overlap. 

Therefore the following result will be presented without consideration of the failure type. 

To compare the geometries of the samples after loading to each other, the position of 

the two ends of the samples was measured by determining the angle of the surface of the 

upper to lower part. After loading, they were lowest for curved samples (Figure 35), 

while the compressive strength of this geometry was not always the highest found. Both 

may be due to the geometry of the sample and the higher stresses at the center.  

Figure 34: Compressive strength over all samples 

and testing methods. From left to right: 

continuous load, 10 min stop, 20 min stop, faster 

tensioning 

Figure 35: Angle between upper and lower part of 

the broken sample 

The strength does not correlate to the density throughout all testing series over all samples 

or even within a group of samples of a single geometry. A correlation above R
2
=0.55 was

found for all geometries with 10 min stops and the curved samples with the 20 min stop. 

Usually a dependence of strength to density over all samples would be expected, but other 

factors have a higher influence (e.g. the composition and position of year rings, possible 

bending effects). Samples with the highest scatter of values for the compressive strength 

(Figure 34) also showed the largest scatter in density (Figure 32) and angle (Figure 35).  

The individual curves (appendix, Figure 128) show large individual differences in the 

slope for experiments with a discontinuous loading. For the curved samples, roughly two 

groups of curves can be observed at each loading type, especially for the experiments with 

the longest waiting times.  
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Relaxation 

To determine the relaxation and the dependence of relaxation on stress, the magnitude of 

relaxation was calculated for all samples. Subsequently, the loss of stress over time was 

plotted in a figure (an example is shown in Figure 36). The loss of stress over time clearly 

depends on the percentage of stress in relation to the compressive strength at the beginning 

of the relaxation. Especially in the first 20 seconds, the derivative of the stress decline 

depends on the relation to the ultimate force (Figure 37). Between the curves of 0.52 and 

0.68 Fmax, a difference slightly larger than expected is found (Figure 36). A similar

behavior is encountered for most of the samples, but at different forces. An explanation is 

found in the plots: The slope of the stress-strain curve between the two periods changes 

and a dip is seen after the relaxation in Figure 30. This can be explained with the onset of 

larger plastic deformations. 

Figure 36: Strength of decline of relaxation curves 

in relation to the compressive strength (Fmax) 

Figure 37: Derivative of the stress from the 

beginning of relaxation till 100 s for a curved 

sample with 10 min stops

The difference between the derivatives of subsequent relaxation periods (Figure 37) is 

steadily lowered until it is nearly equal after 80 seconds.  

If all relaxations in all experiments are plotted, a relationship between Fstart/(Fstart–Fxs) 

(Fstart=Stress at the beginning of the relaxation, Fxs=Stress after x seconds relaxation) and 

Fstart/Fmax (Fmax=compressive strength) can be seen. Figure 38 and Figure 39 show the 

amount of stress decline after 10 seconds (Figure 38) and after 500 s (Figure 39). A power-

curve was fitted for both graphs. The fit is similar, especially regarding the power-factor. 

As seen in Figure 39, the longer the relaxation time, the higher the compliance of the 

values to the fit, although the singular values are closer to the fit for the shorter time period 

(Figure 38). In both graphs, the percentage of decline of stress decreases with increasing 
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stress. The curves for the short and longer elapsed time periods, are similar to the actual 

singular relaxation curves (Figure 36) exhibiting a decreasing slope with increasing stress. 

Figure 38: Relaxation values after 10 s; 

Stress Decline= Fstart /( Fstart – F10s) 

Figure 39: Relaxation values after 500 s; 

Stress Decline= Fstart /( Fstart – F500s) 

To verify that a high percentage of relaxation happens because of processes in wood and 

neither due to the glued parts or a backlash of the machine, steel metal rods were tested. 

They were produced with a length of 10 mm and a diameter of 4 and 8 mm and tested with 

the exact same set-up as for wood: with a 10 min wait and the original loading speed. An 

exemplary curve equivalent to Figure 30 is demonstrated in Figure 40. Due to the higher 

MOE of metal, smaller steps were chosen to obtain more force values. The stress-strain 

curve shows the expected linear behavior beginning at the start of the experiment, while 

the decrease of stress is lower than for wood as depicted in both figures. Due to the 

inadequate measurement of the strain through the signaling to the motor, the strain values 

are higher than for direct strain-measurement.  
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Figure 40: Stress-strain curve for 4 mm steel rod 

For a comparison, the values of all wood and metal samples were plotted in Figure 39, but 

due to the missing compressive force for the metal samples, with the starting force as 

comparison parameter. Figure 41 shows all available values. Similar to Figure 39, the 

values for wood samples show the behavior of a power-function, while the metal samples 

show a nearly linear behavior at much lower values. The partly higher values found for 

metal at the beginning are due to the higher fluctuations of force values delivered by the 

loading cell at lower values. While the percent of stress decline for wood ranges from 50 % 

down to 20 %, the value for metal is at a constant rate of about 3-4 %. The difference 

proves that the high amount of relaxation in the wood samples is independent of the 

machine.  

Figure 41: Stress decline of wood and steel samples 
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Conclusion 

The experiments illustrated the usability of the machine for long-term testing and the 

suitability of the testing procedure with repeated stops to determine the micromechanical 

reaction of wood to stress.  

For all testing procedures the strength values did not differ significantly and only a low 

variation of the compressional strength was found. The shape of the curve was similar for 

all tested samples, although the slope for the discontinuously loaded samples varied over a 

larger spectrum than the continuously loaded samples. As this was the only difference, the 

testing with a 10 min relaxation or 20 minute relaxation period for the tomograms should 

result in similar deformations made visible in the visualization.  

Because of the high percentage of failure in the middle of the sample, a lower amount of 

bent samples, as well as a higher correlation of density to stress the curved sample shape 

was chosen. The testing method with stops showed no significant change in the behavior of 

the geometry and demonstrated stresses comparable to the continuous method. 

Doubling the velocity led to no obvious difference in strength, shape of the stress-strain 

curve or in the percentage of relaxation. The relaxation seen in all wood samples could 

clearly be determined as an effect of the material and not due to mechanical deformations 

of the machine. 

4.1.3 Size effect and Digital Image Correlation 

After choosing the geometry for the experiments combining loading and tomography, 

further tests were conducted to evaluate a possible size effect, to determine the surface 

deformations and to compare the deformation in the RoI to the deformation of the 

complete sample. For this, a different method and set-up was necessary. With DIC, 

observation of the behavior and calculation of the elastic and plastic deformations on the 

sample surface are possible, as it records the changes of the surface in real-time. Therefore 

small identical regions can be chosen to calculate the deformation on all samples.  

This method was chosen because of the easy use and decreased need of resources 

compared to ESEM and CT/ Synchrotron Tomography. One disadvantage of the method is, 

that only data of the surface can be recorded. 
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Figure 42: Curved samples with enlarged dimensions, all values in mm 

Material 

As described above, the curved sample geometry (Figure 27 C) was chosen and used in 

experiments. To test a possible size effect, all dimensions of the geometry were equally 

enlarged to preserve the proportions. The smallest sample shape used in the experiments 

(Figure 42 A) is double the size of the original geometry, with a smallest diameter of 2.6 

mm and a height of 16 mm. To obtain these values, the radius had to be increased to 6 mm. 

With an increase of all dimension by 2.5, the next sample had a smallest diameter of 6.6 

mm (Figure 42 B). This was doubled, leading to a diameter of 13.2 mm (Figure 42 C). The 

last sample geometry (Figure 42 D) was introduced to enlarge the size of the FoV to 

increase the quality of the observation and correlation of the DIC. Despite the negative 

influence on the correlation of size and strength later on, wood with a larger EW-region 

and therefore lower density was chosen to obtain a greater distance between the LW-

regions. Because of the limited resolution of the DIC this was necessary to observe the 

differences and variation of strain distribution around the growth-rings and on the overall 

structure. The sample was slightly enlarged in relation to Figure 42 C – with a factor of 1.2 

and a smallest diameter of 15.8 mm. The resulting volumes of the different geometries are 

listed in Table 10. For geometries A-C the increase is equivalent to a magnitude.  

Table 10: Volume of the Geometries in Figure 42 

Geometry A B C D 

Volume [m
3
] 4.6x10

-7
 7.2x10

-6
 5.7x10

-5
 9.9x10

-5
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All samples were made of spruce wood (Picea abies [L.] Karst.). Similar boards were 

chosen for all shapes except D. For D wood with wide year rings, and therefore a known 

low density, was chosen (for the material see [182]). Out of those boards the sample shape 

was produced with a CNC-milling machine, leading to a smooth surface and high 

accuracy. Due to the long production time of up to 2 hours for one specimen, the amount 

for each size was limited. 

The densities of the samples are shown in Figure 43. The highest variation in density was 

found for geometry C (475±52 kg/m
3
), whereas geometry A (474±36 kg/m

3
) and B (429±9

kg/m
3
) have values in the range of geometry C. The median for A is close to C. The

variations in the smaller samples can be explained due to the smaller size and the 

production method that acquired them out of bigger boards, while the variation for 

geometry C is due to the random sampling. Due to the different configuration, the density 

for the biggest geometry (352±14 kg/m
3
) is significantly lower than for the other samples.

Figure 43: Density of the four geometries in Figure 42 

Method 

All experiments were conducted on a universal test machine (Zwick Roell). The velocity 

was determined to ensure a similar strain increase per second for all sample sizes. 

Therefore it was equally increased with increasing dimensions, starting at 0.04 mm/min for 

the smallest shape to 0.1 mm/min, 0.2 mm/min and 0.24 mm/min for B-D, respectively. 

This equals a theoretical strain/min of 0.0025 for the complete sample.  

For the two largest geometries (C and D), 3D-DIC (Video Image Correlation (VIC-3D
TM

)

Version 2007, Correlated Solutions, USA) was used. To enable use of DIC, a speckle 
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pattern consisting of a white background with random black spots produced with an 

airbrush pistol was applied onto the surface. For the measurements, two cameras were 

placed with an approximate angle of 35° to each other (Figure 44b) to observe the sample 

and record changes. Because of the double curved shape, only a small region on the 

surface in the center of the sample could be focused. Two diffuse light sources and a white 

reflecting surface (Figure 44e) were used to provide sufficient illumination (Figure 44d). 

Both cameras were equipped with a focal length of 60 mm, an aperture of 3.5 mm and a 

shutter time of 29 ms was used. To measure changes with the system, a correlation of both 

simultaneously recorded images was necessary. For this a lattice with fixed points was 

recorded in place of the sample. Additional to the information recorded with the VIC 3D 

system, the displacements of the cross beam were recorded and the strain determined for 

both methods.  

Figure 44: Experimental set-up to test different sizes of the curved sample shape 

For the two smaller sample shapes, Video extensometry, involving a camera and two focus 

lines at the inner ends of the sample section with the biggest diameter, was used to 

determine the deformation. Due to the necessary set-up for the VIC 3D system, this 

method could not applicable for the bigger samples. Therefore the deformation of the 

complete sample was additionally determined through the displacement of the traverse. 

The strain, based on the displacement of the traverse, was calculated using the complete 
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length of the sample, while video extensometry and VIC provided a more accurate strain. 

Deformation evolution was calculated with the VIC 3D software by Correlated Solutions. 

Areas with sufficient focus were marked and the deformation in the area were determined 

with a subset of 21 and a stepsize of 5. The calculated values were then exported and 

subsequent steps done with MATLAB. The resulting average size of a pixel in the picture 

is 0.035 mm for geometry D and 0.017 mm for geometry C.  

To determine the compression, the values of the deformations of the single points in the 

selected area were averaged in the chosen section of the samples. This could be done with 

the original area because of the small influence of border effects on the average values. 

The traverse deformation of the sample had to be determined in an area uninfluenced by 

border effects. To automatically determine the area in the center of the evaluated region, 

the height differences due to the curvature were used. The two regions with the maximum 

heights were determined (Figure 45) and the deepest point on the line connecting these two 

maxima were defined as the middle of the sample. Then an area around this point was 

chosen of size 300x250 pixels for C and 550x400 pixels for D. All subsequent plots had to 

be equalized for further evaluation due to the fluctuations of the distance values. For this, 

all plots were boxed with equal spaced x-values and smoothed with an average moving 

filter with a span of 20. Stress values were determined in relation to the smallest diameter 

of the sample.  

The strains and curves were determined with the same starting strain for all sample 

geometries: 10 N for the smallest values, 60, 240 and 350 for the largest samples. 

Figure 45: Z-coordinates for a sample determined by VIC-3D 
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Results 

Mechanical Testing 

Due to the sensitivity of the VIC 3D system, only the results of 9 samples of geometry D 

and 12 samples of geometry C could be used. Overall, the compressive strength of the 

samples is highest for the smallest sample geometry with 50 N/mm
2
 (Table 11), while the

lowest values are found for the largest geometry. The data agrees well with values listed in 

literature (Table 4). The expected influence of the density on the compressive strength is 

illustrated by the scattering of values that is highest for geometry C and lowest for 

geometry B. The overall relationship of strength versus density is depicted in Figure 47. 

The fit over all strength values shows a direct proportional correlation of density and 

strength, as shown in literature. Due to the discontinuous cross-section and the subsequent 

discontinuous stress-distribution of the hyperboloid sample, the MOE is not listed in this 

work. The values of the slope at 40% Fmax for DIC/Extensometry-measurements in Figure 

48 (11593±4170 N/mm
2
), Figure 49 (13114±1236 N/mm

2
) and Figure 51 (10133±1542

N/mm
2
) are close to the literature values for MOE determined for normed samples.

Table 11: Results with standard deviations of mechanical testing of the four different geometries in 

Figure 42; strain values for Geometries A and B were determined by Extensometry, for C and D by 

VIC 3D  

Density [kg/m
3
]

Compressive 

strength [N/mm
2
]

Strain [%] 

Geometry DIC/Ext. Traverse 

A 474±36 50±5 0.65±0.21 0.73±0.12 

B 430±9 42±1.5 0.43±0.08 0.61±0.03 

C 486±45 46±7.5 0.62±1.55 0.69±0.14 

D 352±14 31±2.5 0.37±0.06 0.53±0.02 

The influence of density is further reflected in the strain values. Equivalent to the 

compressive strength, the variation and scatter of strain is lowest for geometries B and D. 

For geometries A and C the strain is significantly higher with a greater scatter. A possible 

explanation for geometry A are light bending effects. The best results are found while 

using DIC with the largest samples. Shape C shows the same behavior for traverse 

measurement with lower strain values, but significantly higher variations for DIC. This is 

the result of errors in the recording and analysis through VIC-3D, reflected in the high 

standard deviation (Table 11). Due to the lower pixel amount used in geometry C, the 

values fluctuate significantly. All strain values are lower than expected with the lowest 

found for the largest geometry.  
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Figure 46: Compressive strength values for the 

geometries in Figure 42
Figure 47: Compressive Strength versus Density 

for all samples, average and fit

The difference in strain measured between traverse and DIC/ extensometry was evaluated: 

The average difference for both geometries A and C were lowest with 13 % and 

18 %,while the standard deviation was 16 % and 239 %, respectively. The high variation 

for geometry C shows the limits of the DIC-method and the inaccuracy of the 

measurements for this size. Both, geometries B and D showed a difference of 31 %, with a 

standard deviation of 10 % and 11 %, respectively. But due to the increasing accumulation 

of failure in the VIC-3D system starting with the onset of plastic deformation, the strain 

values may have been slightly over- or underestimated.  

Differences due to density and structure described above, are further reflected in the stress-

strain curves. Both, samples of geometry A and C (Figure 48, Figure 50) show larger 

differences in the shape of the plots than those of geometries B and D (Figure 49, Figure 

51). The curves of B and D show similar shapes for all samples. Differences increase from 

traverse monitored to extensometry or VIC-3D monitoring for all curves (Figure 50, Figure 

51). Possible explanations for the initial lower slope are the alignment of the sample due to 

inaccuracies in the cutting process in the production and bending effects, as well as the 

above shown differences due to density (and structure). 

Measurements with the VIC-3D system led to large errors (peaks in Figure 50b). Therefore 

the later following in-depth analysis of the results of the VIC data is solely done for three 

exemplary samples with different observation angles for the largest geometry.  
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Figure 48: Stress-strain curve measured with 

traverse (a) and extensometry (b) for geometry A 

Figure 49: Stress-strain curve measured with 

traverse (a) and extensometry (b) for geometry B

Figure 50: Stress-strain curve determined with 

traverse (a) and boxed values of the VIC-3D 

Method (b) for geometry C in longitudinal 

compression 

Figure 51: Stress-strain curve determined with 

traverse (a) and boxed values of the VIC-3D 

Method (b) for geometry in longitudinal 

compression

Scaling 

Following the convention to determine the size effect, the compressive strength is plotted 

against the diameter of the samples in a double logarithmic plot. Figure 52 a) shows the 

mean values for all four sizes. The value for the second largest geometry (C) is the only 

outlier. With the exception of this sample size, the compressive strength values decrease 

with increasing diameter.  

Due to the differences in density and the correlation of density to strength that was found 

in the previous section, a second approach was used. If the strength values are normalized 

with a standardized density  (500 kg/m
3
 was used instead of 1500 kg/m

3
) following the

equation 

 [59], 

, the only outlier in Figure 52 a) is evened out (Figure 52 b) and the value for geometry D 

is elevated.  

In both diagrams, a slight tendency of decreasing stresses with increasing sample diameter 

can be seen. 
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Figure 52: Compressive strength in relation to the diameter: (a) unchanged values; (b) normalized to a 

density of 500 kg/m
3
; the average of the values is plotted as a red dot 

A first approach was to use the SEL, which shows a larger size effect in theory. The SEL 

and MFSL can be used because of the stress concentration in the geometry. For this, the 

empiric parameters were determined by plotting the inverse square root of the compressive 

strength against the proportional increase of the typical parameter: the diameter. 

Afterwards the empiric constants were determined (after [85, 93]) with the parameters of 

the fitted curve in a graph with  

 and x= . 

The resulting polynomial fit of first order ( ) (see Figure 53a) is used to 

determine and . In the experiments the values were D0=3.39 and 

B=57.88. 

Figure 53: Results for scaling with SEL. a) fit to determine empirical parameters, b) resulting equation 

with red points showing the average of the samples 

2

1
y



 
  
 

1
/d d

y a x c 

0
/D c a 1 /B c



77 

The plot shows an approximate dependence of the size on the diameter (Figure 53b), but 

the results don’t fit the mean values perfectly, especially for the larger parameters. This 

behavior fits the dependence of density and strength, shown in the previous sections. The 

possible equalization of the values in Figure 52b led to the results shown in Figure 54. 

Here, the size effect is lowered, but all values can be fitted on the curve.  

Figure 54: Results for scaling with SEL on density-normalized values. a) fit to determine empirical 

parameters, b) resulting equation with red points showing the average of the samples 

To compare the results of the SEL to the MFSL, the appropriate formula was used for an 

approximation. For the MFSL a least square fit of the formula 
N

BA
D

    (see chapter 

2.2.5) was used. Because of the better fit found in the SEL, the normalized strength of the 

samples was used. Additionally a Weibull-approximation was done, using a power-law fit 

with 
n

m

N
a d



  with n=3 due to the equal enlargement of all dimensions. To compare the 

results of this approximation to literature values, 
3

g
m

  was determined too. 

In Figure 55 the results are shown for a larger scale. For the MFSL the values of Figure 

55a) for the MFSL were: A=1307.8 and B=3201.5, while D0=8.8 and b=57.88 for the SEL 

and m=20, a=57.7 for Weibull. The density-corrected values lead to A=1960.2 and 

B=2294, D0=32.2 and b=54 for the SEL and m=34.5, a=57.6 for Weibull. All methods lead 

to similar curves in the size region the experiments were conducted in. 
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Figure 55: Comparison of Weibull, SEL and MFSL – a) not normed, b) with normed strength 

Overall a correlation between density and strength for wood under compressive load is 

indicated by the results for the specialized sample geometry. As can be seen, the effect is 

small for the tested sizes and geometry. Generally, SEL fits the sample geometry better 

than MFSL. Using the actual strength-values, Weibull approximates the smaller 

dimensions well, while the largest dimension is not included. The g-values in a Weibull-fit 

for compressed samples of 0.08 for the corrected and 0.15 for the uncorrected values fit the 

value of 0.1 found in literature, which was determined for wood boards a length effect 

[183]. 

Digital Image Correlation (VIC 3D)  

Three exemplary samples measured by DIC and with a similar behavior, were chosen for a 

comparison and analysis of stress fields. The three samples were monitored at different 

angles (Figure 57, Figure 58). Sample a was observed in the radial direction leading to an 

observation along the year rings, sample c in the tangential direction and sample b was 

monitored between the radial and tangential directions. Slight differences in the stress-

strain curves (Figure 56) are found regarding the beginning of a change of the slope. 

Sample a changes earlier and a lower difference to the displacement of the cross beam is 

found.  

Looking at the successive deformation of the three samples, varying behavior is observed. 

This is most pronounced in deformations parallel to the loading direction (Figure 57). For 

all samples, the subsequent deformation is seen early and all samples share tension and 

compression deformation. The radial sample (a) shows developing stress areas along the 

year rings: compressive deformation lines for the year rings in the center and tension lines 

on the outside. All deformations are located in alternating directions and develop toward 

the inside with increasing stress and increase in width and strength. When the lines meet at 

the center, the failure occurs in the area with the largest compression. 
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Figure 56: Comparison of the stress-strain curves obtained through VIC and traverse movement for 

three samples with different observed surface structures of geometry D 

Sample b (tangential-radial) shows two areas with alternating deformation directions with 

compression lines encapsulating the tensile deformation. The deformation pattern is similar 

to the structure of the sample. With increasing strength, the deformations increase without 

a change in direction or size. Similar to sample a, the failure occurs when the failure lines 

meet at the same height and the failure area is located at the strongest compressive 

deformation.  

Sample c (tangential) differs: From early on a pronounced tension segment is visible that 

increases in magnitude with increasing strain. Next to it, linear compression areas develop 

and subsequently an alternating pattern of narrow compression and tension line-shaped 

areas is visible with initially weaker compressive deformations. Shortly before failure, the 

tensile area splits and the compressive lines increase in strength and change direction. The 

ultimate failure occurs along the most pronounced compression zone and through the split 

tension area. 

Overall the failure occurred in compression areas for all samples.  

In the direction perpendicular to loading (Figure 58), no expansion of the sample was 

observed. At 40 % deformation, samples b and c showed gradual stress changes from left 

to right, while sample a showed a spotted pattern. At 80 % the initial gradual stresses 

vanished for geometries b and c and at 90 % the subsequent final failure pattern began to 

develop. For geometry a, the failure pattern develops early on at 80 %, further increasing 

with increasing stress. This reflects the differences in the slope of the stress-strain curves 

for the three samples, while the onset of deformation parallel to the loading direction 

shows no differences to each other. The resolution was insufficient for a quantitative 

evaluation of the Poisson’s effect. 
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Figure 57: Deformation parallel to loading direction for three different samples. Deformation 

percentage from violet (tension) to red (compression): A)-0.4-0.3, B) -0.3-0.2, C) -0.2-0.2; at 0%, 40%, 

80%, 90%, respectively, 20 s before last picture, break 
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Figure 58: Deformation perpendicular to loading direction for three different samples. Deformation 

percentage from violet (“tension”) to red (“compression”): A)-0.4-0.3, B) -0.7-0.08, C) -0.8-0.05; at 0%, 

40%, 80%, 90%, respectively, 20 s before last picture, break  
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Conclusion 

The expected dependence of compressive strength on density was shown. The values 

found were similar or slightly lower than literature values. The difference between strain 

measured by traverse and extensometry/VIC-3D was relatively low. 

Additionally, a possible size effect was found. The SEL-theory and theory by Weibull both 

fit the results better than the MFSL and the fit with MFSL lead to a very early flattening of 

the strength-diameter curve. Both for the ‘normed’ and unchanged strength, the Weibull-fit 

leads to g-values of 0.08 and 0.15, which is in the range of the value 0.1 found in literature 

for the length effect [183]. Differences in the strain development with differing observation 

angles were detected with the VIC-3D system, which proved suitable for the double curved 

sample shape, with a higher resolution.  

Overall, the chosen sample shape was useable for experiments and was successfully 

upscaled. The determined strain for the sample shape shows that a comparison with other 

sample shapes is feasible.  

For future experiments, a better sorting of samples with similar densities should be done. 

For this, a greater amount of specimens is necessary.  
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4.2 Tension 

Samples for tensile loading experiments were designed to enable a parallel recording of 

AE signals. To mount the necessary AE miniature sensors, the surface had to offer smooth 

planes. Following this, a sample shape similar to that for compression but without 

rotational symmetry was designed (based on DIN 52377 with necessary changes like the 

radius) with a radius of curvature of 10 mm. Due to difficulties in the production and 

increased dropout rates for smaller thicknesses, a smallest width of 2 mm was initially 

chosen. The narrowing was realized through a radius that induces a constant amplified 

stress towards the center of the sample (Figure 59a). Overall the length of the sample is 30 

mm, the width for mounting 5 mm, because of an inner diameter of the sample holder cups 

of 6 mm, and a thickness of 2 mm. Initially all samples were produced with this geometry. 

Since some samples loaded in the longitudinal direction, broke close to the fixings close to 

year rings and because of the high tensile forces, an additional curvature at the plane sides 

with the same value (Figure 59b) is proposed to increase the stress in the RoI and lower the 

tensile force in future experiments. 

Figure 59: Samples for tension testing: a) Initial sample shape for tensile testing, b) modified sample 

geometry for longitudinal testing 

After the first preliminary experiments, all clear wood samples were produced of a single 

board of spruce wood and selected to enable a better comparability. A production of 

samples out of LVL and similar layered materials was tried and proven possible.  
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Fabrication 

Figure 60: Preparation method for tension samples 

The samples were cut out of small boards with a width of 5x30 mm
2
 with a microtome on

one side to ensure a smooth surface for the mounting of the sensors (Figure 60 a). The 

other surface was cut with a saw (Figure 60 b). A surface grinder with a diameter of 10 

mm was used to produce the necessary curvature (Figure 60 c). Samples to be loaded in the 

longitudinal direction can additionally be grinded on the final sides (Figure 60 d). 

Afterwards the samples were glued into the sample holders (with Mirapur 9500 (Geistlich, 

Germany)) using a block with parallel holes and holders for the screws (Figure 61) and 

dried for up to two days. 

Figure 61: Gluing gauge for mounting the samples in the holders (cups) – ends of cup fixed in the side 

parts 
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5 Plastic deformation of wood under compression monitored 

by synchrotron micro-tomography 

5.1 Materials and methods 

Synchrotron 

The experiments described in this thesis (for compression and tension) were conducted at 

the TOmographic Microscopy and Coherent rAdiology experimenTs (TOMCAT)-

beamline located at the SLS (Swiss Light Source), which is a third generation light source. 

The storage ring at the SLS has a radius of about 46 m. Electrons are produced in a linear 

accelerator in a cathode through application of high voltage. After production, the electrons 

are accelerated to relativistic velocity (near c, with an energy of 100 MeV) to 2.4 GeV, 

before being inserted into the storage ring [184]. The high velocities lead to a focusing of 

the emitted radiation, and increases with increasing speed. In the TOMCAT beamline 

undulators are used to produce the radiation. For the selection of single synchrotron 

energies, ranging from 5 keV to 45 keV, a double crystal monochromator is operated 

[185]. In this work, two of the four objectives were used: UPLAPO4x with a Field of View 

(FoV) of 3.58 x 3.58 mm
2
 and a digital resolution of 1.85 x 1.85 µm

2
 and the UPLAPO10x

with a FoV of 1.43 x 1.43 mm
2
 and a digital resolution of 0.75 x 0.75 µm

2
. The effective

lateral resolution in the experiments with the 4x objective was 4 µm, with a resolution of 

30 lp/mm (MTF) in the original image and 2.3 µm with 60 lp/mm (MTF) for the 10x 

objective. Due to the increased influence of the phase-contrast on the narrow EW-cells, the 

resolution is partly higher for EW compared to LW.  

Procedure 

The sample geometries discussed in section 4.1 were used to combine load and stepwise 

synchrotron tomography. In the preliminary experiments, force measurements were not 

possible and the testing procedure was manually controlled. For the main samples in this 

section, the procedure described and depicted in Figure 26 was applied. The machine was 

controlled with the written program, and automatically operated. 

For all tomograms the selected energy was 10 keV. In the preliminary tests, 5 darkfield 

images were taken, 80 flats (before and after the projections) and 1501 projections. For the 

final tests, the ring-current amounted to 400 mA, with 2001 projections, 50 darks and 200 
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flats with steps of 0.09 degrees each (snap-and-step procedure, exactly replicating each 

step for all following tomograms). Exposure time was 130 ms for the 4x objective and 190 

ms for the 10x objective. After recording with the 10x objective and during the 

reconstruction, zero-padding was used to decrease ring artifacts. This increased the 

smoothing at the borders of the slice, leading to greater inaccuracy in the following 

cleaning process for this area.  

All samples were loaded at the same speed of 0.1 mm/s with a preload of 5N. The 

temperature and relative humidity in the tomographic chamber was 23° and 63%, 

respectively. All samples were stored in the tomographic chamber and therefore at 

equilibrium MC.  

Image Processing 

As a first step, the angle of the wood rays to the vertical was determined and the initial and 

subsequent tomograms rotated accordingly. To decrease the amount of data, the expansion 

of the sample in all recorded slices was determined by using a uniform threshold on all 

samples (located after the highest amount of values; 140 for the initial experiments done 

with 8 bit, 42000 for images recorded with 16 bit) and the images were accordingly cut. 

Additionally, to decrease the storage space, all pictures were saved as 8 bit.  

The differences in exposure time and number of projections, leading to a varying impact 

and influence of the surrounding carbon fiber tube on the tomography, as well as 

differences in the internal structure of the samples, necessitated different approaches for 

the initial “cleaning” of the tomographic slices to determine regions belonging to wood and 

those belonging to air. For all samples, the thresholds were determined in the initial or 

following tomography of the sample, where no plastic deformation was present, and used 

for all subsequent tomograms for further comparability.  

Due to the lower amount of projections and detail in the pre-tests, a simple approach was 

used. The expansion of the sample was determined with the above mentioned threshold 

and the histogram of this slice was obtained. Then a simple threshold based on Otsu’s 

method [176] using Matlab® was generated. The area to determine the threshold had to be 

reduced to the size of the sample to decrease the amount of gray values of the surrounding 

area in the histogram and enhance the second peak belonging to wood (see Figure 63a). 

Applying the threshold leads to a 1-bit image with the value 0 for air and 1 for wood. 

Subsequently, connected regions (26 connect) were identified and volumes with less than 

3000 pixels were eliminated as gray values belonging to air. The final step was to multiply 

the black and white picture with the original, to determine the gray values of wood. This 

last procedure was done in all cleaning procedures. One example for the cleaning process 

can be seen in Figure 62 with the original rotated picture in (1) and the result in (2). 
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Figure 62: Softwood pretest with 4x objective: original rotated picture (1) and final result (2) 

the following thresholds were generated for the tomograms of the main experiments based 

on the assumption that, due to the porous structure of wood and the additional area 

surrounding the sample, the highest amount of values in the histogram represents the 

surrounding area. The procedure was executed for two uncut slices of the initial 

tomography for each sample and a mean was determined of all thresholds: After 

transforming the data to single precision, the histogram was plotted and the highest peak 

after 0 determined (Figure 63a). The curve up to the peak was mirrored (Figure 63b) and 

the subsequent plot subtracted from the initial histogram (Figure 63c). Four values were 

determined: The first one represents the highest peak (Figure 63b, th1) representing the 

high percentage of air. The second value is the highest peak in the original histogram after 

th1 (Figure 63a, th2), with a high percentage of pixels belonging to wood. Following this, 

the third is either a single or a mixed value of the last value lower than zero, before the 

second threshold, and/or the minimum value before the position of the second maximum 

(Figure 63c, th3). For beech, the third value is the mean of the last value lower than zero, 

before the second threshold and the minimum value, while for SW the third value equals 

the minimum. Finally, the last value is the first value below zero after the second threshold, 

or if non-existent, the minimum value after the second value (Figure 63c, th4).  

After this, different approaches were used for SW and HW, as well as for 4x and 10x 

objectives. The impact of the surrounding carbon fiber tube was greatest for the 10x 

objective and for beech.  

For tomograms of SW taken with the 4x objective, the images were segmented based on 

the third threshold and values below the threshold classified as pixels belonging to the 

surrounding air. Following this, 8 connected regions in every slice were identified and only 

larger regions (over 500 pixels) preserved. The rest of the procedure, as described above, 

was equivalent to the pre-testing procedure. For beech, the procedure applied to SW was 

used, but with a higher value for setting pixel groups as true. 
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Figure 63: Determination of thresholds with the original histogram (a), the mirrored first section until 

the maximum of the curve (b) and the difference of (a) and (b) in (c) 

For slices of SW recorded with the 10x objective, a Markov Random Field and Gibbs-

energy approach (measuring the probability of possible configurations) was used with the 

third and fourth thresholds. This approach takes account of the theory, that pixels in a 

neighborhood will have similar intensities and the distribution of values in an image 

follows a pattern. An iterative mode (ICM) based on [186] (for further information see 

[187]) was used, combining intensity distribution and contextual information to segment 

all pixels into four regions. Consequently, elimination of pixels is conducted in the region 

where the highest percentage of pixels has been sorted to. After thresholding, the pictures 

were individually filtered, by identifying connected regions (8 connect) in the individual 

pictures, as done for the 4x objectives. For beech recorded with the 10x objective, the same 

method as for SW with the 10x objective was used, but all thresholds were used to 

determine two images based on the Besing algorithm. With the third and fourth threshold, 

an image is generated and areas with 5000 pixels or more are isolated and preserved. In the 

image generated with the first and second threshold, all areas with 2000 or less pixels are 

eliminated.  
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Figure 64: Image processing for softwood-tomography recorded with a 4x objective: 1) original 

rotated, 2) and 3) thresholded, 4) final binary picture, 5) final gray value picture 

Figure 65: Image processing for hardwood tomography recorded with a 4x objective: 1) original 

rotated, 2) thresholded picture, 3) final binary picture and 4) final gray value 

A comparison between the method described above for beech and a slice thresholded after 

Otsu’s method is shown in Figure 66. With common thresholding (Figure 66a), no clear 

segmentation of the regions is accomplished, while after the first step of the above 

described method for the 4x objective (Figure 66b) a higher percentage of the pixels 

representing air are filtered. 

Figure 66: Comparison between thresholding using Otsu’s method (a) and the described method below 

for beech: b) first step of the image processing, c) cleaned slice  

As demonstrated in the pictures (Figure 64-Figure 68), the used methods generate good 

estimates for softwood regions and work well for cells in the longitudinal direction, but 

eliminate parts of the wood rays in HW due to the lower length and higher amount of cell 

wall in the cross sections. Reslicing the tomograms and re-executing the steps did not solve 

that issue. However, no influence on the vessels and fibers were seen.  
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Figure 67: Image processing for softwood-tomography recorded with a 10x objective: 1) original 

rotated, 2) thresholded, 3) final binary picture, 4) final gray value picture 

After filtering, the area of the sample was determined for each slice through a combination 

of different steps. First, the existing holes were filled. To fill small cracks and openings 

like bordered pits, and distinguish them from cleaning mistakes and movement in the 

deformed sample, repeated morphological dilate operations were executed, followed by a 

filling of the closed regions. To recreate the original outline of the structure, the image was 

eroded as often as it had been dilated. Connected regions were determined and only the 

biggest selected. With this, unconnected parts were excluded and the area of the sample 

isolated. The original image and the results of this operation for a tomography of beech 

with a 10x objective and a tomography of SW with a 4x objective is shown in Figure 69. 

As can be seen in the images, eccentric shapes are well preserved with this method and 

most parts of the sample are recorded. 

Figure 68: Image processing for hardwood tomography recorded with a 10x objective: 1) original 

rotated, 2) ICM with the first two thresholds (1,3), 3) after eliminating smaller regions, 4) ICM with 

the last two thresholds (2,4), 5) final binary picture and 6) final gray value 
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With this, the amount of non-zero elements was determined in the closed slice and 

identified as the area of the sample. Furthermore, all non-zero elements of the original 

image in this area were determined. The proportion of the area to the non-zero elements of 

the original equals the pixel-density, defined as 1-porosity (of the images). In the following 

parts, only the 2D pixel-density of the pixels is used because the expected area of 

densification is small and changes are evened out in 3D-porosities. Additionally, porotisty 

is a term defined and used in wood research for hardwoods. The same determination of 

area and pixel-density was done for resliced samples of selected slices.  

After the cross-sections of all slices of all samples were obtained, the slice with the 

smallest cross-section was identified. Then the mean value of the cross sections between 

10 or 30 slices (for 4x/10x objective) above and below was calculated. The area was then 

used to obtain the stress-values for all samples.  

Figure 69: Determination of the area of each slice of the tomography: 1) cleaned slice of beech 

recorded with a 10x objective and the area (2), 3) original of softwood recorded with the 4x objective 

and 4) resulting area 

To isolate single tracheids and vessels, the end points of the structural elements were 

marked. After this, the walls were closed with dilate and the close-operation to enable 

usage of the lumen for further operations. Regions between the original beginning and end 

are identified and, if beginning and end do not share a region, the regions with shared 

positions in slices below and above are identified and used for the reconstruction of the 

tracheids and vessels. Missing pieces are approximated through the nearest slices above 

and below. Once an element in all slices has been identified, the lumen is dilated and 

multiplied with the original to show the cell wall material. 
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5.2 Results softwood 

To increase the comparability of all tomograms in the main experiments, six SW samples 

were tested under equal conditions with an equivalent set-up. Two samples were recorded 

with a 4x objective, while the 10x objective was used for four samples. 

Figure 70 shows the slices with the smallest cross section for all samples. In the images, 

the difference of the wood sample structure in the FoV can be observed. With the 

exception of Spruce 2 and a very small piece of Spruce 12, the area of all samples fit into 

the FoV and could therefore be correctly calculated. Most samples show a high processing 

quality with a low percentage of defects at the surface, though larger turning defects and 

loose regions are visible for Fir 11. Two to three cell rows are damaged at several sections 

of Spruce 12. No additional elements are visible in the cross sections recorded with the 

higher resolution (Spruce 2, 12, Fir 3 and 14).  

The composition of Spruce 10 and Fir 11 is similar. In both sections, two LW regions are 

visible, but with a larger span for Fir 11. This leads to only one connected EW region for 

this sample. Fir 3 has a small EW region with 3 rows maximum span, while the rest of the 

area is built by LW (to transitionwood (TW)). Fir 14 is exclusively made of LW to TW. 

Spruce 2 is composed of EW, with the LW region spanning up to 10 rows. Finally, Spruce 

12 is traversed by a year ring in the center, dividing the sample into nearly equal sections 

of LW and EW. Additionally, the cross sections of Spruce 2 and 10 show a cut through 

longitudinal resin channels.  

After the evaluation of the structures seen in Figure 70, the mass variation among samples 

(Table 12) and the high percentage of LW in the center of Fir 3 was expected. . The 

similarity of Spruce 10 and Fir 11 is reflected in the similar weight. Equally, Spruce 2, 12 

and Fir 14 have similar masses. A reason for this could be the structure in the rest of the 

sample and the TW of Fir 14. The smallest area in the cross section (Table 12) varies from 

1.4 mm
2
 for Fir 14 to 2.24 mm

2
 for Spruce 10 with the two lowest values found for the

sections with the most homogenous composition. This can be explained with the better 

machinability of the homogenous samples.  



93 

Figure 70: Cross section of all softwood-samples. Spruce 2, 12 and Fir 3 and 14 were recorded with a 

10x objective, Spruce 10, Fir 11 with a 4x objective 
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Table 12: Results of mechanical testing, weight and smallest cross sectional area for softwood-samples 

Spruce 2 Spruce 12 Fir 3 Spruce 10 Fir 11 Fir 14 

Mass [g] 0.028 0.028 0.040 0.032 0.033 0.029 

Area [mm
2
] 1.82 1.71 1.62 2.24 1.93 1.40 

Compressive 

Strength [N/mm
2
]

35 33.2 96.4 31.2 43.2 58.2 

Strain [%] 7 2.4 5.9 5.7 4.9 6.8 

The high weight and density of Fir 3 is reflected in the mechanical test results with a 

compressive strength of 96.4 N/mm
2
. This is a higher value than the ones listed in

literature, on par with the values for HW and nearly double the second highest value found 

for Fir 14. Summarized, both values are expected due to the higher percentage of LW/TW 

and the more homogeneous structure. Of the three lowest values, part of the area of Spruce 

2 is outside of the FoV and is therefore not included in the calculation. This leads to an 

overestimation of stress. The low value found is expected due to the high percentage of 

EW and the asymmetric distribution of LW/EW for this sample. Looking only at the cross 

sections, the high compressive strength of 43.2 N/mm
2
 of Fir 11 despite the pre-damaging

can be attributed to LW lying symmetrical on both sides of the EW and therefore 

stabilizing the structure. A significant difference in strain to the other samples is visible for 

Spruce 12, with the lowest value and the second lowest stress-value. The two highest 

values belong to Spruce 2 and Fir 14 with no further significant connection. The strain 

values were not taken further into consideration, because of the possible inaccuracies due 

to machine movement.  

Figure 71: Stress-strain curves of Spruce 2, 10, 12 and Fir 3, 11, 14 



95 

The stress-strain curves of all SW samples, obtained through the load cell and the distance 

signaled to the motor, are plotted in Figure 71. The high mechanical strength and stiffness 

of LW can be observed in Figure 71. Fir 3 has the highest and the longest slope with a 

constant first derivative. A first significant change is only seen during the 4
th

 loading step.

After reaching the compressive strength, this sample also shows a significant peak-

behavior with a steep decline. Fir 14 too, has a relatively strong slope, but contrary to Fir 3, 

a slight denting is visible during the 2
nd

 step and significant denting during the 3
rd

 loading

step. Denting can be seen during selected steps in Spruce 2 and Fir 11: for curve 2 

beginning after about 28 N/mm
2
, and for curve 11 after reaching the compressive strength.

Taking the results of the tomograms into account, for Spruce 2 the first failure was found 

after the 4
th

 step. In the stress-strain curve a dip is seen in this step, giving a clear

indication of deformation. For Spruce 12, the plastic deformation follows after a significant 

change of the stress-strain curve during the 5
th

 step. In Fir 3, the relaxation rate after the 3
rd

step, where plastic deformation is encountered first, is vastly increased, while a drastic 

change of the slope develops in the following step. For Spruce 10 no significances are 

encountered, while failure was seen in the 4
th

 step. Similarly, for Fir 11 plastic deformation

was seen after the 3
rd

 step, while significant changes in the slope were found in the

following step. For Fir 14, plastic deformation was found in the 2
nd

 step, and a change in

slope for this sample was observed after this step.  

Figure 72: Rate of stress relaxation starting at the beginning of the relaxation period and in relation to 

Fmax (%)
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A possible reason for the changes an differences in the slopes (at the beginning of the 

curve and at the onset of failure) may be differences in structure of the samples such as 

larger EW zones and asymmetries of the distribution of structural elements. At the 

beginning, alignment can be attributed for a change of the curve from the expected value. 

The similarities of the overall shape of the stress-strain curves of Spruce 2 and 10 (Figure 

71) are also reflected by the relaxation rate (Figure 72). Values above 70% Fmax are close

to each other. A similarity of the second highest relaxation rate to the third highest for Fir 

11 is due to the second highest rate belonging to the first step after reaching the 

compressive strength. The highest rates of relaxation are seen for the LW and TW samples 

in the last loading step, as well as for Spruce 12. Overall, the dependence of relaxation, 

already shown in chapter 4.1.2, is found in the curves. 

Figure 73: Area, count of pixels of material in the area and the relative density (porosity) of the sample 

shown for Fir 11; slash-dot line equals values for the last tomography and indicates the end point of 

the steadily increasing deformation 

The area, pixel-count and the proportion of pixels per area, calculated with the method 

described in 5.1, is plotted for Fir 11 (Figure 73). Because the deformation steadily 

increases with no decrease, only values belonging to the tomography after the last steps are 

highlighted as slash-dot lines. A change in the area is visible for the final loading steps 

(Figure 73a), but only a slight increase of the height at the smallest cross section and a 

change in slope is found. The compression of the sample can clearly be seen by the shifting 

of the curve after the smallest cross section. In the pixel count (b), the change of pixels at 

the smallest cross section due to loading is more pronounced. Finally, a significant change 

can be observed in the pixel-density-plot. In the following text, the pixel-density is referred 

to as density. Starting at the point of lowest density, a steady increase of density can be 

observed at the equivalent point of the smallest cross section (c), while the overall density 

is not affected. This shows a densification of the sample in a limited area for SW and 

therefore allows an identification of the failure zone. Due to the limitation of the 

densification process to a narrow zone and the differences in the structure over the 

complete sample, a 3D-density (or image-porosity) does not show the densification or 

significant changes.  
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Therefore, to illustrate the position of the failure- and densification-zone, the development 

of the densities of all samples is shown in Figure 74. Equivalent to the previously 

discussed properties, the high mass and real density of Fir 3 is seen in the plot, as well as a 

decrease for the upper end of the sample, indicating a transition to EW. Spruce 2 and 10 

show the lowest densities, matching the lower compressive strength values. For Fir 11 a 

significant change of density occurs close to the center of the FoV. A single deformation 

region was found in the sample, with two maxima at the beginning that merge before the 

final tomography. The deformation for Spruce 2 is seen at the lower end of the FoV and 

the damage zone is partly outside the FoV. Likewise, the significant change of density for 

Fir 14 indicates a significant movement of part of the sample outside the FoV. However, 

the failure region can be identified: At the second tomography a minor local maximum 

develops that is further pronounced in the third. Following this, a second, higher maximum 

develops at the next step, which increases in strength until both regions meet. A similar 

region is encountered in Spruce 12, but it is only visible starting with the last two 

tomograms. The significant change of density for Spruce 10 is partly visible starting at the 

third-to-last step, developing a maximum at the second to last step that is further 

pronounced for the final tomography. Also, the region is relatively broad, indicating a 

wider area of densification. Fir 3 shows a different behavior with a slight increase of 

density near the center. Compared to the other plots, the increase of density for Fir 3 is 

small. Overall, the densification as a failure process for SW is clearly visible in all density 

plots.  

Figure 74: Relative density of all samples, shown for all tomograms. Slash-dot line equals values for 

the last tomography 



Plastic deformation of wood under compression monitored by synchrotron micro-tomography 

98 

To rule out a possible loading under an angle, the directionality of the tracheids had to be 

determined. For this, the cell lumen was identified by closing holes in the form of pits and 

reconstruction errors with morphological operations that still left most of the lumen intact. 

An example is shown in Figure 75, where the near perfect directionality of the lumen is 

demonstrated for Fir 3. All other specimens have a similar directionality.  

Figure 75: Lumen of Fir 3 showing tracheids reaching from top to bottom 

A reconstruction of a wood ray of the same sample seen in Figure 75, is shown in Figure 

76a) to illustrate the high quality of the tomography and the unique structure of wood rays 

found in this sample. Contrary to the common ray parenchyma cells with a brick-like shape 

and aligned vertically, the bordering cells of each ray are deformed and partly horizontally 

aligned. Additionally, the cell walls are changed by periodical structures - either 

thickenings or pits. As the cut was done virtually and the ray found inside the sample, 

preparation artifacts and deformations due to load can be ruled out. In Figure 76b-c 

deposits with cubic shapes in a wood ray, possibly starch, are present in a ray of Fir 14. 

Additionally, pre-existing damage can be identified on the bottom of the ray. Similarly, 

other anatomical features can be seen by using the tomograms.  
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Figure 76: Special anatomical features in wood rays- a) cut through a wood ray for Fir 3; simple pits 

and bordering cells indicated; starch deposits in Fir 14 in b-c) and pre-existing damage in Fir 14 

The quality of the tomograms of loaded samples is further demonstrated by showing the 

original, cleaned slice of a sample (Fir 14, Figure 77) after the last loading step, as well as 

the radial (b) and tangential (c) reslices. For viewing purposes, a gray value of 100 was 

added and the black background changed to white. This procedure was used for all singular 

slices. 

Figure 77: Cleaned tomographic slices for Fir 14, gray values equally modified for viewing purposes; 

a) cross section, b) tangential section and c) radial section
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Additionally demonstrated through Figure 77, the loading damage can be identified in all 

slices. In all views, different aspects of the loading failure can be observed. Multiple 

failure lines are found in all of the samples. Those failure lines vary in the magnitude of 

deformation. The cellular elements are deformed through buckling and telescopic 

shortening and multiple failure lines are visible. Singular failure events can be especially 

seen in Figure 77b).  

Figure 78: Reconstruction of the surface for the final tomography of Fir 11 

A reconstruction of the exterior of Fir 11 shows the failure occurring as a pressing of cells 

outside of the sample at the left side of Figure 78, and additionally a slight rupture at the 

opposing side. The position of the failure area and slipping plane observed in Figure 78 

equals the position indicated by the change in density observed in Figure 74. 

Looking at the actual tomograms of samples during increasing deformations, common 

characteristics, already seen in Figure 77, can be observed. As an example, tomograms of 

the tangential section of subsequent loading steps are shown in Figure 79 for Spruce 2. The 

lower end of the sample is equal to the end of the FoV due to the height limit. The cut was 

done through the automated determined approximate center of the sample. After the first 

step, no deformation of the sample is visible. Bordered pits, as well as the ends of 

tracheids, can be identified. A high percentage of the visible cell walls belong to EW 

(equivalent to the cross section in Figure 70), while LW is found on the right side. The first 
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visible deformation of the sample is found after the 4
th

 step. A row of connected EW cells

is deformed through a single failure per cell, leading to shortening with minimal to no 

translation of upper against lower end. Due to the failure of a single cell, bordering cells 

are deformed to form a short failure line in this view – and a failure area through the 

sample. After further increasing the load, the failure line seen after step 4 increases in 

broadness and length. Already in step 4, the affected tracheids are shortened through 

progression of the existing failure without additional failure positions. This is only one of 

the encountered mechanisms. Unconnected to this failure, two narrow lines of buckling in 

LW can be found (step 5). In the next step, the lower end of the deformed tracheids starts 

to tilt with a specific angle described later.  

For a further inspection of the failure area, an equivalent tangential cut through the center 

of the sample was done for the first step showing plastic deformation and the following 

step (see Figure 80). Here the failure area is found in the center of the sample, partly 

outside of the FoV due to the limitation. Following the next loading step, the failure line 

increases in this view, equivalent to the behavior seen in the tangential section. 

Additionally, a buckling of singular wood rays is observed. Where the failure line crosses 

wood rays, singular ray cells, connected to shortened or buckled tracheids are heavily 

deformed and wood ray parts above and below translate against each other while still 

maintaining their original shape and directionality. Remarkable is the near horizontal 

failure line found in EW, while failure due to buckling in the LW happens under an angle 

of 20-40° (see Figure 79). A nearly matching failure to step 6 in Figure 79 at the border 

between EW and LW, is found in the later described failure processes at the surface for 

beech in Figure 109.  

The same basic failure mechanisms are equivalent for all other SW samples tested.  

This inspection method allows ascribing the beginning of failure to the region between two 

steps. The strength value of the last tomography showing undamaged samples and the first 

tomography with identified failure is listed in Table 13.  

Table 13: Percentage of strength in relation to Fmax for the last step before a failure can be observed in

the tomography and after the first step where failure is visible in the tomography 

Spruce 2 Spruce 12 Fir 3 Spruce 10 Fir 11 Fir 14 

No failure 0.73 Fmax 0.61 Fmax 0.46 Fmax 0.58 Fmax 0.49 Fmax 0.29 Fmax 

Failure 0.78 Fmax 0.88 Fmax 0.71 Fmax 0.84 Fmax 0.77 Fmax 0.52 Fmax 

Failure Lines 
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Figure 79: Tangential section (radial cut) of different loading steps for Spruce 2, arrows indicate newly 

developed deformation zones 
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A comparison with the density plots of all tomograms (Figure 74) clearly shows the 

possibility to identify the compression zone for this sample. The peak for Spruce 2 is found 

at the lower end of the sample, clearly matching the failure line visible in Figure 79 and 

Figure 80. This is also true for the other SW samples. A common phenomenon can be 

observed in Figure 79: The failure at a growth ring border, where a steep difference in 

density is found, often stops. In this sample, separate failure lines develop and stop on both 

sides.  

Figure 80: Radial view (tangential cut) of two subsequent loading steps for Spruce 2 

For a possible identification of the failure areas, a method similar to that used for Figure 75 

was used. However, morphological operations were used to close lumen with narrower 

diameters due to deformation. In Figure 81-Figure 82 the tracheids are shown.  
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Figure 81: Reconstructed tracheids above compressive failure area of the last tomography of Fir 3 at 

different angles under longitudinal load 

For Fir 3, with a large percentage of LW (Figure 81), the failure line has an angle of 23-30° 

in the tangential direction and no inclination in the radial direction. For Fir 11, with a 

mixed composition, the primary (first) failure line is found during the 5
th

 and 6
th

 step. Here,

the failure develops in steps, leading to a step-wise failure area exhibiting a waveform 

contrary to the type encountered for Fir 3.  

Figure 82: Reconstructed tracheids above compressive failure area of the last tomography of Fir 11 for 

the second-to-last and last tomography under longitudinal load 

To further illustrate the behavior of the failure area, equivalent views for Spruce 12, Spruce 

10 and Fir 11 are shown in Figure 83. Firstly, for the view in the tangential direction, the 

bordered pits are easily recognizable. For Spruce 12 and 10 the isolation of the failure area 

doesn’t work as well as for Fir 3 and 11, but the similarities are visible. For all samples, a 

wave-like form, vastly different from Fir 3, is found. The view in the radial direction is 

similar for Spruce 10 and 11, which share a similar composition.  
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Figure 83: Reconstructed tracheids of the last tomography above compressive failure area of Spruce 

12, 10 and Fir 11 at different angles under longitudinal load 

Tracheid deformation 

As previously illustrated, two basic deformation mechanisms, described in literature, can 

be observed: buckling and telescopic shortening of the tracheids. To show the initialization 

of failure mechanisms, the two mechanisms are shown for isolated EW and LW cells in 

Figure 84. Here, the global mechanisms are reflected. Both parts of the cell above and 

below the failure of the EW cell are still nearly stacked above each other, while for the 

buckling of the LW, the alignment of the two parts is still in the longitudinal direction, but 

translated against each other. 



Plastic deformation of wood under compression monitored by synchrotron micro-tomography 

106 

Figure 84: Starting Deformation for EW 

and LW cell
Figure 85: Deformation of LW-Tracheid in a pure LW-

zone

The development of failure for a LW cell inside a clear LW zone is shown for Fir 3 in 

Figure 85 with an equal distance of the ends to each other and at equal height of the 

tomography. In the second step, no visible deformation is seen, while a slight deformation 

is visible in the third step in the form of a necking. The sample buckles in this region and 

the typical translation of the upper against the lower part can be observed. If the tracheid is 

further loaded, the translation proceeds, while the principle structure of the failure is 

unchanged.  

Figure 86: Deformation of tracheids - initial, first deformed and increased deformation. a) LW, b) TW, 

c and d) EW 



107 

Additional examples for various tracheids with different failure processes and 

combinations, are shown for SW in Figure 86. In Figure 86a) an equivalent to Figure 85 is 

shown: The upper and lower parts are translated against each other, while the middle part 

is deformed. Figure 85b) illustrates an example of two failure lines crossing one tracheid 

(as seen in Figure 77b). Different from a), the center part of the tracheid is translated, while 

the upper and lower parts are still aligned. Although both tracheids in c) and d) belong to 

EW, the upper and lower parts translate against each other, but the deformation is visibly 

smaller than for the LW in a). This shows that buckling is not exclusive to LW cells.  

To quantify the deformations processes, the compression and displacement of the tracheids 

a-c) was measured by hand. As expected, the strongest deformation is found for buckling 

in tracheid a). 

Table 14: Deformation and displacement of the tracheids a-c) in Figure 86 

Compression (mm) Tangential displacement (mm) 

1.Deform 2.Deform 1.Deform 2.Deform

LW-Tracheid (a) 0,056 0,12 0,016 0,062 

Tracheid (b) 0,012 0,06 0,007 0,024 

EW-Tracheid (c ) 0,004 0,043 0,012 0,058 

A reconstruction of a cross section displays the deformation of the tracheids for a largely 

deformed sample (Figure 87). The tracheids in the reconstruction are partly tilted revealing 

various degrees of deformation. If the deformation exceeds a certain level, cell walls 

become deformed at a single place, or are thoroughly compressed and partly broken. The 

deformation is largest for tracheids tilted under a higher angle (near the center).  

Figure 87: Deformation of cells perpendicular to fiber due to damage mechanisms under longitudinal 

load. 
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Figure 88: Spruce 12, Step 5 multiple failure areas, rupture in the upper right corner, strong 

movement 

The behavior of EW cells close to the year ring- and the surface-border can also be 

observed in Figure 88, which shows Spruce 12 after the 5
th

 loading step. In the EW region

(right side), tracheids are deformed, partly at multiple heights. Close to the center of the 

reconstruction, an area with larger deformation and lower resolution can be identified. This 

indicates movement in the failure zone during the acquisition of the tomography, while the 

rest of the sample was stable. Additionally, a phenomenon was observed in various 

samples with year ring borders: Failure mechanisms in the EW zone mainly develop there, 

without crossing over the border. First parallel failure lines develop before failure crosses 

over.  

No deformation in the LW-zone is visible. This can be explained by deformations outside 

of the field of view or a slight tilting of the sample. 

Bordered pits 

A close-up of the damage of an EW cell shows the failure type of different elements 

(Figure 89b) before and after the first plastic deformations (Figure 89a). In this example, 

the failure is found directly below and along the tapered ending of a tracheid, leading to a 

rupture of a bordered pit at the tapered end. A bordered pit slightly below on the left side is 

slightly deformed, while two others lie outside the deformation zone and remain 

undeformed. Additionally, a slight deformation of the wood ray cell can be seen. 
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Figure 89: Deformation of tracheid cell wall: a) before and b) after plastic deformation 

Overall, there is a higher possibility of a circumvention of bordered pits than for a 

deformation, but both phenomena occur. A further example is shown in Figure 90. In the 

tangential section (Figure 90a, b), the deformation of a pit is indicated with an arrow. Close 

to the indicated wood ray, a bordered pit is circumvented in Figure 90a), while a 

deformation of a pit can be seen in Figure 90b). A further example for this behavior is 

shown in Figure 90c) in a radial section. Here, differences in the magnitude of deformation 

are visible. 

Figure 90: Deformation of bordered pits due to failure in tangential (a, b) and radial (c) section 

Wood ray 

For wood rays a mechanism equivalent to the LW cell is encountered (as described above). 

Singular cells in the range of 1-2 rows are initially deformed and the upper and lower part 

translate against each other without further deformation. If more load is applied onto the 

wood rays, the buckling is increased. In Figure 91, the first step showing visible 

deformation and the following one was reconstructed for Fir 3. As described above, wood 

rays in the failure line are deformed through a deformation of ray cells. If the load is 

further increased, more cells collapse and are compressed, while the translation of the ray 

cells above and below failure magnifies.  
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Figure 91: Failure area in the radial view for Fir 3 

In addition to the behavior of wood rays, Fir 3 as a sample with a high percentage of LW 

shows the expected deformation mechanism for LW. Similar to deformations in LW zones, 

the failure line in the radial view (Figure 91) shows an angle of 23-35°.  

Figure 92: Deformation of wood ray of Spruce 2 at the upper end with a) showing the last undamaged 

tomography and b) the first deformation. 
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The start of the failure in wood ray cells is shown in Figure 92-Figure 93. Figure 92 depicts 

a failure along the bordering wood ray cells in an EW region. Here, the cell is compressed 

in the loading direction, where the failure line passes the ray. The ray cell below is 

additionally deformed because of the shared cell wall, while all other elements are not 

affected. This behavior is similar for a failure line crossing a ray in LW (Figure 93) with 

cells being compressed in the loading direction and being displaced in the tangential 

direction. Overall, the mechanism does not depend on the deformation mechanism of the 

surrounding tracheids. The upper and lower end of a ray is always displaced, often 

additionally in the tangential direction. 

Figure 93: Wood ray deformation shown for Fir 3 (a) looking along the wood ray after the first 

damage, (b) the last undamaged tomography and c) the first signs of deformation. 
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Resin channel 

The last structural element found in spruce and the second main difference to fir, are resin 

channels. In Figure 94, different loading steps of a spruce sample with a longitudinal resin 

channel in the center from, acquired during the pre-tests, are shown for the tomography of 

the initial state, the first tomography showing deformation and all following steps. Cavities 

filled with resin and air are found in the tomography. The resin channel is not heavily 

deformed (Step 2) with failure initialization, but the failure line shows different behavior 

for parts surrounding the resin channels. Unexpectedly, the failure line crosses the resin 

and not a cavity. With further increasing load, the resin channel becomes deformed and 

bends. A second observation for this sample is the similarity of the deformation at the year 

ring border to deformations at the surface of a sample (e.g. Figure 78). The LW cells are 

compressed and buckle, while the main parts above and below are still aligned.  

Figure 94: Behavior of a resin channel for a sample from the preliminary tests, radial view 
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Pre-damage 

Significant pre-damage was found in Fir 14, which influences the deformation (Figure 95). 

The initial tomography shows a large crack spanning the slice over halfway. After loading, 

parts of the broken tracheid walls interlink and buckle, while the rest is dislocated before 

interlocking. This is the reason for the change in the stress-strain curve seen previously 

(Figure 71) and may cause the large difference between Fir 14 and Fir 3. 

Figure 95: Behavior of a sample with pre-damage (Fir 14) 

Comparison between similar tissue structures 

For a comparison of influences of the structure on failure mechanisms, two samples with a 

similar tissue structure were used: Spruce 10 and Fir 11 (see Figure 70). Both samples have 

at least one year ring border close to the surface, but differentiate along the length and in 

the rest of the structure.  

In Figure 96 a tangential section through the center of the sample is presented for three 

subsequent steps, starting with the first sign of deformation. In sample Fir 11, a

failure line develops one step earlier than for Spruce 10, which can be attributed to an 

alignment and fixation of Spruce 10 in the first step, indicated by the low slope in 

the stress-strain diagram (Figure 71). For both samples, the failure area spans the LW at 

the right side from the sample surface and reaches into the EW. The angle of the 

failure line towards the horizontal is slightly lower for Fir 11, but overall the failure 

initialization is similar. During the next step (step 5 (Spruce 10)/ Step 4 (Fir 11)), a 

differentiation between the two samples is observed. Spruce 10, with a second 

year ring border, shows a second deformation area starting at the second border with a 

typical angle of 20-40°, evolving into the EW and stopping under the first line that 

doesn’t expand in the original direction. In Spruce 10, the original failure expands and 

changes direction. In the last step shown, further multiple secondary lines are visible 

in the cut for spruce, while the line further 
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expands into LW areas and broadens for fir. Overall, in both samples the same 

initialization of failure close to the sample surface is found, while differences in the 

remaining structure lead to a differentiation with increasing load. The difference of one 

failure line in Fir 11, and multiple failure lines (Spruce 10) can be seen in the density plots 

shown in Figure 74. There, the increase of density spanning over a larger amount of slices, 

equals multiple failure lines. 

Figure 96: Deformation for samples (Spruce 10 and Fir 11) with similar EW/LW composition. Newly 

developed failure lines in the view indicated by arrow, tangential view 
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5.3 Hardwood 

The smallest cross-section, recorded with synchrotron micro-tomography, is shown for all 

specimens in Figure 97. Samples 3 and 7 were recorded with a 4x objective and samples 4 

and 18 with a 10x objective. The difference in resolution is demonstrated through the small 

bands of parenchyma cells visible as wave-like lines for samples 4 and 18, which are 

missing in the other two recordings. The vertical bands, containing some high gray values, 

are wood rays traversing the sample that therefore can be easily identified. High gray 

values are visible in areas where the walls of the ray cells are completely cut. This indicate 

a higher absorption (through density-differences) or phase effects.  

Samples 4 and 18 both show regions with smaller vessel diameters, which is a clear 

indication of a year ring border. In Beech 18 two such regions are found. 

Due to the higher resolution and therefore smaller FoV, only a part of the border is visible 

in both sample 4 and 18, while the rest of the cross section is missing. The processing 

quality at the visible boarders of beech samples 4, 18 and 3 shows smaller cracks 

remaining close to the border. For sample 7, larger parts parallel to the surface are 

splintered but still connected to the inner surface.  

Looking at the weight of the complete sample (Table 15), a negligible difference is found 

for Samples 3-7, while 18 has a higher mass. The values are similar for 3 and 7, while the 

missing part of the cross section for 4 and 18 leads to a lower magnitude for the area. 

Overall, the samples are similar in structure regarding the macroscopic values.  

Table 15: Results of mechanical testing, weight and smallest cross sectional area for all European 

beech samples 

Beech 3 Beech 4 Beech 7 Beech 18 

Weight (g) 0.049 0.051 0.050 0.055 

Area (mm
2
) 1.94 1.67 1.91 1.86 

Compressive Strength (N/mm
2
) 67.7 88.5 78.0 87.6 

Strain (%) 8.7 7.5 7.5 8.7 
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Figure 97: Cross section of all European beech samples. Samples 3 and 7 were recorded with a 4x 

objective and samples 4 and 18 with a 10x objective 

For HW, the area was determined with the method used for SW. The strength values 

(Table 15) for 4 and 18 are higher than for the two samples 3 and 7, recorded with the 4x 

objective, because part of the area lies outside the FoV. Although sample 7 has a greater 

amount of pre-damage, induced in the production, the compressive strength is 15% higher 

than for sample 3. For samples 3 and 18 the recorded strain is identical. The values for 

samples 4 and 7 are similar and exhibit a lower deformation than samples 3 and 18.  

Beech 4 shows a steeper stress-strain curve than all other samples after a negligible 

increase of stress in the first step in the recorded stress-strain curves (Figure 98), probably 

due to alignment and fixation. For Beech 7, a change in the curve slope can be seen after 

the second step.  
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Figure 98: Stress-strain curves for Beech 3, 4, 7 and 18 

The magnitude of relaxation (Figure 99) differs significantly among the specimens. Sample 

4 and 18 show the greatest degree of relaxation before reaching the compressive strength. 

Relaxation for samples 3 and 7 is nearly identical at high stresses, while the value for 

Beech 18 is close to that of Beech 4. For samples 3, 4 and 18, the value with the highest 

relaxation equals the last loading step done after reaching the ultimate strength and before 

the final tomography. This last step was not performed while loading sample 4 and 

explains the differences in curves.  

Figure 99: Rate of stress relaxation in relation to the stress at the start of the relaxation period for 

beech 
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For beech, the first plastic deformations seen in the tomograms precede significant changes 

in the stress-strain curve. This happens far later than for SW with the exception of Fir 3 

that was composed mostly of LW. For Beech 3 the first plastic deformations were 

identified after the 6
th

 step, for Beech 4 and Beech 7 after the 5
th

 step. Finally, Beech 18

had the latest visible changes, encountered after the 7
th

 step.

Further sample analysis was performed through identification of area and density in 

subsequent tomoslices, equivalent to the method used for SW. Similarly, the last 

tomography is indicated by using a slash-dot line. This is sufficient, because of the steady 

change of the plots for all samples except for Beech 4, where a deviation is seen in step 3, 

possibly due to larger inaccuracies in the reconstruction. To identify possible changes of 

the sample due to deformations, plots of the area, pixel count and density are shown in 

Figure 100 for Beech 3. All curves are plotted over the complete length of the sample in 

the FoV, while a slash-dot line indicates the values of the last tomography.  

A change of the position of the curve can be seen in the area- and pixel-graph. The area has 

a greater impact on position for values beyond slice 600, showing the overall-compression 

of the sample. The density of the sample remained relatively stable for all tomographies, 

except at the borders of the FoV, where the recording quality is lowered. For recordings 

done with the 10x objective, the sample is not completely inside the FoV and the area will 

be further reduced through slight movement during loading, consequently changing the 

values without deformation. Therefore, for beech, it is important to consider both area and 

density values.  

Figure 100: Area, count of pixels of material in the area and the relative density (porosity) for sample 

3; slash-dot line equals values for the last tomography 

For Beech 3 and 7, the samples’ shape and the position of the samples are reflected in the 

area of the tomography depicted over all slices (Figure 101). For Beech 4, the lower 

percentage of area leads to a higher inaccuracy in the first tomography (seen as an 

increased area for the first half of the sample), while 18 shows a higher compliance of the 

values. Because of the change of position and curve, the compression of the sample can be 

clearly seen in the graphs of Beech 3 and 7 with increasing load. Meanwhile, 4 shows a 

nearly constant area up to the last tomography, where a significant peak is visible. Beech 
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18 too, has a nearly constant area, changing with the second-to-last tomography, done after 

reaching the compressive strength.  

Figure 101: Area of hardwood samples, shown for all tomograms. Slash-dot line equals values for the 

last tomography and the end of a steady development 

Figure 102: Relative density (percentage of pixels/area) of all samples, shown for all tomograms. A 

slash-dot line equals values for the last tomography 

The relative densities are shown in Figure 102: The density of all slices is nearly constant 

for all samples, with the exception of Beech 18, which shows the highest density of all 

samples and a peak at the last tomography. This indicates a densification process. 
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For a further evaluation of all tomographies, various reconstructions were done and 

evaluated. 

Figure 103: Reconstruction of the surface for the final tomography of Beech 3 

A reconstruction of the outside of the sample is shown in Figure 103. The structure of the 

sample is clearly visible, while identification of the deformation zone is only possible 

when splintering occurs. Artifacts perpendicular to the surface that match the direction of 

wood rays are visible.  

In Figure 104, the vessel network (equivalent to the lumen shown in Figure 75) of all 

beech-samples was isolated for a section. For this, after using a combination of individual 

morphological operations, connected regions spanning from top to bottom were identified. 

Due to the low image quality for the broader wood rays (e.g. for Beech 3), they can only be 

seen as a semi-uniform mass running perpendicular to the vessels. The vessels of all 

samples run nearly parallel to the loading direction and perforation plates of vessels can be 

identified for tomographies recorded with low and high resolution (indicated by arrows). 

Beech 18 has the lowest pore concentration in this reconstruction, which is consistent with 

the high density shown in Figure 102. 
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Figure 104: Vessel network for all beech samples 

Furthermore, it is possible to show the deformation of the vessel network and wood rays by 

visualizing the lumen of the vessels. An example can be seen in Figure 105, showing 

Beech 3 at different stages of compression. The isolation and operations were chosen to 

preserve a high amount of elements. Figure 105.1-2a) depicts the network at the initial 

stage. After Step 7 (Figure 105.2a) the sample is visibly deformed through bending - or 

buckling - as the main mechanism. The vessel network was still partly intact, while the 

main failure area traversed the largest wood ray. Vessels surrounding the wood ray were 

shifted but the upper and lower end were still largely connected. In 2b) the wood ray was 

mainly shifted, while the final step (3b) shows serious bending and a large deformation of 

all vessels, especially above the failure area. Furthermore, the diameter of the sample 

increased in the upper part of the sample. Most vessels show a large deformation, but still 

remained partly opened. 
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Figure 105: Deformation of vessel network for Beech 3: a) front-view, b) back-view. 1) Initial State, 2) 

after step 7 and 3) after step 8 

With an increase of the closing radius in the procedure used for softwood samples, the first 

deformation zone can be identified. In Figure 106, the equivalent to Figure 105, an 

isolation of the vessel cell walls instead of their lumens was executed. Here, a larger 

increase of deformation is seen from steps 7 to 8, as well as the buckling of the vessels. 

Overall, the failure line has an angle of about 30° in the tangential direction, with no 

inclination in the radial direction. This is similar to the failure developed in the latewood 

regions of the softwood samples. 
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Figure 106: Comparison of the vessel network of Beech 3 after the initial step and subsequent steps 

after the 5
th

 step 

Figure 107 shows the equivalent network for Beech 7 and Beech 18, with a similar failure 

area. Additionally, for Beech 7 the perforations of the vessels are still visible through a 

slight change of the shape of the vessels. Differing from Beech 3 and 18, many vessels of 

Beech 7 are still connected and relatively unchanged. 

Figure 107: Vessel network of Beech 7 and Beech 18 after final loading step 
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Equal to the procedure done for SW, the last tomography without visible failure and the 

first with visible failure are associated to their respective loading forces (Table 16). The 

percentage is far higher for all samples than for SW, close to the maximum strength. A 

reason for this could be that the buckling processes start earlier but are not easily 

identified. 

Table 16: Percentage of strength in relation to Fmax at the last tomography showing no damage and the 

first to show failure 

Beech 3 Beech 4 Beech 7 Beech 18 

No failure 0.83 Fmax 0.66 Fmax 0.92 Fmax 0.89 Fmax 

Failure 0.93 Fmax 0.87 Fmax 0.98 Fmax 0.98 Fmax 

To further verify and identify deformations, cuts through equivalent areas at the same 

position in the tomography were made for Beech 3. This is shown in Figure 108. In the 

initial tomography, pre-damage due to sample preparation is seen as rupture in the upper 

right corner. This crack is unchanged until step 5, when it starts to widen. Prior to this, the 

pores near the lower left border start to deform and the scalariform perforations and pit 

fields between them collapse in the subsequent steps. Starting with step 6, main 

deformations can be identified as buckling in fibers, between connected vessels and a 

slight bending of the wood rays in the tangential view. Following this, the higher amount 

of reconstruction artifacts shows a strong degree of movement of the sample, but a 

deformation following a main angle of approximately 30° to the cross section can be 

clearly seen. This is similar to the angle shown in Figure 106. In the final step, the failure 

area broadens and the sample slips along the failure area, while the upper and lower parts 

maintain the original alignment of the vessel-network. A similar behavior of the structure 

surrounding a massive wood ray can be observed for all samples. 
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Figure 108: Complete set of tomographies of a radial view for Beech 3, starting with a tomography at 

the initial state 

The observed angle of the failure area observed in the radial view is similar for all 

specimens. The radial section of Beech 4 and 7 (Figure 109) shows the typical bending 

deformation at equivalent steps. For Beech 4 the deformation is further developed and 

branches into two failure lines with equal angles of approximately 23° to the horizontal, 

while failure line at an angle of 28° started in Beech 7.  

In the cuts and tomograms, the behavior of wood rays can be observed: The failure area 

crosses smaller wood rays, causing a homogenous deformation of singularly compressed 

ray cells. This behavior was observed for all HW samples used in the experiments.  
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Figure 109: Deformation line in the radial section with an angle after Step 6 for Beech 4 and 7 

Beech 18 exhibits a different behavior in the tangential section. In the tomography after 

Step 6 (Figure 110) no visible deformation could be found. In the following step, the 

bending and tilting of the wood ray leads to a change of the position of elements. 

Furthermore, fibers (indicated with an arrow in Figure 110) are compressed, leading to a 

column-like structure in the tangential view. Singular ray cells are compressed close to the 

columns. After the load increase, the ray position further changes (seen through a change 

of the structure). The height of the columns is reduced, but the initial failure - a nearly 

horizontal failure line - is broadened through an increasing deformation of ray cells and 

fibers. This is a densification of the sample at a nearly horizontal line and explains the 

density peak found in the density plots in Figure 102 for Beech 18. 

Figure 110: Deformation in the vicinity of a wood ray in Beech 18, starting with the tomography after 

step 6 with no visible deformations, leading to deformations during steps 7 and 8 

Two examples for deformation lines found in singular wood elements are shown in Figure 

111. Fibers are mainly deformed through a buckling mechanism, similarly described for 

LW cells for SW in 5.2. Because they are connected to the surrounding tissue, walls near 

vessels are equally deformed if they are further loaded. The beginning of the deformation 

in the vessel wall can be identified as a ripple. 
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Figure 111: Deformation of different elements: a) fiber and b) vessel-wall 

The deformation of a single isolated vessel, which is cut to show the inside, is shown in 

Figure 112 for Beech 3. Up to step 5 no change was found. In step 6 a minor deformation 

in the lower part that further bends during the two subsequent steps is visible. As described 

above, the upper and lower part of the vessel still maintained the structure and alignment.  

Figure 112: Deformation of a vessel for Beech 3, starting at the initial tomography to the final state. 
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5.4 Synthesis 

Overall, the results for of the mechanical experiments at the TOMCAT beamline of both 

SW and HW match the results gained in the external pre-tests and prove the reproducibility 

at different test conditions. Tomographies of samples in the initial and loaded state were 

successfully obtained with a digital resolution of 1.85 and 0.75 µm. The cleaning process 

allowed an isolation and observation of plastic failure mechanisms for all samples. In all 

tomograms, the main failure area was identified in the FoV, which further proves the 

applicability of the chosen sample geometry. 

Due to the larger amount of cellular material and higher stiffness, the dominating process 

for HW and LW cells in SW was buckling, leading to a failure area with an angle between 

20-40° to the cross section in the radial direction, spanning horizontally in the tangential 

direction. For HW this is in accordance with the values of 30-45° found by [11]. This is 

equivalent to the slipping plane found in compression, where wood is deformed 

perpendicular to the loading direction. For SW, the failure area usually showed a stepwise 

geometry, without changing slopes.  

In accordance to literature, two main failure processes could be identified in the tested 

samples for HW and SW: buckling (mainly LW) and shortening of the elements (mainly 

SW) [10]. For EW cells in SW, the deformation of tracheids consisted of cell shortening 

with or without a translation of the upper against the lower part. Multiple failure planes 

were found crossing at different heights, once the load was increased. Similar to the 

expectation after analyzing the failure planes, HW and LW in SW tended to buckle. Small 

deformations (crinkling) of the cell walls indicated the initialization of the deformations. 

Bordered pits were partly circumvented and partly deformed or crushed by the failure line, 

similar to the images that can be found in [188]. 

Wood rays showed a similar behavior for both SW and HW with buckling and a 

compression of single ray cells. Large wood rays in beech had a slight stabilizing effect 

and slowed the failure line because of the large mass that had to be deformed in buckling.  

Due to the high influence of the surrounding carbon fiber tube and ongoing relaxation 

effects, the quality of the tomograms was lowered, especially for the broad wood rays in 

beech. Therefore a possible cracking and deformation in the broad but thin-walled wood 

rays could not be observed for hardwood. 

Initialization of failure mostly originated in growth ring borders or the surface, and a 

connection of a failure area to the surface was always found. Depending on the structure, 

one or more secondary failure lines and areas, partly interconnected to the other areas, 

developed. In some cases the final failure area was generated by failure lines developing 

after the initial failure line, without contribution of the initial failure line. The initial failure 



129 

area did not always correspond with the strongest failure line and the information of the 

first failure line is insufficient to describe the failure area of the sample. 

For SW, the pixel-density calculated by analyzing the tomoslices, allowed the 

determination of the failure area. This was possible because of the progressing 

densification happening in all SW samples. Only one HW sample showed late 

densification processes that could be observed in the obtained images, leading to 

insufficient identification. Because buckling was the main failure process for the SW-

sample built of LW, the pixel-density curves showed a relatively late and low onset of 

densification. For SW, the pixel-density successfully reflected the differences in density 

observed in the cross-sections. For hardwood, the failure area could be identified by 

closing the vessels and cutting off the closed parts of the vessels.  

Overall, for the first time, the start of the plastic deformation of wood cells under 

compressive load inside the cellular matrix was observed. 
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6 Deformation of wood under tension – combining 

synchrotron tomography and acoustic emission 

6.1 Material and methods 

Experimental procedure 

In the experiments executed for this section, synchrotron tomography and AE were 

combined. Samples were made of clear spruce wood and the geometry described in 4.2 

was used: equivalent to Figure 59a) one for each loading direction (parallel and 

perpendicular to the fiber). To further enhance the probability of failure in the RoI, a small 

notch was induced in the center of both analyzed samples. Finally the samples were glued 

into the sample holders with epoxy resin. A sensor unit consisting of two miniature 

piezoelectric AE sensors (Type M31 (Fuji Ceramics Corp., Japan), frequency range 300-

800 kHz, peak frequency 750 kHz) with a diameter of 3 mm was used to monitor AE 

signals, coupled below and above the volume of interest on the same side of the specimen 

with silicon free glycerin and fixed by specifically designed holders (see Figure 24). The 

AE measurement was performed by an AMSY 6 data acquisition system (Vallen Systems 

GmbH, Germany) with a waveform sampling rate of 10 MHz. To minimize noise, the 

noise threshold was set to 33.2 dBAE. Surrounding the samples, a cylindrical tube made 

from PMMA with a compressive strength of 110 N/mm
2
, was used in the three-part system

as an X-ray transparent material (see 3.2.2). It was chosen to minimize the influence on 

image acquisition because of its lower absorption and more homogenous structure.  

In accordance to the procedure described in Section 3.3, the mechanical tensile testing was 

performed displacement controlled. The loading rate was 0.002 mm/s for the radial sample 

and 0.02 mm/s for longitudinal testing. Different loadings rates were chosen to ensure 

failure of the sample and to exclude a possible creep of the fixing glue at low speeds and 

high forces. After preloading, an initial tomography of the sample was done. After each 

acquisition of a tomography, the load was increased in discretized steps that were 

separately pre-calculated for longitudinal and radial loading. Relaxation effects comparable 

to the compression tests were seen. To minimize their impact on the tomograms, a waiting 

time between 30 seconds and 2 minutes was allowed before starting the recording.  
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The tomograms were acquired in phase contrast mode at 20 keV. The reconstruction was 

performed using a Pagan-algorithm. Each tomography consisted of 1501 projections, 32 

dark field projections and 150 flats before and after the main recording, with an exposure 

time of 70 ms. The recording time for a tomography was approximately 20 min. 

Projections were recorded with a 2048x2048 pixels
2
 CCD camera, whereas the height of

the visible synchrotron ray limited the recordings to 1565 pixels. A 4x objective led to a 

digital resolution of 1.83x1.83 µm
2
 and an effective lateral resolution of 7.2 µm.

The climate in the experimental chamber was 25°C with 22 % relative humidity, and the 

samples were stored in the chamber throughout the experiments to ensure equilibrium MC.  

For the evaluation of the acoustic signals, the energy levels (integral of the square 

waveform) were calculated. This provided more descriptive statistics than the peak 

amplitude of the waveform. Additionally, shown by [189], energy levels lead to a higher 

weighing of high-amplitude events.  

Image processing 

The image processing steps used were similar to those in the pre-tests for the compression 

samples. The cross-sectional area, the amount of pixels and the pixel density were 

determined with a global threshold. Due to the differences in maximum gray values for 

EW and LW, a threshold preserving EW structures was chosen, leading to a higher 

material pixel-percentage in LW. This was possible because of the different set-up and 

tube than that used in the compression tests. The deformation regions were determined 

from the graphs of pixel-density and cross-section area. To show the crack, the part above 

the radially tensioned sample was isolated with a combination of erode-operations with 

different morphological objects (disks and lines with two angles). For a few slices, strong 

bridges between the upper and lower part of the fractured sample could not be eliminated 

automatically and were therefore manually removed. Afterwards, morphological close-

operations were used to determine the original area of the sample.  

6.2 Results 

For both samples, the initial tomograms acquired with phase contrast tomography show 

sufficient resolution and large gray level differences between EW and LW regions (Figure 

113). The structures shown in the cross section are similar for both samples, consisting of 

two year rings each. The upper year ring of the longitudinal sample, displayed in Figure 

113 a), is broader than the lower one. In the radial sample, a marker (lighter spot in the 

middle) indicates the position of the incision, which is oriented in the radial direction. A 
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longitudinal resin channel can be seen directly below the incision. In both tomograms the 

surface quality of the samples can be analyzed. Due to the production method, a slightly 

uneven surface on two sides was induced. Additionally, the year rings of the radial sample 

have a slight angle with respect to the loading direction. 

Figure 113: Cross section of the longitudinal (a) and radial (b) sample, generated from tomograms. 

Loading direction for a) is in the L-direction and the R-direction for b). 

After the initial tomography (Figure 113), 5 subsequent steps and 4 tomograms were 

acquired for longitudinal loading, with the tomography for the last step missing due to an 

abrupt failure. The failure led to an unwanted expulsion of the sample from the 

experimental setup. For the radial testing, 3 subsequent steps and a tomography showing 

the sample after failure were recorded.  

All results of the mechanical testing are listed in Table 17. 

Table 17: Results of mechanical testing for radial and longitudinal sample under tensile load 

area [mm
2
]

loading rate 

[mm/s] 

max. force 

[N] 

tensile strength 

[N/mm
2
]

strain 

[%] 

longitudinal 3.54 0.02 345 97.6 2.7 

radial 4.48 0.002 21 4.7 0.6 

The values for the longitudinal and radial tensile strength are in agreement with values 

found in literature (see Table 4), but are in the upper range. For the longitudinal tests, a 

higher velocity was chosen to ensure breakage and eliminate the possibility of creep effects 

in the fixing glue. Due to the gluing, the sample geometry and the machine dependent 

strain increase, the strain values are higher than expected. 

The loading modes were analyzed separately due to the difference between them. 
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Longitudinal tensile loading 

Due to the large scatter among the energy values of the AE signals, they were plotted in 

both linear scale (Figure 114, left) and logarithmic scale (Figure 114, right). In this 

example, signals for the last step are missing because of a failure of the sensors. In every 

subsequent loading step, signals were recorded during the loading of the sample. Signals 

due to the movement of the table during recording of the tomograms were eliminated with 

the help of two guard sensors mounted on the rotation table. 

During the mechanical test, AE events were detected starting at the end of the first loading 

step (Figure 114). At the linear scale, only a difference between the highest signals and the 

low signals can be found. Therefore, the logarithmic scale is used to analyze signals during 

the single steps. At low stresses, AE signals seem to occur sporadically, while at step 4, a 

discrete accumulation in AE signals of various energies can be observed (Figure 115). 

During the second loading step (Figure 115), the signals showed a lower energy and were 

recorded during the complete step. In the third step, the signals were more concentrated 

during the middle of the loading cycle (at a stress of approximately 60% Fmax). In the 

following step, the signals reach the highest energies at a stress of approximately 80% 

Fmax, as well as the highest rate of events. Since the AE energy is influenced by the 

underlying damage processes and the originating damage region, the increased variation in 

the AE energy per signal is a possible indication of the simultaneous occurrence of various 

types of damage mechanisms. The high energies at the end indicate large-scale failure 

mechanisms, like macroscopic fissures. During rupture of the sample, the generated 

energies could have been even higher, but the data is missing.  

Figure 114: Stress-strain curve and energy values of the monitored acoustic emission signals for 

longitudinal loading: a) with linear scale, b) with logarithmic scale; e.u. energy unit = 10
-14

V
2
s 
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Figure 115: Acoustic signals for load steps 2, 3 and 4 of longitudinal loading, plotted on a logarithmic 

scale together with the stress-strain curve 

The increasing variation in AE energy for successive loading steps correlates with the plots 

of the pixel density and area of the specimen, which were determined through tomographic 

reconstructions (Figure 116). Because of the successive change of the curves, only the last 

recorded tomography is indicated. A difference of 38% in the area and 17% in the density 

can be identified along the first 150 slices. A small inclusion (3% decrease of area) is 

observed around slice 600. Overall, the rest of the area is nearly constant for all 

tomograms, indicating only smaller scale structural changes. The movement of the density 

peaks indicates tensile deformation in the sample.  

Figure 116: Pixel-density and area plotted for all slices for longitudinal loading, values determined in 

the tomograms; last tomography plotted with a dash-dot line 

A reconstruction of the last tomography for the longitudinal sample further accentuates this 

behavior. In Figure 117, a 3D reconstruction of the sample is presented. Figure 117a) 

shows a separated wood piece parallel to the loading direction. This element was partly 

eliminated through the morphological operations used to determine the area and therefore 

lead to a change in density and area in Figure 116. On the opposite side of the sample 

(Figure 117b), a crack in the sample can be seen on the outside that traverses further inside 

(Figure 117c).  
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Differences in the propagation of the crack around different wood structures can be 

observed in the tomography: As described in literature ([13]), the crack circumvented 

bordered pits instead of traversing them (Figure 118a). Additionally, a slight cracking, 

starting from the notch and unconnected to the larger crack traversing the surface (Figure 

117b), can be seen (Figure 118a) and c)). A typical stepwise pattern of the crack in the 

tracheids is shown in Figure 118b). Overall, the fissures shown in Figure 118a-c are not 

connected and only found in the EW regions. Contrary to the stepwise failure found for 

tracheids, most wood rays were traversed relatively linear through the wood ray cells 

(Figure 118c). The resin channel found in the crack path is broken through the center 

(Figure 118d). The reason for this could be pre-damaging through the sample production 

process or the behavior of the structural element.  

Figure 117: 3D reconstruction of the last tomography of the longitudinal sample on the side (a) and 90° 

rotated (b), and a slice further inside (c) but parallel to (b) 
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Figure 118: Crack propagation at specific structures: a) around bordered pits and notch, b) in 

tracheids, c) wood rays and d) a resin channel. 

Looking at two subsequent tomograms – acquired before and after the highest AE signals 

(after the 3
rd

 and the 4
th

 step) – a development can be seen: In the previous step (Figure

119a), no visible cracking was found, but visible cracking can be seen in the tomography 

following the high AE signals (Figure 119b). 
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Figure 119: Failure development shown through at radial slices with inverted colors at the same 

position after the 3
rd

 loading step (a) and the 4
th

 loading step (b) 

Overall, the results for the longitudinal testing show a correlation of the failure occurrences 

observed with AE and with synchrotron tomography. Failure visible in the tomographic 

reconstructions developed at about 80% Fmax and differences in the crack propagation 

behavior could be observed at different structures.  

Since only one sample was tested, the results are limited and further experiments are 

necessary to verify them. 

Radial tensile loading 

Contrary to longitudinal loading, significant AE signals could only be observed shortly 

before rupture of the sample at Fmax. Compared to the longitudinal sample (Figure 114), 

more signals with a higher energy rate were recorded (Figure 120). That can be partly 

explained by the missing signals for the last step for the longitudinal testing. 

This signal-behavior is reflected in the variation of pixel-density and area (Figure 121) that 

is more pronounced. For all tomographies, with the exception of the final one, the area is 

nearly identical, while the area after the fracture shows a large drop and shift of the values 

to the outside, indicating movement of a part of the sample in the loading direction (Figure 

121, right). Between the two LW zones in the density plot (Figure 121, left), visible as 

peaks in the density, the fracture is seen in the EW zone a few slices beyond the lowest 

density region and closer to the year ring with a lower density. Overall, both plots 

consistently show the fracture region.  
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Figure 120: Stress-strain curve and energy values of the monitored acoustic emission signals for 

radial loading plotted with logarithmic scale 

Figure 121: Pixel-density and area plotted for all slices for radial loading, values determined in the 

tomograms; last tomography plotted with a slash-dot line 

The behavior found in the AE and in the density plots is reflected in the 3D tomographic 

reconstruction (Figure 122). A crack is clearly visible, traversing the marker and lying 

above the longitudinal resin channel. In Figure 122a) multiple bridging effects connecting 

the top and bottom parts can be seen. By isolating the bottom part of the sample, the 

fracture zone can be completely identified. No LW cells were included in the rupture and 

the fracture is 4-15 cells above the LW zone. With this reconstruction it was confirmed that 

the singular resin channel was not part of the fracture region. Starting from the right, the 

fracture traverses the sample in the first half roughly parallel to the year ring, followed by a 

path change. Overall the fracture path shows a variable slope with various changes of 

directions and angles running roughly perpendicular to the loading direction.  



Deformation of wood under tension – combining synchrotron tomography and acoustic emission 

140 

Figure 122: 3D reconstruction of broken radial spruce sample. Front (a) of both halves connected 

through fibers, back (b) isolated to show the crack. 

By isolating small parts of the complete fracture zone shown in Figure 122b), the three 

main rupture mechanisms can be identified: fiber bridging is easily visible and mainly 

encountered when the fracture runs in the loading direction (Figure 123a, c). There, 

intrawall or intercell fracture is found as well (see Figure 123a-d). Both failures leave the 

lumen intact, therefore they cannot be distinguished with the available resolution. 

Transwall failure with an opening of the lumen is shown in Figure 123b, c). 

The fiber bridging seen in Figure 122 and Figure 123 mainly consists of tracheids 

connected to different parts on two alternating sides. They heavily bend. As can be seen in 

Figure 124b), always more than one tracheid is included in a fiber bundle for fiber bridging 

(Figure 124a)). In the sample, multiple fiber bridging events were observed (Figure 122). 
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Figure 123: Isolated parts of the crack surface, showing different failure mechanisms: fiber bridging 

(a), (c), transwall failure (b)-(c) and intrawall/-cell failure (c)-(d) 

One bridging that traversed a wood ray on the surface could be found in the sample. It is 

shown in Figure 125a. A wood ray was traversed and the crack terminated close to the 

border of wood ray to surrounding tissue. This indicates a possible influence of the change 

of density at the surface of a wood ray on the bridging behavior and therefore on the 

loading direction. Typically, wood rays were traversed linearly without a change of 

direction of the rupture (Figure 125b), either offering no resistance or because of a higher 

strength and therefore delayed and abrupt failure. The included radial resin channel was 

similarly traversed.  

Figure 124: Fiber bridging of a section (a) and isolated (b) 
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Figure 125: Failure behavior for wood rays (a)-(b) and radial resin channels (b) 

6.3 Synthesis 

Visible failure could be observed in the tomograms with an effective lateral resolution of 

7.3x7.3 µm
2
/pixel. The significant difference between radial and longitudinal loading

failure mechanisms was reflected in the AE emission. AE started early (at 20% Fmax) for 

longitudinal load and this failure was apparent in the tomograms. Because AE emission 

started earlier than failure events were visible in the tomograms, mechanisms below the 

resolution, like microcracking or friction, may have occured. A vast majority of signals in 

radial loading were emitted shortly before or during cracking. Likewise, no rupture was 

visible in radial loading before the sample was broken.  

Representative failure modes identified in literature: Intracellular and Intercellular ([13, 

67]) could be observed for both loading modes. For longitudinal loading, mostly TW 

failure occurred with a stepwise cracking pattern with a nearly horizontal midline. Two 

unconnected failure regions appeared at the tomography at 80% Fmax. Radial loading 

showed transwall and intrawall/ intercell failure (Figure 123), as well as a significant 

amount of fiber bridging. For both loading directions, the rupture was found in the weaker 

EW zones. Resin channels and wood rays did not show significant crack resistance for 

longitudinal loading. A longitudinal resin channel in radial loading was circumvented, 

while a radial resin channel was traversed. Bordered pits seem to not be included in the 

fracture in longitudinal loading, but the resolution is insufficient for a detailed analysis.  

Overall, all results show the feasible applicability of synchrotron micro-tomography for the 

investigation of fracture processes during tensile loading and the simultaneous usability of 

AE in wood. This combination allows monitoring and controlled stopping to record 

tomographies close to the occurrence of damage, and the possibility to classify different 

types of failure with AE signals.  
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7 Summary and conclusion 

This thesis focused on producing the means to observe the deformation of wood cells in 

tissue unaffected by preparation on a microscopic scale. The framework was introduced to 

facilitate qualitative and quantitative 3D in-situ observation of the response of wood to 

increasing load. A testing device was designed and constructed to enable the investigation 

of different loading modes, fiber-load-angles and sample geometries. Moreover, an 

experimental setup was designed to combine in-situ imaging and the acoustic emission 

(AE) monitoring of structural changes within a loaded wood sample. Three size effect 

theories were applied to wood – one for the first time for wood - and the possible influence 

of a size effect in compression was demonstrated for the selected sample geometry. For the 

first time, the increasing deformation and the impact of the tissue structure on failure 

mechanisms were studied with the testing device for compression and tension in-situ. All 

encountered failure types and a mixture of failure types not clearly described in literature, 

were recorded from the undamaged to the deformed tissue, subsequently described and 

assessed qualitatively. Single structural elements were isolated and observed purely by 

image processing without mechanical destruction of the surrounding tissue. With this, the 

deformation of single elements could be calculated and it would be possible to compare 

similarly isolated structures to FE simulations (e.g. like in [190]). Additionally, to the 

knowledge of the author, for the first time, 3D failure areas and their development were 

shown and partly quantified with pixel-density plots. This lead to affirmation of failure 

mechanisms found in literature, but it was also demonstrated that the information of a 

single slice or the information of a single deformation step is insufficient to calculate the 

failure area to occur. A categorization of failure mechanisms to respective structures was 

done in this work. 

Overall, this work introduced the necessary concepts and means to obtain information of 

the spatial deformation of samples over time due to load progress. Also, the feasibility of 

an isolation of single structural elements was demonstrated. Furthermore, a quantification 

and automatic identification of densification areas in softwood was developed. Due to the 

limited amount of samples tested and the large structural differences found within these, a 

generalization was not possible. Additionally, the multitude of different failure 

mechanisms occurring parallel to each other found within one sample hampered 

automation. To deepen the understanding and enable quantification, further studies are 

suggested (see Chapter 8). With the data gained, a better understanding of the development 

of plastic deformation and the correction of models would be possible.  
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Non-tomographic experiments 

The designed modular testing device was constructed to combine in-situ loading, 

synchrotron micro-tomography and acoustic emission. In preliminary experiments, three 

sample geometries were tested. Despite the inhomogeneity of wood, the most suitable 

sample shape is a hyperboloid structure, providing a high probability of failure in the field 

of view. In spite of the differences in stress-strain curves measured by cross beam distance 

(complete length of sample) or video extensometry / VIC (small length) for enlarged 

samples, the overall strain of the sample was similar at reaching compressive strength. 

However, a higher compliance of the strain values to the sample sizes was seen for strain 

monitored by cross beam. As expected, but not clearly determined in literature ([99, 100]), 

a possible small size effect was observed for the sample geometry. Among the three 

applied size effect theories, “weakest link”, “size effect law” and “multifractal scaling 

law”, the latter one never used for wood before, the size effect law was most suited for the 

experimental data and showed the highest compliance for the values. Additionally, the 

expected dependence of strength on density and of the strain distribution due to the 

mesoscopic structure (growth rings) was found for the tested sample shape. Wood samples 

of representative species (European beech, Norway spruce and White fir) were tested in 

both tension and compression. All samples failed within the field of view, further attesting 

the applicability of the geometry. Specific damage mechanisms, also found in literature, 

could be identified. The results show that the set-up and methods can be successfully used 

to investigate the damage progress in wood under compression and tension.  

Tomography 

The tomographic in-situ microscopies provide information on the deformation of the 

sample during increasing load. These methods guarantee a detection of failure areas 

developing in slices without preparation artifacts in the center and the actual distribution of 

the complete failure area can be reconstructed. A direct influence of the structure and 

density on the compressive strength and the failure mechanisms was found, as stated in 

literature [7]. 

Failure lines in earlywood are not necessarily connected among each other during the 

failure initialization stage and thus develop more or less individually. For each sample, 

once the damage is initiated, at least a part of the newly introduced failure line was 

connected to the pre-damaged tracheids located on the surface shell of the sample. This 

pre-damage was caused during machining of the sample shape. Comparing all tested 

samples, a larger pre-damage found in one sample had no apparent effect on the 
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compressive strength. However, in the latter case, phenomena introducing the telescopic 

shortening (shortening of cells without translation of upper against lower end) set on at 

earlier load stages.  

The formation of failure lines was not linear: Initial failure lines, dominant at lower load 

stages, were not inherently part of the ultimate slipping plane and the failure distribution 

through the sample depended heavily on the structure. Therefore a single slice or a cut at a 

loading stage in the beginning of failure is insufficient for an evaluation of the final failure 

– which is the predominant version of observation in literature. The width and position of

failure areas were successfully identified and quantified in softwoods through the 

densification, while quantification for hardwoods was not possible due to the dominating 

buckling effect. Despite that, the slipping plane could be isolated for beech through the use 

of morphological operations. For both latewood in softwood and in hardwood, the failure 

plane is oriented at an angle of 20°-40° to the horizontal plane (normal to the load 

direction). The gradient of the failure plane is formed in the tangential direction but with 

no inclination in the radial direction, which is in the range found by [10, 11]. This 

highlights a similar function for the respective stabilizing material structures in hardwood 

and the latewood of softwood. Contrary to this behavior, earlywood in softwood showed a 

stepwise failure area.  

The encountered failure mechanisms depend on the cellular structure of wood and the 

mechanisms found in literature represent various states of the failure development, while a 

mixture of failure types was also possible. The most relevant structures, dominating failure 

in the longitudinal direction, are tracheids in softwood and fibers in hardwood. In 

earlywood, the predominant failure mechanism typically is telescopic shortening; a 

shortening without translation of upper against lower end. The predominant failure 

mechanism for latewood in softwoods and hardwood is buckling, leading to a translation of 

upper against lower end. The similarities between these two materials are further reflected 

in the monitored stress-strain curves and in the compressive strength. Wood rays buckle, 

regardless of the surrounding structure, and single ray cells along the failure line are 

deformed and subsequently crushed. Broader wood rays, found in beech, seem to reduce 

the magnitude of the failure area during passage and could therefore be a strengthening or 

deflecting element in longitudinal loading. Resin channels found in the samples, are 

ultimately deformed. The deformation of bordered pits is possible with this method, even 

under heavy load. Bordered pits seem to not act as strengthening elements and can be 

equally deformed or split in the failure area.  

The plastic deformation in tracheids can shift to a different position for connected tracheids 

at higher loads. Tracheids with multiple failure events tilt in the area between the failures 

with increasing compression, but this behavior was only found for earlywood in softwood. 
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All failure types seem to originate from a slight rippling of the cell wall that was found for 

hardwood and softwood. Because of the complete structure and the larger sample size, it 

was possible to observe the behavior at year rings. The steep difference in structure leads 

to a split of failure mechanisms and to border-effects along the year ring. Growth rings act 

like a surface, hindering failure lines from progressing. 

For tracheids and vessels, the reconstruction-quality was not significantly influenced by 

ongoing relaxation effects or by the surrounding carbon fiber tube, while reconstruction 

failures in broad wood rays were common. A possible quantification of deformation effects 

in subsequent studies and analyses is feasible for vessels and tracheids, as demonstrated by 

the isolation of single elements and the calculation of deformations and tilting. Therefore 

shortening and tilting of tracheids or vessels can be quantified.  

Overall, by further developing studies already published, the load impact on wood at 

microscopic scale was shown for tissue with no preparation defects. The origination and 

development of compression effects in wood were observed and qualitatively described for 

intact tissue from the inside of a sample. The quality of the tomograms – especially of 

softwoods – allows for a quantification of the deformation, as shown by the manual 

measurement of the deformation of isolated tracheids.  

For the first time, X-ray computed tomography and acoustic emission were successfully 

combined for wood under tension and a correlation between acoustic emission and damage 

mechanism was demonstrated. Due to the low amount of samples, it was not possible to 

quantify the influence of the structure due the applied fiber-load-angles (radial, 

longitudinal). Additionally, the relative low lateral resolution with large differences 

between latewood and earlywood, did not allow for an observation of cracking effects a 

length-scale below the thickness of two cell walls (below 4µm). Further studies with 

higher resolutions are necessary to observe those effects and to quantify the deformation to 

link the mechanisms with the acoustic emission signals.  

In these tensile tests, the known failure mechanisms, namely transwall, intrawall/ intercell 

failure, were observed. Extensive fiber bridging was shown for radial loading of the wood 

sample. In the preliminary tension loading experiments, for loading parallel to fiber, 

acoustic emission signals were below 50% of ultimate tensile load, indicating early failure 

mechanisms. For radial loading, only signals shortly before the rupture were encountered, 

but yield higher energies. A direct connection between acoustic emissions and the 

occurrence of failure mechanisms could be identified. 

Further experiments and further continued evaluation methods of image processing would 

improve the insight on linking structural arrangement and mechanical properties. Thus, a 

larger basis for the evaluation and classification of acoustic emission signals will be 

available. 
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8 Outlook and possible future research 

The results presented in this work show methods and first results as a first step to enable 

further research. To facilitate a more comprehensive understanding of the dependence of 

the properties e.g. strain on the structure in relation to the elements and their distribution, 

further work is proposed. These possible future applications can be grouped based on the 

necessary tools:  

Digital Image Correlation 

To enhance the quality of the data for Image Correlation, cameras with a higher resolution 

have to be used. Additionally, to compare the deformation of different sides of each 

sample, an extension of the setup to fit 4 cameras would be desirable. This would provide 

information regarding differences on the opposite sides of a single sample.  

For further confirmation of the scaling effect, testing larger samples, at least 4x the original 

used, is necessary. Samples with a standardized rectangular geometry are easier and faster 

to produce, and would therefore enable a larger number of samples. Hence, comparing 

those with the rotationally symmetric samples, additionally the influence of geometry can 

be determined.  

Figure 126: Possible future research with synchrotron micro-tomography and outlook - classification 

and examples 
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Synchrotron micro-tomography 

The speed and spatial resolution of synchrotron micro tomography provide the possibility 

to record more images or enhance the quality within the allocated beamtime. Furthermore, 

the speed of the camera and further processing units determine the recording speed, while 

enhancement of the computing capacity enables the use of bigger data sets in further data 

analysis. Ongoing technological progress in this field leads to a reduced recording time 

(from 40-60 min in 2007 ([181]) for one tomography, in this work 13-20 minutes and 

currently 6 minutes for the same quality). The computing capacity is therefore subjected to 

ongoing expansion.  

As shown in this thesis, a variety of processing methods can be used to clean and analyze 

the data gained. With increasing computer capacity and more sophisticated processing 

methods, further analysis (see Figure 126) could be executed. This includes quantitative 

analysis of the deformation of single cells (similar to [15-17, 109]), the comparison with 

the deformation of the surrounding tissue and the interaction between different structural 

elements. An example for this would be the determination of deformations surrounding a 

wood ray, of tissue unconnected to the ray and the deformation of a wood ray. With this, 

the influence of the distribution and configuration of wood rays on the complete structure – 

especially loading radially and tangentially – could be quantified. A first example of a (to 

date qualitative) assessment of wood ray-distribution on failure behavior (in tension) is 

demonstrated in Figure 127. 

Figure 127: Isolated wood rays (black) found in the initial, undeformed structure, combined with the 

fracture surface of a radially tensile loaded spruce-sample (courtesy of Franziska Ritschel and Sergio 

Sanabria) 
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Because of the larger number of samples tested in tension in a companion project recently, 

a comparison of the mechanisms will be done. The crack in tension could be automatically 

determined and initial structural elements and their distribution compared to the crack. 

These examples might reveal relations in the tissue compound in a quantitative analysis of 

specific fracture processes. The results obtained by those recent experiments and the 

results gained (e.g. similar to Figure 127) will be integrated into a future thesis. 

In principle, a use of the tomograms for 3D-simulation and modelling would be possible, 

e.g. for FE-simulations.  

Further Experiments without additional developments for the testing device 

Complementary to the wood configurations tested in this thesis (softwood, hardwood with 

specific earlywood and/or latewood proportions), other structural combinations, as well as 

growth “defects”, such as compression wood, would complete the fracture characterization 

of a certain species. Furthermore, more samples with different configurations could be 

tested to broaden the range of the data. With this, comprehensive modeling of structures 

and a quantification of failure processes is conceivable for one species. Testing further 

wood species and therefore expanding the range, will allow a correlation of the distribution 

of various cellular elements with fracture and a more detailed comparison of the influences 

of specific cell element types. Glued wood may also be tested. The use of different 

velocities will allow correlations between loading velocity and micromechanical changes 

for similar wood structures. Because only spruce was tested in tension, other species 

should be investigated. Spruce samples recently tested, will be used to verify the observed 

processes and the data processing methods. Further measurements combining AE, together 

with additional sample preparation methods were performed within the frame of 

collaboration. The evaluation of this data is still ongoing. From this, further understanding 

concerning the interaction of failure behavior and AE signals may be gained.  

With additional developments for the testing device 

With a slight change of the experimental setup a multitude of further experiments is 

possible. The distribution of glue in wood after pressing has successfully been investigated 

([191]), while processes occurring during hardening such as crack development, adhesive 

distribution in the bond line and interface, and moisture induced swelling have not yet been 

observed. Therefore, a future application of in-situ mechanical testing could be the 

investigation of hardening of a glue line. Only a socket to collect excess glue from dripping 

onto the machine would have to be used. Forces necessary to press the sample 
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(0.5-1 N/mm
2
 is commonly used for wood products) could be controlled with a

programmed loop for the motor.  

A dedicated set-up for bending tests can be realized with a combination of tubes and 

stamps without a significant change in the diameter of the X-ray transparent tube. This 

would further expand the work of Forsberg [15] with additional information of the 

mechanical deformation of the samples.  

Other future concepts include research on hygromechanical effects monitored and recorded 

by synchrotron tomographic microscopy by adding a climate control unit. Work 

concerning the hygroscopic behavior of wood has been recently done in the TOMCAT 

beamline with a portable climatic chamber [17]. With a climate chamber, the range of 

possible tests would be further enhanced. Amongst others, the failure and possible 

delamination of various glues (e.g. PUR) could be observed and quantified in different 

climate conditions to simulate humidity-changes in buildings.  
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Appendix 

Figure 128: Stress-strain curves of the different sample shapes. Left: curved, middle: straight, right: 

mixed. 
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