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Preface of the Editor 

Decarbonization is actually the outstanding challenge for mankind. In the construction 

sector, production of cement and steel, transportation and the climatization of buildings 

are the main sources of CO2-emissions. New technologies to decarbonize these production 

processes are under development. Already available is the possibility to substitute 

structural concrete and steel by timber. Not only in countries where timber has had a 

long tradition as structural material but all over the world, architects and engineers have 

learned how to use timber and timber components for a wide range of structures – from 

multi-story apartment or commercial buildings to wide span halls and bridges. Timber 

is a growing material, and the trees absorb CO2. However, the natural growth of trees is 

an extremely slow process. This in combination with the fact that only a comparably 

small selection of soft-wood trees forms the resources of structural timber, leads to a 

situation where demand is higher than supply; thus, resulting in oscillating market prices. 

On the other hand, it can be observed that more and more people try to compensate for 

their carbon footprint by supporting decarbonization projects – like reforestation 

programs in different developing countries. Unfortunately, the wood species, which grow 

typically in this kind of plantations are usually not considered as a material to be used 

for structural timber. This dilemma forms the starting point for the dissertation of 

Stanley Iwuoha, in which he lays the foundations to utilize Gmelina – a typical fast 

growing wood species planted in large plantations in tropical and subtropical regions – 

as new Material for the Design and Construction of Timber Structures. I hope for a wide 

dissemination of the outcome of this important contribution. 

  

Kassel, August 2022 

  

Werner Seim 
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Preface of the Author 

This work is an extensive and systematic study on the potentials of Gmelina arborea 

from southwestern Nigeria as a construction material. 

The fundamental motivation of the study is to investigate whether timber from the 

large available Gmelina plantations in Nigeria can be used to mediate the need for 

more housing units currently facing the country due its current growing population, 

and to introduce the local populace to an alternative construction material that is both 

sustainable, and environmentally. 

The thesis is written in nine chapters with each chapter, building on the knowledge of 

the previous one. Although the chapters can be studied independently in any order, a 

progressive study of the text is recommended to enable a consistent build-up of the 

central idea of the study. 

The investigations reported in the text were designed and conducted while as a PhD 

researcher at the Department of Timber Structures and Building Rehabilitation, Faculty 

of Civil and Environmental Engineering, University of Kassel, Germany. The success of 

the study is strongly tied to the consistent support and academic mentorship of my PhD 

supervisor Prof. Dr-Ing. Werner Seim, whose advice, guidance, and suggestions gave an 

excellent direction to the work. To him, I am very grateful. I wish to thank Prof. Dr. H. 

Militz and Prof. Dr. J. Köhler for their expert review of the work as well as its co-

supervision. Prof. Dr. J.C. Onyekwelu supported immensely with the materials used for 

this study. To him, I am very grateful. I also wish to express my gratitude to the German 

Academic Exchange Service (DAAD) in partnership with the Petroleum Technology 

Development Fund (PTDF) Nigeria, for sponsoring this research. My heartfelt thanks 

goes my colleagues: Horst Ulrich, Bianca Boehmer, Giuseppe D’Arenzo, Sascha 

Schwedner, Timo Claus, Jens Frohnmueller, Jens Fischer, Max Braun, Matthias Brieden, 

Elisa Rugerri, and all the technical staff of “Fachgebiet Holzbau der Universität Kassel” 

for providing an atmosphere that was conducive enough to conduct this research.  

I am thankful to my loving wife, Ola, who whole-heartedly stood by me throughout the 

program. Her immense sacrifices, prayers, and support are so dear to my heart. My 

parents, siblings, friends: Mr. Enoch Debrah, Dr. W. Osim, and E.E. Anike, PhD 

sacrificed a lot towards the success of this program. I am grateful to have been blessed 

with such wonderful family. Finally, I give God all the glory, for His grace and sustenance 

throughout the program. 
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1 Introduction 

1.1 Motivation and purpose 

Shelter is one of the physiological human needs. According to Mcleod [McLe13]  

physiological needs are those needs which are required to be met for a person to be able 

to pursue higher levels of growth and development. In other words, if these needs are not 

satisfied, the human body cannot function optimally. Examples of such needs are air, 

food, drink, shelter, clothing, and sleep. To meet the basic human need for shelter, 

engineers and scientists have, over the years, investigated and developed knowledge on 

the use of several materials suitable for building and construction. Notable amongst these 

materials are steel and concrete which are widely used for different civil engineering 

projects all over the world. Although concrete is a widely accepted construction material, 

its production causes serious environmental hazards. According to Crow [Crow08], 

concrete production alone makes up 5% of the annual carbon dioxide production in the 

environment, due to human activities. Apart from the environmental hazards involved 

with the production and use of concrete, Ettu et al.  [Ettu16] and Oyedepo et al.  

[Oyed15] both observed that cement, a core component required for concrete production, 

is very expensive in Nigeria. The high cost of cement, which directly affects the overall 

cost of producing concrete, has made it difficult for low-income earners (within the 

tropics) to afford standard housing units. The inability to meet this basic need has 

impacted negatively on the population and deprived a lot of people the chance to achieve 

higher levels of growth and development. 

It is therefore time for countries within the tropics which are facing similar challenges, 

to investigate the use of cheap, sustainable, environmentally friendly, and locally 

available materials, for use in local construction. Of the different locally available 

materials in Nigeria, wood has been identified as a material which is not only cheap, 

available, sustainable, and environmentally friendly, but as one which can serve as a 

construction material. 

According to Porteous and Kermani [Port07], timber from well-managed forests is one of 

the most sustainable resources available and amongst the oldest known materials used 

in construction. The advantages of using wood over concrete in construction abound. 

The American Plywood Association (APA) [Amer15] reported  the findings of  

Consortium for Research on Renewable Industrial Materials (CORRIM) on the scientific 

validation to the strength of wood as a green building product. According to this study, 

in examining building product’s life cycles, i.e., from extraction of raw materials to 

demolition of the building at the end of its long lifespan, CORRIM found that wood was 
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better for the environment than steel or concrete in terms of embodied energy, global 

warming potential, air emissions, water emissions and solid waste production. It was 

thus, concluded by the APA, that wood is the natural choice for the environment, for 

design and strong lasting construction. Considering the discussion thus far, it can be 

understood that wood is the single material that bridges the gap between cost, quality 

of construction, sustainability, and environmental safety. However, this material is not 

popular in the Nigerian and African construction industry. In Uganda, Zziwa et al. 

[Zziw11] observed that the use of timber for structural purposes has always been affected 

by lack of appropriate design codes and well-established standards. Appiah-Kubi and 

Tekpetey [Appi11], on the “Wood for housing in Ghana: Why the low interest?”, stated 

that despite the availability of wood in Ghana, very little of it is used for structural 

purposes due to prejudice against the material and lack of technical data on its properties. 

This lack of technical data on tropical timber species, has left tropical regions behind in 

the use of wood (arguably the most sustainable construction material) for construction 

purposes. Amongst the available timber species in Nigeria, Gmelina arborea has been 

identified as one without any available technical data on its material properties. It has 

thus, been used for making pulp and paper, furniture, door panelling, pencils and match 

sticks [Onye03]. In as much as the current use of Gmelina contributes towards solving 

some problems, it does not contribute towards meeting the basic human need for shelter.  

The mind bugling question then becomes: is Gmelina not fit for anything else other than 

match sticks, pencils, or furniture? Can Gmelina not be profitably used to improve the 

housing situation of the people who live in the regions where it grows? An interest in 

answering these questions is the motivation for this study. Perhaps part of the reasons 

why Gmelina is still being used for such purpose as mentioned above, is the fact that the 

basic properties of the species are not yet clearly established [Onye03]. To be able to 

answer the question of whether Gmelina can be used for construction purposes, there is 

therefore the need to present proper scientific evidence on Gmelina’s capacity to meet its 

intended purpose.  

This work, therefore, seeks to provide scientific evidence on the actual material properties 

of Gmelina arborea (obtained from southwestern Nigeria) through experimental 

investigations, to carry out a complete set of statistical analyses leading to the 

determination of the various statistical distributions associated with each of the material 

properties tested, to determine the statistical values of the various material properties of 

Gmelina arborea (from southwestern Nigeria) and finally, to assess the suitability of 

using the material for construction. The material properties (mechanical) to be 

considered in this study are the tensile strength parallel to the grain (𝑓t), the compressive 

strength parallel to the grain (𝑓c,0), compressive strength perpendicular to the grain 

(𝑓c,90), the shear strength (𝑓v), and the bending strength parallel to the grain (𝑓m). Other 

properties to be considered include the density, embedment strength, and the swelling 

and the coefficient of swelling and shrinkage of Gmelina. 
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1.2 Methodology 

To achieve the set-out objectives, the research will be conducted in four phases as follows:  

Material acquisition, preparation, and testing  

At this stage of the research, 25-year-old Gmelina arborea trees which are tall and 

growing straight upward shall be sampled, harvested (from a single stand in southwestern 

Nigeria), sawn into beams, and then transported to the laboratory. The choice of trees 

growing straight upward is intended to avoid reaction wood, which could negatively 

influence research findings. While in the laboratory, the beams shall be cut into smaller 

pieces and then seasoned in a climate chamber. After seasoning, the material properties 

namely, compressive strength parallel and perpendicular to the grain, tensile strength, 

bending strength, shear strength, embedment strength, density, as well as coefficient of 

swelling and shrinkage shall be determined in accordance with the requirements of 

European and German standards.  

Statistical analyses of the experimental data 

Here, various statistical analyses shall be performed on the experimental data of the 

material properties. The statistical analyses herein performed shall involve analysis of 

variance (ANOVA). This is targeted at determining how the material properties vary 

along the height and between the trees. Other statistical analyses to be performed, 

involves determination of the statistical distributions associated with each material 

property and to therefrom, determine the statistical characteristics (the mean, 5th 

percentile values, coefficient of variation (COV) as well as the standard deviation) of 

each of the material properties.  

Assessing the potentials of Gmelina arborea from Nigeria as a 
construction material 

Here, the material properties determined from the statistical analyses, shall be compared 

with those of wood already being used in construction. This comparison shall involve the 

coefficient of variation, 5th percentile and mean values of the mechanical properties, 

elastic moduli, and density. 

Application  

In this section of the study, the practical application of the material properties that 

would be determined, shall be discussed. A composite timber I-joist shall be considered 
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as a case study to illustrate the practical significance of the determined material 

properties and to give an idea of how the material can function when used to design a 

structural element. At the end, a summary and conclusion of all that has been studied 

and reported will be given. Recommendations shall be made, and limitations of the study 

shall be mentioned and discussed.  

1.3 Scope / study Area  

The investigations in this study shall be carried out on 25-year-old Gmelina trees, 

obtained from a Gmelina plantation in Akure - southwestern Nigeria as shown in Figure 

1.1. Samples from other Gmelina stands in the world are not considered. Where 

applicable, results from this study shall be placed side by side with those from other 

stands for comparative purposes. For proper referencing, the Gmelina samples (obtained 

from Akure in southwestern Nigeria) used in this study, shall throughout the text, be 

referred to as “Gmelina_Ak” while “Gmelina arborea” or simply “Gmelina” shall be used 

interchangeably to refer to the timber species in general. 

 

Figure 1.1: Map of Nigeria showing Akure, the study area [map was obtained from google] 
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Thesis structure 

The thesis shall be written in nine chapters as shown in Figure 1.2. 
 

 

Figure 1.2: Structure of the thesis 
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Chapter 1, the introductory part of the study, contains information on the motivation, 

purpose, and objectives of the study, study area, as well as methods to be applied to 

achieve the set goals.  

State of the art on materials, tests, and testing methods as well as statistical analyses 

methods are contained in Chapters 2, 3, and 4 respectively.  In these chapters, literature 

shall be reviewed as it relates to the different chapters. Important, equations and 

background knowledge which are useful for understanding the later parts of the study 

shall be presented and discussed. 

Chapters 5 to 8 shall present the actual experimental investigations carried out in this 

study, as well as the data analyses procedures used. In Chapter 5, a detailed discussion 

on the material acquisition, preparation and testing methods shall be given. In Chapter 

6, analysis of variance shall be conducted on the experimental data determined in 

Chapter 5. The aim of this shall be to determine the variation in the material properties 

along the height and between different Gmelina_Ak trees.  

Chapter 7 shall discuss the result of fitting the different statistical distributions to the 

experimental data and present the statistical distributions associated with each material 

property considered in this study. Using the statistical distributions associated with the 

material properties, the statistical values of the material properties will be determined. 

The influence of the statistical distributions on the statistical values of the material 

properties will also be discussed. Using the determined statistical values of the different 

material properties, a detailed comparison between Gmelina_Ak, spruce (Picea abies) 

and Scots pine (Pinus sylvestris) grown in different parts of Europe shall be done. 

Furthermore, the embedment strength of Gmelina_Ak shall be discussed and compared 

with reference to equations given in the Eurocode 5 (EC 5).  

In Chapter 8, a design example shall be used to illustrate how and where the material 

properties of Gmelina_Ak can be used in a practical situation.  The design example shall 

be used to concretise the discussion contained in this text and to give an idea of how 

Gmelina_Ak could function in practice, as a structural material. Of interest also, is to 

find out if further research on Gmelina_Ak is required. Finally, how the derived material 

properties of Gmelina_Ak can be extended for use in finite element models shall be 

discussed. 

Chapter 9 shall present a summary of the study alongside the limitations, conclusions 

and recommendation based on the findings of the entire study.  
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2 Material: State of the Art 

Wood is an organic product – a structure of infinite variation of detail and design 

[Reco14]. Wood grows in a tree and has as its main functions (within the trunk of a tree), 

to conduct water/mineral solutions from the roots to the leaves, to provide mechanical 

support for the crown1, and to store manufactured organic substances [Desc96]. The 

properties of wood (physical, or mechanical) are derived from the fact that wood is 

fundamentally formed to meet the needs of a living tree. Therefore to understand the use 

of wood (specifically from the trunk) as an engineering material, one needs to properly 

understand the main functions of the trunk and also identify the structures in wood that 

perform them [Fore21]. In this chapter, the basic structure, and functions of wood 

necessary to serve as a basis for understanding and interpretating its properties in an 

engineering context shall be discussed. Literature on Gmelina arborea, the material of 

interest, shall be reviewed, and discussions on sampling, sample size, as well as their 

influence on the results of this research endeavour shall be made. The sampling method, 

minimum sample size, and the location where the trees to be investigated in this study 

shall be obtained, will also be mentioned.  

2.1 The structure of wood 

In a broad sense, wood is categorised into two classes: softwoods, and hardwoods. The 

term “softwood” refers to wood that is obtained from needle-leaved evergreen trees such 

as pine (Pinus) and spruce (Picea), and the term “hardwood” refers to wood that is 

obtained from broadleaf deciduous trees such as oak (Quercus) or birch (Betula). The 

structure of softwoods and hardwood trees are different and will be discussed 

subsequently. 

In general, trees grow in two ways: outwards and upwards. The outward growth produces 

with time, a larger-diameter trunk, while the upward growth produces with time, a taller 

tree. Since the crown and roots of a tree play no serious part in the use of timber for 

structural purposes, discussions herein shall henceforth concentrate only on the trunk of 

a tree. 

If the cross-section of a tree trunk is taken, an image (such as is given in Figure 2.1) 

showing different parts of the trunk such as the outer bark (ob), inner bark (ib), the 

vascular cambium (vc), sapwood, heartwood, the pith (P), and of course, the growth 

rings of the tree is seen. All these parts have their specific functions. 

 

                     

1 The crown is that part of a tree containing its leaves and branches 
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(a) (b) 

Figure 2.1: Cross-section of a tree trunk. From [Fore21]  and [Desc96] 

The main function of the bark is to provide protection for the tree. The cambium, the 

part just below the bark, is where the formation of the wood cells takes place [Fore21]. 

The sapwood (the relatively lighter part of the cross-section) is the physiologically active 

part of the tree and is responsible for the upward conduction of minerals and the storage 

of plant food. Generally, the sapwood decreases in width as the tree gets older and is 

attractive to certain wood-rotting fungi and insects due to its high content of plant food 

mineral. The heartwood (the darker part of the cross-section) is the physiologically 

inactive part of the trunk that neither conducts minerals nor stores plant food. Its darker 

colour is obtained from the deposition of organic compounds (extractives) which make 

it comparatively more durable than the sapwood [Desc96]. The growth rings are layers of 

wood produced in the cambium each growing season, and extending the full height of the 

tree [Desc96]. In temperate regions there is a clear difference in the type of wood produced 

in a growth season. The early wood (characterised by fast growth and seen on most cross-

sections as the lighter part of the growth ring) is produced at the beginning of the growing 

season, whereas the late wood (relatively slow growing and seen as the darker part of the 

growth rings on the cross-sections of some trees) is produced at the end of the growing 

season (see Figure 2.1b). In tropical regions however, where trees experience a consistent 

growth throughout the year, there is hardly any distinct or observable difference in the 

growth rings. 

2.1.1 Type of wood cells and their function 

The cell structure of softwoods and hardwood are different. Softwoods have two types of 

cells for performing the functions of conduction, support, and plant food storage while  
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hardwoods have four types of cells for the same purpose. Details of the different cell types 

and the functions they perform in both softwoods and hardwood are shown in Figure 2.2. 

 

Figure 2.2: Functions and wall thickness of the various types of cells in soft - and 

hardwoods. From [Desc96]. 

In softwood, the tracheids are responsible for both support and conduction, whereas in 

hardwood, the fibres and vessels are responsible for support and conduction respectively. 

These cells (tracheids, fibres, and vessels) are vertically aligned in the tree trunk and 

make up about 80% of the wood volume in hardwoods and about 95% of the wood volume 

in softwoods [Desc96], [Fore21]. The parenchyma cells (responsible for storage) usually 

run in the radial direction but can also be present running vertically in certain softwoods 

and many hardwoods [Desc96], [Fore21]. When present (vertically) in softwoods, 

parenchyma cells are often in single isolated vertical series called strands. In hardwoods, 

they are more often present in groups. This arrangement in groups or strands leads to a 

different distribution of cells in which each of the principal planes (cross-section, radial 

and tangential) of the trees, thus contribution to the anisotropy2 of wood [Desc96].  

Tracheids are hollow, needle-shaped, and generally between 2.5 – 5.0 mm in length with 

an aspect ratio (length/breadth) of 100/1. They are packed closely together such that a 

cross-section through them looks like a honeycomb. Those formed early in the growing 

season have a large cell radial diameter and a small wall thickness of about 2 μm and 

has “conduction” as their main function. Tracheids produced later in the growing season 

have a much smaller radial diameter and much thicker cell walls (with thickness of about  

 
                     

2 Anisotropy is the property of a material which results in different mechanical properties in different 

directions 



10 
 

10 μm). These tracheids have “support” as their main function. A close look at the size 

of the cell walls and their relative functions shows that the quality of softwood largely 

depends on the proportions of the thin-to thick-cell walled tracheids it possesses. The 

higher the percentage of late wood (with thicker cell walls), the higher are the strength 

values of the resulting timber from the tree [Desc96]. 

In hardwoods, the mechanical support is provided mainly by the fibres. In general, the 

fibres in hardwoods are shorter than the tracheids in softwood and have a ratio of length 

to width of about 100 to 1 [Desc96]. The thickness of the fibre cell wall is the major 

factor governing density and mechanical strength in hardwood timbers. Hence wood 

species with thin-walled fibres have a low density and strength while those with thick 

wall fibres have high density and strength [Fore21]. 

2.1.2  The cell / cell wall structure  

It can be seen from the foregoing discussion that the thickness of the cell walls in both 

softwoods and hardwoods, play a huge role and contributes significantly towards the 

strength of the timber which any tree produces. Wood cells are made of two domains: 

the cell wall and the lumen [Fore21]. The lumen is a component of wood cells without 

any definite structure and is the void space in the interior of the cell. The cell walls on 

the other hand provide mechanical support and give wood the majority of its properties 

[Fore21]. The cell walls have a highly regular structure and are made up of three main 

regions: the middle lamella (ML), the primary wall (P) and the secondary wall (S1,S2, 

and S3) as shown in Figure 2.3. 

 

Figure 2.3. Wood cell wall structure. From [Fore21] 
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The cell wall in each of the regions has three major components, namely cellulose 

microfibrils, hemicellulose, and a matrix of pectin and lignin. The cellulose is a long 

string-like molecule with high tensile strength. The microfibrils are collections of cellulose 

molecules. Lignin is a brittle matrix material and the hemicellulose are a smaller molecule 

which help to link the lignin and cellulose into a unified whole [Fore21]. The S1 layer is 

thin, comprises of less than 10% of the wall thickness, and has microfibrils lying parallel 

to one another with a pitch of 50° to 70° to the vertical axis. The middle (S2) layer 

comprises 85% of the wall thickness and has microfibrils lying parallel to each other with 

a pitch to the vertical axis of between 0° and 30°. The inner most (S3) layer comprises 

only 1% of the wall thickness and is of a similar arrangement as the S1 layer [Desc96]. 

The cell wall layer that is most important in determining the properties of the wood is 

the S2 layer. It is the thickest cell layer and makes the greatest contribution to the 

properties of the overall cell wall. According to Desch and Dinwoodie [Desc96], “the 

performance of wood is closely associated with the microfibrillar angle of the S2 layer, 

and it is possible to relate much of the variation in strength, stiffness, and dimensional 

stability in the presence of moisture to the variations in this layer”. This means that 

changes in strength, stiffness, dimensional stability etc exhibited by a given piece of wood 

with changes in moisture, can be directly traced to changes in the microfibrillar angle of 

the S2 layer. This shows that the mechanical performance of any species that will be used 

for timber is most sensitive to the S2 layer than it is to any other layer of the cell wall. 

Apart from the sensitivity of the S2 layer, there are other factors that influence the 

strength of timber. These factors are briefly discussed in Section  2.2. 

2.2 Factors affecting the strength of timber 

The most important factor that influences the strength of timber is its density. As already 

discussed, the cell wall thickness influences the density of timber, which in turns 

influences its strength. There are, however, other factors such as genetics, the 

microfibrillar angle of the S2 layer (already discussed), reaction wood, knots, slop of grain, 

growth rate and environmental conditions, moisture content etc. that all affect the 

strength and quality of timber. The influence of the density and the microfibril angle of 

the S2 layer have already been briefly discussed. Environmental differences and their 

influence on the growth ring patterns of trees have also been mentioned. Genetics is a 

more specialised area of study and will not be covered in this text. Only factors such as 

the knots, slope of grain and moisture content, shall now be discussed briefly.  

2.2.1 Knots 

A knot as shown exemplified in Figure 2.4 is a defect in wood which represent the portion 

of branches enclosed within the trunk of a tree.  
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Figure 2.4. Knot in a piece of wood. From [Fore21] 

The influence of a knot on the mechanical properties of a piece of timber is due to the 

interruption of continuity and change in the direction of wood fibres associated with the 

knot. The influence of knots depends on their size, location, shape, and the type of stress 

to which the wood member is subjected [Fore21]. Generally, shear strength and 

compressive strength perpendicular to the grain are least influenced by knots. Material 

properties such as the tensile strength, compressive strength parallel to the grain and the 

bending strength are influenced by the presence of knots in the specimens. The influence 

of knots in axial tension is higher than in axial compression and in bending. More of this 

shall be discussed in Chapter 3. 

2.2.2  Angle of grain 

The strength of timber is very sensitive to the orientation of the fibres relative to the 

direction of loading. Hence the slope of grain can result to a significant strength reduction 

in various timber species. The graph in Figure 2.5 was reported in [Desc96]  and compares 

the loss in tensile strength, compressive strength parallel to the grain and bending 

strength with respect to the slope of grain in timber. It can be seen from the graph that 

at an angle to the grain of 15°, the tensile, bending, and compressive strength values are 

reduced to 45 %, 70 %, and 80 % of the respective values obtained in straight grained 

wood. 



13 
 

 

Figure 2.5. Influence of the angle of grain on some strength values of timber. From 

[Desc96] 

2.2.3  Reaction wood 

Apart from the angle of grain, reaction wood (occurring either as tension3 or compression 

wood4) also influences the strength of timber. Compression wood is much stronger and 

stiffer in longitudinal compression than normal wood and tension wood is much stronger 

in tension and toughness but weaker in compression compared to normal wood. 

Conducting tests on these tissues will lead to results that are not truly representative of 

those of normal wood [Desc96]. 

2.2.4  Moisture content 

The moisture content is the single factor that influences all the properties of timber below 

the fibre saturation point of approximately 28 %. This is because at the fibre saturation 

point, the cell walls are filled with water which causes them to expand, thus leading to 

a dimensional change. The presence of water softens the cell walls and reduces the bond 

of the cellulose microfibrils, thus making it easier to untangle and stretch the fibres. 

                     

3 Tension wood is wood that develops on the upper side of leaning hardwood trees and heavy branches. 
4 Compression wood is wood that develops on the underside of a leaning softwood tree that is growing 

out of the vertical. 
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Reducing the moisture content below the fibre saturation point enables a re-

strengthening of the cell walls, hence resulting in higher strength. At equilibrium 

moisture content (EMC), the timber neither gains nor loses moisture. Hence the EMC is 

the moisture content at which the strength of timber can be reliably obtained. Since the 

normal room conditions are a temperature of between 18 - 22 °C and a humidity of 

between 40 % - 60 %, the EMC for timber in normal use has been set to 20 °C and 65 

% relative humidity. This condition for most timber species coincides with a moisture 

content of 12 %. Hence, the reason why timber is conditioned to 12 % before being tested 

[Mads92]. 

In the foregoing, the gross structure of timber, types of wood cells, their structure, 

functions as well as factors affecting the strength properties of timber have also been 

discussed. Having discussed all these and understanding how it affects the behaviour of 

timber, it is important to now discuss Gmelina arborea, the species of interest in this 

study, and to review some studies that have been conducted on it thus far. 

2.3 Gmelina arborea 

Gmelina arborea is a hardwood species that reaches 35 m in height and more than 3 m 

in diameter in natural stands in tropical and subtropical regions of Asia [Dvor04], Africa 

and Latin America. It has a very fast-growth rate [Dvor04], [Onye03], [Teno11], [Atag15] 

and is capable of reaching a mean diameter at breast height (DBH) of  between 60 and 

80 cm in just 20 years [Onye05]. Due to its fast growth rate,  ease and low cost of 

establishment, its suitability for pulp, paper and also for solid wood products,  it has 

been described as a very promising tree species[Espi04]. It is one of the most important 

species for plantation in tropical areas and can be developed extensively where it has 

never existed before [Muño08], [Atag15]. 

Gmelina arborea is not a threatened species and has a comparatively good fire resistance 

[Dvor04].  Based on the expected growth and developments of wood markets, it was 

forecasted that Gmelina arborea plantations could be established in about 800,000 ha of 

land in tropical and subtropical regions by 2020 [Dvor04] . 

In Costa Rica, approximately 65,000 ha of land in different parts of the country has 

already been planted with Gmelina. This is because, Gmelina is considered to be the 

most important timber species for solid wood production in the country [Teno11], 

[Roqu04].  In Nigeria, over 112,000 ha of land is already covered with Gmelina plantations 

[Onye03]. Based on different studies [Akac79], [Lamb68], [Adeg88], [Onye05], [Moya08], 

Gmelina grows in different parts of the world as shown in Figure 2.6. 



15 
 

 

Figure 2.6: Locations of Gmelina arborea in the world [map was obtained from google 

and edited] 

Apart from the already mentioned characteristics of Gmelina, its yield per square area is 

also catchy. Adegbehin et al.[Adeg88], reported the yield per hectare of land for Gmelina 

grown on different soil conditions. According to his report, Gmelina grown on sandy soils 

has a yield of 84 m3 / ha at age 12. Those grown on good clay (or laterite) soils have a 

yield of 210 m3 /ha at age 12, while those grown on favourable savanna sites have a yield 

of 252m3/ha at age 10. A more recent study by Onyekwelu et al. [Onye03] presented the 

yield of Gmelina obtained at different ages in un-thinned plantations in Southwestern 

Nigeria as shown in Table 2.1. 

Table 2.1. Summary of growth data for un-thinned Gmelina arborea plantations 

Age Density DBH (cm) Mean height Volume 

(years) (No. per ha) Min. Mean Max (m) (m3 per ha) 

5 1,232 5.0 15.1 31.4 14.1 242.7 

6 1,291 3.8 15.6 33.0 16.4 370.3 

8 1,259 5.3 16.4 34.7 15.8 350.7 

10 1,147 5.0 18.0 37.5 17.0 418.0 

13 1,189 3.8 18.8 41.4 18.0 559.0 

15 1,184 6.0 21.1 53.0 18.0 630.7 

16 1,024 4.7 23.3 47.7 17.8 741.3 

17 992 4.5 25.5 62.3 20.6 943.0 

19 837 9.8 28.7 57.0 21.4 935.3 

21 864 7.1 30.2 61.3 22.9 1,165.0 

23 891 8.9 32.6 63.6 22.7 1,176.3 

25 874 7.0 33.6 71.2 23.1 1,519.3 
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Daugaviete et al. [Daug17] studied the growth and yield of 15-year-old plantations of 

Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and Birch (Betula pendula) in 

various agricultural sites in Europe, and reported a yield of between 79 to 152 m3 per ha 

for Pinus sylvestri and a yield of between 47 to 98 m3 per ha for Picea abies. In 

comparison with the data reported for Gmelina, one sees that the yield of Gmelina at 

age 15, exceeds those of Picea abies and Pinus sylvestri by approximately four to 13 

times. This shows that Gmelina, when harvested, would replenish the forest / plantation 

faster than Picea abies or Pinus sylvestri would. On the other hand, very fast growth 

usually leads to low density timber, which leads to low quality material for use in areas 

(e.g., in construction), where strength plays a significant role. This consideration might 

have been the reason why the uses for Gmelina so far, have been limited to the making 

of furniture, door panelling, pencils, match sticks, as well as for paper and pulp 

production  [Dvor04], [Onye05], [Atag15]. However, the availability and on-going massive 

planting of Gmelina across the tropics, shows a huge potential of the material and 

necessitates investigations on how best to use of the material in the future. 

Researches conducted on Gmelina so far, includes the work of Tenorio et al. [Teno11]  

who carried out a comparative study on the physical and mechanical properties of 

laminated veneer lumber (LVL) and plywood panels using 12 to 14 year old Gmelina 

trees from fast growing plantations in Costa Rica. The study aimed at comparing the 

physical and mechanical properties of plywood and five-layer LVL. In their study, some 

physical and mechanical properties of the manufactured boards were tested. The physical 

properties which were tested includes density, water absorption, thickness swelling, and 

thickness variation. Other tests conducted were the hardness, bonding strength, tensile 

strength, and compressive strength parallel to the grain. Results of the investigations 

showed that the physical and mechanical properties of the manufactured LVL and 

plywood panels are comparable with those of solid wood, which has a density of 600 

kg/m3. Roque [Roqu04] studied the effect of management treatment and growing regions 

on the properties of 12 year old Gmelina arborea trees in Costa Rica. The core interest 

of the work was to investigate the type of wood produced in two different climatic regions 

in the country and the influence of management intensity on some properties of the wood. 

This was achieved by studying plantations in the dry and humid tropical zones of the 

country under intensive, intermediate and no management treatments. The results 

showed that Gmelina grown in the dry tropical region of the country had higher 

heartwood percentage, higher specific gravity, and higher absorption to preservatives 

when pressure treated than wood grown in the humid region. A non-destructive 

ultrasonic testing method for determining the bending strength properties of Gmelina 

was presented by Karlinasari et al. [Karl08]. The study was concerned with estimating 

the MoE in bending of the sap and heartwood of six-year-old Gmelina trees using a 

Sylvester Duo device. The dynamic MoE of the heart and sapwood were respectively 

estimated. The results showed that at an average moisture content of 16.68 %, the 

dynamic MoE of the heartwood was 10.17 GPa, whereas that of the sapwood at an 
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average moisture content of 16.47 %, was 9.02 GPa. This difference in the results could 

be traceable to the presence of juvenile wood in the tested trees, considering that at the 

time of testing, the trees were very young. A comparison between the static and dynamic 

MoE, showed that the dynamic MoE values was nine to 11 % higher than the static MoE 

values. It was concluded that the bending strength of Gmelina can be estimated by the 

non-destructive ultrasonic methods. Ajayi and Olufemi [Ajay11] investigated the 

suitability of using Gmelina arborea and Leucaena leucocephala to produce cement-

bonded flake-boards. Based on an experimental design, boards were manufactured using 

Gmelina and Leucaena leucocephala flakes which were both hot-water-treated and air-

dried for two weeks. The modulus of rupture, thickness swelling, water absorption and 

accelerated aging tests were carried out on the specimens. The results of the study showed 

that boards made from Gmelina performed better than those made from Leucaena 

leucocephala at all levels. Ataguba et al. [Atag15] carried out a comparative analysis of 

some mechanical properties of three tropical tree species: Gmelina arborea, Parkia 

biglobosa and Prosopis africana.  The material properties considered in the study are 

water absorption, density, compression, tension, shear, bending, and MoE in bending. 

The purpose of the work was to compare the physical and mechanical properties of the 

different species and to determine their suitability for structural use. Three specimens 

were considered per test type and all tests were done according to BS 5268 (2002). 

Analysis of variance (ANOVA) was conducted on the various tests results to determine 

the strength relationship between the different wood species. The results showed 

significant differences in the mechanical properties of the different timber species, what 

could possibly have been due to the difference in the density of the materials considered 

in the study. Based on the average of three specimens tested per test type, the material 

properties in Table 2.2 were reported in Ataguba et al. [Atag15] for Gmelina arborea and 

other species. 

  Table 2.2: Properties of timber species tested and reported in Ataguba et al. [Atag15] 

Material  

property 

Prosopis 

africana 

Parkia 

biglobosa 

Gmelina 

arborea 

Tensile strength (MPa) 13.60 9.80 6.50 

Compressive strength parallel (MPa) 23.60 14.60 7.40 

Compressive strength perpendicular (MPa) 5.60 3.90 2.50 

Shear strength parallel (MPa) 2.60 2.30 1.30 

Bending strength parallel (MPa) 22.80 15.80 12.50 

MoE (MPa) 17,790 12,970 8,020 

Density (kg/m3) 982 783 687 

Moisture content (%) 11.63 11.63 11.5 
 

It can be seen from the fore-going that, Ataguba et al. [Atag15]  have contributed towards 

reducing the dearth of knowledge on the mechanical properties of Gmelina. However, 

their results cannot be taken as the design properties of Gmelina arborea because: the  
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number of specimens (3 per test type) which they tested, are too few to determine or 

conclude on the design properties of Gmelina. Typically, a minimum of 30 (or 40, as 

recommended in EN 384) specimens per material property have to be tested for this 

purpose [EN 408] (More on this to be discussed later). Also, for classification purposes, 

specimens from different stands must be considered. It is also worth noting that the work 

of Ataguba et al. [Atag15] was not intended at determining the design values of Gmelina, 

rather, it was to compare the relationship between some strength properties of Gmelina 

and other tropical species. From this viewpoint, one can see that no previous study has 

considered the mechanical properties of Gmelina arborea based on standard statistical 

analyses procedure. This gap in the literature needs to be filled to enable a proper 

structural use of the material, based on scientific evidence. 

In this study effort is made to explore the potentials of Gmelina_Ak as a structural 

material and at the same time, to contribute to the dearth of knowledge on the 

mechanical properties of Gmelina arborea in general by carrying out mechanical tests on 

the species and detailed statistical analyses of the experimental data. Efforts at 

determining the statistical characteristics: strengths, elastic moduli, coefficient of 

variation, standard deviation etc. of each material property, in accordance with 

established standards shall be made.  

Before talking about the tests and data analyses methods however, a proper 

understanding of the method of sampling, sample size and their possible influence on the 

outcome (results) of the research is necessary. The next subsection of this study therefore 

deals with these aspects.  

2.4  Sampling 

Usually, a scientific investigation is related to a population. The term “population” here 

refers to a set of similar items which is of interest to an investigation or scientific question. 

To be able to answer a scientific question of interest, a researcher is expected to 

thoroughly investigate the right population for reliable results. In most cases, however, 

the population is too large and impossible to exhaust. To be able to continue with the 

research, the researcher will have to resort to investigating a subset of the population, 

also known as samples of the population. The act of obtaining this subset with which to 

study the behaviour and characteristic of the population is known as sampling. Sampling 

is therefore the act of selecting “individuals” out of a population for the purpose of 

investigation. There are different methods of sampling, two of which shall be discussed 

in section 2.4.1. Important to note however, is that a sample to be used for any scientific 

study should be representative of its population. A representative sample is one whose 

behaviour and characteristics reflects those of is population. Whether or not a sample is 

representative, can be influenced by the sampling method used in collecting the sample. 
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2.4.1 Sampling methods 

There are several methods of sampling, e.g., simple random sampling, systematic 

sampling, stratified sampling etc. In this study, however, only the simple random 

sampling and the systematic sampling shall be discussed. The simple random sampling 

is a sampling method in which all the individuals in the population have an equal chance 

of being selected. There is usually no specific pattern of selection as the individuals are 

simply picked at random. This method has the advantage that it reduces bias5 in the 

sample, and yields results that are oftentimes true and representative of the entire 

population. The downside of this sampling method, however, is the possibility of picking 

a sample which does not represent the makeup of the population, thus, leading to a 

sampling error. To overcome this possible error, statisticians came up with the systematic 

method of sampling. This is a sampling method in which the population is arranged in a 

certain order, and samples are chosen at regular intervals therefrom. For example, 

arranging the names of students participating in a particular course in alphabetical order 

and choosing every 5th or 10th student from the list for an experiment. This method of 

sampling has the disadvantage that by coincidence, every 5th or 10th student from the list 

may be similar in some way (e.g., averagely smarter) than the rest of the students in the 

class, thus leading to samples which are not representative of the population. Another 

major draw-back of this method of sampling is that the students whose names do not 

fall on the multiple of five or 10, have zero chance of being selected; a situation which 

undesirably leads to bias in the sampling method, as not every individual has an equal 

chance of being selected. Since bias is a core source of error in statistical analyses, the 

simple random method of sampling (which reduces bias and yield samples which are 

most times true and representative of the population) shall be used to collect the samples to 

be investigated in this study.  

2.4.2 Sample size 

Irrespective of the sampling method applied, a minimum number of specimens are 

expected to be collected and tested for the results from the sample to be representative 

of those of its population. For investigating the material properties of a population of 

trees such (as would be considered in this study), it is required to select material from 

five healthy trees of merchantable size, which are also characteristic of the average tree 

size of the locality [Desc96], [EN 384]. This is because samples from five trees are usually 

sufficient to give a representative measure of the variation in different pieces of wood of 

the same species [Desc96]. This means that for a given stand of trees, results obtained 

from five trees would be representative of those of the population, which in this case 

                     

5 Bias is a situation where an aspect of the population is more represented in the sample than others. 
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could be a plantation. After obtaining the five trees, it is also important to collect 

specimens from the different parts (top, middle, and bottom) of the trees. This is essential 

to ensure that the full trunk of the trees is represented in the investigation. Next to this, 

is the number of specimens to be tested per test type. To this, reference is made to the 

central limit theorem which states that the distribution of a random variable 

approximates a normal distribution as the sample size becomes larger (usually n > 30). 

This implies that the actual distribution of a sample can be deduced if the number of 

specimens considered and tested are at least 30. This is because it is at a sample size of 

n ≥ 30 specimens that the distribution of the specimens begins to approximate the 

normal distribution. Hence, if for a sample size of n ≥ 30, the results approximate a 

statistical distribution that is different from the normal distribution, then the statistical 

distribution6 approximated by the sample is representative of the actual distribution of 

the population from which they are taken. The number 30 is therefore a boundary line 

or lower limit for statistically defining the random path (or statistical distribution) 

followed by the specimens under investigation. Hence the minimum number of specimens 

to be tested per test type, to be representative of the actual population (in this case, the 

trees), is 30; although the European standard [EN 384] recommends the use of 40 

specimens. Hence, it can thus, be concluded that results obtained from at least 30 

specimens per test type, from at least 5 trees from a given population (or plantation for 

example), are statistically and scientifically valid as representative of the characteristics 

and behaviour of the said population from which the samples are obtained. This is 

important to understand the influence of the sampling method and sample size on the 

experimental results. For this study, and as earlier mentioned, a Gmelina plantation in 

southwestern Nigeria shall be considered as the population and all the investigations and 

discussions made in this study, shall be done with respect to this population.  

Trees will be obtained from this population and at least 30 specimens which are 

representative of the entire trunk shall be collected and tested per test type. The next 

chapter will discuss the various tests and methods of determining the strength properties 

of timber. Such background would help to validate the choice of testing methods to be 

chosen for the experimental investigations later in this study. Chapter 3 therefore deals 

with the state of the art on different tests and methods of testing timber. 

  

                     

6 A mathematical function that defines how outcomes of an experimental trial occur randomly in a probable 

way 
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3 Tests and Testing Methods - State of the Art 

The optimal use of any engineering material depends strongly on its strength properties. 

These properties inform on how the material behaves under applied loads and are 

indispensable in different engineering fields for the design of safe and functional systems. 

In view of this, it is impossible for any material to be used without an adequate 

understanding of how it behaves under different loads. This is because, the wrong use of 

materials can lead to huge losses of properties and lives. For this reason, materials must 

be investigated and statistically analysed to obtain reliable values for engineering 

applications. Details on statistical analyses methods shall be discussed in Chapter 4.  

To understand the characteristics and behaviour of materials, several investigations have 

been conducted by different researchers at different times and places. Among others, this 

research led to a better understanding and use of engineering materials, the establishment 

of safe rules for the design of structural elements, and of course, the establishment of 

standards for regulating the methods of performing different tests. 

Wood being a highly anisotropic material, behaves differently in different directions. For 

analysis however, it has over the years been considered and studied as a three-

dimensional orthotropic material. This means that it exhibits distinct behaviours in its 

three distinct directions: the parallel to the grain direction, the perpendicular to the 

grain, and the radial to the grain directions, respectively. Hence a comprehensive 

understanding of the mechanical behaviour of any timber species, is based on a proper 

understanding of its behaviour in these distinct directions, a subject that can be properly 

understood based on the discussions in Chapter 2. 

The mechanical behaviour of timber however, especially the definition of its strength 

properties, is a subject that requires keen attention. This is due to the difficulty 

associated with defining timber material properties in the different directions as unique 

values and is owed to the structure of wood as an anisotropic material as well as the fact 

that no two specimens from the same log are identical. This complexity in the detail and 

design of wood makes it difficult to obtain a constant strength value from different 

specimens, even if errors are eliminated. The best that can be done is to find an average 

value and to determine the amount of variation above and below the average value 

[Reco14]. Therefore, specific values cannot be assigned to the material properties of any 

timber species. Hence values given in different texts as strength values of different wood 

species are to be taken as indicative only and also be understood as applicable to a large 

number of specimens and not to individual pieces [Reco14]. This is because the values 

are usually not characteristic of any single piece, but multiple test pieces. Hence, tests 

on a considerable number of specimens (as already discussed in Chapter 2), should be 

done to adequately determine strength values that are representative of any given wood 

species. 
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These values found in different texts as the strength properties of timber, are not 

independent of the test methods used in determining them. This is because for the same 

material and test type, (e.g., tension test) one obtains distinct results from different test 

methods. Typical examples are the bending strength, tensile strength parallel to the 

grain, and compressive strength perpendicular to the grain, which as will be further 

discussed, yield distinct results for the same material, for tests conducted in accordance 

with the American and European standards respectively. This shows that there can be 

(and of course there are) differences in the strength values obtained from the same 

material using different test methods. This is why timber material properties must always 

be discussed, not as absolute values but as average values with respect to the method 

used in determining them. The methods of determining the strength values of timber 

have their advantages and disadvantages which must be investigated to determine the 

ones that are best suited for any research endeavour. Different test methods, their 

advantages, and disadvantages shall be discussed later in this Chapter. For now, 

however, it is important to note that the mechanical properties of any timber species can 

be determined using either small test specimens or structural-size test specimens. 

3.1 Small clear specimens versus structural-size specimens 

Tests based on the small clear specimens are those which make use of specimens that are 

small, clear, straight grained, and free from knots and other defects for experimental 

investigations. This method of testing timber is what is defined in most standards of 

testing timber and have the advantages that it is faster, cheaper, and comparatively 

easier to carry out. It is a valid method for characterizing new timbers, and also for 

comparing wood from different trees and species [Reco14], [Desc96]. The disadvantage of 

this test method however, is that the specimens represent the maximum quality of wood 

that can be obtained and not those of timber actually being used in practice. However, 

reduction factors (which accommodate for differences in strength properties obtained 

from small clear and structural-size timbers) are often applied in the structural design 

process [Desc96]. 

Tests based on structural-size specimens make use of specimens which are representative 

of those used in practice, and closely replicate actual service conditions. Although using 

structural size specimens have the advantage that it allows for the effects of defects such 

as knots, splits, slope of grain etc to be factored into the test results, it also has the 

disadvantage that it is very costly, time and energy consuming, and very difficult  to 

perform, given the size and number of specimens to be handled [Desc96]. Additionally, 

such tests may require the use of special adaptations or equipment, which in some cases, 

may not be readily available. Considering the limitation of obtaining sufficient materials 

for conducting tests on structural-size specimens, the fact that the characterisation of 

timbers is based on the use of small clear specimens, as well as the fact that many 
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standards (which describe the method of testing timber) are based on the use of small 

clear specimens, the strength of Gmelina_Ak in this study shall be determined based on 

the use of small specimens. The specimens, however, shall be randomly selected, to have 

a fair understanding of the strength values of the material being studied. 

3.2 Small clear - and structural-size specimens: Is there a 
relationship? 

Worthy of note is the way strength values obtained from small clear specimens relate to 

those obtained from structural size specimens. It is well known that timber is strongest 

in tension parallel to the grain [Desc96], [Mads92], [Reco14] which reflects the strength 

of the covalently bonded cellulose molecules comprising the core of the microfibril. In 

some texts however, the tensile strength values of different timber species are reported 

to be less than the bending strength values. This seems to be a contradiction, as the 

tensile strength is expected to be the highest of all the strength values; based on the 

microstructure of timber earlier discussed. An explanation for this seeming contradiction 

is the influence of the specimen sizes tested, which is why it is important to clearly 

understand the context of the discussion in which the material properties are presented. 

Studies conducted on Canadian spruce, pine, and fir comparing the bending, tensile and 

compressive strength parallel to the grain of timber from small size specimens yielded a 

ratio between the respective material strength values equal to 6:9:3 [Desc96]. This shows 

without doubts, that the tensile strength is highest, and the compressive strength is the 

least of the three. For the same tests and materials, results on structural-size specimens 

yielded strength ratios of 6:4:4 [Desc96]; giving a multiplication factor of  

6/6 (1), 4/9 (0.44), and 4/3(1.33) for respectively relating the values of the bending 

strength, tensile strength, and compressive strength parallel to the grain from the small 

clear specimens to structural-size ones. These factors show that in going from the small 

clear specimens to structural-size ones, the bending strength of the tested materials 

(named above) is constant (least affected), the tensile strength reduces by about 56%, 

and the compressive strength parallel to the grain increases by about 33%. This can be 

explained by the fact that for the bending strength specimens the bending moment varies 

along the length of the beam and the effect of knots is most sensitive where the maximum 

moment occurs [Mads92]. Also, the probability of having knots exactly at the centre of 

a beam (e.g., for a 3-point loading system) is much lower than the probability of having 

the knots spread anywhere in the span. If the defects are far away from the point of 

maximum moment towards the span, the bending strength results will reflect those of 

the un defected grains and will not differ significantly from those of small clear specimens 

[Mads92]. A complementary explanation for this is the fact that the location of a knot 

in a bending member plays an important role in determining its significance in lowering 

the bending strength. A knot found on the compression edge of a beam will have a much 
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lesser influence than one of a comparable size on the tension edge [Desc96], whereas a 

knot located at the neutral axis of the beam will have almost zero influence on the 

bending strength.[Fore21]. For the tensile strength, the presence of defects such as knots 

in the structural size timber takes up part of its effective area, imposes a large slope in 

the grain direction, and causes weakness in the specimen. The fact that in tension, the 

entire volume of the specimen is stressed, makes the influence of these defects higher, 

which eventually leads to lesser tensile strength. Tensile strength values for structural-

size specimens are smaller than those of bending strength specimens because their entire 

volume is subject to high tensile stresses, which is not the case for bending strength 

specimens where only a small volume (about 30 % for four point loaded systems) is 

stressed to maximum [Mads92]. For the compressive strength parallel to the grain, the 

presence of defects such as knots in the structural-size specimens increases the resistance 

of the specimens to compressive stresses thus, yielding results which are higher than 

could be obtained from small clear specimens.  

It is clear from the foregoing that the presence of defects on structural-size timber does 

not affect its bending and compressive strength parallel to the grain the same way it 

affects its tensile strength. If the ratio of 6:4:4 for structural-size specimens is considered, 

one sees that the ratio (4/6) of tensile to bending strength is approximately 67 %. This 

strongly suggests that relationships such as Equation (3.1) [EN 383] which defines the 

tensile strength of timber as a fraction of its bending strength is based on the results of 

tests conducted on structural-size timber. A recent study on structural-size specimens by 

Steiger et al [Stei06] confirms this claim on the basis of characteristic values.  

(3.1) 

This explains why the tensile strength of timber in some texts is seen to be lower than 

the bending strength, as opposed to other texts which reports the tensile strength as 

higher than the bending strength. It can thus, be understood that the statement that 

timber is strongest in tension only applies to small clear specimens and not to structural-

size ones. This explains why the tensile strength from small clear specimens can be very 

much at variance with those determined using Equation (3.1). 

It is important to understand this difference when reviewing the strength properties of 

timber species from different texts. When one considers the specifications for determining 

the strength of timber based on structural-size specimens as outlined in [Desc96] and 

compares them with those outlined in EN 408, it appears that the specifications in EN 

408 are based on structural-size specimens. This should be kept in mind as the study 

proceeds.  

Having discussed the difficulty associated with defining a timber material property, and 

the intricacies in obtaining the values using the small clear specimens as well as 

structural-size ones, a summary of important studies on the behaviour of wood in the 

different grain directions under different stress types and conditions shall now be 
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discussed. To be discussed are the different methods and requirements of testing timber 

based on different test standards, their advantages and disadvantages, the presentation 

and interpretation of the test results as well as the choice of the test standard to be 

adopted in this study. Material properties to be considered include the tensile strength, 

compressive strength parallel and perpendicular to the grain, shear strength, bending 

strength, embedment strength, and the swelling and shrinkage properties. Methods of 

determining other material properties (such as the MoE) which are associated (where 

applicable) with the already named material properties, shall be discussed in parallel. 

Furthermore, adjustments in material properties due to moisture content and specimen 

size shall be discussed. Based on the discussions in this section of the study, a choice 

of the test methods to be used for investigating the material properties of Gmelina_Ak 

shall be made. 

3.3 Tensile strength - 𝐭,𝐨 

When external forces act upon a body in a way, such that the opposite ends are pulled 

away from each other as demonstrated in Figure 3.1, that body is said to be in tension. 

When this happens, internal stresses which tend to prevent the material from rupture 

are developed. If the internal stresses are equal to the applied load (also called the 

external force), the body will be in equilibrium and failure will not occur. If on the other 

hand, the applied load exceeds what the internal stresses can resist, the material fails. 

The tensile strength of timber parallel to the grain, therefore, defines its maximum 

resistance to externally applied loads acting in the direction parallel to its fibres in such 

a way that they pull the opposite ends of the timber apart.  

 

Figure 3.1: Timber under tensile stresses parallel to the grain 
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This material property could be useful amongst others, for defining the limits in tension 

for structural elements which are subject to tensile stresses.  

Wood exhibits its greatest strength in tension, with its tensile strength being dependent 

upon the strength of its fibres [Reco14]. Factors influencing the tensile strength of timber 

includes the nature (presence and types of defects) of the wood, dimensions, as well as 

arrangement of the test specimens [Reco14]. In comparison with its compressive strength 

parallel to the grain, the tensile strength of timber is between two and four times higher 

[Reco14]. 

Determination of the tensile strength of timber, like any other strength property, requires 

the use of specimens. However, difficulties associated with making a suitable and 

satisfactory specimen for this purpose, have been reported [Reco14].  The difficulty in 

making a suitable specimen is since the head and shoulders of the specimens (at the 

points of grip) would be subject to shear and compressive stresses, which are considerably 

smaller than the tensile strength. Thus, upon loading, specimens with a uniform cross-

sectional area, tend to fail at the grips rather than at the centre. Such failure at the 

grips, represents a failure which is a combination of both tensile and compressive stresses 

rather than pure tension. Failure due to such combined stresses, usually yields results 

which are comparatively lesser than the actual tensile strength of the material. To avoid 

this complication, the US Division of Forestry employed the use of the different specimens 

shown in Figure 3.2 [Reco14]. 

  

(a)  (b)  

Figure 3.2:  Historical design of tensile test specimens used in the US (a) type 1 (b) 

type 2 [Reco14] 
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The specimen in Figure 3.2a were cut out of sticks measuring 1.5” x 2.5” x 16” (38 x 64 

x 406 mm3) and their middle shaped to give a failure area of 2.5” x 0.375” (63 x 10 mm2). 

The failure area was intentionally reduced to this size, to allow the specimens to easily 

fail in pure tension upon the application of a tensile force. However, due to the difficulty 

of achieving this configuration, the configuration in Figure 3.2a was replaced with that 

shown in Figure 3.2b. this configuration consists of a 25 mm diameter tests piece, glued 

at its ends to solid timber wedges. Overtime, the tensile test specimens evolved. The 

current American standard for testing and materials [ASTM D143-14] specifies the use 

of specimens as shown in Figure 3.3.  

  

(a)  (b)  

Figure 3.3: Tensile test specimen and equipment according to ASTM D143-14 (a) 

specimen geometry and dimensions in mm (b) placement of specimens into the test 

equipment 

Although Figure 3.3, encourages tensile failure to occur within the specimens themselves 

(considering the relatively small failure area), one also observes that it does not eliminate 

the propensity of shear failure in the specimens. Considering that the shear strength of 

timber is far lesser than its tensile strength, makes this test specimen undesirable for use 

in determining the tensile strength. This is because, instead of having a pure tensile 

failure, either a shear failure or a combination of shear and tensile failure may occur. 
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The European standard [EN 408] specifies no strict specimen dimensions for determining 

the tensile strength of timber. However, it specifies that the specimen should be of a full 

cross-section and of sufficient length to provide a distance (clear of machine grips) of at 

least nine times the smaller cross-sectional dimension. Loading of the specimens, should 

be continuous, such that the maximum load (𝐹max, which is determinable from 

preliminary tests) is reached within 300 ± 120 s. For determining the MoE in tension, 

EN 408 recommends a constant load application such that the test piece is strained at a 

rate not greater than 0.00005 /s. The tensile strength parallel to the grain 𝑓t,0 as well as 

the MoE in tension 𝐸t,0 are then to be determined from Equations  (3.2) and (3.3) 

respectively.  

(3.2) 

(3.3) 

Where A is the specimen cross-sectional area, ∆F is the change in force corresponding to 

10 % and 40 % of the maximum force respectively and ∆𝑤 is the change in deformation 

corresponding to ∆F.  ℎ0 is the gauge length of the extensometer, long enough to measure 

deformations over a length equal to at least, five times the width of the test piece. 

As already discussed, the disadvantage of the specimen requirements mentioned in EN 

408 is the fact that, due to the applied compressive stresses on the specimens by the 

grips of the test equipment, the specimens tend to fail due to a combination of tensile 

and compressive stresses. The result of such combined failure is a value of tensile strength 

which is not truly representative of pure tension, and is thus, comparatively lesser than 

it should be. This was  observed in the works of Kohan et al. (2012) as reported in 

Büyüksari [Büyü17]. According to this study, the dog-bone shaped specimens showed to 

have 16 % higher tensile strength than those of rectangularly shaped specimens. One 

therefore sees that the results of such tests performed on specimens of full cross-section, 

are hardly representative of the true tensile strength parallel to the grain of timber. This 

disadvantage makes the determination of the tensile strength of timber parallel to the 

grain using the type of specimens described in EN 408, undesirable. 

The German standard [DIN 52188] for determining the tensile strength of timber, 

presents an intermediary between the ASTM D143-14 and the EN 408 test methods. 

The test specimen according to this standard [DIN 52188], is as shown in Figure 3.4 
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Figure 3.4: Tensile test specimen according to DIN 52188 

Figure 3.4 shows a larger area for grip by the test equipment, which helps to reduce the 

applicable compressive stresses on the test specimens. Furthermore, it eliminates the 

chance for shearing of the specimens due to applied tensile forces. Finally, the dimension 

of the central part of the specimen is smaller than the dimension of the edges, a feature 

which encourages failure of the specimen in pure tension. These unique traits make the 

DIN 52188 test specimen a better alternative for determining the tensile strength of 

timber parallel to the grain than those given in both EN 408 and in ASTM D143-14. 

Based on the DIN 52188, the load should be applied continuously such that failure of the 

specimen is reached within 90 ± 30 s. The tensile strength based on this method is also 

determined using Equations (3.2).  

From the above, one quickly observes that the rate of loading the specimens as 

recommended in the DIN 52188 is the fastest. Studies have shown that the speed of 

loading has an influence on the ultimate tensile strength of materials. Mahato at al. 

[Maha16], showed that the tensile strength of fibre glass, increases with increase in the 

loading rate, while the MoE is not influenced by the loading rate. Sliker [Slik73] studied 

the influence of strain rate, stress level and mode of loading of three timber species and 

reported that the rate at which the specimens are loaded, has no influence on the MoE 

in tension.  Büyüksari [Büyü17], studied the effect of the loading rate on the mechanical 

properties of micro-sized oak wood (measuring 0.8 x 5 mm2 in cross-section and 50 mm 

in length),  and reported that both the tensile strength and MoE in tension of the 

specimens were influenced by the rate of loading. He observed that the tensile strength 

reduced by 10.3 % when the loading rate was adjusted from 0.3 mm/min to 0.15 

mm/min, and by 3.7 % when the loading rate was adjusted from 0.15 mm/min to 0.075 

mm/min respectively. Although Büyüksari [Büyü17] observed changes  in the tensile 

strength due to the rate of loading, Jeong et al. [Jeon08], reported no changes in the 

tensile strength and MoE in tension of micro-sized pine wood specimens. Since both 

researchers tested micro-sized specimens, the difference in their results could be due to 

the difference in behaviour portrayed by wood from different populations or differences 

due to the shape of the specimens tested. From this perspective, one sees that tests 

performed in accordance with DIN 52188, would yield reliable results, considering that 
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the specimens are not prone to failure due to applied compressive and shear stresses as 

is the case with the EN 408 and ASTM D143-14 test methods. Since the DIN 52188, 

presents the best specimen configuration for reliably determining the tensile strength of 

timber, it shall be used in this study for determining the tensile strength of Gmelina_Ak. 

3.4 Compressive strength parallel to the grain - 𝐜,𝟎 

The compressive strength of timber parallel to the grain defines its resistance to 

compressive stresses which develop when loads acting in the direction parallel to the 

fibres of the timber are trying to push the opposite ends of the material towards each 

other as shown in Figure 3.5. 

                

Figure 3.5: Timber under compressive stresses parallel to the grain 

Knowledge of this material property is particularly important amongst others, for 

determining the compressive stress limits of structural elements acting as columns or as 

struts in trusses. According to Hendrigo de Almeida et al. [Hend16], the compressive 

strength of wood parallel to the grain is the most important amongst the mechanical 

properties of wood. Their argument is because the Brazilian code ABNT NBR 7190:1997 

categorises wood into different strength classes based on its compressive strength parallel 

to the grain. In accordance with the Brazilian standard PNBR-02:126.10-001-1 (ABNT 

2013a), determination of the compressive strength of timber parallel to the grain, requires 

the use of specimens measuring 50 x 50 mm2 in cross-section and 150 mm in length 

[Zani20], and loaded in three stages. The first stage involves loading the material up to 

50 % of the maximum load and holding it for 30 seconds. In the second stage, the load 

is reduced to 10 % of the maximum load and held for another 30 seconds. In the third 

and final stage, the specimen is then loaded up until failure. In case the moisture content 

at the time of testing differs from 12 %, the test result could be brought to its 12 % 

equivalence 𝑓c,0(12), using Equation (3.4) 

(3.4) 
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Where 𝑓c,0(u) is the compressive strength at a moisture content 𝑢 %; at which the tests 

were conducted. While the Brazilian standard specifies the use of specimens measuring 

50 x 50 mm2 in cross-section and 150 mm in length [Manr10], [Zani20], the Japanese 

Industrial Standard specifies the use of specimens measuring 25 x 25 mm2 in cross-section 

and 50 mm in length [Naka85].  The American standard [ASTM D143-14]  on the other 

hand, specifies the use of specimens measuring 50 x 50 mm2 in cross-section, and 200 mm 

in length, and subject to a constant loading rate of 0.003l /min, where l is the nominal 

specimen length. In addition to these, the German standard [DIN 52185] specifies the use 

of square specimens measuring 20 x 20 mm2 in cross-section and 30 mm in length, loaded 

constantly such that the maximum load is reached in 90 ± 30 s. 

The overview presented shows a loud difference in the test methods and specimen 

dimensions recommended by different standards. Given these large differences, questions 

such as the following comes to mind. Can different strength results be obtained for the 

same material using different testing standards? Can the specimen dimension influence 

the strength results? Can results obtained using the different standards, be easily 

compared with each other?  In this regard, Armstrong et al. [Arms84], quoted the work 

of Armstrong (1955), who explained that the compressive strength of timber varies with 

specimen dimensions. According to this study, Armstrong (1955) observed that the 

maximum crushing (compressive) strength of timber parallel to the grain as well as the 

MoE determined using specimens measuring 2 x 2 in2 (50 x 50 mm2), are 96 % and 107 

% respectively of those obtained using specimens measuring 20 x 20 mm2. This study 

shows that the compressive strength parallel to the grain of timber, is influenced by its 

specimen dimensions. This therefore shows that, while results obtained using the same 

tests methods may be compared with each other, results obtained using different test 

methods may not directly be compared with each other without adjustments. This is 

because discrepancies due to the test methods, and specimen dimensions could introduce 

significant differences in the tests results.  

The European standard [EN 408], however, gives no specific specimen dimensions or 

loading speed for determining the compressive strength of timber parallel to the grain. It 

rather specifies that the lengths of specimens should be six times the smaller cross-

sectional dimension and that the load should be continuously applied, such that the 

maximum load (determinable from preliminary tests), is reached in 300 ± 120 s. In 

comparison with the Brazilian, German, and American standards, it appears that the 

EN 408, allows the use of specimens with rectangular, rather than square cross-sectional 

areas to be used for this test. This flexibility allows for the use of more practicable 

dimensions for the test. It also allows specimens of different strengths to be tested on an 

even scale since only a maximum time to failure, instead of a strict loading rate, is 

specified. This means that the ratio of the loading rate to the strength of the material is 

constant and makes it possible for the results obtained using different specimen 

dimensions to be properly compared with each other. It follows that the European 
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standard [EN 408] gives the best combination of specimen dimensions and test method 

for determining the compressive strength of timber parallel to the grain. Therefore, the 

recommendations of EN 408 shall be used in this study to determine the compressive 

strength parallel to the grain of Gmelina_Ak. 

With regards to the MoE in compression parallel to the grain, EN 408 recommends 

loading the specimens at a constant rate of 0.00005l mm/s, (where l = specimen length) 

with the specimen’s deformation being measured using an extensometer of gauge length 

l1 = 4d. Where d is the specimen’s smaller cross-sectional dimension. Putting these 

recommendations together, the compressive strength 𝑓c,0 as well as the MoE in 

compression parallel to the grain 𝐸c,0 can be determined using Equations (3.5) and (3.6) 

respectively. 

(3.5) 

(3.6) 

Where l1 is the gauge length and the other parameters are as already defined. Strength 

adjustments for tests not conducted at 12 % moisture can be done using Equation (3.4). 

3.5 Compressive strength perpendicular to the grain - 𝐜,𝟗𝟎 

In compression perpendicular to the grain, the loads are applied such that they act 

perpendicular (at 90ᵒ) to the grain direction as illustrated in Figure 3.6. 

 

Figure 3.6. Timber under compressive stress perpendicular to the grain 

It is a very important parameter for understanding the behaviour of timber structures 

at contact points such as that of a beam resting on a column. This material property is one 

of the most complex to define and has been investigated by different researchers. A brief 

overview of historical studies which have dealt with this material property are presented 

and discussed below. 

According to Gehri [Gehr97], Graf (1921) conducted tests on structural timber and 

obtained compressive strength (perpendicular to the grain) values of about 2 MPa for 

softwood species. Staudacher (1936), carried out tests on small clear specimens of fresh 
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cut timber, at moisture contents above the saturation points and clearly showed the 

difficulty in defining the compressive strength perpendicular to the grain. He defined two 

limits: a elastic limit and a yield point. Where the elastic limit maintains its usual 

meaning and the yield point corresponds to the point of intersection 𝐹Er of the two 

tangents taken from both slopes of the typical load-displacement curve of wood in 

compression perpendicular to the grain (Figure 3.7)  

 

 kr : elastic limit 

 Er  : yield point  

 𝐹wr : densification 

    : ufor determining the MoE 

 b    : elastic limit for 

determining MoE 

 c     : yield point - determined 

from the diagram  

 d     : reconsolidation - 

determined from the diagram 

 

Figure 3.7: Definition of compressive strength perpendicular to the grain according to 

Staudacher(1936), as reported in Gehri [Gehr97]. 

Suenson (1938) conducted a series of tests and discussed the influence of specimen lengths 

in relation to the loaded area on the compressive strength of timber perpendicular to the 

grain. He used specimens of cross-sectional area equal to 150 x 150 mm2 and lengths 

equal to 150, 300, 450, 600, and 750 mm, respectively. Loading of the specimens were 

done partially over a length of 150 mm. The results of his experiments as documented 

by Gehri [Gehr97], and Van der Put [van 08], show that the compressive strength of 

timber perpendicular to the grain increases with increase in the specimen length as can 

be seen in Figure 3.8.  
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Figure 3.8: Influence on specimen length in relation to the loaded area on the 

compressive strength perpendicular to the grain of timber according to Suenson. From 

Van der Put [van 08] 

This can be explained by the fact that in the test set-up used for this test, the applied 

load is not only borne by the portion of the fibres directly under the loaded length, but 

also by the portion of the fibres to the left and right of the loaded area as shown in  

Figure 3.9. 

 

Figure 3.9. Fibres to the left and right of the loaded area in compression perpendicular 

to the grain. From [Ali14] 

Gaber (1940) conducted tests on square specimens of spruce (Picea abies) having a side 

length of 50 mm and obtained a compressive strength perpendicular to the grain value 

of about 3 MPa. Hall (1980) studied the compressive strength perpendicular to the grain 

for different wood species. He defined the compressive strength perpendicular to the grain 

based on a 0.2 % offset strain value. His results showed that the characteristic and mean 

compressive strength perpendicular to the grain of spruce (Picea abies) is about 2.2 MPa 

and 3.2 MPa, respectively. Gehri [Gehr97] tested glued laminated timber specimens 

measuring 200 x 120 mm2 in cross-section and 210 mm in length and having density 
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ranging from 374 kg/m3 to 465 kg/m3. 200 mm was considered as the reference height of 

the specimens. Other specimen heights considered were 100 mm, and 400 mm 

respectively. The compressive strength perpendicular to the grain was defined based on 

a 1 % strain. Results of the study showed that with the specimens of height ℎ  = 200 

mm, there was no increase in strength from 1 % to 10 % strain. For specimens with 

height equal to half the reference height (100 mm), the strength value continued to 

increase even after a 1 % strain, whereas for those having ℎ = 400 mm whose heights 

were double the reference height an abrupt decrease in the strength values was observed 

just after the 1 % strain. From the tests, a relationship between the mean compressive 

strength perpendicular to the grain and the material density was established as shown 

in Equation (3.7) 

(3.7) 

where 𝜌 is the mean material density. 

Hoffmeyer et al. [Hoff00] carried out a study on structural timber and glulam in 

compression perpendicular to the grain. The aim of the study was to provide adequate 

experimental evidence for the establishment of characteristic strength values for glulam 

and structural timber in compression perpendicular to the grain in accordance with EN 

1193. The structural timber tested in the study, consisted of 74 specimens of Norway 

spruce (Picea abies) having cross-sectional dimensions of 45 x 90 mm2 and conditioned 

at 20 °C and 65 % relative humidity. The tests were carried out in accordance with EN 

1193. The strain was measured using an extensometer having a gauge length of 50 mm 

and by measuring the change in distance between the crossheads of the test equipment 

over a 90 mm distance, respectively. Different configurations with respect to the 

orientation of the annual rings were tested as shown in Figure 3.10. 

 

Figure 3.10: Specimen configurations tested in Hoffmeyer et al. From [Hoff00] 

It was observed that wood in compression perpendicular to the grain did not produce a 

clear ultimate stress. Rather, the specimens showed a continuous growth in stress up to 

values of deformation which were far beyond any practical use. The compressive strength 

perpendicular to the grain for each specimen was defined as the strength corresponding 

to the intersection of the stress-strain curve and a line parallel to the elastic part of the 

stress-strain curve drawn at an offset equal to one percent of the strain. Results of the 
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study showed that the compressive strength perpendicular to the grain of structural 

timber and glulam lies between 2 MPa and 4 MPa. The 5th percentile values were between 

2.3 MPa and 2.4 MPa while the mean value was 2.9 MPa. A relationship between the 

compressive strength perpendicular to the grain and the material density was obtained. 

According to the relationship, the 5th percentile and mean compressive strength values, 

perpendicular to the grain can be estimated from Equation (3.8) 

(3.8) 

Where the 5th percentile and mean strength values are obtained by substituting the 5th 

percentile and mean density values into Equation (3.8) respectively. Despite the proposal 

to obtain the characteristic compressive strength perpendicular to the grain from 

Equation (3.8) by substituting the mean with the characteristic density value, it is worth 

noting that this can only be possible, if there is a 100 % correlation between the 

compressive strength perpendicular to the grain and density for all possible datapoints; 

a situation that is almost impossible to achieve in practice. Results of the MoE in 

compression perpendicular to the grain for both structural timber and glulam was 

approximately 300 MPa. Influence of the position of the grain as shown in Figure 3.10 

was also studied. The results (Table 3.1) show no significant difference in the compressive 

strength perpendicular to the grain for the different configurations. 

Table 3.1: Mean values of fc,90 and density based on specimen configurations tested in 

[Hoff00] 

Specimen type A B C D E 

fc,90, mean (MPa) (50mm) 2.9 3.0 3.0 3.1 2.8 

fc,90, mean (MPa) (90mm) 2.8 2.8 2.9 3.1 2.9 

ρ12, mean (kg/m3) 458 444 454 447 446 

 

The COV obtained in their study for density was 9.6 % and compared well with 10 % 

given in the Joint Committee on Structural Safety (JCSS) Model Code [JCSS06]. Based 

on experimental evidence, Hoffmeyer et al. [Hoff00] also showed that a deviation in strain 

up to 5 times the 1 % given in EN 1193 as the strain limit, made no significant increase 

in the compressive strength results perpendicular to the grain. 

An experimental study of locally loaded timber in compression perpendicular to the grain 

was carried out by Bleron et al.[Bler11] .  In the study, Norway spruce (Picea abies) with 

moisture content of between 10 % and 12 % was tested in partial loading to show the 

compressive strength perpendicular to the grain for different loading conditions. The 

specimens’ widths b was kept constant at 78 mm, while their heights h and lengths were 

varied. All tests were carried out in accordance with EN 408, considering the loading 

cases shown in Figure 3.11. 
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Figure 3.11: Loading cases of compression perpendicular to the grain. From [Bler11]  

Results of the study showed that failure of the specimens occurred at a plastic threshold 

by compression and lateral deformation. A comparison between the results also showed 

that the height of the specimens had no influence on their load carrying capacity.  

Verbist et al. [Verb20] discussed the expected stress-strain response of wood in 

compression perpendicular to the grain in three phases: the elastic loading phase, the 

buckling and yielding phase, and the grain densification phase, as shown in  

Figure 3.12. 

 

Figure 3.12: Expected stress-strain response of timber in compression perpendicular to 

the grain according to Verbist et al.[Verb20]. 

In the elastic phase, the compressive stress increases linearly with little strain 

perpendicular to the wood fibres. Here, the slope of the curve stands for the MoE in 

compression perpendicular to the grain 𝐸c,90.Upon reaching the elastic strength 𝑓c,90 (the 

point on the stress-strain curve corresponding to the transition from phase 1 to phase 2 

[Verb20]), the buckling and yielding phase starts. This second phase, according to Verbist 

et el. [Verb20] is characterized by an intensified crushing of the wood fibres and a very 

slow stress increase. With high crushing, wood fibres start to densify due to significant 
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decrease of void volume inside the material, thus, resulting in a sudden rise of compressive 

stress. It can thus, be understood from the works of Verbist et al. [Verb20] that defining 

the compressive strength perpendicular to the grain  with respect to the different phases, 

would yield different results. Leijten et al. [Leij10], reported the works of Poussa et al. 

(2006) who compared values of  compressive strength obtained using specimens from the 

same timber species, based on the European and the American standards respectively. 

According to Leijten et al. [Leij10], the results of the study showed a mean compressive 

strength of 2.8 MPa for tests performed in accordance with the European standard [EN 

408] and 7 MPa for tests performed in accordance with the American standard [ASTM 

D143-14]. This wide difference in the results obtained from both testing methods could 

be attributed to the fact that the specimens tested in accordance with ASTM D143-14, 

are partially loaded. Hence the portion of the fibres to the left and right of the loaded 

area (in the direction parallel to the grain) also contribute in taking the applied 

compressive load (see Figure 3.9). On the other hand, the specimens tested in accordance 

with EN 408, are loaded on the full cross-sectional area. Hence there is no means of 

taking up additional load due to surrounding fibres. It can be understood that the 

European standard [EN 408] seeks to reflect the basic value of the material property in 

compression perpendicular to the grain, whereas the American standard [ASTM D143-

14] seeks to present a value (of the material property) which reflects a practical situation 

for timber in service. This is because, the American standard tends to simulate the 

behaviour of a wood joist resting on a wall or foundation [Bler11], [Leij10]. It is worth 

noting that other countries such as Canada, Australia, and New Zealand also chose the 

testing methods which aim at reflecting the practical use of timber as is the case with 

the ASTM D143-14. According to Gehri [Gehr97], and  Leijten et al. [Leij10], Bodig and 

Jayne (1982) explained that results obtained using the ASTM test  methods cannot be 

used  to determine the true compressive strength perpendicular to the grain of wood. 

The same is true for the German standard [DIN 52192] which gives instructions for 

determining the compressive strength perpendicular to the grain on defect-free specimens 

but however, explains that results from the tests should not be used for design purposes. 

Although determination of the compressive strength perpendicular to the grain according 

to EN 408 is some-what laborious and time-consuming to achieve (as would be discussed), 

it appears that the EN 408 standard provides reliable instructions and procedures for 

determining the compressive strength perpendicular to the grain of timber. It also yields 

results which can be used for design purposes. Considering these advantages of the EN 

408 test method over the others, the compressive strength of Gmelina_Ak perpendicular 

to the grain, in this study, shall be determined in accordance with EN 408. 

EN 408 specifies specimen dimensions  equal to 45 x 70 x 90 mm3 to be tested 

in full loading in compression perpendicular to the grain. For determination of MoE in 

compression perpendicular to the grain, an extensometer of gauge length 0, 

approximately 60 % of the specimen height is recommended. No distinction is made 

between the radial and tangential directions. Loading of the test pieces must be at a 
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constant rate such that the maximum force c,90,max is reached in 300 ± 120 s. The force 

c,90,max used for computing the strength values is defined as the force at the intersection 

of the load-displacement curve and a line parallel to the elastic part of the curve, drawn 

at an offset of 0 (See Figure 3.13); where  ℎ0 is the gauge length. 

Following these requirements and performing the tests, the compressive strength 

perpendicular to the grain 𝑓c,90 for each specimen can be obtained using Equation (3.9), 

and the MoE in compression perpendicular to the grain 𝐸c,90, using Equation (3.10). 

(3.9) 

(3.10) 

Where A, ∆F, and ∆𝑤 are the cross-sectional area of the specimens, the increment in 

load on the straight-line portion of the load-displacement curve, between 10 % and 40 % 

of the maximum load c,90, and , is the increment in deformation corresponding to 
∆F. 

 

 

Figure 3.13: Definition of 𝑓c,90,max according to EN 408 

No adjustments are given in the reference codes for this material property in case it is 

obtained outside the reference conditions of 12 % moisture content and 65 % relative 

humidity.  

3.6 Shear strength - 𝐯 

The shear strength of timber is its measure of resistance to internal slipping of one part 

upon another along the grain. See Figure 3.14. 
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Figure 3.14: Shear strength parallel to the grain 

Although the shear strength of timber seldom governs the structural design of timber 

structures, it becomes a very sensitive parameter in cases where the height of the element 

is reduced at the support.  Examples of such elements are tapered beams or beams with 

notches, as shown in Figure 3.15. 

  

(a) (b) 

Figure 3.15. Sample structural elements susceptible to shear failure (a) beam with a 

notch (b) Tapered beam 

Since the shear strength plays a very sensitive role in the performance of such elements 

as shown in Figure 3.15, its determination is thus, necessary, to enable a safe and 

complete design of such elements. The literature contains information on different 

methods that have been used for determining the shear strength of timber.  

According to the American standard [ASTM D143-14] specimens which are shaped  

and loaded as shown in Figure 3.16 are to be used for determining the shear strength of 

timber. 
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Figure 3.16: Shear test specimen according to ASTM D143-14 

In the so-called shear block test, the specimens are supported on a base plate and loaded 

continuously at 0.6 mm/min up to failure, using a loading plate. However, results of the 

shear block test have been criticized by many researchers and considered as not 

representative of the shear strength of solid sawn timber or glued-laminated beams 

[Ramm94]. This is not only due to the influence of stress concentrations at the corners 

of the test specimen, but also since the shear block test ignores the influence of beam 

defects (such as splits and knots) on the shear test results. Further criticisms of the shear 

block test include claims that it does not result in pure shear failures, due to the presence 

of moments and local stress concentrations [Ramm94]. In comparison with other test 

results, Rammer and Soltis [Ramm94] reported (on the average), a 33 % higher shear 

strength value from other test methods than what is obtained from the shear block test 

(as would be seen subsequently). For the above-mentioned reasons, the shear block test 

has been considered as problematic. Given the problematic nature, researchers started 

investigating the possibility of determining the shear strength of timber from full size 

beams. 

Rammer and Soltis [Ramm94] investigated the shear strength of southern pine and 

Douglas fir glued-laminated beams using a five-point beam shear test method. The set-

up consisted of a two-span beam with concentrated loads symmetrically placed on either 

side of the centre support. The specimen dimensions and set-up used are as shown in 

Figure 3.17,  where the plate lengths b1 and b2 varied with beam size between 152 to 381 

mm and 203 to 508 mm respectively. 
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Figure 3.17. Five-point beam shear test used in Rammer and Soltis [Ramm94] 

Loads were monotonically applied at a rate such that the maximum load was reached 

between 6 and 20 minutes, with failure targeted to occur at or around the 10th minute. 

Three failure modes were observed, namely: bending failure due to tensile rupture, shear 

failure, and failure due to compression perpendicular to the grain. Of the 138 southern 

pine specimens tested, 102 shear failures were observed, and of the 192 Douglas fir 

specimens tested, 170 shear failures were observed. The shear strengths were determined 

by idealizing the 2-span beam as a single-span beam with one end fixed and the other 

end hinged. The span length for this idealized beam was taken as the centre-to-centre 

support distance. Considering the equation for shear in a beam fixed at one end and 

supported at the other end under a concentrated load, and with the span as 5d, the shear 

force V was determined using Equation (3.11) 

(3.11) 

Where P is the load applied on the single span. Substituting Equation (3.11) into 

Equation (3.12), they obtained the equation for determining the shear stress of the 

specimens from the five point shear test as Equation (3.13). 

(3.12) 

(3.13) 

Where 𝑏 and 𝑑 are the width and depth of the beams, respectively. In comparison with 

results from the shear block test, results from the five-point beam shear tests were found 

to be between 17 and 42 % higher for beams whose cross-section were less than 64 x 140 

mm2, 8 % lower for beams with a cross-section of 76 x 280 mm2 and 38 % higher for those 

with a cross-section of 127 x 560 mm2. These results showed that shear strength varied 

with beam size. A summary of the experimental and FE analysis showed that the ASTM 

assumed shear strength from the shear block test is less than the true failure stress by a  
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factor of 2.  A relationship between shear strength values τ obtained from the five-point 

beam shear test and those 𝜏𝐴𝑆𝑇𝑀 obtained from the shear block tests, was developed as 

(3.14) 

Where  is the stress concentration constant of 2, and A, is the beam shear area. They 

recommended the five-point beam shear test as accurate for determining the shear 

strength of timber, based on their findings. 

Using the same test set-up described in [Ramm94] above, Rammer et al.[Ramm96] 

investigated the shear strength of unchecked solid-sawn Douglas fir. Of the 160 specimens 

that were tested, 99 of them failed in shear, thus, yielding a 62 % shear failure rate. The 

observations were same as discussed above for the glulam, and the relationship between 

the shear strength values were the same as described by Equation (3.14). After much 

investigation and discussion, it was concluded that the use of the five-point beam shear 

test to determine the shear strength of unsplit sawn Douglas fir beams is acceptable, if 

care is taken to select beams which have an adequate bending strength and a small aspect 

ratio (length/depth). Unfortunately, the terms “adequate” and “small” which describe 

the bending strength and the aspect ratio were not concretely defined.  Riyanto and 

Gupta [Riya98] made a comparison between various methods of evaluating the shear 

strength of structural lumber. For full size specimens, they investigated the shear 

strength based on the three, four, and five-point bending tests, as well as the torsion test. 

For the five-point test, the set-up discussed above (as used in [Ramm94]) was considered. 

The ratio of the length l to the depth  for all the full-size beam tests was 5 and the 

thickness was 38 mm. 76 specimens were tested using each of the test methods. 

Additional 76 specimens were tested using the shear block test. The tests were performed 

as regulated in the various American standards [ASTM D198, ASTM D198(2), ASTM 

D143] as well as in [Ramm94] respectively. The failure modes observed were shear failure, 

bending failure, and a combined shear and bending failure. In the three-point bending 

test, the following was observed:  33 shear failure, 33 bending failure and 10 combined 

bending and shear failure. The four-point bending test yielded six shear failures, 68 

bending failures and two combined bending and shear failures. This behaviour is 

understandable as the four-point bending test subjects the specimens to the least shear 

stresses within the middle third of the specimens. In the five-point bending test, 21 

specimens failed by shear, 27 by bending and 16 by a combined shear and bending failure. 

The remaining 12 specimens had lateral stability problems before reaching the maximum 

load. Specimens tested in torsion all failed in shear. It was observed in all cases that 

shear cracks either stopped at, or went around the knots, thus, indicating that knots do 

not reduce the shear strength of wood. Among the test methods (which considered full-

size specimens), the three-point bending test, torsion test, and the five-point bending test 

had very similar (16 %, 18 %, and 18 % respectively) coefficients of variation. The four-

point bending test had the largest COV value of 28 %. This shows that the three- and 
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four-point tests were the most and least consistent at determining the shear strength of 

the tested specimens respectively. This makes the four-point tests the least adequate for 

determining the shear strength of timber. Results of an analysis of variance conducted 

at 5 % significance level on all the test methods, showed to be significant. Thus, implying 

that each test method gave different shear strength values for the same timber species. 

While the four-point test gave the least shear strength values, the five-point test yielded 

the highest shear strength values, as well as the highest compressive strength 

perpendicular to the grain values. Based on the works of Mandery (1965) cited in Riyanto 

and Gupta [Riya98], increasing the compressive stress perpendicular to the grain 

significantly increases the shear strength at failure of wood. This suggests that the high 

shear strength values obtained from the five-point tests, could have been influenced by 

the high compressive stress perpendicular to the grain which occurred in the same area 

as the shear stress. The torsion test, which was most representative of pure shear, yielded 

results which were quite at variance (59 % higher) than those obtained from the shear 

block test. On the various test methods involving the use of a bending test set-up,  

Riyanto and Gupta [Riya98] explained that the three-point bending test method is the 

best for determining the shear strength of timber. This is because the three-point bending 

test produced the highest percentage of shear failures and the lowest COV, in comparison 

with the others. Furthermore, they reported that the mode of shear failure of the three-

point bending test is closer to a real-life failure of lumber in structural use. It was thus 

concluded that if the objective of the shear test is to determine the shear strength of 

wood as a material, the torsion test would be the most appropriate. This is because it 

can produce pure shear failure in the specimens. However, if the objective of the shear 

test is to determine the shear strength of wood as a structural component, the three-

point bending test would be the proper test method to be used.  

The European standard [EN 408] however, proposes a method of determining the shear 

strength of timber based on the use of a rectangularly shaped specimens measuring 32 ± 

1 x 55 ± 1 x 300 ± 2 mm3 and loaded as shown in Figure 3.18. 
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Figure 3.18: Shear strength test specimen according to EN 408 

According to this standard, the test specimens should be glued (using a two-part epoxy) 

to a 10 ± 1 mm thick metal plate and loaded at a constant rate such that the maximum 

force is reached in 300 ± 120 s. For analysis of the test results, only specimens which do 

not fail along the glue line and those whose failure along the glue line do not expose more 

than 80 % of the glued area shall be considered. Following these requirements, the shear 

strength 𝑓v of the piece of timber can be determined using Equation (3.15) 

(3.15) 

Where l and  are the length and width of the specimen and max is the maximum force 

obtained during the test. Further to this, the European standard  [EN 384] proposes a 

direct relationship between shear and bending strength  as shown in Equation (3.16) 

(3.16) 

Denzler and Glos [Denz07] however, raised concerns about the accuracy of using Equation 

(3.16) to determine the shear strength of timber since, according to them, the shear test 

method in EN 408 was accepted for use only after EN 384 had been published. Since the 

relationship given in Equation (3.16) suggests that shear strength increases with strength 

classes (i.e., bending strength and density), their concern was to investigate whether the 

shear strength results from the EN 408 test method agree with the results obtained using 

Equation (3.16) and also to investigate the relationship between shear strength and 

density. 260 specimens made of Picea abies were tested as described in EN 408 and 

analysed. It was observed during the test that the specimens failed in pure shear. From 

the analyses done, it was realized that there was no increase in shear strength with 

increase in specimen density as suggested by Equation (3.16). It was thus reported that 

experimental results did not agree with values given in EN 338. Results on the influence 

of the growth rings on the shear strength showed that at the 5th percentile level, the 
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orientation of the growth rings had negligible influence on the shear strength values. In 

fact, the influence of the growth ring orientation on the shear strength was reported as 

not noticeable.  The shear strength of specimens with knots were in the same order of 

magnitude as those of specimens without knots. This shows that knots do not influence 

the shear strength of timber and agrees with the findings of Riyanto and Gupta [Riya98] 

who determined  from several tests methods that, if a shear crack comes across a knot, 

it either stopped or went around it. In conclusion, Denzler and Glos [Denz07] stated that 

the tests results do not justify the increase in shear strength values based on timber 

strength classes as is suggested by Equation (3.16). They recommended the consideration 

of this observations in the next evaluation of the European standard [EN 338]. 

A comparison of the different shear strength test methods will show that the shear block 

and the four-point bending test methods are not the best methods for determining the 

shear test of timber. From the discussion, it was observed that the three-point test 

method which replicates several practical uses of timber in engineering, has the 

disadvantage that only a fraction of the tested specimens failed in shear. Furthermore, 

it requires the use of specimens with relatively large dimensions. Also, determining the 

shear strength of a specimen using the three-point test method will require that many 

specimens should be tested. This is because the number of specimens that will fail in 

shear cannot be predetermined. Hence for cases where there is not enough material to 

produce many specimens for testing, this test method will not be desirable. The five-

point bending test also has the same disadvantages as the three-point tests, that many 

specimens must be available for testing, as the number of specimens which will fail in 

pure shear cannot be determined from the beginning of the test. In addition, the five-

point-shear test set-up is complex and could be time consuming to establish. Moreover, 

the presence of high compressive stresses perpendicular to the grain could also influence 

the test results, according to the works of Mandery (1965), as cited in Riyanto and Gupta 

[Riya98].  Considering the different methods discussed so far, one sees that determination 

of the shear strength based on the torsional test, and the EN 408 test methods are the 

only options which guarantee a pure shear failure of the specimens. Hence, when pure 

shear is desired, any of the two methods may be used. When considering other factors 

such as specimens’ size and cost, one sees that special equipment is required for the 

torsional test, a situation that does not apply to the EN 408 test method. Also, in 

comparison with the EN 408 test methods, the torsional test requires the use of specimens 

with larger dimensions. In comparison, this will be costlier, especially when large number 

of specimens are to be tested. It thus appears that the EN 408 method of determining 

the shear test, is the only test method which allows the determination of pure shear 

strength with the use of reasonable sized specimens. In this study, therefore, the shear 

strength of Gmelina_Ak shall be determined in accordance with EN 408.  

No specific moisture content - strength correction factors are given in the European 

standard [EN 384] for the shear strength. However, Brandner et al.[Bran14] suggested a 
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3 % reduction in the shear strength for every 1 % increase in moisture content between 

12 % and 20 %. As cited in Zziwa et al. [Zziw10], Ishengoma and Nagoda (1991) suggested 

the use of Equation (3.17) for making shear strength adjustment for moisture contents 

between 12 % and 25 %. 

(3.17) 

Where v(u) is the value of shear strength corresponding to the moisture content 𝑢 (in 

percent) at the time of testing and v(12) is the equivalent value of the shear strength at 

a moisture content of 12 %. 

3.7 Bending Strength - 𝐦 

The bending strength is a measure of a material’s ability to resist flexural loads. Flexural 

loads are those which are applied such that they act an angle of 90° to the axis of a 

beam, ( 

Figure 3.19) causing it to bend. The action of such forces on beams, cause a shortening 

of the longitudinal fibres on the concave side and an elongation of the same on the convex 

side, thus, inducing axial compressive and tensile stresses within the beam.  

 

Figure 3.19 : Flexural loading of a beam 

The wide applicability and structural functions of a beam makes the bending strength 

very important to investigate. For determining the bending strength of timber, the 

American standard [ASTM D143-14] specifies either the use of specimens measuring 50 x 

50 mm2 in cross-section and 760 mm in length, or the use of specimens measuring 25 x 

25 mm2 in cross-section and 410 mm in length. In both cases, the span is chosen such 

that a span-to-depth ratio of 14 is achieved. Hence, in the former, the specified span is 

710 mm, whereas in the later, it is 360 mm. To perform the test, the specimen shall be 

supported within its span on rollers and bearing plates and loaded continuously at a 

rate of 2.5 mm/min until the maximum load is reached. During the loading process, 

deflections shall be measured at the centre of the specimens, along the neutral axis. See 

Figure 3.20 for test set-up. 
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Figure 3.20: ASTM D143-14 Bending test set-up. From [ASTM D143-14]  

Unlike the American standard, the European standard [EN 408] gives no specific 

specimen dimensions for determining the bending strength of timber. According to this 

standard [EN 408], the bending strength test shall be conducted on simply supported 

specimens which have been conditioned to constant mass in a standard environment (20 

± 2 °C, and 65 ± 2 % relative humidity), and having a length-to-depth ratio of 19. 

Loading of the specimens shall be continuous and applied at two points over a span of 

18 times the depth, such that the maximum load (which can be determined from 

preliminary tests), is reached in 300 ± 120 s. Following the prescribed methods, the 

bending strength m from any specimen could be determined as a function of its height 

, width , the maximum force reached during the tests max, and the distance  

between a support and the loading point (see  

Figure 3.19), using Equation (3.18). 

 (3.18) 

Based on results obtained from the three and four-point bending test methods, different 

observations have been made. As documented in Hein [Hein18], Chitchumnong et 

al.(1989) observed that the fundamental differences between the two test methods are 

the location of the maximum bending moment and axial fibre stresses. While the 

maximum stress occurs directly below the loading head in the three-point bending tests, 

it is spread out over the area between the loading heads in the four-point bending tests. 

The effects of this on the test specimen is that a comparatively high shear stress is 

induced in the three-point bending test specimens, whereas the four-point bending test 

does not induce any shear stresses between the loading points. Moreover, the indentation 

of the supports and the loading head does not influence the measured deflection [Bran02]. 

The result of the high induced shear stresses on the three-point test specimens, is a 
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reduction in the value of the MoE obtained. As reported in Hein et al. [Hein18], Sales 

(1977) compared the MoE of three species using both the three- and four-point tests 

methods and reported higher elastic moduli (36 % to 56 %)  for the four-point – than 

the three-point test. This phenomenon is due to the fact that the shear effect and the 

indentation effect of the loading head and the supports are neglected when determining 

the MoE of materials based on the three-point test method [Bran02]. Riyanto and Gupta 

[Riya98] evaluated the shear strength in Douglas fir by several methods: three, four, five 

point bending, and torsion, and discovered that the mean shear strength value (9.07 

MPa) obtained from the three-point bending test method was 41 % higher than that 

(6.44 MPa) obtained from the four-point test. This further highlights the fact that higher 

shear stresses are induced in the three-point than in the four-point bending tests. Studies 

by Kollman and Cote (1968)  as well as Guerrin (1990) cited in Brandcheriau et al. 

[Bran02] showed that the three-point bending test, due to induced shear stresses, 

underestimates the MoE by 9.5 %, and 8 % respectively.  Using samples from six different 

timber species, Brancheriau et al. [Bran02] then compared the MoE values obtained from 

54 specimens of 6 timber species using three and four-point bending tests. The specimens 

were conditioned normally at 20 ± 2 °C and 65 ± 5 % relative humidity and then cut to 

dimensions measuring 20 x 20 x 360 mm3. Each specimen was tested in three-point and 

then in four-point loading, with the loads for each case gradually applied such that the 

elastic behaviour of the specimens was not modified. The influence of the indentation 

due to the loading head and support conditions of the three-point loading tests were 

investigated by means of the Monnin hardness test. Results of the study showed that the 

three-point bending tests underestimated the MoE of the tested specimens by 19 %. 8 % 

of which was attributed to the influence of induced shear stresses and 11 % of which was 

attributed to the influence of the indentations on the test specimens. It was said in 

addition that the four-point bending test gives the best evaluation of the MoE because 

the hypotheses of the beam theory are validated by this test set-up.  

Hein et al. [Hein18], carried out a comparison between the three-point and the four-point 

bending test methods using specimens from Eucalyptus grandis. 138 specimens were 

tested by means of three-point bending, and 190 in four-point bending. Specimens’ 

dimensions were 25 x 25 mm2 in cross-section and 410 mm in length. Results of tests 

showed higher mean strength values (76.8 MPa) for specimens tested using the three-

point bending tests than for specimens tested using the four-point bending test method 

(73 MPa). This difference could be attributed to the location of the maximum bending 

moment in the test methods, seeing that in the three-point bending tests, the maximum 

stress occurs directly below the loading head meanwhile in the four-point test, this stress 

is spread over the area between the two loading heads. Thus, producing maximum stress 

along an extended region of the wood specimen, and exposing a longer beam length to 

the influence of internal stress at rupture. These findings of Hein et al. [Hein18], are in 

agreement with those of Chitchumnong et al. (1989), who showed that the flexural 

strength of denture-based polymers determined by means of the three-point test methods 
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were statistically significant in comparison with those obtained using the four-point test 

method [Hein18]. Hein et al. [Hein18] also observed that the correlation between bending 

strength and density was higher for the three-point bending test method, while the 

correlation between strength and MoE, was higher for the four-point test method. In 

conclusion, Hein et al. [Hein18] agreed with Brancheriau et al. [Bran02] that the four 

point test agrees better than the three point test with the hypothesis of the beam theory. 

One sees therefore, that the four-point bending test is therefore a better alternative to 

the three-point bending tests.  

Studies on the influence of moisture content on the strength of timber have been carried 

out. A summary of the findings of such studies for different material properties are 

presented in [Báde19]. According to this study, the influence of moisture content on the 

bending strength of timber can be obtained using Equation (3.19). 

(3.19) 

where α is the change in bending strength (in %) for any 1 % change in the moisture 

content, and  α is defined by Equation (3.20) 

(3.20) 

Where is the change in the bending strength of the material corresponding to a 

moisture change of   and  is the value of the bending strength at a moisture 

content of 12 %. 

While the European standard [EN 408], is silent on the bending strength adjustment 

from the fibre saturation point to 12 %, most studies (Vorreiter,1949; Kollmann,1951; 

Lohmann et al., 1987; Skaae,1988; Niemz, 1993; Sitkei, 1994, Molnar, 2004, Winandy 

and Rowell, 2005) as well as the Hungarian standard MSZ 6786 2004, all report an  

α value of 4 %  for use with Equation (3.19) [Báde19]. Alternative to the above 

mentioned studies, is the work of Ishengoma and Nogoda (1991) cited in [Zziw10], which 

specifies the use of Equation (3.21) for evaluating the bending strength-moisture content 

adjustment. 

(3.21) 

Size effect is a factor that influences the bending strength of timber beams. Armstrong 

et al. [Arms84] reported that the bending strength of timber performed on specimens 

having a cross-sectional area of 5 cm2, was 95 % of the results obtained for the same 

samples, using specimens having a cross-sectional area of 2 cm2. Furthermore, the MoE 

obtained for the first set of specimens were 7 % higher than those obtained from the 

second set of specimens. This shows that size influences the bending strength test results. 

To be able to compare the bending strength results obtained from specimens with 
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different sizes, the EN 384 specifies the use of the size effect correction factor h, defined 

as 

(3.22) 

The reference specimen depth  for which no correction is required is 150 mm. Hence, 

the bending strength of specimens whose depths are different from 150 mm, must be 

adjusted to the strength expected if a specimen of the reference depth was tested. This 

is done by dividing the experimental bending strength results by the minimum value 

of the size effect factor. It is worth noting at this stage that the size effect factor is a 

geometrical parameter and is independent of the timber species (soft or hardwood).  

In accordance with EN 408, the MoE in bending shall be determined using the same 

specimen dimensions as specified for the bending strength. However, the loading shall be 

applied at a constant rate of mm/s (  = height of the test specimen) until failure.  

While testing, displacement 𝑤 shall be measured at the centre of the beam along its 

neutral axis. Using the specimen’s geometry, the displacement values and the maximum 

force reached at failure, the MoE shall be computed using Equation (3.23) 

 

(3.23) 

Where m is the MoE in bending. l is the span, ∆F is an increment of the load over a 

straight-line portion corresponding to the difference between 40 % and 10 % of the 

maximum load (determined as max −  0.1 𝐹max), I  is the second moment of area of 

the specimen about the neutral axis, and ∆w is the change in displacement of the 

specimen measured between max and max. 

3.8 Embedment Strength - 𝐡 

Connections are the heart of timber engineering. This is because, every timber structure 

depends one way or another on its connections to function. According to Porteous and 

Kermani [Port07], timber structures are an assembly of joints separated by members. 

This means that individual timber members gain their capacity to function as a structure 

from the connections with which they are connected. This implies that there will be no 

timber structures without connections, and thus highlights the importance of connections 

in timber engineering. However, to successfully use connections to establish timber 

structures, the load carrying capacity of the connections must be determined. In timber 

engineering, two broad types of connections are used: the glued connection and the 

mechanical connection. Glued connections are popular in engineered wood products 

(EWPs), where different structural pieces are connected (with the help of adhesives) to 
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form different structural elements. A typical example of glued connections can be seen 

in an I-joist, where the flange and the web are solidly fixed together with the help of 

adhesives. Mechanical connections on the other hand are made up of metal dowel type 

fasteners where the load is transferred by dowel action through nails, screws, dowels, 

bolts, and staples. Since the connections are critical, the strength of a typical timber 

structure depends largely on the strength of its connections. This makes the design of 

timber connections a very important aspect of timber engineering. For the design of 

mechanical connections, several parameters are required, and one of them is the 

embedment strength h. The embedment strength is defined as the maximum stress 

obtained in a piece of timber or timber-based product under the action of a stiff linear 

fastener loaded in shear on its axis. According to Dong et al. [Dong20] the embedment 

strength is a fundamental parameter for the design of dowel-type fastener connections 

and depends on factors such as the diameter and type of fasteners (nails or bolts), the 

loading direction, and the density of the material [Hett05]. Since the embedment strength 

is much influenced by the type and diameter of the fasteners used rather than the 

material itself, it can better be described as a joint, rather than a material property 

[Hett05].  

The two main methods of determining the embedment strength of timber are based on 

the American [ASTM D5764-97a] and the European [EN 383] standards. Embedment 

strength according to the American standard [ASTM D5764-97a], is based on the half-

hole test. The specified specimen dimensions for this test are a thickness which is smaller 

than 38 mm or , a width larger than 50 mm or , and a length longer than 50 mm or 

, where  in this case is the fastener diameter. An additional requirement of the 

specimens is that they should be drilled to half the fastener diameter. Conditioning of 

specimens is to be done based on the objectives of the researcher. Loading of the 

specimens is to be done continuously such that the maximum load is reached between 

one and ten minutes and should continue until one half of the fastener is embedded into 

the specimen or after the maximum load is reached. Two load limits: proportional load 

limit and the yield load limit are defined. The proportional load limit is defined as the 

limit at which the load displacement curve ceases to be linear, while the yield load limit 

is defined as the point of intersection of the load-displacement curve and a line parallel 

to the linear part of the curve and drawn at an offset of 5 % of the fastener diameter. 

See Figure 3.21. 
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Figure 3.21. definition of yield load according to ASTM D5764-97a 

The embedment strength  is thus determined as the ratio of the yield load  to 

the product of the fastener diameter  and the thickness of the specimen  as 

(3.24) 

Determination of the embedment strength according to the EN 383, requires the use of 

the set-up shown in Figure 3.22. 

 

Figure 3.22. Embedment strength test set-up according to [EN 383] 

Considering nails as fasteners, the EN 383 differentiates between two test conditions: the 

predrilled and the non-predrilled conditions. Dimensions of the specimens in accordance 

with EN 383 are specified such that the thickness ranges between 1.5  and 4  (  being 

the fastener diameter) and the width and height, are equal to 10  and 20  - 40 , 

respectively. Loading of the specimens should be done following the loading-unloading-

reloading procedure. According to this procedure, the specimens must first be loaded to 

40 % of the maximum load , and then held for 30 seconds; after this stage, the 
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specimens are loaded until 0.1  and held for another 30 seconds; finally, the specimens 

are reloaded until failure. 

Failure is said to have occurred when the fastener moves 5 mm under the applied 

loads. Using the experimental data, the embedment strength  can be determined 

using Equation (3.25) 

(3.25) 

Where  and  are the specimen thickness and fastener diameter respectively, and the 

other parameters are as already defined. 

Whale et al. [Whal87] investigated the embedment strength of predrilled and non-

predrilled European grown timber specimens. They used bolts of diameter   

(subsequently referred to as large diameter fastener in this study) for the predrilled 

specimens and nails of diameter  (subsequently referred to as small diameter 

fasteners in this study) for the non-predrilled specimens. They determined that the 

embedment strength of timber-to-timer connections (predrilled cases, with ) 

can be determined using Equation (3.26), and the embedment strength of timber-to-

timber connections (non-predrilled cases, with ) can be determined using 

Equation (3.27). 

(3.26) 

(3.27) 

These equations are seen to be the basis for the characteristic embedment strength 

equations given in EC 5. This is because according to Sandhaas et al [Sand10] Eqns. 

(3.28) and (3.29) given in EC 5 were derived from Equations (3.26) and (3.27) by 

substituting the mean density values with characteristic density values . In the 

EC 5, Equations (3.28) and (3.29) are specified for use in timber-to-timber connections 

for a fastener diameter  for the predrilled and non-predrilled cases respectively. 

(3.28) 

(3.29) 

The EC 5 makes no distinction in the embedment strength determined with respect to 

the grain direction for fastener diameter less than 8 mm. Therefore, the difference in the 

equations is made only with respect to the condition of either pre-drilling or no predrilling 

as mentioned.  

Santos et al. [Sant10] carried out a comparison between the EN 383 and the ASTM 

D5764 test methods of determining the embedment strength of timber. Using pine 

specimens, they carried out experimental investigations on the specimens in the directions 

parallel and perpendicular to the grain. It was observed that fasteners in the EN 383 test 
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method are more prone to bending than those used in the ATSM D5764-97a test method. 

This is because, the fasteners in the EN 383 test method are loaded only on two points, 

whereas in the ASTM D5764-97a test method, the fasteners are loaded on their entire 

length. This, according to Santos et al. [Sant10], constitutes a disadvantage, considering 

that it is undesirable for the metal fasteners to bend during an embedment strength test. 

According to Santos et al. [Sant10] Equations (3.30) and (3.31) were derived for 

estimating the embedment strength of wood parallel and perpendicular to the grain. 

(3.30) 

(3.31) 

Although results from these equations agreed with their experimental investigations, they 

did not agree with results obtained using the EC 5 equations. A similar observation was 

made by other researchers. Schönmakers et al. [Scho10] after several investigations, 

categorically stated  that the EC 5 equations do not match with experimental results 

accurately. Hettiarachchi and Nawagamuwa [Hett05] investigated the embedment 

strength of five timber species grown in Sri Lanka and reported lapses with the EC 5 

equations. As recorded in their study, the EC 5 equations would need to be modified to 

be compatible with tropical timber species. When one considers, as stated by Sandhaas 

et al [Sand10], that the EC 5 equations (Equations (3.28) and (3.29)) were determined 

from Equations (3.26) and (3.27), by substituting the mean density values with the 

characteristic density values, certain questions come to mind. This is because although 

this explains the change from Equation (3.26) to Equation (3.28), it does not explain the 

change from Equation (3.27) to Equation (3.29) since the constant 0.09 and index -0.36 

in Equation (3.27) are different from those (0.082 and -0.3, respectively) in Equation 

(3.29). This shows that the explanation is not consistent for both the predrilled as well 

as the non-predrilled cases. Also, it can be understood from statistics that such change 

from mean to characteristic values is only true if there is a 100 % correlation between 

density and embedment strength values and a 100 % correlation between specific 

embedment strength values  and fastener diameters for all possible data points. 

This situation, however, is almost impossible to achieve, considering the random nature 

of experimental data. Furthermore, Whale et al [Whal87] had stated that their equations 

(Equations (3.26) and (3.27)) are valid for mean values,  but not for characteristic values. 

Also, it is worth noting that Equation (3.26) as given in Whale et al [Whal87] was derived 

for determining the embedment strength of predrilled timber for fastener diameters 𝑑 ≥

8 mm. Considering, as reported in Sawata and Yasmura [Sawa02]  that the fastener 

diameter plays an important role in the embedment strength value, it is unclear and 

would be important to understand why Equation  (3.26) (originally derived for  𝑑 ≥

8 mm) was adopted in the EC 5 (as Equation (3.28)) for determining the characteristic 

embedment strength values for . These concerns suggest that the EC 5 

equations would need to be further investigated, as they might have contributed to the 
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large difference between experimental and empirical values reported in the literature. 

This investigation will be conducted later in this study.  

Another concern raised by Santos et al. [Sant10] on the EN 383 method of determining 

the embedment strength is that of the deformation of the fasteners due to the full hole 

test method. To this, it is worth noting that the full hole test method offered by the 

European standard [EN 383], is closer to what is experienced in real connections than 

the half hole test offered by the American standard. Also, the issue of the deformation 

of the fastener is most likely to occur if the specimen is significantly thick and if the 

fastener is loaded far away from the specimen’s sides as shown in Figure 3.23.  

 

Figure 3.23. Test set-up, emphasizing undesirably wide distance between the test 

specimen and the loading points 

A test set-up that is built in this manner, will allow for the bending of the fasteners, and 

would yield undesirable results. This can be carefully avoided if the specimen thickness 

is kept reasonably to say , and if the fasteners are loaded very closely to the sides of 

the specimens as shown in Figure 3.22. Furthermore, the misalignment between 

experimentally obtained results using the empirical equations given in the EC 5 could be 

pointing to a potential issue with the equations, rather than the test methods. This could, 

furthermore, be an indication that the EC 5 equations need to be revisited for optimal 

results. As already indicated, investigations on the EC 5 equations will be carried out 

later in this study. In the meantime, however, it is worth mentioning that the embedment 

strength of Gmelina_Ak shall be derived in this study based on the EN 383 test method.  

3.9 Swelling and shrinkage   

The dimension of wood changes when it meets water and when the humidity of the 

environment in which it is stored changes. This is owed to its hygroscopic (moisture 

sensitive) nature. The measure of the changes in dimensions that wood undergoes in 

service because of its contact with water or changes in the environmental humidity, is 

referred to as dimensional stability. Dimensional stability is an important property which 

influences how timber can be used in service. Amongst others, this wood property has 
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wide application in wood modification research and is determinable via the swelling and 

shrinkage tests. Sargent [Sarg19], carried out a review on the methods of evaluating the  

dimensional stability of solid wood. He discussed different methods including: (i) the 

water saturation test method, (ii) the short-term water soaking test methos, and (iii) the 

equilibrium humidity cyclic test method. In the water saturation test method, the volume 

of a fully saturated specimen is compared with that of an oven dry specimen. In the 

short-term water soaking test method, the specimens are conditioned to equilibrium in a 

normal climate (20 °C and 65 % relative humidity), then soaked in water for 30 minutes. 

Here, the dimensions of the specimens in the normal condition are compared with the 

dimensions after it has been soaked in water for 30 minutes. The difference between the 

two, defines the dimensional stability of the material.  In the equilibrium humidity cyclic 

test method, the specimens are conditioned at different humidity values and the 

variations observed in the specimens’ weight and dimensions during the conditioning 

process, are determined, evaluated, and reported. Sargent [Sarg19]  observed that of the 

named methods of determining the shrinkage and swelling behaviour of timber, the  

method described in the German standard [DIN 52184], stands out. This is because the 

DIN 52184 is not only a combination of methods one and three mentioned above, but 

also gives simple-to-understand metrics (the swelling and shrinkage coefficients) which 

make it possible and easy for the swelling and shrinkage behaviours of different timber 

species to be compared. 

The unique advantage of these (swelling and shrinkage) coefficients offered by the DIN 

52184, makes it a desirable reference standard for determining the swelling and shrinkage 

properties of timber. In this study therefore, the dimensional stability of Gmelina_Ak 

shall be investigated based on the provisions of the DIN 52184. According to this 

standard, the swelling and shrinkage characteristics of timber can be determined with 

respect to the radial, tangential, and longitudinal directions. To determine the swelling 

and shrinkage behaviour in the radial and tangential directions, specimens measuring 20 

x 20 mm2 in cross-section, 10 mm in length and free from defects shall be used. To 

determine the dimensional stability in the longitudinal direction, specimens which are 

free from defects, measuring 20 x 20 mm2 and 100 mm in length shall be used. 

The procedure, according to the DIN 52184, for determining the swelling coefficients 

involves (a) conditioning the specimens in an environment with a temperature of 20 ᵒC 

and relative humidity of between 35 % and 85 %, (b) completely drying of the specimens 

to 0 % moisture content, (c) reconditioning the specimens to a normal climate (20 ᵒC, 

65 % humidity), and then (d) soaking them in water to constant weight. With data from 

these processes, the swelling coefficients in the various grain directions shall be 

determined. To determine the shrinkage coefficients, the specimens must first be (i) 

soaked in water until a constant weight is achieved, (ii) then conditioned to a normal 

climate until a constant weight is achieved, and finally (iii) they shall be oven dried to 
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zero moisture content. Using data from this process, the shrinkage coefficients shall be 

computed. More of this shall be discussed in Chapter 5 of this study. 

3.10 Chapter summary  

This chapter discussed different tests as well as test methods for determining the material 

properties of timber. Comparisons between different test methods were made where 

applicable and salient points which highlight the preference of a method over another, 

were discussed. Based on the salient points that were discussed, choices of test methods 

to be used in this study were made. It was stated that the tensile strength of Gmelina_Ak 

shall be determined in accordance with the requirements of the DIN 52188. The 

compressive strengths, shear strength and bending strength shall, in this study, be 

determined in accordance with EN 408. On the embedment strength, it was discussed 

that the empirical embedment strength equations given in the EC 5 have been criticised 

and described as unfit for predicting the embedment strength results. Despite these 

criticisms, it was also mentioned that the test method largely describes the practical 

behaviour of connected parts. Hence the inability of the equations to correctly predict 

values which match with experimental values, might have been an analytical, rather than 

an experimental error, hence suggesting the need for further investigations into the EC 

5 equations, for possible improvements. The EN 383 test method was decided upon, to 

be used to experimentally determine the embedment strength of Gmelina_Ak. Finally, 

considering that the DIN 52184 gives the swelling and shrinkage test results in 

measurable values which make it possible to compare the dimensional stability of 

different timber species, the DIN 52184 shall be used in this study to determine the 

shrinkage and swelling coefficients of Gmelina_Ak. Having gone through this chapter, 

the choice of test methods to be considered in this study and the reasons thereof, have 

been made obvious.  

After obtaining data from laboratory works, they are usually analysed, to derive 

conclusions. It is therefore necessary to discuss the available methods of analysing 

experimental data, and to choose the analysis methods that will be used in this study. 

The next chapter, therefore, shall deal with some statistical methods involved in the 

analyses and interpretation of experimental data. As the discussion proceeds, efforts will 

be made where applicable to relate statistical terms to their practical meanings, to enable 

a firm grip of the statistical concepts being discussed. 
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4 Statistical Analysis of Samples – Selected 
Procedures 

Statistics is the science of transforming data into information. This means that statistics 

is the art of learning from data. It involves data collection, description, analysis, 

interpretation, prediction, and of course, conclusion.  

It is used in different fields of study for different types of analyses. In the medical and 

psychological sciences, statistics could be used to study people’s response to a new drug, 

the behavioural patterns of individuals, the influence of dieting on people’s health etc. In 

engineering and industry, statistics can be used to study the strength and performance 

characteristics of a new material, to determine safe design values, for determining the 

best production line, the best combination of metals to produce specific alloys, or to 

study the relationship between two or more parameters etc.  

Statistics is broken down into two main branches: descriptive and inferential statistics. 

Descriptive statistics deals with the organization and presentation of data in tables, 

graphs, charts, and the use of representative numbers such as means, standard deviation, 

COV etc., while inferential statistics involves drawing the right conclusions from 

statistical analysis that has been performed on a sample. This means that inferential 

statistics deals with the interpretation of statistical analysis results. It helps researchers 

to understand the behaviour of a population by investigating a sample of the population. 

It deals with predictions and involves such studies as probability.  

Experimental data can be summarized descriptively by using such terms as mean (a 

single value which can be used to represent all the observed values), median (the 

datapoint which occurs in the middle of all observations, if all observations are arranged 

in order of magnitude), standard deviation (a measure of the amount of dispersion of a 

set of values), COV (the relative dispersion of datapoints in a dataset around the mean) 

etc. However, these parameters vary with statistical distribution. Hence to correctly 

determine the mean, median, standard deviation etc of a given dataset, the first thing to 

do would be to determine the statistical distribution which describes the dataset. This 

makes an understanding of statistical distributions an important aspect of descriptive 

statistics. Hence in this section of the study, an overview of popular statistical 

distributions shall be discussed and useful equations for determining the descriptive 

characteristics of a dataset with respect to these distributions shall also be stated. In 

doing this, only the statistical distributions which are widely used in structural 

engineering shall be considered. In addition, brief discussions on the analysis of variance 

(ANOVA) shall be done. This is because this statistical method helps a researcher to 

understand data in such ways that the statistical distributions do not. In all cases, 

discussions will be limited only to providing a background to relevant aspects of the 

statistical methods that will be used later in this study to analyse the data.  
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4.1 Statistical distributions 

A statistical distribution is a mathematical function that defines how outcomes of an 

experimental trial occur randomly in a probable way [Thom17]. The outcomes are called 

random variables, and their admissible region lies in a specified sample space that is 

associated with each individual distribution. Statistical distributions can either be 

continuous or discrete. The continuous probability distributions apply when the random 

variable is typically not a whole a number. Examples include the weights of similar 

products, the strength values of materials tested in the laboratory, or the heights of 

students in a lecture hall. Discrete probability distribution applies when the outcomes of 

an experiment are specific values or whole numbers. Example of this may include the 

number of specimens tested during an experimental investigation or the number of 

researchers working on a project. Statistical distributions may also be classified as 

univariate or multivariate. A distribution is termed univariate when it has only one 

random variable. When two or more random variables are associated with a distribution, 

it is multivariate.  

The data to be analysed in this study are continuous (involving decimals) and univariate 

(representative of single variables, e.g., strength). Examples of univariate continuous 

statistical distributions include the exponential distribution, Gamma distribution, 

Weibull distribution, normal, and the lognormal distributions. Due to their wide 

applicability in civil and structural engineering, discussions herein shall focus on the 

normal, lognormal and the Weibull distributions. 

4.1.1 The Normal distribution 

The normal distribution is very popular and widely used across disciplines [Thom17] and 

other distributions are based on it [DeCo03]. It is defined by two parameters: the mean  

and the standard deviation 𝜎 and consists of random variables ranging from − ∞ to 

+ ∞.  The normal probability density function is given by Equation (4.1) and its shape 

is as shown in Figure 4.1 

(4.1) 
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Figure 4.1. Standard normal distribution curve (  and ). From [Wikipedia.org]. 

Since the normal probability density function is symmetrical, the mean, median and 

mode theoretically coincide at . Thus, the value of the mean  determines the 

location of the centre of the distribution, and the value of the standard deviation 

determines the spread. 

Generally, the probabilities for a continuous random variable are given by the integration 

of the probability density function given in Equation (4.1). This means that the 

probability  that a variable , is between  and  according to the normal 

distribution is given by Equation (4.2).  

(4.2) 

A corresponding cumulative probability or the probability that a variable X is less than 

, is given by Equation (4.3). 

(4.3) 

It is worth noting that Equations (4.1), (4.2), and (4.3) represent an infinite number 

of normal distributions with various values of the parameters 𝜇 and 𝜎. A simpler form 

in a single curve (also known as the standard normal distribution) is obtained by a change 

of variable. This change of variable is made possible by establishing a relationship 

between the various parameters as depicted in Equation  (4.4)  

(4.4) 



62 
 

Where  is the number of standard deviations between the mean and any observation. 

Since 𝜇 and 𝜎 are constants for any given distribution, the derivative of Equation (4.4) 

with respect to 𝑥 will yield Equation (4.5). 

(4.5) 

Substituting Equations (4.4) and (4.5) into Equations (4.2) yields the probability 

density function in terms of  as Equation (4.6). 

(4.6) 

As defined in Equation (4.4),  

In terms of the parameter 𝑧  which represents the number of standard deviations between 

any observation and the mean, the graph in Figure 4.1 can further be interpreted to 

mean that, for a normally distributed dataset, 34.1 % of all the observation, will fall 

between the mean and one standard deviation away from the mean. Similarly, 13.6 % of 

the observations will fall between one and two standard deviations away from the mean. 

Only 2.1 % of the observations fall between two and three standard deviations. The mean 

𝜇 and standard deviation 𝜎, of a normal distribution can be determined using Equations 

(4.7) and (4.8) respectively; where  is the total number of observations. 

(4.7) 

(4.8) 

Another interesting feature of distribution functions are the percentiles: the 99 lines 

which divide the distribution into 100 parts. In structural engineering, particularly in the 

aspect of material characterisation and design, the 5th percentile value of a dataset is of 

particular interest. This is because it is usually used in structural design, and of course 

must be determined. In a case where the experimental data is a measure of strengths, 

the 5th percentile value  of the strength, based on the normal distribution, can be 

determined as a function of the mean 𝜇 and standard deviation 𝜎 using Equation (4.9) 

(4.9) 

where  is a factor which represents the number of standard deviations between the mean 

and the 5th percentile value. For infinitely large number of observations, .  For 

practical applications however, especially relating to material characterisation, the 

European standard [EN 14358] specifies that  should be determined with respect to the 

number of specimens tested , by using Equation (4.10) 
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(4.10) 

Using the functions defined by Equations (4.7), (4.8), and (4.9), the important 

parameters of a dataset which is normally distributed can be obtained. Details on how 

these are used in practical data analysis shall be discussed in Chapter 7. 

4.1.2 The Lognormal distribution 

The lognormal distribution is sometimes called the Galton distribution. Its variables 

range from zero to positive infinity [0, + ∞). Its density peaks soon after zero and 

thereafter, tails down to higher values of the random variables 𝑥 as illustrated in  

Figure 4.2. 

 

Figure 4.2. Lognormal distribution curve (μy = 0 and σy = 1) 

If two variables  and  are related as shown in Equation (4.11), then the variable  is 

said to be lognormally distributed if , which is formed by the logarithm of , is normally 

distributed [Thom17].  

(4.11) 

Like in the normal distribution, the important parameters of the lognormal distribution 

are the mean and the standard deviation. As can be seen in  

Figure 4.2, the mean in this case does not coincide with the centre of the distribution 

as is the case with the normal distribution. The standard deviation, however, represents the 

spread and influences the overall shape of the lognormal distribution. 
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If the mean and standard deviations of the variable  in Equation (4.11) are 𝜇x and 𝜎x 

and those of  are 𝜇y and , the probability density function  of the lognormal 

distribution will be  defined by Equation  (4.12). The cumulative distribution  of a 

lognormal distribution does not exist since there is no closed-form solution for it 

[Thom17]. 

 

(4.12) 

The mean 𝜇x and standard deviation 𝜎x of the lognormal distribution are given by 

Equations (4.13) and (4.14) respectively. 

(4.13) 

(4.14) 

And the 5th percentile value is given by Equation (4.15). 

(4.15) 

Where all parameters are as earlier defined. As mentioned in the case of the normal 

distribution, details of how to use the lognormal distribution in practical data analysis 

shall be discussed in Chapter 7. 

4.1.3 The Weibull distribution 

The Weibull distribution is one of the most widely used distributions in engineering and 

is particularly famous for its application in failure analysis.  It has three parameters: the 

threshold parameter , and the scale parameter . These 

parameters determine its shape and properties and are defined in terms of random 

variables  such that Generally, a Weibull distribution with random variables  , 

having parameters is said to be a three-parameter Weibull distribution if its 

probability density function and cumulative distribution functions are defined by 

Equations (4.16) and (4.17) respectively. 

 
(4.16) 

(4.17) 

The parameters have significant influence on the use of the distribution in 

solving practical problems and are therefore necessary to be understood if the Weibull 

distribution is to be used for data analysis. A brief discussion of the practical meaning of 

the Weibull parameters is thus presented to aid understanding. 
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The threshold parameter  

The threshold parameter   is the minimum value of the random variable .  This can be 

understood from the definition of the Weibull probability density function in Equation 

(4.16), where the random variable  is defined as always greater than or equal to  𝜃. 

This means that  is of the same unit as, and always smaller than  . If   is set to zero, 

the problem shifts from a three-parameter (3P) to a two-parameter (2P) Weibull 

distribution. Since the Weibull distribution is popular in failure analysis, the unit of the 

random variable is usually time. In such cases, a negative value of 𝜃, would represent an 

amount of time that has been subtracted from the actual failure time. On the other hand, 

positive values of 𝜃 would represent a time between when the test starts and the earliest 

time that failure can occur.  However, since time is always positive, the practical domain 

of support of the threshold parameter becomes [0, + ∞).  Like in failure analysis, strength 

values are always positive. Hence when using the Weibull distribution to study the 

strengths of materials under stresses (e.g., compressive stress), 𝜃 would represent a 

minimum strength value above which the specimens begin to fail. This means that the 

specimens cannot fail until after a strength value equal to 𝜃 has been reached. Since 

specimens can fail at any strength value during experimental investigations, the 

theoretical minimum strength value at which they can fail is 0 MPa. Setting 𝜃 to 0 means 

that the specimens could fail at any applied value of stress after the test has begun. This 

way, a true picture of the strength distribution of the material can be captured. 

Therefore, when using the Weibull distribution to analyse the statistical strength 

properties of an engineering material (as would be the case in this study), 𝜃 should always 

be set to zero. This would yield a 2P-weibull distribution which would then be further 

analysed to obtain the important values (such as mean, standard deviation etc.) of the 

material.  

If the values of 𝜃 are changed while keeping the other parameters constant, the resulting 

graphs would be parallel to each other but with a horizontal movement of the probability 

density curve along the x-axis [Rinn09]. Letting   equal to 1 and 2 respectively 

and varying 𝜃 between zero and one yields the curves shown in Figure 4.3. 
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Figure 4.3: Effect of varying θ on the Weibull probability density curve 

The shape parameter  

As the name goes, the shape parameter  controls the overall shape of the probability 

density curve of the Weibull distribution. It is dimensionless and has a support domain 

of [0, + ∞). Unlike 𝜃 which can be set to zero or any value (based on the needs of the 

researcher) the shape parameter  cannot be pre-determined. This is because it is a result 

of the random path followed by the tested specimens, and of course, cannot be determined 

before the start of the tests. Varying  while keeping the other parameters constant, 

causes the probability density curve to change its form. A plot of the Weibull distribution 

obtained by varying  such that  = 1, 1.5 and 5 while keeping 𝜃 and  constant at 0 

and 1 is shown in Figure 4.4.  

 

Figure 4.4: Effects of varying β on the Weibull probability density curve  
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The scale parameter  

The scale parameter  is measured in the same units as the random variable  and has 

a support domain of (0,+∞). In failure analysis, is often referred to as the 

characteristic life of the specimens. This is because for all Weibull variates with the same 

, the chance of a tested specimen surviving the minimum life 𝜃 by  units of 

life is 63.21 % [Rinn09]. Considering an application in a case where the threshold 

parameter ,  would represent a strength value that, at least 63.21 % of the tested 

specimens would reach before failing. Hence 𝜆 gives an idea of a strength value that more 

than half of all the specimens tested in an experimental investigation would reach.  

Changing the value of  while keeping those of  constant, alters the probability 

distribution curve in the direction of the ordinate. Enlarging   will cause a compression 

or reduction of the density and reducing  will magnify or stretch the probability density 

curve while the scale on the abscissae goes in the opposite direction.  This means that a 

growing or shrinking   will cause the variation of the random variables to become greater 

or smaller respectively. The effects of changing the values of  while keeping θ and β 

constant is shown in  

Figure 4.5, for the case where  are constant at 0 and 2, and  varies such that  

 respectively. 

 

Figure 4.5: Effects of varying  on the Weibull probability density curve  

It can be seen from Figure 4.3  to Figure 4.5 that by changing the Weibull parameters, 

the shape of the Weibull probability density curve approximates those of the normal as 

well as the lognormal distributions. This characteristic of the Weibull distribution makes 

it a distribution of wide applicability. Important statistical parameters such as the mean 
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determined using Equations    (4.18),      (4.19), and    (4.20  respectively, considering 

that  

Г
    

 

Г
      

 

 

Where Г is the gamma function of the value within the bracket. 

4.2 Comparison between the statistical distributions 

To successfully use any of these statistical distributions to analyse any experimental 

data, care must be taken to ensure that the right statistical distribution is being used. 

Hence the statistical distribution followed by an experimental data must be determined 

before analysis can be performed on it using any of the named statistical distributions. 

It is therefore necessary to understand how the statistical distributions associated with 

an experimental data can be determined. Hence discussions on some useful methods of 

fitting the above-mentioned statistical distributions to any experimental data needs to 

be done. Before that however, it is important to understand how the different statistical 

distributions compare with each other. This section of the study compares the different 

statistical distributions using the standard (reference) cases.  

As discussed above the different statistical distributions are defined by different 

parameters. The normal distribution is defined by the mean and standard deviation of 

its random variables. The mean and standard deviation of the log-transformed dataset 

define the lognormal distribution, whereas the threshold, shape and scale parameters 

define the Weibull distribution. If the standard cases plotted above as Figure 4.1, Figure 

4.2 and Figure 4.3 are plotted together on the same sheet, the results in Figure 4.6 will 

be obtained. 
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Figure 4.6. Comparison between statistical distributions: standard cases 

Figure 4.6 shows, as already explained, that the domain of the normal distribution can 

be inclusive of negative random variables, whereas that of the lognormal and Weibull 

distributions, includes basically positive values. It also shows the symmetric nature of 

the normal distribution about the ordinate axis, and the non-symmetry of the others. 

Although the other distributions are seen to be non-symmetric about the ordinate axis, 

it is interesting to note that they can approximate the shape of the normal distribution, 

if their defining parameters are changed. Hence the shape of a lognormally or Weibull 

distributed dataset may not always be the same as represented in Figure 4.6 but will 

change depending on the distribution parameters determined from the dataset. A typical 

example is shown in Figure 4.7. 

 

Figure 4.7. Probability density function of a dataset which is normally, lognormally, as 

well as Weibull distributed 
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Figure 4.7 shows the graphical representation of a dataset which after fitting the different 

statistical distributions to it, agreed with the normal, lognormal, as well as the Weibull 

distributions. The Weibull parameters for this case are  = 0,  = 5.83, and . 

The parameters of the normal distribution are  and , and those of the 

lognormal distribution are  and  respectively. The plot of the various 

probability density functions as seen in Figure 4.7, shows a close approximation of the 

dataset by all the statistical distributions and solidifies the discussion that the lognormal 

and Weibull distributions can approximate the shape of the normal distribution (for cases 

of > 0) based on the values of their defining parameters. Hence, it may not be good 

practice to conclude upon the distribution of a dataset, by simply looking at the shape 

of the probability density function. To determine the actual distribution of a dataset, 

further statistical tests may be required. Hence section 4.3 of this study is dedicated to 

discussing different methods of determining the statistical distribution of a dataset by 

using simple statistical techniques. 

4.3 Methods of fitting statistical distributions to experimental 
data 

There are two broad methods of determining the statistical distribution of an 

experimental dataset: the graphical and the non-graphical methods. 

4.3.1 Graphical methods 

The graphical methods include, amongst others, the histogram, the cumulative 

distribution function plot, the probability-probability (P-P) plot and the quantile-

quantile (Q-Q) plots. 

The use of the different methods shall be illustrated using examples. Consider that it is 

desired to use the histogram to determine the statistical distribution of a dataset 

(representing the strength of materials obtained from an experimental investigation). 

Also consider that the data analyst (or the researcher) in charge wishes to fit the normal 

distribution to this dataset. To do this, the researcher would have to: 

i. group the experimental data into different strength classes; for example, 35-45, 

45-55, 55-65 etc and determine the actual number of specimens in each strength 

class. 

ii. determine the normal probability of having specimen strengths falling within 

each of the strength classes, using either Equation (4.2) or (4.6) 

iii. multiply the results of the standard normal probabilities obtained in step ii with 

the total number of specimens n tested during the investigations. This should give 

the number of specimens to be expected per strength class, if the test data is 
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normally distributed. If the actual number of specimens per strength class 

obtained in step i and the expected number of specimens obtained in step iii are 

the same or very close to each other, then the experimental data follows a normal 

distribution, otherwise, it does not.  

iv. Finally, the researcher should plot the strength classes on the abscissae and the 

actual as well as the expected number of specimens per strength class on the 

ordinate. The result of this is a histogram, from which the conformity of the 

experimental data with the normal distribution can be visually assessed.  

An example of fitting the normal distribution to an experimental data is shown in Figure 

4.8. 

 

Figure 4.8. Fitting a normal distribution to an experimental data: histogram 

To fit the other distributions to an experimental data using the histogram, the above 

steps should be followed, with the appropriate probability density function being used in 

step ii. 

Another way of testing the extent of fit between any distribution and an experimental 

data is by using the cumulative distribution function 𝐹(𝑥) plot. This is done by plotting 

the cumulative probabilities (theoretical and experimental) of obtaining an observation 

𝑥, against the observed value of 𝑥. The theoretical cumulative probabilities  are 

determined from the cumulative distribution functions and experimental values are 

determined from Equations (4.21) and (4.22) for the normal, and the Weibull 

distributions respectively [DeCo03], [Rinn09].  

(4.21) 

(4.22) 
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Where 𝑛  is the total number of specimens tested during the investigations and 𝑖  is the 

rank of each tested specimen when arranged in order of magnitude. i.e., if the strength 

values obtained during the investigations are arranged in order of magnitude, the 

minimum strength value gets a rank of . The next value gets the rank of … 

such that the maximum strength value obtained during the tests, gets a rank of = 𝑛.  

It is important to note that an approximate equation (such as Equations (4.21) and 

(4.22)) does not exist for the lognormal distribution. This is because, there is no closed 

form solution to the cumulative distribution function of the lognormal probability density 

function [Thom17].  For such cases where the lognormal distribution cannot be directly 

applied, the dataset should be log-transformed and then the equations of the normal 

distribution, applied to it. 

If the same dataset used in the previous example (of the histogram) is considered, then 

this plot will be a graph of the cumulative probability of obtaining each strength value 

(plotted on the ordinate) against the observed strength value (plotted on the abscissae).  

Usually, this yields an elongated “S” shaped curve as shown in Figure 4.9, from which, 

the extent of fit between the experimental data and the distribution of interest, can be 

assessed visually. If the experimental data falls on the same lines as that from the 

distribution function, then the dataset agrees with the distribution. Otherwise, it does 

not. 

 

Figure 4.9.Fitting the normal distribution to an experimental data: cumulative 

probability plot 
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(P-P) plot, from which, the extent to which a given distribution function matches an 

experimental data can be visually assessed. If the P-P plot is linear, then the experimental 

data matches the distribution function against which it is compared. Otherwise, it does 

not. The theoretical cumulative probabilities for the different statistical distributions 

can be obtained from their respective cumulative distribution functions, while the 

experimental ones can simply be estimated from Equations (4.21) and (4.22).  An 

example of a P-P plot for the same dataset mentioned above is shown in Figure 4.10. 

 

Figure 4.10. Fitting the normal distribution to an experimental data: P-P plot 

Yet another way of fitting a statistical distribution to an experimental data is by using 

the quantile-quantile (Q-Q) plot. This method involves comparing the theoretical and 

experimental quantiles on a linear graph. Any point which divides a dataset into 𝑛 
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parts, has 𝑛 − 1 number of quantiles. The three quantiles that divide a dataset into four 

equal number of parts are called quartiles, while the 99 quantiles which divide a dataset 

into 100 parts, are called percentiles. To use this method, every data point obtained from 

the experimental investigations is considered as a quantile. This is because the entire 

dataset is divided into different number of parts by the observed entries. To fit the 

normal distribution to the experimental data using this method, the following steps 

should be followed.  

i. Sort the experimental data in ascending order of magnitude, assign ranks to 

them as explained above, and determine the mean 𝜇 and standard deviation  of 

the dataset. 

ii. Determine the theoretical z-scores  of each entry in the dataset using Equation 

(4.4). 
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iii. Determine the relative cumulative frequency (the experimental cumulative 

standard normal probability) of obtaining each of the entries of the dataset using 

Equation (4.21). 

iv. Compute the inverse of the standard normal distribution on the results obtained 

in step iii for each of the observations. This yields the experimental z-scores  

of each of the entries in the datasets.  

v. Using the results from steps i, ii, and iv, and with the help of Equation (4.23), 

plot two curves on the same graph sheet: one with the theoretical z-scores and 

the other with the experimental z-scores. 

(4.23) 

If the two curves fall on the same straight line, then the experimental data is normally 

distributed, otherwise, it is not normally distributed. 

Same holds for the lognormal distribution by applying the same procedure on the Log-

transformed dataset, i.e., to test whether the experimental data  is lognormally 

distributed, log-transform the experimental data using Equation (4.11) and carry out 

the instructions listed in steps i to v on the log-transformed dataset . 

For the Weibull distribution, this plot is possible by linearizing the Weibull cumulative 

distribution function, earlier given as Equation (4.17). As earlier discussed, a threshold 

parameter 𝜃 for cases such as will be considered in this study should be zero. Thus, 

setting 𝜃  and taking the natural logarithm of Equation (4.17) twice, yields Equation 

(4.24); which is the linearized form of Equation (4.17) 

(4.24) 

where the values of 𝐹(𝑥) based on the Weibull distribution are obtained from Equation 

(4.17) and the estimated values based on the number of specimens tested is estimated 

using Equation (4.22). Plotting on the ordinate and 𝑙𝑛𝑥 on the 

abscissa, yields a straight-line curve from which the extent of fit between an experimental 

dataset and the Weibull distribution can be assessed visually.  

4.3.2 Non-graphical method: Using a statistical analysis program  

Another method of fitting a statistical distribution to an experimental data is by using 

a statistical analysis software. When using these programs, experimental datasets can be 

tested for compliance with each of the normal, lognormal and Weibull distributions by 

writing codes which instructs the program on what to do.  

In using software, the significance (or alpha-α) level is predetermined by the researcher. 

Popular values for the level of significance are α = 0.01, 0.05, and 0.1 and represent the 

probability of rejecting the null hypothesis 𝐻0 if it is true. An alpha value α = 0.05 is 
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widely accepted as meeting the quality requirements for most scientific and engineering 

works, hence α = 0.05 will be used throughout this study. What this means is that α = 

0.05 will be used for judging all statistical inferences made on experimental data 

throughout this study. As concerning the distribution functions, this is done by 

comparing outputs from the statistical analysis program with 0.05.  The specific output 

of interest here is the p-value.  The p-value is a measure of the strength of evidence 

against the null hypothesis.  Hence if an experimental dataset is to be checked for 

normality, a test for normality is conducted on the dataset using the software. By default, 

null hypothesis for such test is that the data is normally distributed. When the test is 

conducted on the dataset, the software gives the test results as a p-value. To know 

whether the dataset is normally distributed or not, the p-value from the test is compared 

with the significance value of α = 0.05. If the p-value is greater than the α-value, then 

the experimental data is normally distributed. If less than the α-value, then the 

experimental data is not normally distributed. Hence a p-value greater than 0.05, shows 

weak evidence against the null hypothesis (that the data is normally distributed), hence 

the null hypothesis must be accepted. On the other hand, a p-value less than 0.05, shows 

strong evidence against the null hypothesis hence, it must be rejected. The general rule 

here is that, to determine whether an experimental dataset follows a certain distribution 

(e.g., the normal distribution), a test for the distribution (e.g., a normality test) must be 

conducted on the dataset, and the p-value must be greater than the chosen α-value of 

0.05. This brings us to a more appealing definition of the p-value as an evidence in 

support of the null hypothesis [Liu20]. 

Different tests exist for testing the normality of a dataset. In this study however, the 

Shapiro -Wilk’s test, due to its high level of sensitivity, shall be used. For testing the 

lognormality of a distribution, the Shapiro -Wilk’s test will be performed on the log-

transformed dataset and the Weibull test will be used to determine the compliance of a 

dataset with the Weibull distribution. The statistical analysis software R shall be used 

throughout this study, and the Q-Q plots, together with the p-values, shall be used to 

determine the statistical distribution of the different datasets considered in this study. 

4.4 Statistical distributions associated with different material 
properties 

Different studies have reported different statistical distribution associated with the 

different material properties of timber. However, the most comprehensive of them, are 

those conducted on European and North American softwood species and reported in 

the Joint Committee of Structural Safety (JCSS) Model Code. According to this model code, 

the different strengths of timber are statistically distributed as shown in Table 4.1. 
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       Table 4.1: Statistical distributions per material property [JCSS06] 

Material Property [JCSS06] 

Tensile strength 𝑓t lognormal 

Tensile strength perpendicular* 𝑓t,90 2-p Weibull 

Compressive strength parallel* 𝑓𝑐,0 lognormal 

Compressive strength perpendicular*𝑓c,90 normal 

Shear strength 𝑓v lognormal 

Bending strength 𝑓m lognormal 

MoE in tension parallel* 𝐸t lognormal 

MoE in compression parallel* 𝐸𝑐,0 - 

MoE in compression perpendicular*𝐸c,90 lognormal 

Shear modulus 𝐺v lognormal 

MoE in bending 𝐸m lognormal 

Density 𝜌 normal 
 *…to the grain 

It is clear from Table 4.1 that unique statistical distributions have been identified with 

unique material properties of European and North American-grown softwood species. 

This unique identification shows that the role of statistical distributions in the analysis 

of experimental data; especially as it relates to determining the characteristics and 

material values of the specimens cannot be over emphasized. It can, hence, be understood 

that the accuracy of the statistical value of any material property depends strictly on 

the statistical distributions used in determining it. Since the statistical distributions given 

in Table 4.1 are for European and North American-grown softwood, they cannot be 

adopted for use in this study without being validated. Hence, the statistical distributions 

of each (applicable) material property considered in this study shall be determined, 

following the methods earlier discussed. Details of this shall be discussed in Chapter 7. 

4.5 Analysis of variance (ANOVA) 

ANOVA is the process of testing for the similarity or difference between two or more 

groups of data by testing the means of the different groups of data [Hui19].  This is done 

under the null hypothesis H0 that the sample means are equal, or do not have significant 

differences. It involves the use of two kinds of means: the sample mean 𝑥 and the grand 

mean 𝑥G. The sample mean is the mean that is calculated from one of the groups being 

tested, while the grand mean 𝑥G is the mean of all the samples’ means. Let’s consider 

that 3 groups of data 𝑥1, 𝑥2, 𝑥3 are being tested for their similarity or difference. The 

sample means 𝑥1, 𝑥2, 𝑥3  will be the means determined from each of the groups 𝑥1, 𝑥2, 𝑥3 

respectively, whereas the grand mean 𝑥G is the average of the samples means 

𝑥1, 𝑥2, and 𝑥3. ANOVA is to be conducted on samples which are: 
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i. independent of each other 

ii. came from a normally distributed population and  

iii. there is no difference in the variances of the samples.  

It is worth noting that the data to be analysed in this study will be obtained from 

individually tested specimens, hence the individuality of specimen assumption 

(assumption 1) is automatically met by the test samples. Pearson [Pear31], Tiku 

[Tiku64], and Lix et al [Lix96] on the normality assumption, showed that datasets which 

are similarly skewed (either left or right), even though not normally distributed, will not 

have any adverse effect on the ANOVA results. Furthermore, a recent study by Blanca 

[Blan17] showed that “the ANOVA is robust in 100 % of cases, regardless of the degree 

of deviation from normality, sample size, balanced or unbalanced cells, equal or unequal 

distribution in the groups” and would yield reliable results in any case, whether or not 

the assumptions are met. Hence as far as this study is concerned, a check of the 

experimental data for compliance with the ANOVA assumptions will not be necessary. 

ANOVA basically involves an analysis of the variations that exist both within and 

between the different groups of data being tested. The variations between the groups 

of data being tested are those variations that exist between the distributions of the 

various groups. The sum of the squares of such variations (SSbetween) can be determined using 

Equation (4.25). 

(4.25) 

Where …  are the means of each of the individual groups,  are the number of 

specimens per group, and  is the number of groups being tested. 

On the other hand, the variations within the groups are those variations that are caused 

by differences within the individual groups of data. The sum of the squares of such 

variations (SSwithin) can be determined from Equation (4.26). 

(4.26) 

Where  is the value of the ith entry in the first group,  the value of the ith entry 

in the second group, and  is the value of the ith entry in the jth group and  

are the means of the individual groups as already defined. 

Hence to carry out the ANOVA on the different groups of experimental data, determine 

the mean square of the variations between the groups (MSbetween) and the mean square of 

the variations within the groups (MSwithin, also known as the mean square error) using 

Equations (4.27) and (4.28) respectively. 

    

(4.27) 
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(4.28) 

Where  is the total number of entries or specimens in the various groups. 

Using the output from Equations (4.27) and (4.28), the F-statistic (f-value) can be 

determined using Equation (4.29). 

(4.29) 

The null hypothesis (that the sample means are equal) is accepted if the computed f-

value is less than the f-critical value determined from statistical tables of the f-

distribution. 

Since this is a relatively complex calculation to perform, statistical software aids with 

the computation nowadays. Using statistical software such as R for example, the output 

of the ANOVA test is given both as the f-value and as the p-value (already explained). 

This makes it possible for the results to be judged either by checking the f-value against 

f-critical values obtained from statistical tables or by checking the p-values against the 

chosen significance level (α-value). Since the p-value is a widely acceptable standard for 

scientific reporting [Cumm12], it shall be adopted for use throughout this study. 

Therefore, for a significance level of α = 0.05 (earlier discussed), the p-values, obtained 

from the ANOVA while using the R software, can immediately be judged. More of this 

will be seen in Chapter 6, where experimental data will be analysed for differences and 

similarities in material properties obtained from different parts of the trees. 

When the ANOVA is performed, its results, in some cases, might show that there is 

statistical significance between the groups of data tested. i.e., the groups of data are 

statistically different from each other. However, the source of this statistical difference 

may not be known to the researcher, since these details are not provided for, by the 

ANOVA analysis. To determine the source of this difference, a post hoc test is required 

to be done. A post hoc test is one which is done to uncover specific differences between 

group means when the ANOVA result is significant. In this study, the Tukey honestly 

significant difference test shall be used, where necessary, for all post hoc analyses.  

4.6 Tukey honestly significant difference (HSD) test  

The Tukey honestly significant difference test is a post hoc test that is done to uncover 

specific differences between group means when the ANOVA result is significant. 

Significance of the ANOVA result implies that the means of the different groups tested 

are not the same. The post hoc test compares the mean of each of the groups to the 

means of every other group and identifies any difference between the two means that is 

greater than the expected standard error. The test is conducted under the null hypothesis 
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that the means of the various groups are equal. This is done by calculating the test 

statistic q, using Equation (4.30). A test statistic is a calculated number which represents 

a property of a dataset. This number (the test statistic) is frequently used in inferential 

statistics for making decisions.  

(4.30) 

Where  is the larger of the two means being compared,  is the smaller of the means 

being compared, and  is the number of observations per group [Abdi10].  

The null hypothesis (that the sample means are equal) is accepted if the computed q-

value is less than the q-critical value determined from statistical tables of the studentized 

range distribution. When done with the statistical analysis software R, results of the 

Tukey test are additionally presented as p-values which can be immediately judged with 

the predefined α-value of 0.05.  

4.7 Determination of p-values from Test Statistic 

As already mentioned, a test statistic is a property of a sample used for making decisions 

in inferential statistics. Since different test statistic exists, different boundaries also exist 

for arriving at conclusions, based on the test statistic. It is for this reason that a unified 

method (the p-value) is widely accepted in scientific reporting [Cumm12] . This is because 

the p-values presents results from different tests (obtained using different test statistic) 

in a simple manner, which is also easy to understand. Hence, as already discussed, the 

use of the p-value has gained wide popularity in inferential statistics, especially in 

scientific reporting.  

But how are p-values calculated? Is the question which is being dealt with in this 

subsection. P-values can be calculated using the sampling distribution of the test statistic 

under the null hypothesis, the sample data, and type of test being done (one-tailed, or 

two-sided test).  A one tail-test is one in which the null hypothesis is directional [Salk17]. 

e.g., “the mean of group 1 is greater than (or less than) ”, where  is an integer. One-

way tests can either be lower-tailed (dealing with a “less than” null hypothesis) or upper-

tailed (dealing with a “greater than” null hypothesis). A two-tailed test is one in which 

there is no direction in the null hypothesis. e.g., “there is a difference (or no difference) 

between the mean of group 1 and ”. In such as case, no direction is attached to the null 

hypothesis. For each of the cases, the p-value can be calculated as follows: 

Lower-tailed test: 

Upper-tailed test:  

Two-tailed test:  
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Where  is the probability of an event, TS is the calculated test statistic, 𝑡𝑠 is the 

critical value of the test statistic (obtainable from statistical tables), H0 is the null 

hypothesis, and  is the cumulative distribution function of the distribution of the test 

statistic TS. If the ANOVA were to be considered as an example, then TS would be the 

calculated f-value, determined from Equation (4.29), 𝑡𝑠 would be the critical f-value 

determined from f-distribution tables, H0 will be the null hypothesis that there is no 

difference in the sample means, and will be the cumulative distribution function of 

the f-distribution. 

In this study however, the two-tailed test will be used in most of the investigations since 

the null hypothesis to be considered are non-directional. The ANOVA (F-test), however, 

is an upper tail test and will be treated accordingly. The results (as p-values) of various 

tests will be obtained and presented directly from the R programming language software. 

Hence, there would be no need to determine the p-values manually. 
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5 Experimental Investigations 

The previous Chapters discussed the state of the art with respect to materials, testing 

methods, and the statistical analyses methods which could be used for analysing different 

experimental data. It was observed in Chapter 2 that one of the motivations of the 

current study is the fact that no previous study has systematically investigated the 

material properties of Gmelina. Since this work is centred on the determination and 

assessment of the potentials of Gmelina_Ak for use as a structural material, this section 

of the study shall be focussed on: 

 A detailed discussion on the material acquisition, preparation, and methods used 

in determining the different material properties of Gmelina_Ak . 

 A general presentation of the mechanical properties, a detailed analysis and 

discussion on the embedment strength, and a presentation and discussion on the 

shrinkage and swelling of Gmelina_Ak. 

A summary of the chapter will be presented at the end, and relevant points will be 

highlighted.  

5.1 Material acquisition method 

The Gmelina_Ak samples used for this study, were obtained from the Gmelina 

plantation of the Department of Forestry and Wood Technology, Federal University of 

Technology Akure, Nigeria. The plantation is in southwestern Nigeria between latitude 

N 07.30875 ° and longitude E 05.13142 °. The average yearly temperature of this region 

is between 21.4 ⁰C and 31.1 ⁰C, while the mean rainfall and humidity are 1500 mm and 

77.1 % respectively [Akin08]. 

At the time of harvest, trees in the plantation, ranged from 8 to 35 years and were spaced 

at 2.5 m each. Sampling of trees was done in accordance with EN 384, which specifies 

that the samples shall be from one source and be representative of the population. To 

ensure that the population was properly represented, three trees growing straight 

upwards, were randomly selected at different points within the plantation. The selected 

trees were each, 25 years old and having a minimum diameter at breast height (DBH) of 

42.4 cm. This dimension was carefully chosen to meet with the minimum DBH 

requirement (of 30 cm), for Gmelina to be considered suitable for timber production 

[Onye03]. Specific dimensions of the trees which were cut to prepare the test specimens 

are shown in Table 5.1. 
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Table 5.1: Tree dimensions in November 2019, the date of harvest  

Tree (Sample) Designation T1* T2* T3* 

Age of the trees (years) 25.00 25.00 25.00 

Height of trees (cm) 1,900 1,200 1,600 

The diameter of the trees at the buttress (cm) 70.50 57.70 59.00 

Diameter at breast height of trees (cm) 49.30 42.40 46.60 

Diameter at 3.5 m from the buttress (cm) 40.50 35.50 40.00 

Diameter at 7 m from the buttress (cm) 36.10 31.80 34.00 

Diameter at 10.5 m from the buttress (cm) 31.60 30.00 30.00 
*Tree numbers. 

The trees were harvested by means of a power saw and cut into logs of 3.5 m lengths 

from the buttress to the top. Three parts were distinguished: the bottom, the middle, 

and the top. The bottom was considered as the part of the trees between 0 - 3.5 m, while 

the parts between 3.5 – 7.0 m and between 7.0 - 10.5 m, were considered as the middle 

and top parts, respectively. The sapwood was removed in the slabbing process (since the 

percentage of sap to heartwood was relatively small) and only specimens from the 

heartwood were collected and tested. The process of harvesting the trees is shown in 

Figure 5.1. 

To prevent the samples from the different parts of the trees from being mixed up, 

identification marks were made on them right in the field. The marks included the 

respective tree numbers (T1, T2 and T3) and the location (top, middle, bottom) of the 

trees from which they (samples) were obtained. 

5.1.1 Material preparation methods 

After harvesting the materials and making identification marks on them, they were air-

dried for two weeks, cut into sizeable lengths, and then fumigated to prevent them from 

insect attacks. After fumigation, they were transported by air to the Department of 

Timber Structures and Building Rehabilitation, University of Kassel, Germany, where 

they were seasoned in a climate chamber at a temperature and relative humidity of 20 

°C and 65 % respectively for about 15 weeks. 

At the beginning of the seasoning process, three reference pieces were cut, weighed and 

one of them was dried at a temperature of 103 °C in an electric oven to a constant weight, 

while the other two were returned to the climate chamber alongside the other samples. 

This was done to find out the moisture content of the samples at the beginning of the 

seasoning process (using the reference piece which was dried to constant weight), and 

to monitor the loss in moisture content of the rest of the samples in the climate chamber 

(using the other two reference pieces). By taking the weights of two reference pieces in 

the climate chamber at intervals, the loss in moisture content of the rest of the samples 

was properly and systematically monitored as shown in Figure 5.2. 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 5.1: Harvesting of samples (a) identification of the plantation location via the use 

of a GPS enabled device (b) measurement of the trees’ DBH (c) felling of the trees (d) 

typical cross-section of the trees after felling (e) slabbing of felled trees (f) cutting and 

processing of felled trees. 
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Figure 5.2: Loss in moisture content during materials seasoning 

At a moisture content of 15 %, specimens to be tested were cut from the samples in the 

climate chamber and then further conditioned to 12 % before being tested. The 

mechanical test specimens were obtained from the different parts of the trees as shown 

in Figure 5.3 and in Table 5.2. This was necessary to further study how the mechanical 

properties vary both within and between the trees. Specimens for determining the 

embedment strength as well as the swelling and shrinkage of the samples were obtained 

randomly from the different parts in the different trees (not according to location), hence 

are not represented in Figure 5.3 and Table 5.2 

 

Figure 5.3: Location of specimens collected along the tree trunks. 
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         Table 5.2: Number of specimens based on tree and location 

Material property Tree location T1 T2 T3 Total 

  top 8 8 9 25 
 middle 10 7 10 27 
 bottom 8 7 12 27 

  total 26 22 31 79 

  top 8 6 13 27 

  middle 8 7 9 24 
 bottom 6 12 8 26 

  total 22 25 30 77 

  top 13 11 12 36 

 middle 10 11 12 33 
 bottom 12 7 11 30 

  total 35 29 35 99 

 top 8 6 6 20 
 middle 8 7 8 23 
 bottom 7 4 6 17 

  total 23 17 20 60 

 top   - - 3 3 
 middle 4 6 7 17 
 bottom 9 4 2 15 

  total 13 10 12 35 
 

While preparing the specimens, it was observed that most of the material from the 

different trees were clear and free from knots and the specimens were randomly collected. 

The tests were conducted in  accordance with EN 408, except for the tensile strength 

test parallel to the grain, the swelling and shrinkage tests, and the embedment strength 

tests which were carried out in accordance with the German standards [DIN 52188] , 

[DIN 52184], and the European standard [EN 383] respectively. The tensile test specimens 

were of a dog-bone shape and slightly adjusted to the dimensions shown in Figure 5.4, 

and the other specimens were of full cross-section as can be seen in Figure 5.5 to Figure 

5.9. The surface of all the specimens was each prepared such that they were plane, parallel 

one to another and perpendicular to the axes of each of the pieces. The samples used for 

testing the shear strength were glued to 10 mm thick steel plates which were tapared as 

described in EN 408 and as shown in Figure 5.6. This was done using a two-part 

thixotropic epoxy resin (Sikadur 330) and allowed to cure  for 7 days before the samples 

were tested. 

The dimensions specified in EN 408 for determining the bending strength could not be 

achieved; hence, the specimens’ dimensions were adjusted. However, the recommended 

length/depth ratio of 19 for the bending strength specimens was maintained. The number 
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and dimensions of specimens of the specimens used in determining the different material 

properties are as summerised in Table 5.3. 

Table 5.3: Dimensions and number of specimens tested. 

Material Property type Dimensions (mm) Number of Reference 

  Width Height Length Specimens  standards 

 20 6 470 79 DIN 52188 

 20 20 120 77 EN 408 

 20 20 60 99 EN 408 

 32 55 300 60 EN 408 

 40 80 1520 35 EN 408 

 2d 10d 40d 130 EN 383 

Swelling and Shrinkage  * 20(20) 20(20) 10(100) 40(40) DIN 52184 

* 𝑅, 𝑇, (𝐿): radial, tangential, and longitudinal directions; d: fastener diameter 

5.2 Testing methods 

5.2.1 Mechanical properties  

Determination of the mechanical properties of Gmelina_Ak is discussed under the sub-

headings: measurements taken before the tests and the tests set-ups and loading 

procedures hence: 

Measurements taken before the tests  

Prior to testing the specimens, their actual dimensions were taken and recorded. This 

was done to accommodate for possible errors in the specimens’ dimensions due to possible 

cutting inaccuracies. Moreover, the environmental temperature and relative humidity at 

the time of testing were measured. This was to ensure that there was no significant 

difference between the testing and conditioning environment. 

Test set-up and loading procedure for determining the strength and MoE values 

All tests were conducted in the laboratory of the Department of Timber Structures and 

Building Rehabilitation, University of Kassel, using a universal testing machine (UTM). 

The equipment is a 100 kN capacity machine, capable of measuring displacements with 

an accuracy of 0.01 mm. The machine was enabled with a data acquisition system which 

automatically collects data during the tests and presents them as graphs with 

corresponding data points. Special accessories (such as linearly variable displacement 

transducers (LVDTs) and extensometers) were adapted to the UTM to complete the 

testing requirements for each of the tests. 
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The loading speed was determined from preliminary tests by dividing the maximum load 

obtained during the tests by the expected time to reach the maximum load. The 

maximum load, according to EN 408 should be reached in 300 ± 120 s and 90 ± 30 s for 

the tensile strength test performed in accordance with DIN 52188. 

When conducting the tensile strength test, an extensometer of gauge length l1 = 153 mm 

was used. The extensometer could take readings on two sides of the specimens and 

measure changes in length to an accuracy of 0.01 mm. Installation of the specimens into 

the grips of the test machine was done stress free. Application of tensile force on the 

specimens was possible without inducing any bending stresses on them. The test set-up 

used for this test is shown in Figure 5.4. 

 

 

Figure 5.4: Test set-up for the tensile strength and MoE parallel to the grain. 

The compressive strength test was carried out using the test set-up shown in Figure 5.5. 

The extensometer used had a gauge length of 32 mm and was of the same sensitivity as 

that used for the tensile strength test. Being placed within the middle region, the 

extensometers could take readings on both sides of the specimens. The test pieces were 

loaded concentrically using spherically seated heads (as can be seen in Figure 5.5) which 

permitted the application of the compressive load without inducing bending stresses. 
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𝑙 = 60 𝑚𝑚  

 

 

 

Figure 5.5: Test set-up for the compressive strength and MoE parallel and 

perpendicular to the grain. 

The shear strength test was conducted stress free as described in EN 408. Loading of the 

specimens was done at an angle of 14° to the grain direction using the test set-up shown 

in Figure 5.6. 

  
                         

Figure 5.6: Test set-up for the shear strength test. 

The bending strength test was conducted using the test set-up shown in Figure 5.7. For 

this test, linearly variable displacement transducers (LVDT) capable of measuring 

displacements to an accuracy of 0.01 mm were used to measure the displacement of the  
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specimens under load. The LVDTs were placed on both sides of the specimens along the 

neutral axis using a light-weight aluminium material, glued to the specimens’ sides. The 

specimens were simply supported over a span of 1440 mm, corresponding to 18 times the 

cross-sectional depth as recommended in EN 408. The load from the test equipment was 

split and applied on the specimens at two points separated by 480 mm. This distance 

was six times the specimen depth as specified for a four-point bending test in EN 408. 

To minimize indentation of the specimens at the loading heads, 10 mm thick metal plates 

were inserted between the specimens and the loading heads. Figure 5.7 shows details of 

the bending strength test set-up used in this study.   

 

 

Figure 5.7: Test set-up for the bending strength test. 

5.2.2 Embedment strength test method 

The embedment strength test was performed in accordance with EN 383 using the test 

set-up shown in Figure 5.8a. The test was conducted in the direction parallel to the grain 

using smooth round nails of diameters 2.5, 3.0, 3.5, 4.5, 5.5, 6, and 7 mm, respectively. 

The dimensions of the specimens were determined with respect to the nail diameters such 

that their thickness, width, and lengths, were each 2𝑑, 20𝑑, and 40𝑑  respectively (See 

Table 5.3).  After cutting into dimensions, the centres of the various specimens were 

determined by drawing two diagonals on the rectangular specimens. Since the 

investigations were conducted on the predrilled as well as the non-predrilled conditions, 

specimens which were investigated under the pre-drilled condition were predrilled to 80 

% of the fastener diameter.  Driving of the nails into the specimens for the embedment 

strength test was done by direct hammering such that they were perpendicular to the 

main axis of the specimens. To enable a smooth installation of the specimens into the 

test set-up, the nail caps were cut off before the hammering process. See Figure 5.8a.  
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(a) (b) 

Figure 5.8. Embedment strength (a) test set-up (b) load protocol 

Installation of the specimens in the test equipment was done stress free and carefully, to 

avoid any friction between the specimens and the metal parts of the test set-up. This 

was necessary to ensure that the loads obtained during the tests are truly representative 

of the actual loads. Loading of the specimens was done following the loading-unloading-

reloading procedure shown in Figure 5.8b;  such that the specimens were first loaded to 

40 % of the maximum load (determined from preliminary tests), kept constant for 30 s, 

reduced to 10 % of the maximum load, kept constant again for another 30 s, and then 

finally loaded to failure. The loading was force controlled, such that 40 % of the maximum 

load was achieved in 120 s, and the final loading step (from 10 % of the maximum load 

up until failure), was achieved in 300 ± 120 s, as specified in EN 383. Failure was deemed 

to have been reached when the fasteners under the applied loads had moved by 5 mm. 

Hence, the test was stopped when the specimens had moved by 5 mm and the maximum 

load reached at or before this maximum displacement, was taken and recorded. Fastener 

diameters of 2.5, 3.0, 3.5, 4.5, 5.5, 6, and 7 mm were all considered in the non-predrilled 

case while those of 3.5, 5.5, and 7 mm were repeated for the predrilled cases. The tests 

series (predrilled and non-predrilled) were distinguished from each other using 

denotations such as GME_x.x_0_YY. Where GME stands for the material tested, x.x, 

the fastener diameter, 0 is the orientation of the loading with respect to the timber grain 

direction, and YY is equal to NP for the non-predrilled case and nil for the predrilled 

case. 

5.2.3 Swelling and shrinkage test method 

The swelling and shrinkage behaviour of the specimens were determined using two sets 

of specimens. Each set was made up of two types (a and b) of specimens as shown in 
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Figure 5.9. One, measuring 20 x 20 mm2 in cross-section and 10 mm in length (Figure 

5.9a) and the other, measuring 20 x 20 mm2 in cross-section  and 100 mm in length 

(Figure 5.9b). The first set (made up of specimen types a and b. see Figure 5.9) were 

used to determine the swelling coefficients with respect  to changes in air humidity and 

moisture content, whilst the second set of specimens were used to determine its 

shrinkage behaviour from the fibre saturated state to the normal state (20 °C, 65 % relative 

humidity). The smaller specimens (measuring 20 x 20 x 10 mm3 ) were used to study the 

swelling and shrinkage behaviour in the radial and tangetial directions, whilst the larger 

specimens (measuring 20 x 20 x 100 mm3) were used to investigate the same in the 

longitudinal direction of the timber.  

Determination of the swelling parameters 

To determine the swelling coefficients, roughly cut material samples were conditioned in 

a climate chamber at 20 ⁰C and 65 % relative humidity to constant weight as described 

in DIN 52184. After that, the specimens to be used for the test were cut and studied in 

four stages. In the first stage, they were conditioned at 20 ⁰C and 85 % relative humidity 

to constant weight. At the second stage, they were conditioned at 20 ⁰C and 35 % relative 

humidity to constant weight. In the third stage 3, the specimens were dried in an electric 

oven to constant weight. At the fourth stage, the specimens were soaked in water at 

room temperature (20 to 22 ⁰C) to constant weight. At each stage, the weight, and 

dimensions of the specimens in the radial, tangential, and longitudinal directions were 

measured and recorded over time. 

Determination of the shrinkage parameters 

To determine the shrinkage coefficients, the second set of specimens were studied in two 

stages. In the first stage, they were conditioned at a temperature of 20 ⁰C and a relative 

humidity 65 % to constant weight. In the second stage, the specimens were dried in an 

electric oven to constant weight. At each stage, the weight, and dimensions of the 

specimens in the radial, tangential and longitudinal directions were measured and 

recorded over time.  
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(a) (b) 

Figure 5.9: Shrinkage and swelling test specimens (a) radial and tangential (b) 

longitudinal 

5.3 Processing of the experimental data 

5.3.1  Strength and MoE 

The tensile and compressive strengths  and  were determined using Equation 

    (5.1) while the shear  and bending strengths  were determined using Equations 

   (5.2) and (5.3) respectively. 

    

(5.1) 

   

(5.2) 

(5.3) 

Where , A, 𝑙 and 𝑏 are the maximum force obtained per specimen during the 

respective tests, the cross-sectional area of the specimen, length of the shear test 

specimen, and the width of the bending and shear test specimens respectively.  and  

are respectively, the depth of the bending strength test specimen and the distance 

between the loading heads and the nearest support in the bending test specimen.  

The MoE of the material in tension  and compression  were obtained using Equation 

(5.4) while the MoE in bending  was obtained using Equation (5.5). 
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(5.4) 

(5.5) 

Where ,  are the MoE in tension, compression, and , is the MoE in bending.   

is the gauge length of the extensometer and equals 153 mm for the tensile strength tests 

and 32 mm for the compressive strength tests. ∆F is an increment of the load over a 

straight-line portion of the load-displacement curve, corresponding to the difference 

between 40 % and 10 % of the maximum load (0.4  – 0.1 ). A is the specimen 

cross-sectional area as already defined and  is the change in length of the specimen 

measured by the extensometer between 0.4  and 0.1 .  considered for 

calculations was the average of the extensometer readings obtained on the left and right 

sides of the specimens, and  is the span of the bending test specimens.  is the 

displacement of the bending specimen between 0.4   and 0.1 ; taken as the 

average of the two LVDT readings obtained from either side of the test specimens, and 

𝑎 is the distance between the load points and the nearest support (𝜆 = 480 mm). See 

Figure 5.7. 

The reference specimens for the bending strength test should have a minimum depth of 

150 mm and a length (span) equal to 19 (18) times the depth [EN 384]. Given the process 

involved in handling and transporting the materials from the plantation site in Nigeria 

to the laboratory in Germany, the reference dimensions could not be achieved. Therefore, 

the dimensions mentioned in Table 5.3 were adopted for the bending tests. Since the 

adopted dimensions are different from the reference dimensions, the bending strength 

obtained from the tests, must be adjusted to what would have been expected if specimens 

matching the reference dimensions were used. This adjustment is possible by dividing 

the obtained bending strength results by the size effect factor , which was earlier 

mentioned as Equation (3.22) and is herein repeated as Equation (5.6); where  is the 

(5.6) 

depth of the tested specimen. The mean shear modulus  was determined using 

Equations (5.7).  

(5.7) 

It is expected that all specimens, prior to testing, should be conditioned to a moisture 

content of 12 %. There is, however, a possibility that the moisture content at the time 

of testing may differ to some extent from 12 %. In such cases, the strength properties 

obtained from the tests should be adjusted to what would have been expected if the tests 

were performed at a moisture content of 12 %. The bending strength specimens were 
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tested at an average moisture content of 18 % thus, the results ought to be adjusted to 

their 12 % equivalent. Since the EN 384 makes no provision for this, the 12 % equivalence 

values of the bending strength were achieved in accordance with the Hungarian standard 

MSZ 6786-15, discussed in [Báde19] using Equation (5.8). The MoE in bending was 

similarly adjusted, in accordance with EN 383, using Equation  (5.9). 

(5.8) 

 (5.9) 

In which,   is the expected bending strength at a moisture content of 12 %, 𝑓m(u), 

is the bending strength of the specimen at a moisture content u at which the tests were 

done, and  is the reference moisture content of 12 %. Similarly,  is the expected 

MoE in bending at 12 % and  is the MoE in bending of the specimens obtained at 

a moisture content 𝑢 of the specimens at the time of testing. 

While conducting the mechanical tests, plastic containers were used to store the tested 

specimens to prevent them from losing moisture. Specimens for determining the moisture 

content and density at the time of testing, were obtained close to the point of fracture 

from the tested specimens and dried in an electric oven at a temperature of 103 °C to 

a constant weight. The moisture contents 𝑢 and densities 𝜌 at the time of testing the 

different specimens were then determined using Equations (5.10) and (5.11) respectively. 

(5.10) 

(5.11) 

Where ,  and V are the weight of the specimens before drying, after drying, and 

the volumes of the specimens before drying, respectively. 

5.3.2 Embedment strength 

The embedment strength  of the different specimens was determined using Equation 

(5.12) 

(5.12) 

Where  is the maximum force obtained within a maximum fastener displacement of 

5 mm,  is the thickness of the specimen, and  is the fastener diameter. 
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5.3.3 Swelling and shrinkage 

Using the data obtained from the swelling test series, the differential swelling (in %/%), 

swelling coefficient (in %/%) and the maximum linear swelling in the radial direction 

were obtained using Equations (5.13), (5.14), and (5.15) respectively.  

(5.13) 

(5.14) 

(5.15) 

Where 𝑙F,r, 𝑙T,r are respectively, the dimensions of the specimens (see Figure 5.10) in the 

radial directions at a relative humidity 𝜑 of 85 %, and 35 %.   𝑙0,r, , are the 

dimensions of the specimens in the radial direction at the completely dry and fully 

saturated conditions respectively. , are the weights of the specimens in 

the completely dry condition, at a relative humidity of 85 % and at a relative humidity 

of 35 % respectively.  are the relative humidity values of 85 and 35, and 

 are the differential swelling in the tangential and radial directions 

respectively.  

 

   

 

 

 

 

   

(a) (b) 

Figure 5.10. Definition of specimen dimensions (a) radial and tangential (b) longitudinal 

By substituting the corresponding specimen dimensions lt and ll for the tangential 

and longitudinal directions (see Figure 5.10) into Equations (5.13) to (5.15), the differential 

swelling, swelling coefficient, and the maximum linear swelling for the tangential and 

longitudinal directions were also determined. The swelling anisotropy  was hence, 

determined using Equation (5.16). 
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(5.16) 

Using the data obtained from the shrinkage test series, the drying shrinkage ( for the 

radial and tangential directions, as well as the anisotropy of the drying shrinkage were 

determined using Equations (5.17) and (5.18) respectively. 

(5.17) 

(5.18) 

Where to obtain the drying shrinkage in the tangential direction , the required 

specimen dimensions in the tangential direction was substituted in Equation (5.17), and 

for the drying shrinkage in the radial direction 𝛽𝑁,𝑟, the specimen dimension in the radial 

direction was used. is the specimen dimension at the normal climate conditions of 20 

°C and 65 % relative humidity and lw is the dimension of the fully saturated specimen. 

5.4 Mechanical test results and discussion 

Results of the mechanical tests are presented and discussed in this subsection. An 

overview of the results from all the trees is shown in the boxplots in Figure 5.11 and a 

full documentation of the test data is given in Appendix B.  

 

 
Number of specimens 

represented in the box plot: 

   

  

  

  

 = 79  

(a)  
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Number of specimens 

represented in the box plot: 

  

  

  =65 

  

 

 

(b)   

Figure 5.11: Overview of experimental results (a) strength values (b) Elastic moduli 

values 

With respect to Figure 5.11, outliers represent observations which are significantly 

different from the other observations in the dataset. They are usually excluded from the 

dataset in cases where they could cause problems in the analysis. The box plots for the 

strength properties shows outliers which are very close to the acceptable range of data 

in the dataset. Considering that they are not significantly far away from the acceptable 

range of data in the dataset, they would ideally pose no challenge to the statistical 

analysis and hence, were not deleted. Those of the elastic moduli show distinct outliers 

for the MoE in bending and tension. However, the values of these outliers fall within the 

range of acceptable values for the MoE in compression parallel to the grain. Since the 

MoE parallel to the grain of timber should be comparable, the values which appeared as 

“outliers” for the MoE in bending and tension (being within the range of acceptable 

values for MoE in compression parallel to the grain), were not discarded. The extreme 

value (of 21,000 MPa) determined for the MoE in compression parallel to the grain 

however, which is seen to be significantly outside the range of acceptable values, was 

treated as an outlier and hence excluded from the analysis. Just as their names apply, 

the “minimum” and “maximum” observed values in Figure 5.11 are the minimum and 

maximum values of the dataset which are not outliers. The first quartile represents the 

25th percentile. It is the value above which 75 % of the values in the dataset fall. The 

median and third quartile are the 50th and 75th percentile respectively. They each 

represent the experimental values above which 50 % and 25 % of the values lie. With 

this general introduction to understanding the experimental data, the following sub-

sections will then discuss the individual material properties in detail. 
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5.4.1 Tensile strength and modulus of elasticity parallel to the grain -  

and  

79 specimens were tested in tension and showed values ranging from 36.90 MPa to 98.70 

MPa. The elastic moduli were between 7,860 MPa and 18,900 MPa and compared well 

with those in bending and compression parallel to the grain. Failure of the test specimens 

was brittle (Figure 5.12a) and occurred within the thinnest part of the test specimens 

without any warning. Two distinct stress behaviours were observed for specimens in 

tension. While most of the specimens exhibited a linear behaviour up to failure (see 

Figure 5.12b), a few others, exhibited a bi-linear behaviour, with the second linear curve 

starting around a stress value of about 33 MPa (see Figure 5.12c). At a stress value of 

between 47 and 57 MPa, an audible sound of cracking was heard for most of the 

specimens without any accompanying visual cracks. It could be that a micro 

dismemberment of the specimens begins to take place at that stress level thus, leading 

to the audible cracking sound during the tests. A typical failure mode and observed 

stress-strain behaviour in two specimens of Gmelina are shown in Figure 5.12. It is worth 

noting that the strain values used in plotting the stress-strain curves in Figure 5.12b and 

c were determined from the extensometer readings. Hence a change in the behaviour at 

a stress value of about 30 MPa would imply internal weakening in the material, rather 

than a slip at the grips of the machine. Further investigations on this may involve looking 

into the microstructure of the material, to understand what happens to it at this stress. 

However, that is beyond the scope of the current study. 
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(a)  (b)  

 

 

(c)   

Figure 5.12: Tensile test - ft (a) failure mode (b) linear curve (c) bi-linear curve 

5.4.2 Compressive strength and modulus of elasticity parallel to the  
grain -   𝐚𝐧𝐝  

77 specimens were tested to determine the compressive strength of Gmelina_Ak parallel 

to the grain. Compressive strength results obtained from theses specimens, ranged from 

23.90 MPa to 41.40 MPa. The elastic moduli ranged from 6,320 MPa to 21,000 MPa 

with most of the values falling between 8,000 MPa and 13,000 MPa. The stress-strain 

behaviour of the material under compressive stresses was linear up to failure. Failure of 

the material occurred by crushing of the fibres along a single shear plane in a some-what 

ductile behaviour, thus the reason for the softening branch in the stress-strain curve in 

Figure 5.13b. A typical failure mode of the specimen CPa-T2T5 is shown in Figure 5.13a. 
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(a)  (b)  

Figure 5.13: Compressive strength parallel to the grain  (a) failure mode (b) stress-

strain curve 

5.4.3 Compressive strength and modulus of elasticity perpendicular to 
the grain - 𝒇𝐜,𝟗𝟎  and 𝑬𝐜,𝟗𝟎 

The compressive strength perpendicular to the grain were determined from 99 specimens.  

The values obtained ranged from 3.97 MPa to 9.50 MPa, and the MoE values ranged 

from 161 MPa to 701 MPa. Based on several trial tests done, a displacement of 7 mm 

was set as the limit for running the tests. The compressive strength perpendicular to the 

grain was however, defined for each specimen as the intersection between the force-

displacement curve and a line parallel to the elastic part of the curve with an offset equal 

to 0.01 . Where  is the gauge length (32mm in this case). See Figure 3.13 for 

illustration of this procedure. The specimens did not show any distinct failure mode. 

There were no sounds due to failure, neither were there any obvious cracks. The 

behaviour of the specimens was consistently non-linear up until the limit of 7mm was 

reached. A typical stress-strain behaviour of a specimen CPe-T1M5 under a compressive 

stress perpendicular to the grain is shown in Figure 5.14b.     
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(c)  (d)  

Figure 5.14: Compression perpendicular to the grain  (a) failed specimens (b) stress-

strain curve 

5.4.4 Shear strength -  

The shear strength as determined from 60 specimens, ranged from 3.90 MPa to 7.80 

MPa. Failure of the specimens occurred mostly within the specimens themselves as can 

be seen in Figure 5.15a. Five out of 60 specimens failed along the glue line, such that 

more than 80 % of the glued area was exposed. The results from these specimens were 

discarded as recommended in EN 408. The failure was brittle and was not preceded by 

any sound or warning crack but was rather sudden with massive splitting of the test 

specimens. The shear modulus was obtained as discussed in sub-section 5.4. A typical 

failure mode of the specimens in shear as well as a typical load-displacement behaviour 

are shown in Figure 5.15. 

  

(a)  (b)  

Figure 5.15: Shear strength 𝑓v (a) typical failure mode (b) load-displacement curve 
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5.4.5 Bending strength and modulus of elasticity -  and  

The bending strength (adjusted for size and moisture content) were determined from 35 

specimens and ranged from 29.80 MPa to 72.70 MPa. Failure of the bending strength 

specimens started at the bottom (the point of maximum tensile stress), with cracks 

developing and moving towards both ends of the specimens and shearing the specimens 

along the grain in that process. The failure was a combined action of tensile and shear 

stresses generated in the specimens due to the induced bending action. The failure pattern 

and a typical load-displacement behaviour of one of the specimens in bending BT3M5, 

is shown in Figure 5.16. 

  

(a)  (b)  

Figure 5.16: Bending strength  (a) failure mode of different specimens (b) load-

displacement curve. 

The bending MoE was between 9,450 MPa and 15,540 MPa and compared very well with 

those obtained in tension and compression parallel to the grain. 

5.4.6 Density - 𝝆 

The density of Gmelina_Ak was determined from 288 specimens. They values ranged 

from 387 kg/m3 to 528 kg/m3 and compares well with results in other studies [Dvor04], 

[Karl08], [Roqu04] but disagrees with the result (687 kg/m3) in [Atag15]. Details on the 

relationship between density and strength shall be discussed in Chapter 7. 

5.4.7 Mechanical test results based on tree location. 

The test results discussed for each material property are summarised for a clearer view 

in Table 5.4.  
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 Table 5.4: Experimental results in MPa based on tree locations. 

Material property location No. of specimens Minimum Maximum 

 top 25 36.90 85.90 
 middle 27 37.60 92.20 

  bottom 27 48.60 98.70 

 top 27 24.10 39.40 
 middle 24 23.90 41.40 

  bottom 26 28.20 38.90 

 top 36 2.77 7.21 
 middle 33 3.07 7.39 

  bottom 30 2.50 8.31 

 top 16 4.06 7.80 
 middle 22 3.90 8.76 

  bottom 17 4.70 7.60 

 top 03 35.20 57.35 
 middle 17 36.04 72.70 

  bottom 15 29.80 71.60 

 top 23 9,430 14,700 
 middle 21 8,120 15,950 

  bottom 21 7,860 18,900 

 top 27 7,700 18,630 
 middle 24 6,810 19,800 

  bottom 25 6,320 21,000 

 top 34 161 850 
 middle 29 145 979 

  bottom 30 188 967 

 top 03 12,320 13,290 
 middle 17 9,450 15,540 

  bottom 13 10,170 14,800 

 𝜌 (kg/m3) top 96 394 497 
 middle 98 387 528 

  bottom 94 398 518 
 

To aid an understanding of how the strength values vary along the height in the trees, 

the mechanical results have been arranged based on the tree locations. Although no clear 

consistent patterns are observable from the table, it appears as if the tensile strength 

reduces with increase in height of the tree. The wide range of density (394 – 528 kg/m3) 

observed in the results could be attributed, on the one hand, to the fact that the 

specimens were obtained from different parts along the trunk of different trees. This is 

because, the heaviest wood is found at the base of the tree, with a gradual decrease in 
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density in the samples from successively higher levels in the trunk” [Desc96]. Such 

variation is owed to the arrangement of the individual cells, the physico-chemical 

composition of the cell walls, or the presence of juvenile wood in the tree. According to 

Desch and Dinwoodie [Desc96] the difference in density at different levels along the trunk 

can be up to four-folds; a situation that is more critical than is realized in this study. 

More on the variation in the density and strength properties of Gmelina_Ak will be 

discussed in Chapter 6. 

5.5 Embedment strength test results 

The embedment strength of Gmelina_Ak was determined from 103 specimens tested in 

7 series as summarised in Table 5.5. 

           Table 5.5. Embedment strength test results per test series 

Test series No.  specimens minimum maximum 

GME_2.5_0_NP 20 21.38 36.17 

GME_3.0_0_NP 10 20.31 33.79 

GME_4.5_0_NP 10 20.63 33.33 

GME_6.0_0_NP 10 16.11 22.78 

GME_3.5_0 20 20.17 37.31 

GME_5.5_0 18 18.51 31.94 

GME_7.0_0 15 20.63 27.92 
           NP: Not predrilled 

As mentioned in Section 3.8, there has been disparities between the experimentally 

obtained embedment strength and those obtained using the empirical equations 

(Equations (3.28) and (3.29)) given in the EC 5. These observations, as it relates to 

Gmelina_Ak, shall be further investigated in Chapter 7. 

5.6 Swelling and shrinkage test results and discussion 

The swelling and shrinkage parameters of Gmelina_Ak were determined from 80 

specimens as discussed in subsection 5.2. The differential swelling qs in timber represents 

the percentage swelling in the material with 1 % change in moisture content. For 

Gmelina_Ak under study, the differential swelling in the radial , tangential   and 

longitudinal   directions were 0.17 %/%, 0.23 %/%, and 0.01 %/% respectively. 

Bengtsson [Beng01] studied the variation of moisture induced movements in Norway 

spruce (Picea abies) for specimens obtained from fast and slow growing sites. Results 

reported for the percentage swelling in Norway spruce (Picea abies) with one percent 

change in moisture are like those reported in Desch and Dinwoodie [Desc96] and range 

from 0.13 %/% to 0.22 %/% for the radial direction, 0.23 %/% to 0.39 %/% for the 
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tangential direction and 0.009 %/% to 0.01 %/% in the longitudinal direction. In 

comparison with the values determined for Gmelina_Ak, one sees that the differential 

swelling parameters of Gmelina_Ak falls well within the range of values obtained for 

Norway spruce. A visual representation of the differential swelling of Gmelina_Ak in 

comparison with those of other timber species according to the data in Kraft and 

Pribbernow (2015) as cited in Karges [Karg21], for the radial and tangential directions 

is shown in Figure 5.17. 
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Figure 5.17. Differential swelling of Gmelina_Ak and other timber species.*From Kraft 

and Pribbernow (2015), as cited in [Karg21] 

The swelling coefficient  (percentage swell in dimension with 1% change in relative 

humidity between 35 % and 85 %) for Gmelina_Ak was, for the radial, tangential, and 

longitudinal directions, determined to be 0.026 %/%, 0.037 %/% and 0.002 %/% 

respectively. The swelling coefficient obtained for Gmelina_Ak (in the radial and 

tangential directions) as well as those of other timber species are compared in Figure 

5.18. 
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Figure 5.18. Swelling coefficient of Gmelina_Ak and other timber species. *From Kraft 

and Pribbernow (2015), as cited in [Karg21] 

As can be deduced from Figure 5.18, Gmelina_Ak swells less than its counterparts. This 

explains why its swelling anisotropy (ratio of swelling in the tangential to radial 

directions) is 1.43 as opposed to 2.0, which is popularly reported for most softwood 

species.  

The maximum linear swelling ϰmax from the dry to the saturated state determined for 

Gmelina_Ak is 4.61 % in the radial direction, 6.63 % in the tangential direction, and 

0.42 % in the longitudinal direction. This leads to a volumetric swelling in Gmelina_Ak 

of 12.01 %. The swelling of Gmelina_Ak in comparison with those of other species is 

shown in Figure 5.19. 

 

 

 

 

 

The results for 

Gmelina_Ak 

are based on 

experiments 

conducted on 

20 specimens 

Figure 5.19. Maximum linear swelling of Gmelina_Ak and other timber species. *From 

Kraft and Pribbernow (2015), as cited in [Karg21] 
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The drying shrinkage  from the fibre saturated state to a 13.74 % moisture condition 

in the radial , tangential , and longitudinal ,  directions as determined in this 

study are 1.61 %, 3.06 %, and 0.11 % respectively. This gives and anisotropic drying 

shrinkage  from the saturated to the 13.74 % moisture condition of 1.9. Moore 

[Moor11] reported values of 3 % and 5 % for the drying shrinkage of Sitka spruce (Picea 

sitchensis) from the saturated to the 12 % moisture condition for the radial and 

tangential directions respectively. Based on the data in Plößl [Plöß08], how Gmelina_Ak 

compares with other timber species with respect to drying shrinkage is shown in Figure 

5.20. 
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Figure 5.20. Drying shrinkage of Gmelina_Ak and other timber species. *From [Plöß08] 

Based on the foregoing discussion, it can therefore be safely concluded that Gmelina_Ak 

swells and shrinks by an amount comparable with, but less than what is obtained for 

spruce (Picea abies) and the timber species with which it was compared. This shows that 

Gmelina_Ak has a better dimensional stability than those with which it was compared.  

5.7 Chapter summary and conclusion 

In this chapter, a detailed procedure on the material acquisition, preparation, testing, 

data analysis methods, as well as the reference standards used in determining the material 

properties of Gmelina_Ak have been discussed. The mechanical properties of 

Gmelina_Ak were determined and presented. The swelling and shrinkage parameters of 

Gmelina_Ak were determined, presented, and discussed in comparison with spruce 

(Picea abies) grown in Europe. It was discovered that the swelling and shrinkage 

propensities of Gmelina_Ak as determined in this study are comparable to, but less than 

those of Norway spruce (Picea abies). The embedment strength of Gmelina_Ak was also 

determined and presented. 
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In the next chapter, how the mechanical properties of Gmelina_Ak vary within (along 

the height) and between the three trees shall be discussed. 
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6 Variation in Mechanical Properties Within and 
Between Gmelina arborea Trees from Akure, 
Nigeria 

As a new material being investigated, knowledge of how its properties vary along the 

height and/or between the trees might be helpful for providing insight to an effective 

and optimal use of the material. 

The objective of this Chapter is to statistically investigate the variation in the material 

properties within (along the height) and between the Gmelina_Ak trees considered in 

this study. To do this, the following material properties shall be considered: the tensile 

strength , the compressive strength parallel to the grain , compressive strength 

perpendicular to the grain , the shear strength , the bending strength , density 

𝜌, the MoE in tension , bending , compression parallel  and the MoE in 

compression perpendicular to the grain . Density variation from the pith to the bark 

is not considered.  

6.1 Statistical methods 

To investigate and discuss the variation in material properties within and between the 

Gmelina_Ak trees, a one-way analysis of variance (ANOVA), as well as the Tukey HSD 

test were performed on the experimental data. Before performing the tests on the 

experimental data, they were separated into different groups. To investigate the variation 

within (along the height of) the trees), the material properties were divided into three 

groups: top, middle, and bottom. Similarly, to investigate the variation between the trees, 

the material properties were divided into three groups, separated by data from trees1, 2, 

and 3 as shown in Figure 6.1. 

 

Figure 6.1: Grouping of the material properties for performing the analysis of variance. 

Normally, data to be analysed using the ANOVA should meet certain assumptions. 

However, as explained in Chapter 4, (see Section 4.5 for detailed explanation) checking 

the experimental data obtained in this study for compliance with these assumptions will 
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not be necessary, since the ANOVA always yields reliable results whether or not the 

ANOVA assumption are met. However, checks for the ANOVA assumption were 

conducted on the experimental data and the results are documented in Appendix B. 

After conducting the checks, the ANOVA and the Tukey HSD tests were performed on 

the different groups of data. The results obtained are presented and discussed in Section 

6.2. 

6.2 Analysis of variance and the Tukey HSD test results 

Results of the analysis of variance and the Tukey HSD tests on the experimental data 

are shown in Table 6.1 and discussed in the sections that follow. 

Table 6.1: ANOVA results 

Material Property 
Within tree variation   Between tree variation 

Fobserved Fcritical p-value   Fobserved Fcritical p-value 

 2.902 3.129 0.061  3.261 3.129 0.044 

 10.028 3.131 <0.01  6.119 3.131 0.003 

 2.428 3.102 0.093  11.93 3.102 <0.01 

 3.316 3.102 0.044  2.905 3.102 0.064 

 1.595 3.302 0.219  0.461 3.302 0.635 

 0.298 3.149 0.744  15.83 3.149 <0.01 

 0.146 3.130 0.865  2.626 3.130 0.079 

 1.418 3.149 0.248  3.641 3.149 0.030 

 0.358 3.133 0.702  19.13 3.133 <0.01 

𝜌 3.985 3.000 0.020   3.225 3.000 0.041 

 

6.2.1 Within tree variation 

The within tree ANOVA results in Table 6.1 show that the tensile strength , the 

compressive strength perpendicular to the grain , the bending strength , the MoE 

in tension  , the MoE in compression parallel to the grain ,  the MoE in compression 

perpendicular to the grain   as well as the MoE in bending , whose p-values > 

0.05 are not statistically significant. This means that at a 95 % confidence level, there is 

no variation in these material properties along the height. The results agree with the 

findings of Machado et al. [Mach14] who reported no variation in the MoE in bending, 

bending strength and in the compressive strength parallel to the grain of Blackwood 

grown in Portugal. Studies on the variation in MoE, compressive strength parallel to the 

grain and tensile strength perpendicular to the grain as reported in Machado and Cruz 

[Mach05] showed that they reduced with height. Similar results were obtained by Kiaei 

and Farsi [Kiae16] who determined that the MoE, modulus of rupture, and density of  
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Persian silk wood decrease with height. The opposing results in the variation in the 

strength properties (MoE in bending, bending strength, and compressive strength parallel 

to the grain) reported herein for Gmelina_Ak and other species in the other studies could 

be due to the presence of juvenile wood in the specimens tested in the other studies. In 

fact Machado and Cruz [Mach05] specifically admitted that the variation in the strength 

properties observed in their study was due to the presence of juvenile wood in the 

specimens considered in their study. 

The  values being greater than the  values for the compressive strength parallel 

to the grain  and the density 𝜆 however, shows that these material 

properties vary with position along the height of the Gmelina_Ak trees. This finding 

agrees with those of Topaloglu and Erisir [Topa18] who investigated the longitudinal 

variation in selected wood properties of oriental beech and reported a decrease in density 

and compressive strength parallel to the grain along the height of beech wood. Kiaei and 

Farsi [Kiae16] also reported a decrease in density with height of Persian silk wood; a 

situation that can be attributed to the presence of juvenile wood along the height of the 

trees. The compressive strength parallel to the grain seems to be the only mechanical 

property which has been consistently reported to vary with height for different wood 

species and would require further investigation. As touching Gmelina_Ak however, the 

source of this variation, from the ANOVA results, is unknown. Clarity on this however, 

can be obtained from the Tukey HSD test results shown in Table 6.2. In the Tukey HSD 

test, the mean experimental value from one of the groups (e.g., top), was compared with 

the mean value from each of the other groups (middle and bottom respectively). This 

was done to detect the source of the difference observed in the ANOVA test result. 

Table 6.2. Within-tree Tukey HSD test result 

Material Parts 

compared 
p-values. 

  Mean values (MPa) Bottom Top Top 

Property   Top  Middle  Bottom  Middle Bottom Middle 

 middle-bottom 0.0008               

 top -bottom 0.1945  35.88 31.60 34.23 1.08 1.05 1.14 

 top-middle 0.0219        
          

 middle-bottom 0.1663        

 top-bottom 0.7995  5.92 6.70 6.13 0.91 0.97 0.88 

 top-middle 0.0497        
          

𝜌 middle-bottom 0.0835        

 top-bottom 0.0216  448 450 458 1.02 0.98 1.00 

  top-middle 0.8476               
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Within-tree variation in the compressive strength parallel to the grain –  

Table 6.2, shows the results of comparing the strengths of one part of the trees (e.g., the 

top), with the other parts (middle or bottom respectively) to determine the part or parts 

of the tree that are different from the others. Based on this data, one sees that there is 

no statistical significance in the compressive strength parallel to the grain obtained from 

the top and bottom parts of the trees. A comparison between the middle and bottom 

parts as well as the top and the middle parts, however, are seen to be statistically 

significant (p-values < 0.05). Furthermore, the differences of the mean strength values 

between the middle and bottom as well as the top and middle parts are respectively 8 % 

and 14 %, while that between the top and bottom part is 5 %. A look at the mean values, 

shows that the compressive strength parallel to the grain obtained at the middle parts 

of the trees, is smaller than those obtained from the top and bottom parts. This shows 

that the difference in the strength values detected by the ANOVA, is due to the strength 

obtained from the middle part of the trees. The variation in compressive strength along 

the height (as shown in Table 6.2) is thus a slight reduction in the strength from the 

bottom to the middle and then a slight increase from the middle to the top.  

Within-tree variation in shear strength parallel to the grain -  

On the variation of the shear strength of Gmelina_Ak,  Table 6.2, shows that there is 

no variation in the shear strength obtained from the middle and bottom parts of the 

trees as well as those obtained from the top and bottom parts (all having p-values > 

0.05). However, comparison of results obtained between the top and middle parts is seen 

to be statistically significant, with a p-value of 0.049. This shows that the difference 

detected in the ANOVA test for the shear strength tests, is due to the results obtained 

from the middle part of the trees, whose mean values as seen in Table 6.2 are relatively 

higher. Based on data in Table 6.2 however, the difference in the mean values obtained 

from the top and the middle parts is 12 %. The variation in shear strength is seen to 

increase slightly from the bottom to the middle, and then reduces slightly from the 

middle towards the top.  

Within-tree variation in the Density values  

No statistical difference was determined in the density values between the top and the 

middle parts of the trees as well as between the middle and bottom parts of the trees. A 

comparison between the top and bottom parts however, showed to be statistically 

significant (having a p-values = 0.0216, which is < 0.05). Looking at the mean density 

values in Table 6.2, one sees that the mean density obtained from the bottom part of the 

trees is comparatively higher than those obtained from the middle and top parts, 

respectively. This shows that the difference in the in the density values identified by 
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the ANOVA, is owed to the value from the bottom part of the trees. It can also be seen that 

the mean density value at the middle is higher than that at the top. This implies that 

the density values in Gmelina_Ak, as considered in this study, falls slightly with increase 

in height. Although studies by different researchers as compiled in Zobel and van 

Buijtenen [Zobe89] show exceptions with differing patterns of density variation along the 

height of different wood species, it can be understood from the formation and growth of 

wood in trees, as well as the influence and presence of juvenile wood up the trunk  that 

the heaviest wood should be at the base of the tree, with a gradual decrease in density 

up the trunk [Desc96]. Other density variation patterns discussed in Zobel and van 

Buijtenen [Zobe89] are inconsistent with this rule and are not within the scope of 

discussion of the current study. The results (slight reduction of density with height) 

obtained in this study for the variation of density along the height of Gmelina_Ak, was 

also reported by Lamb [Lamb68] for Gmelina_Ak, as well as other researchers [Topa18], 

[Kiae16], [Mach14] for other tree species.  

6.2.2 Between - tree variation 

Results of the between tree variation in Gmelina_Ak trees are shown in Table 6.1 and 

Table 6.3. The data in Table 6.1, shows that there is no variation in the shear strength, 

the bending strength, and the MoE in compression parallel to the grain between the 

Gmelina_Ak trees considered in this study, whereas the other material properties showed 

to vary between the trees. The nature of the variation in the mechanical properties 

between the trees as determined from the Tukey HSD test are detailed in Table 6.3 and 

discussed in the sections that follow. 
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Table 6.3. Between-tree Tukey HSD test results 

Material     Trees   p-values Mean values (MPa) T1 T1 T2 

property  compared   T1 T2 T3 T2 T3 T3 

 T2 - T1 0.0507       

 T3 - T1 0.1171 73.13 64.29 66.33 1.14 1.10 0.97 

 T3 - T2 0.8304       
         

 T2 - T1 0.0624       

 T3 - T1 0.0024 36.13 33.72 32.64 1.07 1.11 1.03 

 T3 - T2 0.5072       
         

 T2 - T1 <0.01       

 T3 - T1 0.2809 3.96 5.33 4.38 0.74 0.90 1.22 

 T3 - T2 0.0037       
         

 T2 - T1 <0.01       

 T3 - T1 0.995 12,775 9828 12,831 1.30 1.00 0.77 

 T3 - T2 <0.01       
         

 T2 - T1 0.0509       

 T3 - T1 0.9993 387 499.93 385.5 0.77 1.00 1.30 

 T3 - T2 0.0509       
         

 T2 - T1 0.9959       

 T3 - T1 <0.01 11,475 11,435 13,849 1.00 0.83 0.83 

 T3 - T2 <0.01       
         

𝜌 T2 - T1 0.9699       

 T3 - T1 0.0967 455 456 447 1.00 1.02 1.02 

  T3 - T2 0.0638             

T1,2,3: Tree1,2,3 

Between-tree variation in the strength properties 

The between tree variation in tensile strength as obtained by the Tukey HSD test and 

as presented in Table 6.3, shows no variation between the trees (p-values > 0.05 for all 

cases). Though different from the ANOVA results, this can be attributed to the level of 

sensitivity of the tests used. Considering that for all cases, the ANOVA has been proven 

to be very robust [Blan17], the maximum difference detected by the ANOVA in the 

between-trees tensile strength (based on the mean tree values), as shown in column 7 of 

Table 6.3, is 14 %. This shows that the maximum difference was obtained by comparing 

the values from trees 1 and 2. Following the same procedure applied for determining the 

sources of differences in the material properties along the height of the trees, one sees 

that the maximum difference in the compressive strength parallel to the grain between 

the trees is 11 %, stemming from Tree 1. Considering the compressive strengths 

perpendicular to the grain, the maximum variation (26 %) between the trees was 

obtained from comparing trees 1 and tree 2. From the mean values presented in Table 
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6.3, this can easily be understood as stemming from tree 2.  In general, the variation in 

the strength properties (both within and between the Gmelina_Ak trees species 

considered in this study) falls between 11 % to 14 %. The exception to this, is the 

compressive strength perpendicular to the grain which, although did not vary within the 

trees, showed a maximum variation between the trees of 26 %. It can thus, be firmly 

stated that for the materials considered in this study, the compressive strength 

perpendicular to the grain, between the trees, was the most varied. 

Between-tree variation in the elastic moduli values 

A comparison between trees 1 and 3 as well as trees 2 and 3 as shown in Table 6.3, shows 

that there is a significant variation in the MoE in bending between the trees. This 

difference however, is 17 % and agrees with the 16.9 % reported in Machado et al. 

[Mach05] for Blackwood. The value (30 %) obtained for the MoE in compression 

perpendicular to the grain and for the MoE in tension, is seen to be the highest of all 

variations observed in this study for Gmelina_Ak.  

Between-tree variation in the Density values  

Considering the density variation between the trees, data in Table 6.3 strongly declares 

no between-tree density variation. This is validated by the fact that for all the cases 

compared, the p-values were consistently above the limits of 0.05. The maximum 

difference in density computed between the trees as seen in columns 8 and 9 of  Table 

6.3 is 2 % and confirms that the mean density values obtained for the different trees as 

presented in Table 6.3 are within the same range. It can thenceforth be conclusively 

stated that the density of Gmelina_Ak as considered in this study does not vary between 

the trees. Any difference between the Tukey and ANOVA tests would be due to the 

difference in the level of sensitivity of the different tests. 

6.3 Chapter summary and conclusion 

Using 10 material properties which were experimentally determined from different parts 

of three Gmelina_Ak trees obtained from Southwestern Nigeria, this study has shown 

that at 95 % confidence level: 

i. There is no variation in the tensile strength, compressive strength perpendicular 

to the grain, bending strength, MoE   in tension, MoE in compression parallel to 

the grain, MoE in compression perpendicular to the grain, and the MoE in bending 

along the height of the Gmelina_Ak sample considered in this study.  
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ii. The compressive strength of Gmelina_Ak parallel to the grain  varies along 

the height; with mean values from the middle parts being 8 % and 14 % lower 

than those from the bottom and top parts, respectively. 

iii. Even though the shear strength varies with height, no difference was determined 

for the middle and the bottom parts as well as for the top and the bottom parts, 

respectively. A comparison between the top and the middle parts however, showed 

to be statistically significant. This difference (in terms of the mean shear strength 

values) was observed to be 12 %. 

iv. Variation in the shear and compressive strength parallel to the grain along the 

height of Gmelina_Ak as obtained in this study, ranged between 11 % and 14 %, 

and was the same as was obtained between the trees for the tensile and 

compressive strength parallel to the grain. The only exception was the compressive 

strength perpendicular to the grain whose variation between the trees was 

obtained to be 26 %. 

v. The shear strength, bending strength, MoE in compression parallel to the grain 

and density did not vary between the trees considered in this study, whereas the 

other material properties did vary. 

vi. The density variation within and between Gmelina_Ak trees is constant at 2 %. 

The variation along the height is a slight reduction with increase in height of the 

trees. No statistical significance was determined for the top and middle parts of 

the trees. However, a comparison between the other parts showed to be 

statistically significant. Considering the mean density values, the variation 

between the bottom and the middle parts and that between the top and the 

bottom parts are respectively 2 % and 3 %. This variation in the density as seen, 

does not influence the variation in the mechanical properties. This is because the 

variation pattern exhibited by the density data (slight reduction from the bottom 

to the top) is quite different from that exhibited by the mechanical properties 

(compressive strength parallel to the grain and the shear strength) which varied 

along the height. The variation pattern observed for the density of Gmelina_Ak 

in this study, agrees with that reported for Gmelina in [Lamb68].  

vii. The variation in the MoE in bending between the trees is 17 % and agrees with 

16.9 % reported in the literature for Blackwood. 

viii. The mechanical properties of Gmelina_Ak as considered in this study (except for 

the shear and compressive strengths parallel to the grain which vary along its 

height), are not location dependent as is the case with some wood species. The 

overall variation (combined variation both within and between the trees) of 

Gmelina_Ak as will be seen in Chapter 7, is much less than is obtainable for 

spruce (Picea abies) and pine (Pinus sylvestri) grown in Europe. This shows that 

if spruce and pine are currently being used in construction, Gmelina_Ak, based 
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only on its variation characteristics, can also be used for construction purposes. 

The nature of the variation along the height could aid end users on how to 

optimally and profitable apply Gmelina_Ak trunks for practical use. 
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7 Mechanical Properties of Gmelina arborea from 
Akure, Nigeria 

The material properties of Gmelina_Ak were determined and presented in Chapter 5. 

How the properties vary within and between the different trees was discussed in Chapter 

6. It was determined that at a 95 % confidence level, there is no variation in the material 

properties along the height of Gmelina_Ak, except for the compressive strength parallel 

to the grain, shear strength and density. For shear strength, a comparison between the 

parts of the trees shows that the difference only exists between the top and middle parts. 

No difference whatsoever, was detected by comparing the other parts. The tensile 

strength, compressive strength parallel and perpendicular to the grain were also found to 

vary between the trees. However, looking at Table 6.2 and Table 6.3, one would see that 

despite the variation in some of the material properties, their mean values are close 

enough to be considered as acceptable for practical application. Therefore, to obtain a 

reliable basis for engineering design, data from the different parts of the trees were put 

together as one, for further analyses. 

The aim of this section of the study is to determine the statistical distributions associated 

with each of the mechanical properties of Gmelina_Ak and to therefrom, determine the 

statistical values (mean values, 5th percentile values, standard deviation, COV etc.) of 

the mechanical properties. Discussions on the embedment strengths with respect to the 

EC 5 equations (Equations (3.28) and (3.29) ) will also be done, and possible 

relationships between the different material properties of Gmelina_Ak shall be 

established and discussed.  

As discussed in Chapter 4, the Joint committee for structural safety model code [JCSS06], 

presents specific statistical distributions associated with each of the material properties 

of  European and North American softwoods as  shown in Table 7.1 (earlier presented 

as Table 4.1) 

Table 7.1: Distribution functions per material property [JCSS06]  

Material Property Distribution Function 

Tensile strength parallel to the grain  lognormal 

Tensile strength perpendicular to the grain  2-p Weibull 

Compressive strength parallel to the grain  lognormal 

Compressive strength perpendicular to the grain  normal 

Shear strength  lognormal 

Bending strength  lognormal 

MoE in tension parallel to the grain  lognormal 

MoE in tension perpendicular to the grain  lognormal 

Shear modulus  lognormal 

MoE in bending  lognormal 

Density 𝜌 normal 
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7.1 Determination of the statistical distributions of the 
experimental datasets 

The data in Table 7.1 are validated for European and North American softwoods and 

should not be used for Gmelina_Ak without being verified. To determine the statistical 

distribution associated with the material properties of Gmelina_Ak, the statistical 

analysis software R as well as the Q-Q plot method, discussed in Section 4.3, were used. 

The datasets were tested for compliance with each of the normal, lognormal and the 

Weibull distributions, respectively. After this, the statistical distribution to be used for 

further analysis of each of the material properties was determined. Using the determined 

statistical distributions, the statistical values (mean, standard deviation, and 5th 

percentile values) of the various material properties were determined. The mean, 

standard deviation, and 5th percentile values for the normally distributed datasets were 

determined using Equations (4.7), (4.8), and (4.9) respectively. For the lognormally 

distributed datasets, Equations (4.13), (4.14), and (4.15) were used, and for the Weibull 

distributed datasets, Equations (4.18), (4.19), and    (4.20  were used respectively.  

The COV for all cases was determined as the ratio of the standard deviation to the 

mean. Details of the outcomes of these processes are presented and discussed in the 

subsequent sections. 

7.2 Statistical values of Gmelina_Ak  

Using the Q-Q plot, the different statistical distributions were fitted to the experimental 

datasets. (See Appendix D for a complete documentation).  For illustrative purposes 

however, the results of fitting the statistical distributions to the tensile strength and the 

compressive strength parallel to the grain are herein presented as Figure 7.1 and Figure 

7.2 respectively.  

 



121 
 

 
 

(a)  (b)  

 

 

(c)  

Figure 7.1: Fitting the different statistical distributions to the tensile strength data (a) 

normal distribution (b) lognormal distribution (c) Weibull distribution. 
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(a) (b) 

 

 

(c)  

Figure 7.2: Results (p-values) of fitting the different statistical distributions to the 

experimental datasets(a) normal distribution (b) lognormal distribution (c) Weibull 

distribution. 

Using the statistical analysis software R, the results of fitting the different statistical 

distributions to the various experimental datasets were obtained as shown in Table 7.2.  
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Table 7.2: Results (p-values) of fitting the statistical distributions to the experimental 

datasets 

Material Property normal  lognormal Weibull 

Tensile Strength parallel to the grain  0.969⁺ 0.141* 0.164 

Compressive strength parallel to the grain  0.018 <0.01* 0.826⁺ 

Compressive strength perpendicular to the grain  <0.01* 0.200⁺ <0.01 

Shear strength  0.914⁺ 0.144* 0.506 

Bending Strength  0.484 0.057* 0.958⁺ 

MoE in tension parallel to the grain  0.009 0.004* 0.126⁺ 

MoE in compression parallel to the grain  <0.01 0.169⁺ <0.01 

MoE in compression perpendicular to the grain 𝐸𝑐,90 <0.01 0.255*⁺ <0.01 

MoE in Bending  0.038 0.138*⁺ 0.030 

Density 𝜌 0.021* 0.140⁺ <0.01 
* Statistical distributions as given in the joint committee for structural safety model code [JCSS06]  

⁺ Statistical distributions (with highest p-values) used for further analyses of the material characteristics in this study   
               

Figure 7.1 and 7.2 as well as Table 7.2, show the results of fitting the different statistical 

distributions to the various experimental data. As can be seen in Table 7.2, the tensile 

strength data (having p-values > 0.05 for all cases), agree well with all the statistical 

distributions against which it was tested. Figure 7.1a, b, and c, also confirms this result, 

since the experimental and theoretical data points all fall on the same straight line.  This 

suggests that any of the statistical distributions can be used for further analysis of the 

tensile strength of Gmelina_Ak. This was, however, not the case for the compressive 

strength parallel to the grain. As can be seen in Table 7.2, the compressive strength 

parallel to the grain, strongly disagrees with the normal and lognormal distributions, but 

agrees strongly with the Weibull distribution. Figure 7.2 also confirms this result. While 

Figure 7.2 a and b show obvious disparities between the theoretical and experimental 

probabilities for the normal and lognormal distributions, those for the Weibull 

distribution, simply fall on the same straight line (Figure 7.2 c). This validates the 

accuracy of the p-values in presenting the statistical distributions associated with each 

of the material properties. Henceforth, the p-values shall be used to discuss the statistical 

distributions associated with the various material properties, everywhere else in this 

study. 

The statistical distributions associated with the material properties as seen in Table 7.2, 

agree absolutely with those presented in the JCSS Model Code [JCSS06] for the MoE in 

bending and the MoE in compression perpendicular to the grain. For material properties 

such as the tensile strength, the shear strength, and the bending strength, the 

distributions given in the JCSS Model Code [JCSS06], may also be used to further analyse 

Gmelina_Ak. This is because the results of the current study confirm the possibility of 

using those statistical distributions for further analysis, since they showed p-values > 
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0.05. For compressive strengths parallel and perpendicular to the grain, density and the 

MoE in tension parallel to the grain, however, the statistical distribution presented in the 

JCSS Model Code [JCSS06], may not be used for further analysis of Gmelina_Ak. This 

is because they showed p-values < 0.05 and certainly do not agree with those 

determined for Gmelina_Ak in this study. No statistical distribution is mentioned in the 

JCSS Model Code [JCSS06] for the MoE in compression parallel to the grain. It has 

however, been determined in this study that the statistical distribution associated with 

the MoE in compression parallel to the grain for Gmelina_Ak, is the lognormal 

distribution. This can be seen in Table 7.2. 

 Since some material properties followed more than one statistical distribution, there is 

the need to decide the distribution with which to determine the final statistical values of 

the material properties of Gmelina_Ak. A decision on this was reached by choosing the 

statistical distributions for which the highest p-values, were obtained. 

The reason for this decision was that, since the p-values show evidence for, or against a 

statistical distribution based on the null hypothesis, a higher p-value would mean 

stronger evidence for the statistical distribution concerned. The distributions with the 

highest p-values were thus, selected from Table 7.2. The determined statistical 

distributions alongside with those given in the JCSS Model Code [JCSS06], are shown 

side by side in Table 7.3.  

Table 7.3: Statistical distributions for determining the final statistical values of 

Gmelina_Ak. 

Material Property Current Study [JCSS06] 

Tensile strength parallel* 𝑓t,0 normal lognormal 

Tensile strength perpendicular* 𝑓t,90 - 2-p Weibull 

Compressive strength parallel* 𝑓𝑐,0 2-p-Weibull  lognormal 

Compressive strength perpendicular* 𝑓𝑐,90 lognormal normal 

Shear strength 𝑓v normal lognormal 

Bending strength 𝑓m 2-p Weibull lognormal 

MoE in tension parallel* 𝐸t,0 2-p Weibull lognormal 

MoE in compression parallel* 𝐸𝑐,0 lognormal - 

MoE in compression perpendicular* 𝐸𝑐,90 lognormal lognormal 

Shear modulus  - lognormal 

MoE in bending  lognormal lognormal 

Density 𝜌 lognormal normal 
 *…to the grain 

The Weibull (shape and scale) parameters of the various material properties were 

determined using the fitdistr package in R, based on the Maximum Likelihood Method. 

The results are shown in Table 7.4. The threshold parameter for all cases was set to 

zero as discussed in Chapter 4. 
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     Table 7.4: Weibull parameters of the material properties 

Material  

Property 

Shape  

Parameter 𝛽 

Scale 

Parameter  

Tensile strength parallel*  5.83 73.25 

Compressive strength parallel*  11.1 35.61 

Compressive strength perpendicular*  3.75 4.98 

Shear strength  7.02 6.73 

Bending strength  6.01 59.96 

MoE in tension parallel*  5.28 12,854 

MoE in compression parallel*  3.41 12,244 

MoE in compression perpendicular*  2.37 474.96 

MoE in bending  8.12 13,036 

Density 𝜌 17.1 464.78 
       *… to the grain 

Following the equations referenced in Section 7.1, the statistical distributions in Table 

7.3 and, where applicable, the Weibull parameters in Table 7.4, the mean values, COV, 

standard deviation, and the 5th percentile values of each material property of 

Gmelina_Ak were determined as shown in Table 7.5.  

Table 7.5: Characteristics of the various material properties of Gmelina_Ak  

Material Mean Values COV Standard Dev 5th Percentile Values 

Property (MPa) (%) (MPa) (MPa) 

 67.91 19.19 13.04 44.50 

 34.02 10.89 3.71 27.25 

 4.51 27.74 1.25 2.66 

 6.30 16.05 1.01 4.46 

 55.64 19.32 10.75 36.60 

 11,840 21.78 2,578 7,326 

 11,027 29.32 3,234 6,324 

 419.42 45.37 190.3 176.07 

 12,340 12.50 1,541 9,725 

* 771.25 - - - 

𝜌 (kg/m3) 452 5.76 26.09 408 
*Obtained as discussed in Section 5.3, using Equation (5.7) 

7.2.1 Influence of the statistical distributions on the material values 

Considering the data in Table 7.3, one immediately sees that apart from two material 

properties (MoE in bending and MoE in compression perpendicular to the grain), the 

distributions used in determining the statistical values of Gmelina_Ak, are not the same 

as those given in the JCSS Model Code [JCSS06] for European and North American 
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softwood species.  Considering this difference in the distributions, a question to think 

about could be: what will be the difference in the statistical values of Gmelina_Ak, if 

they were determined using the statistical distributions given in the JCSS Model Code, 

for softwood? In other words, how does the statistical distributions influence the material 

values? To answer this question, the statistical values of Gmelina_Ak were determined 

based on the statistical distributions given in the JCSS Model Code for softwood and 

compared with those given in  Table 7.5. Results of the comparison is shown in Table 

7.6.  

The comparison in Table 7.6 shows that overall, there is good agreement (within a 5 % 

difference) between the results obtained using the statistical distributions determined in 

this study and those given in [JCSS06]. The only extreme difference in values observed 

is that for the 5th percentile value of the compressive strength perpendicular to the grain; 

in which a difference of 18.8 % in favour of the current study was obtained. Also, the 5th 

percentile value of the MoE in tension is 9 % less than it would have been, if the statistical 

distribution given in [JCSS06] was used. The standard deviation and COV of the bending 

strength are respectively  6 % and 11 % less than would have been, if  the statistical 

distributions in the JCSS Model Code [JCSS06] were used.  The difference in the standard 

deviation and COV shows less scattering in the results of the current studies and 

indicates that the experimental values fall well within the same zone (around the mean 

value). This shows overall that the results of the current study are better. 

Another aspect of interest will be to understand how the material properties will vary 

across the statistical distributions. To do this, the statistical values of the material 

properties were determined across the statistical distributions considered in this study. 

This was done irrespective of whether the material properties agreed with the 

distributions or not. Results of this comparison are shown in Table 7.7.    
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Table 7.6: Comparison between results from current study and those from [JCSS06] 

Material 

property 

Statistical Values 

 (MPa) 

Current 

Study  [JCSS06]  

Current study 

   [JCSS06] 

  5th Percentile 44.50 46.46 0.958 

 Mean  67.91 68.01 0.999 

 Standard Deviation 13.04 13.81 0.944 

  COV (%) 19.19 20.30 0.945 

 5th Percentile  27.25 27.32 0.997 

 Mean 34.02 34.01 1.000 

 Standard Deviation 3.710 4.020 0.923 

 COV (%) 10.89 11.84 0.920 

  5th Percentile 2.66 2.24 1.188 

 Mean  4.51 4.50 1.002 

 Standard Deviation 1.25 1.26 0.992 

  COV (%) 27.74 28.05 0.989 

 5th Percentile  4.46 4.58 0.974 

 Mean value 6.3 6.31 0.998 

 Standard Deviation 1.01 1.06 0.953 

 COV (%) 16.05 16.93 0.948 

  5th Percentile  36.60 34.92 1.05 

 Mean  55.64 53.00 1.05 

 Standard Deviation 10.75 11.45 0.94 

  COV (%) 19.32 21.61 0.89 

 5th Percentile  7,326 8,063 0.909 

 Mean 11,840 11,906 0.994 

 Standard Deviation 2578.8 2459.7 1.048 

 COV (%) 21.78 20.65 1.055 

  5th Percentile 6324 - - 

 Mean  11,027 - - 

 Standard Deviation 3234 - - 

  COV (%) 29.32 - - 

 5th Percentile 176.07 

419.42 

190.3 

45.37 

 

 Mean  

 Standard Deviation  

 COV (%)  

  5th Percentile 9725 

12,340 

1541 

12.5 

 

 Mean value  

 Standard Deviation  

  COV (%)  

  5th Percentile 408 406 1.005 

𝜌 Mean  452 452 1.000 

 Standard Deviation 26.09 26.15 1.000 

  COV (%) 5.76 5.78 1.000 
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Table 7.7: Material values obtained across different statistical distributions. 

Material 

property 

Material      

characteristics 

normal  

(1) 

lognormal 

(2) 

Weibull 

(3) (1)/(2) (1)/(3) (2)/(3) 

  5th Percentile (MPa) 44.50 46.46 44.02 0.96 1.01 1.06 

 Mean value (MPa) 67.91 68.01 67.85 1.00 1.00 1.00 

 Standard Dev. (MPa) 13.04 13.81 13.49 0.94 0.97 1.02 

  COV (%) 19.19 20.3 19.89 0.95 0.96 1.02 

  5th Percentile (MPa) 27.14 27.32 27.25 0.99 1.00 1.00 

 Mean value (MPa) 33.99 34.01 34.02 1.00 1.00 1.00 

 Standard Dev. (MPa) 3.810 4.020 3.710 0.95 1.03 1.08 

  COV (%) 11.21 11.84 10.89 0.95 1.03 1.09 

 5th Percentile (MPa) 2.24 2.66 2.25 0.84 1.00 1.18 

 Mean value (MPa) 4.50 4.50 4.50 1.00 1.00 1.00 

 Standard Dev. (MPa) 1.26 1.25 1.33 1.01 0.95 0.94 

 COV (%) 28.05 27.74 29.73 1.01 0.94 0.93 

  5th Percentile (MPa) 4.46 4.58 4.4 0.97 1.01 1.04 

 Mean value (MPa) 6.30 6.31 6.29 1.00 1.00 1.00 

 Standard Dev. (MPa) 1.01 1.06 1.05 0.95 0.96 1.01 

  COV (%) 16.05 16.93 16.74 0.95 0.96 1.01 

 5th Percentile (MPa) 35.29 36.70 36.60 0.96 0.96 1.00 

 Mean value (MPa) 55.57 55.70 55.64 0.99 1.00 1.00 

 Standard Dev. (MPa) 10.98 12.03 10.75 0.91 1.02 1.12 

 COV (%) 19.77 21.61 19.32 0.91 1.02 1.12 

  5th Percentile (MPa) 7,595 8,063 7,326 0.94 1.04 1.10 

 Mean value (MPa) 11,886 11,906 11,840 1.00 1.00 1.01 

 Standard Dev. (MPa) 2,378 2,460 2,579 0.97 0.92 0.95 

  COV (%) 20.00 20.65 21.78 0.97 0.92 0.95 

 5th Percentile (MPa) 5,011 6,324 5,127 0.79 0.98 1.23 

 Mean value (MPa) 11,023 11,027 11,002 1.00 1.00 1.00 

 Standard Dev. (MPa) 3,345 3,234 3,562 1.03 0.94 0.91 

 COV (%) 30.34 29.32 32.37 1.03 0.94 0.91 

  5th Percentile (MPa) 80.00 176.07 135.71 0.45 0.59 1.30 

 Mean value (MPa) 419.28 419.42 420.95 1.00 1.00 1.00 

 Standard Dev. (MPa) 189.57 190.30 188.88 1.00 1.00 1.01 

  COV (%) 45.210 45.37 44.86 1.00 1.01 1.01 

 5th Percentile (MPa) 9,434 9,725 9,036 0.97 1.04 1.08 

 Mean value (MPa) 12,326 12,340 12,276 1.00 1.00 1.01 

 Standard Dev. (MPa) 1,561 1,541 1,796 1.01 0.87 0.86 

 COV (%) 12.66 12.50 14.63 1.01 0.87 0.85 

  5th Percentile (MPa) 406 408 390 0.99 1.04 1.04 

𝜌 Mean value (MPa) 452 452 450 1.00 1.00 1.00 

 Standard Dev. (MPa) 26.0 26.1 32.5 1.00 0.82 0.80 

  COV (%) 5.78 5.76 7.21 1.00 0.82 0.80 
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Like the comparisons in Table 7.6, those in Table 7.7 show that the core difference 

between values ranged between 5 % and 10 %. The extreme difference in values observed 

are those of the 5th percentile value of the MoE in compression parallel to the grain 

(which is 21 % between the normal and the lognormal distributions, and 23 % between 

the lognormal and the Weibull distributions),  and the 5th percentile value of the MoE 

perpendicular to the grain (which is 55 % between the normal and the lognormal 

distributions, 41 % between the normal and the Weibull distributions, and 30 % between 

the lognormal and Weibull distributions respectively). Furthermore, the standard 

deviation of the MoE in bending (which is 13 % between the normal and the Weibull 

distributions, and 14 % between the lognormal and the Weibull distributions), and the 

COV of the MoE in bending (which is 13 % between the normal and the Weibull 

distributions, and 15 % between the lognormal and the Weibull distributions) are each 

seen to differ by more than 10 %. Finally, the standard deviation and COV of the density, 

both vary in the range of 18 % to 20 % between the normal and Weibull distributions as 

well as between the lognormal and Weibull distributions respectively. 

Overall, one can conclude that the statistical distributions used in determining the 

statistical values of the material properties, have little influence on the final values of 

the material properties. Attention, however, should be paid to the 5th percentile values 

of (i) the compressive strength perpendicular to the grain, (ii) the MoE in compression 

parallel and perpendicular to the grain, and (iii) the MoE in tension parallel to the grain.  

Having discussed the influence of the statistical distributions on the material values of 

Gmelina_Ak, the next section of the study shall compare the material values of 

Gmelina_Ak with those of popular European-grown timber species, currently being used 

for construction purposes. This is aimed at assessing, by comparison, the suitability of 

using Gmelina_Ak as a construction material. 

7.2.2 Gmelina_Ak and European-grown softwood species 

Before  comparing Gmelina_Ak with other timber species, it is important to first 

compare the properties of Gmelina_Ak obtained in this study (Table 7.5) with those of 

Gmelina reported in  Ataguba et al. [Atag15] (earlier given in Table 2.2). Comparing 

these two sets of data, shows that the 5th percentile and mean values of the tensile 

strength of Gmelina_Ak as obtained in this study, are 6.90 times and 10.40 times higher 

than those in Ataguba et. al [Atag15]. Also, the 5th percentile and mean compressive 

strength parallel to the grain are comparatively  3.70 and 4.60 times higher than those 

in Ataguba et al. [Atag15]. On the compressive strength perpendicular to the grain, 

reasonably close results (with a 6 % difference) were obtained when comparing the 5th 

percentile values obtained in this study with the value in Ataguba et al. [Atag15]. 

However, comparing the mean values with the result in Ataguba et al. [Atag15], shows 

a difference of 80 %, with results in the current study being higher. The shear strength 
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value reported in Ataguba et al. [Atag15] is 1.3 MPa.  Comparing this value with the 5th 

percentile (4.46 MPa) and mean values (6.30 MPa) obtained in this study, one sees that 

the current values are 3.40 and 4.80 times higher respectively. Same is true with the 

bending strength, as the values obtained in the current study are 3.0 and 4.40 times 

higher respectively. The density results in comparison with those reported in Ataguba et 

al. [Atag15], are however, different. Based on 288 specimens tested in this study, the 

density of Gmelina_Ak is found to range from 387 kg/m3 to 528 kg/m3, which compares 

very well with results in other studies [Dvor04], [Zziw11], [Karl08], [Roqu04] but disagrees 

with the result (687 kg/m3) in Ataguba et al. [Atag15]. The reason for the large difference 

in the strength properties could be attributed to the impact of the stands from which the 

specimens were collected or the difference in the number and quality of the specimens 

tested; since the high density and low corresponding strength reported in works of 

Ataguba et al. [Atag15] is very unlikely. It is possible that the specimens tested in their 

study had knots or other defects which increased the density and lowered the strength 

values. Since defects (such as knots), were not reported in their study, the difference 

observed in the current results and those of Ataguba et al. [Atag15] is most likely due to 

the difference in the stands and the number of specimens tested, since three specimens 

are not representative for defining the strength values of timber for engineering 

applications.  

As mentioned in Chapter 2 of this study, Gmelina is fast growing, and its density values 

as already seen are typical of those of softwoods. In Table 7.8, a comparison is made 

between Gmelina_Ak and popular species: spruce (Picea abies) and Scots pine (Pinus 

sylvestri) grown in different parts of Europe. How Gmelina_Ak compares with the same 

species, but from different populations is shown in Appendix E. The comparison in Table 

7.8 is based on the data in Ranta-Maunus et al. [Rant11] 

Table 7.8: Gmelina_Ak and European-grown softwood species based on data in [Rant11] 

Material 

Property 

 

Characteristic GA  SS  GS  SP  PP  

GA 

SS 

GA 

GS 

GA 

SP 

GA 

PP 

 Mean (MPa) 67.91 27.6 32.6 29.8 28.9 2.50 2.00 2.30 2.30 

  COV 19.19 38.0 37.0 39.0 45.0 0.51 0.52 0.49 0.43 

 Mean (MPa) 55.64 42.5 41.5 44.7 39.2 1.30 1.34 1.24 1.42 

 COV (%) 19.32 35.0 34.0 34.0 43.0 0.55 0.57 0.57 0.45 

 Mean (MPa) 11,840 10,200 12,100 10,300 11,400 1.16 0.98 1.15 1.04 

  COV (%) 21.78 23.0 21.0 23.0 24.0 0.95 1.04 0.95 0.91 

 Mean (MPa) 12,340 11,300 12,100 11,300 12,500 1.09 1.02 1.09 0.99 

 COV (%) 12.5 22.0 26.0 19.0 23.0 0.57 0.48 0.66 0.54 

𝜌 Mean (MPa) 452 435 441 481 516 1.04 1.02 0.94 0.87 

  COV (%) 5.76 12.0 11.0 9.0 10.0 0.48 0.52 0.64 0.57 

GA=Gmelina_Ak, SS=Picea abies grown in Sweden, GS=Picea abies grown in Germany, SP= Pinus 

sylvestri grown in Sweden, and PP= Pinus sylvestri grown in Poland. 
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The COV of the various material properties of Gmelina_Ak tested in this study, varied 

between 5.76 % for density and 45.37 % for the MoE in compression perpendicular to 

the grain. The COV of the tensile strength of Gmelina_Ak (19.19 %), as given in Table 

7.8, is less than that of ungraded spruce (Picea abies) grown in Sweden (38 %), and 

Germany (37 %). The same applies for pine grown in Sweden (39 %) and Poland (45 %) 

respectively.  While the mean tensile strength of Gmelina_Ak obtained in this study is 

averagely 2.3 times those of spruce (Picea abies) and pine (Pinus sylvestri), the COV for 

the MoE in tension (21.78 %), falls within the same range as those (21 % to 24 %) of 

spruce (Picea abies) and pine (Pinus sylvestri) grown in Sweden, Germany, and Poland 

respectively. The MoE in tension of Gmelina_Ak as determined in this study and the 

other species fall well in the same range, with that of Gmelina_Ak being 16 % and 2 % 

higher than those of Picea abies grown in Sweden and German respectively (Table 7.8). 

The comparison herein presented, shows that Gmelina_Ak which was examined in this 

study, has a higher tensile strength but similar MoE as those of Picea abies and Pinus 

sylvestri grown in Europe. 

In comparison with the 5th percentile (2.44 MPa) and mean value (2.87 MPa) compressive 

strength perpendicular to the grain values obtained for Norway spruce (Picea abies) in 

Hoffmeyer et al. [Hoff00], those obtained for Gmelina_Ak (2.66 MPa and 4.51 MPa)  are 

seen to be 9 % and 57 % higher respectively. 

As shown in Table 7.8, while the COV of the bending strength of Gmelina_Ak is almost 

twice as less as those obtained for the other species, the mean bending strength is between 

18 % and 35 % higher than those of the temperate species. This shows that the 

Gmelina_Ak considered in this study, performs better in bending than Picea abies and 

Pinus sylvestri grown in Europe. 

On the bending MoE, the COV (12.5 %) obtained for Gmelina_Ak in this study agrees 

well with that (13 %) reported in the JCSS Model Code [JCSS06] for European and 

North American softwoods, but as shown in Table 7.8, it is approximately half the values 

obtained for the other species. 

The mean MoE in bending (12,340 MPa) of Gmelina_Ak as obtained in this study, is  

21.33 %  and  36.8 % higher than the values (10,170 MPa  and 9,020 MPa) given by 

Karlinasari et al. [Karl08], for the heart and sapwood of Gmelina respectively. It is also 

53.86 % higher than 8,020 MPa reported in Ataguba et al. [Atag15], and agrees well 

(with a maximum difference of  9 %) with those of Picea abies  and Scots pine (Pinus 

sylvestri)  which are grown in Europe. This shows that the MoE of Gmelina_Ak as 

determined in this study, and those of Picea abies and Pinus sylvestri, all fall within the 

same range.  

The density of Gmelina_Ak obtained in this study has a COV of 5.76 %, which as shown 

in Table 7.8, is less than those of Picea abies and Pinus sylvestri. This means that the 

scattering of the density data for Gmelina_Ak is less than those of Picea abies and Pinus 
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sylvestri and shows that the density values obtained for Gmelina_Ak are much closer to 

the mean value than what is obtainable for its counterpart species. A further comparison 

shows that the mean density of Gmelina_Ak is 2 % to 4 % higher than those of Picea 

abies, and 6 % to 13 % lower than those of Pinus sylvestri. This shows that the density 

of Gmelina_Ak considered in this study agrees better with that of Picea abies and Pinus 

sylvestri which are grown in European. In general, the density of Gmelina_Ak is seen to 

fall within the range of densities of timber currently being used in construction. From 

this, it would be justified to say that Gmelina_Ak exhibits good potentials for use as a 

construction material.   

Although Gmelina_Ak and spruce are both fast growing and have comparable densities, 

they exhibit a clear difference in their strength values. This difference in strength could 

be attributed, amongst others, to the difference in the environments where Gmelina_Ak 

and spruce are grown. This is because the environment in which a tree is grown influences 

its growth rate, which in turns influences the strength properties of timber obtained from 

it [Desc96]. It has been discussed that trees grown in the temperate regions grow faster 

in summer than they do in winter, while those grown in tropical regions have a consistent 

growth throughout the year. These difference in the growth patterns are simple examples 

of environmental factors which influence the strength of the timber produced from the 

respective trees. As Zobel and Buijtenen [Zobe89] would put it, “anything that affects 

the growth of a tree can also affect its wood properties”. Therefore, environmental 

influences cannot be ignored when making such comparisons. Other possible reasons for 

the difference in the strength values could be differences due to the genetic composition 

of the species (a subject that is beyond the scope of this work) as well as the difference 

in the extent of defects found in the tested specimens. 

7.3 Adjustment of Mechanical Strength Values for Structural 
Application 

It has been earlier discussed that, due to the absence of defects in small clear specimens, 

results of mechanical tests from them represent the maximum values that can be 

obtained. In this study (as mentioned in Chapter 5), the Gmelina_Ak specimens 

obtained from the different trees were relatively clear and free from knots. This suggests 

that if tests were conducted on structural-sized Gmelina_Ak specimens, the results (due 

to the relative absence of defects) obtained from them could be comparable with those 

obtained from the small specimens in this study. However, since this has not been 

investigated, it would be safe to consider that there could be some variation in the 

strength values obtained from both the small and structural-size specimens. If the 

strength ratios of  6:9:3 and 6:4:4 (discussed in section 3.2 in going from the small to 

structural-size specimens for the bending strength, tensile strength, and the compressive 

strength parallel to the grain) is considered as a reference for a possible change in 
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strength, one sees that in going from the small specimens to the structural-size ones, the 

bending strength of the tested specimens is constant or least affected (6/6), the tensile 

strength reduces by about 56 % (4/9), while the compressive strength parallel to the 

grain increases by about 33 % (4/3). This suggests that the only material property (of 

the three) whose strength may have to be adjusted before being used for structural timber 

design purposes, to accommodate for changes in strength due to specimen size, is the 

tensile strength, seeing that it the most affected material property. Also, since the tensile 

strength of Gmelina_Ak in this study was not determined in accordance with the 

European standard [EN 408], it would be necessary for its value to be adjusted to its 

European standard equivalence before using it for structural designs that are based on 

the European design method. Hence, a conservative equivalent tensile strength value of 

Gmelina_Ak for use in designs would be 60 % of the bending strength value. This is in 

accordance with Equation (3.1), as given in EN 383. Doing this would yield a 

characteristic and mean tensile strength values of 22 MPa and 33 MPa respectively.  

With these and the other material values determined in this study, a structural timber 

design, based on the EC 5 design procedure can then be carried out. Details on the design 

procedure and requirements shall be discussed in Chapter 8. 

7.4 Embedment Strength: Equations, Analysis, and Discussion  

In Chapter 3, it was observed that different researchers have reported disparities between 

experimentally obtained embedment strength values and those obtained using Equations 

(3.28) and (3.29), given in the EC 5. Considering this challenge, the need to further 

investigate the suitability of using the EC 5 equations for determining the embedment 

strength for calculating the strength of mechanical connections was raised.  

This section of the study is aimed at investigating the suitability of predicting the 

experimentally determined embedment strength of Gmelina_Ak using Equations (3.28) 

and (3.29), given in the EC 5. Considering the large variation between experimental and 

the EC 5 results reported by several researchers as discussed in section 3.8 of this study, 

and the potential issues with the EC 5 equations (raised in section 3.8), a good place to 

start to investigate the suitability of using the EC 5 equations for predicting the 

embedment strengths of Gmelina_Ak, would be to investigate (i) the procedure adopted 

in the EC 5 in determining the characteristic (from the mean) embedment strength values 

as discussed in [Sand10] and (ii) to investigate if  Equation (3.28) which was originally 

derived for large diameter fasters (greater than 8 mm), is suitable for use in determining 

the embedment strength for small diameter fasteners (less than 8 mm). To do this, several 

investigations including regression analyses, determination of the statistical distributions 

of the different test series, comparison of the characteristic and mean embedment 

strengths obtained from the regression analyses and the statistical distributions were 

conducted. Details of the investigations are presented and discussed in the sections that 
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follow. Before discussing the results, however, an overview of the experimental results is 

necessary. 

7.4.1 Experimental results and discussion 

Results of the experimental investigations are summarised in Table 7.9. 

Table 7.9. Experimental values of strength, density, and COV per test series 

Test series 
Embedment strength (MPa) COV 

(%) 

  Density (kg/m3) 

Minimum Maximum   Minimum Maximum 

GME_2.5_0_NP 21.38 36.17 14.83  375 483 

GME_3.0_0_NP 20.31 33.79 15.88  390 488 

GME_4.5_0_NP 20.63 33.33 12.90    432 514 

GME_6.0_0_NP 16.11 22.78 9.990  428 467 

GME_3.5_0 20.17 37.31 15.29  399 473 

GME_5.5_0 18.51 31.94 13.76  385 472 

GME_7.0_0 20.63 27.92 8.760   380 425 
NP: Not predrilled 

The dispersion of the embedment strength from the mean values, as represented by the 

COV,  falls between 8 % and 16 %, and falls in the range of typical COVs (10 % to 30 

%) reported in [JCSS06] for other material properties of wood. Also the COV values 

obtained are  less than 18.6 %, reported for spruce (Picea abies) in [Sand10] and shows 

that the results obtained for Gmelina_Ak are more consistent and closer to the mean 

values than is obtainable for spruce. In general, the scattering of the experimental data 

all falls within acceptable limits and fit well within the existing body of knowledge in the 

field of study. 

7.4.2 Regression analysis results and discussion 

For this investigation (aimed at determining the influence of density on the embedment 

strength), the embedment strengths were considered as the dependent variable and the 

densities as the independent variable. A linear model of the form y = mx (where y is 

the dependent variable (embedment strength), m, the regression constant, and x, the timber 

density), was used and the results shown in Table 7.10 were obtained. 
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Table 7.10. Embedment strength-density regression analysis 

Test series 
Fastener 

diameter (mm) 

Number of 

specimens 
R2 

Regression 

 constant 

GME_2.5_0_NP 2.5 20 0.9906 0.0657 

GME_3.0_0_NP 3.0 10 0.9858 0.0626 

GME_4.5_0_NP 4.5 10 0.9913 0.0561 

GME_6.0_0_NP 6.0 10 0.9914 0.0464 

GME_3.5_0 3.5 20 0.9885 0.0655 

GME_5.5_0 5.5 18 0.9900 0.0599 

GME_7.0_0 7.0 15 0.9940 0.0583 
NP: Not predrilled 

The results in Table 7.10 show an excellent relationship (R2 > 0.97) between the 

embedment strengths and density of Gmelina_Ak. This means that the density of 

Gmelina_Ak can be used to accurately predict its embedment strength.  

To investigate the influence of the fastener diameters on the embedment strength, the 

regression constants (also known as the specific embedment strengths, or embedment 

strength / density), given in Table 7.10 per test series, were used as the dependent 

variable and the fastener diameters as the independent variable. A graphical 

representation of the results for both the predrilled as well as non-predrilled specimens 

is shown in Figure 7.3. 

  
(a)  (b)  

Figure 7.3. regression against fastener diameter (a) predrilled (b) not predrilled 

The analysis shown in Figure 7.3, yields a relationship between the specific embedment 

strength and the fastener diameter of the tested specimens, for both the predrilled as 

well as non-predrilled cases as Equations (7.1) and (7.2) respectively. 
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(7.2) 

Comparing the specific embedment strength values for Gmelina_Ak using Equations 

(7.1) and (7.2) with those derived in Whale et al [Whal87] (Equations (3.26) and (3.27)), 

the graphs in Figure 7.4 are obtained. 

  
(a) (b) 

Figure 7.4. Comparison between regression models (a) predrilled (b) non-predrilled 

Figure 7.4b shows a close approximation between Equations (3.27) and (7.2) and shows 

that the results obtained in this study for Gmelina_Ak for the non-predrilled cases, agree 

well with those obtained in Whale et.al. [Whal87]. An obvious variation, however, is seen 

in the results obtained from Equations (3.26) and (7.1) (see Figure 7.4a). This large 

difference can be attributed to the influence of the fastener diameters (d >8 mm) used 

in deriving Equation (3.26). This is because the factor (0.01 and 0.03) that define the 

influence of the fastener diameter in the equations, is seen to be (for Equation (7.1)) 

three times that of Equation (3.26).This means that the influence of the fastener diameter 

for small diameter dowel type fasteners is three times more pronounced than it is for 

large diameter dowel type fasteners. Sandhaas et al [Sand10] studied the influence of 

fastener diameter on the embedment strength of timber using 12 mm and 24 mm 

diameter bolts and reported a lower dependence of the embedment strength on the dowel 

diameter than is suggested by Equation (3.26). This goes ahead to confirm that the 

influence of large diameter dowel type fasteners on the embedment strength is very little, 

compared to the influence of the small diameter fasteners on the embedment strength. 

This large difference in results displayed in Figure 7.4 between Equations (3.26) and 

(7.1), shows that Equation (3.26) is not suitable for determining the embedment strength 

of small diameter dowel type fasteners; particularly as it was derived for large diameter 

fasteners.  

If it is considered that the characteristic embedment strength values are obtained by 

substituting the mean density values with the characteristic density values as discussed  
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in Sandhaas et al [Sand10], then the characteristic specific embedment strength values 

for the non-predrilled as well as the predrilled cases will be determinable from Equations 

(7.3) and (7.4) respectively. 

(7.3) 

(7.4) 

These equations will be used to check the correctness of using this method to determine 

the characteristic embedment strength values. Before doing this however, it would be 

necessary to first look at the statistical distributions associated with each of the 

embedment strength test series. This is because if the regression analyses are correct, the 

results (characteristic and mean values) from them should agree with those obtained 

from the statistical distributions that define the various test series. 

7.4.3 Statistical distributions of the embedment strength test series 

Using the methods discussed in Chapter 4, the statistical distributions associated with 

each test series were determined as shown in Table 7.11 

Table 7.11. Results (p-values) of fitting the statistical distributions to the embedment 

strength data 

Test series normal lognormal Weibull 

GME_2.5_0_NP 0.567 0.874 0.042 

GME_3.0_0_NP 0.772 0.742 0.884 

GME_4.5_0_NP 0.960 0.927 0.678 

GME_6.0_0_NP 0.078 0.038 0.206 

GME_3.5_0 0.994 0.969 0.270 

GME_5.5_0 0.622 0.416 0.602 

GME_7.0_0 0.475 0.624 0.066 
NP: Not predrilled. 

Generally, the results in Table 7.11 show that the various tests series (except for two) 

agree well with each of the normal, lognormal, and Weibull distributions. This means 

that in principle, any of the statistical distributions could be used to further analyse the 

data. However, since the test series agree best with the normal distribution, it was chosen 

and used to further analyse the embedment strength data in this study. Following the 

methods already discussed in Chapter 4, the mean and 5th percentile embedment strength 

values and densities were determined for the different test series. 
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7.4.4 Mean and characteristic strength results and discussion 

To check the correctness of the regression equations for predicting the embedment 

strength results, the mean density values determined from the normal distribution were 

substituted into Equations (7.1) and (7.2). Similarly, the characteristic density values 

were substituted into Equations (7.3) and (7.4). The results from these are shown and 

compared in Table 7.12 for the non-predrilled cases and in Table 7.13 for the predrilled 

cases hence:  

Table 7.12. Embedment strength: mean and characteristic values-non-predrilled cases 

Test series Property Normal Dist.   Regression Eqn   5th per*   mean° 

  5th per° mean  5th per* Mean+  5th per⁰  mean+ 

GME_2.5_0_NP (MPa) 19.67 27.79   23.8 28.28   1.21   0.98 

  𝜌(kg/m3) 356 423               

GME_3.0_0_NP (MPa) 18.94 27.76  23.26 27.63  1.23  1 

  𝜌(kg/m3) 373 443               

GME_4.5_0_NP (MPa) 19.96 26.88  22.34 25.6  1.12  1.05 

 𝜌(kg/m3) 418 479        

GME_6.0_0_NP (MPa) 16.58 20.72   19.83 21   1.2   0.99 

  𝜌(kg/m3) 414 446               

Mean               1.19   1.01 

* Determined using Equations (7.3) and (7.4), +determined using Equations (7.1) and (7.2),° determined from the normal 

distribution 

 

Table 7.13. Embedment strength: mean and characteristic values- predrilled cases 

Test series Property Normal Distrib.   Regression Eqn   5th per*   mean° 

    5th per° mean°   5th per* Mean+   5th per⁰   mean+ 

GME_3.5_0 (MPa) 20.22 28.59  25.08 28.38  1.24  1 

  𝜌 (kg/m3) 387.1 438               

GME_5.5_0  (MPa) 18.8 25.61  23.07 25.89  1.23  0.99 
 𝜌 (kg/m3) 381.6 428.3        

GME_7.0_0 
 

(MPa) 
19.55 23.63   21.54 23.16   1.1   1.02 

  𝜌 (kg/m3) 376.7 405            

Mean               1.19   1.00 

* Determined using Equations (7.3) and (7.4), +determined using Equations (7.1) and (7.2),° determined from the normal 

distribution 
 

The results in Table 7.12 and Table 7.13 show that the mean embedment strength values 

obtained using the statistical distributions associated with the various tests series, agree 

excellently (99 % agreement) with  the mean regression equations, given by Equations 

(7.1) and (7.2). This shows that Equations(7.1) and (7.2) can be used to determine the 

mean embedment strength values of the various test series, with a 99 % accuracy. This 

agrees with Whale et al [Whal87] who stated that the equations (Equations (3.26) and 
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(3.27) ) derived in their study were valid for determining the mean embedment strength 

values. 

In contrast, one sees a large variation in the 5th percentile values obtained from the 

normal distribution and those from Equations (7.3) and (7.4). A closer look at the two 

sets of results shows that the 5th percentile values obtained from the regression equations, 

are higher than those obtained from the normal distribution each by an average value of 

19 %. Since the 5th percentile value from a statistical distribution defines the 

characteristic value, it can thus, be concluded that the results from the regression 

analysis, obtained by replacing the mean with the characteristic density values, yield 

results which are not representative of the actual characteristic embedment strength 

value and shows that the method of deriving the characteristic embedment strength by 

simply substituting the characteristic density values into the mean regression equations 

as discussed in Sandhaas et al [Sand10] is incorrect. This is clear, as it yields results that 

overestimate the actual characteristic values by 19 %. 

Hence to obtain results that are representative of the characteristic values, results from 

Equations (7.3) and (7.4) must each be reduced by 19 %. Doing this implies multiplying 

the results from the equations by 0.81. This kind of reduction is a possible explanation 

for the change in the constant (0.09) found in Equation (3.27), to 0.082 found in Equation 

(3.29), as given in the Eurocode for small diameter fasteners, non-predrilled cases. Hence 

multiplying the constant of Equations (7.3) and (7.4) by 0.81, yields Equations (7.5) and 

(7.6) as the equations for determining the characteristic embedment strength values for 

small diameter dowel type fasteners for Gmelina_Ak for the non-predrilled and predrilled 

cases respectively. 

(7.5) 

(7.6) 

Figure 7.5 illustrates how Equations (7.5) and (7.6) derived for the characteristic values 

of Gmelina_Ak compare with those of Equation (3.28) and (3.29) given in the EC 5. 
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(a)  (b) 

Figure 7.5. comparison between actual and EC 5 characteristic values (a) non-predrilled 

(b) predrilled 

Comparing the results from the equations derived in this study with those in EC 5 

(Equations (7.5) and (7.6)), it can thus, be firmly concluded that EC 5 equations are not 

suitable for determining the embedment strength of Gmelina_Ak. This is traceable to 

the fact that (i) the procedure (adopted in the EC 5 as discussed in Sandhaas et al 

[Sand10]) in going from the mean to the characteristic embedment strength values is 

incorrect (as shown) seeing that it overestimates the actual values (ii) The equations 

developed for use in predrilled cases, for large diameter fasteners (greater than 8 mm) 

are not suitable for use in determining the embedment strengths of small diameter 

fasteners, since fastener diameter has a significant influence on the embedment strength 

results. This explains the reasons for the disparities between experimental and empirical 

embedment strength results reported in the literature. Considering that the embedment 

strength of timber is strongly influenced by the material density and that the density of 

Gmelina_Ak is like those of European-grown softwood species, it would be expected that 

the differences observed in the characteristic embedment strength equations for 

Gmelina_Ak could also apply for spruce, and other European-grown softwood species.  

It is thus, recommended that the analysis conducted here be further carried out for spruce 

and other European-grown species to determine equations which could reliably predict 

the characteristic embedment strength values to be used for design. Hence for 

Gmelina_Ak, it is recommended that Equations (7.5) and (7.6) should be used for 

determining the characteristic embedment strength of small diameter nails (for predrilled 

and non-predrilled cases respectively) rather than Equations (3.28) and (3.29), which 

have been shown to over-estimate the actual values.  
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7.5 Relationship between the various material properties 

In this section of the study, the possible relationship between the different properties of 

Gmelina_Ak is studied via the use of regression analyses and representative equations 

are developed. The aim is to establish relationships between material properties which 

could be instrumental for estimating the value of certain material properties when specific 

test results are not available. The relationships will also be useful for relating the 

properties of Gmelina_Ak to those of other species. The relationships to be considered 

will be basically, strength-density relationships, and MoE-strength relationships. This is 

because the available data only allows for these. Other types of relationships such as 

strength-strength relationships, will required data from several populations and are not 

considered. For all cases, a linear regression model of the form y = mx was considered, 

where y is the dependent variable, m the regression constant, and x, the independent 

variable throughout the investigation. Results of the investigations are presented and 

discussed in the sub-sections 7.5.1 and 7.5.2 that follow. 

7.5.1 Strength – density relationships 

The strength-density relationships were determined for the tensile strength, compressive 

strength parallel and perpendicular to the grain, and the shear strength. The bending 

strength was not considered since, as explained in sub-section 5.3.1, bending strength 

tests were not carried out at 12 % moisture content. 

A summary of the analysis for the strength-density relationships are shown in   Table 

7.14. Regression graphs are shown in Appendix C. 

  Table 7.14. Strength-density relationship in Gmelina_Ak (valid for mean values only) 

Strength                regression constant  density R2 

 0.1471  𝜌 0.9753 

 0.0757 𝜌 0.9913 

 0.0100 𝜌 0.9394 

 0.0137 𝜌 0.9825 
 

The data in  Table 7.14 shows the relationship between the different strengths and the 

density of Gmelina_Ak. The least coefficient of determination R2 for the various 

relationships is approximately 94 % and shows a good relationship between density and 

the related strength properties. The table shows that the tensile strength of Gmelina_Ak 

as considered in this study can be estimated by multiplying 0.1471 and the density of 

Gmelina_Ak. It was determined in Table 7.5 that the mean and 5th percentile tensile 

strengths of Gmelina_Ak are respectively 67.91 MPa and 44.5 MPa. Similarly, the mean 

and 5th percentile density values are 452 kg/m3 and 408 kg/m3 respectively.  
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Multiplying the regression constant in  Table 7.14 by the mean and 5th percentile density 

values yields 66.50 MPa and 60 MPa respectively. One sees that the mean tensile strength 

is closely predicted (with a 97 % accuracy), whereas the 5th percentile strength isn’t.  The 

same applies to the other strength properties. This shows that the relationships given in  

Table 7.14 are only valid for the mean values. This is because they were established from 

random test values, which in general, approximates the mean rather the 5th percentile 

values. 

7.5.2 Elastic moduli – strength relationships 

Like the strength – density relationships, are the MoE – strength relationships are given 

in Table 7.15. See Appendix C for regression graphs. 

     Table 7.15. MoE - strength relationship in Gmelina_Ak (valid for mean values only) 

E-modulus            regression constant      strength R2 

 169.0  0.952 

 216.6  0.936 

 323.0  0.919 

 94.3  0.870 
 

From Table 7.15, one sees a relatively strong relationship between the various material 

strengths and the corresponding moduli of elasticity. Hence the mean elastic moduli 

values can be estimated by multiplying the respective regression constants with the 

respective mean strength values. Similarly, the relationships do not apply to the 5th 

percentile values. 

7.6 Chapter summary and conclusion 

This chapter was concerned with determining the statistical distributions associated with 

each of the mechanical properties of Gmelina_Ak and to therefrom, determine the 

statistical values (mean values, 5th percentile values, standard deviation, COV etc.) of 

the mechanical properties of Gmelina_Ak. Furthermore, the embedment strength of 

Gmelina_Ak was discussed with respect to the empirical equations given in the EC 5. 

The procedure for determining the statistical distributions associated with the material 

properties was discussed in Chapter 4, the actual statistical distributions associated with 

the different material properties were determined. It was observed that for the MoE in 

bending and the MoE in compression perpendicular to the grain, the statistical 

distributions obtained in this study, agreed absolutely with those given in the JCSS 

Model Code [JCSS06]. For other material properties such as the tensile strength, shear 

strength, and bending strength, the statistical distributions given in the [JCSS06], were 
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also validated as appropriate for use with Gmelina_Ak. However, for the compressive 

strength parallel and perpendicular to the grain, density and MoE in tension, the 

distributions given in the JCSS Model Code [JCSS06], did not agree with those 

determined in this study. No statistical distribution was given in the JCSS Model Code 

[JCSS06], for the MoE in compression parallel to the grain. It was however, determined 

in this study, to be the lognormal distribution for Gmelina_Ak. Using the statistical 

distributions for which the highest p-values were obtained, the characteristic and mean 

strength, and elastic moduli values as well as the associated COVs and standard 

deviation of the different material properties were determined.   

A comparison between the results obtained using the distributions determined in this 

study and those obtained using the distributions given in the JCSS Model Code [JCSS06], 

showed no significant difference. A further comparison of the results of each material 

property across the distributions (irrespective of the p-values obtained for them) was 

done. The results showed differences in the 5th percentile values of between 5 and 10%. 

Differences of more than 10 % were obtained across the different statistical distributions 

only for the MoE in compression parallel and perpendicular to the grain. Also, the 

standard deviation of the MoE in bending, the COV of the MoE in bending, and the 

standard deviation and COV of the density were between 13 % and 18 % different across 

the different distributions. Overall, it was observed that the statistical distributions used 

in determining the statistical values of the material properties, have little influence on 

the material strength values. It was however stated that attention should be paid to the 

5th percentile values of (i) the compressive strength perpendicular to the grain, (ii) the 

MoE in compression parallel and perpendicular to the grain, and (iii) the MoE in tension 

parallel to the grain. 

In comparison with the results of ungraded spruce (Picea abies) and pine (Pinus sylvestri) 

grown in Europe, it was observed that for all cases, the scattering of the material 

properties of Gmelina_Ak, except for the MoE in tension, was lower than those of the 

European-grown softwood species. The mean tensile and bending strength values of 

Gmelina_Ak are 2.50 and 1.30 times higher than those of spruce (Picea abies) grown in 

Sweden and 2.30 and 1.20 times higher than those of pine (Pinus sylvestri) also grown 

in Sweden. This shows that the Gmelina_Ak samples considered in this study performs 

better in tension and bending than Picea abies and Pinus sylvestri grown in Europe. The 

5th percentile value of Gmelina_Ak in compression perpendicular to the grain compared 

well with that of Norway spruce (Picea abies). The moduli of elasticity in tension and 

bending of the three species, differed from each other by a range of between 2 % and 16 

%. The density of Gmelina_Ak, agreed well with that of Picea abies, with a maximum 

difference of 4 % between them while that of Pinus sylvetsri was between 6 % and 13 % 

higher. It is observable from the foregoing that Gmelina_Ak performs better than Picea 

abiea and Pinus sylvestri. It can therefore be firmly concluded that, since spruce (Picea 
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abies) and pine (Pinus sylvestri) are currently being used for construction purposes, 

Gmelina_Ak can also be used for construction.  

The embedment strength of Gmelina_Ak was also studied. It was confirmed that the 

EC 5 equations are not suitable for predicting the embedment of Gmelina_Ak. This is 

because the EC 5 equations yield values which overestimate the actual embedment 

strength values of Gmelina_Ak. Further investigations into the subject matter showed 

that the EC 5 equations should be adjusted for two reasons. Firstly, the method used in 

going from the mean to the characteristic values yield values which overestimate the 

actual characteristic values. For Gmelina_Ak, this was determined to be 19 %. Secondly, 

equations developed for use in predrilled cases, with large diameter fasteners (greater 

than 12 mm) were adopted for use with small diameter fasteners (less than 8 mm) 

without adjustments. This consideration is incorrect since the embedment strength value 

is strongly influenced by the fastener diameters used. Adjustments to the EC 5 equations 

were proposed and equations compatible for use with Gmelina_Ak were developed, 

presented, and discussed. Based on the conducted investigations, it was concluded that 

Gmelina_Ak has comparable but better mechanical properties than Picea abies.  

The relationship between different material properties was investigated. It was 

determined that the density of Gmelina_Ak, when multiplied with different applicable 

regression constants, can be used to accurately predict the mean strength values of 

Gmelina_Ak. Same is true for the relationship between elastic moduli and strengths. 

The derived models, however, do not apply to the 5th percentile values. 

Having determined and discussed the relationship between different material properties, 

the next chapter shall concentrate on discussing where and how the determined material 

properties of Gmelina_Ak can be used. 
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8 Application 

So far, the material properties of Gmelina_Ak have been determined and discussed in 

parallel with popular species grown in temperate regions, and the potentials of using 

Gmelina_Ak for structural purposes have been assessed based on the material properties. 

However, nothing has been mentioned on how the (already determined) material 

properties can be used in structural engineering. This chapter is aimed at discussing 

where and how the determined material properties can be used, and to find out whether 

additional information is needed to complement the use of Gmelina_Ak for any practical 

purpose. 

A material study as has already been done, gives an idea of the response of the material 

to individually applied stresses. Such research on the behaviour of building materials 

intends to form the basis for the design of specific structural elements, which in most 

cases, function together with other elements to effectively bear the loads to which they 

are subjected. Therefore, apart from the material study, an understanding of how a 

structural element (made with a given material e.g., Gmelina_Ak) functions, is of great 

importance. This is necessary because it helps to create a relationship between the forces 

acting on a structural element and the related material properties. Two applications can 

be identified for establishing this relationship between the determined material properties 

and their functionality. The first application is in engineering practice i.e., a structural 

design based on design standards, and the second application is in engineering science 

i.e., the prediction of failure modes via the use of finite element (FE) models. 

8.1 Structural design according to Eurocode 5 

In engineering practice, the EC 5 specifies design procedure for different structural 

elements. Such elements may be designed at the ultimate or at the serviceability limit 

state. The ultimate limit state (ULS) considers the safety of the structure with respect 

to the resistance of its materials to applied stresses, while the serviceability (or service) 

limit state (SLS) considers the service conditions and comfort of the structure to its 

users. Most structures, however, are designed and checked (for strength) at the ultimate 

limit state, while special checks (such as vibration and deflection) are carried out at the 

service limit state. For the design of any structural element, the material properties 

determined for Gmelina_Ak will be useful for carrying out different checks at the ULS 

and SLS as listed in Table 8.1. Using the material properties in Table 8.1, an example 

shall be considered. 
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 Table 8.1. Determined material properties and their uses in structural timber design 

Material Property   Needed for: 

Bending strength  bending strength checks (ULS) 

Tensile strength  tensile strength check (ULS) 

Compressive strength  compressive strength checks (ULS) 

, ,  Lat. Torsional buckling check (ULS) 

Mean elastic moduli  deflection check (SLS) 

Mean shear moduli  deflection check (SLS) 

Density value 𝜌  fastener load capacity (ULS) 

Mean density value 𝜌  calculating the slip modulus (SLS) 

Embedment strength * fastener load capacity (ULS) 
   *In a strict sense, embedment strength is a system property rather than a material property. 

Example 

To demonstrate how to use the material properties listed in Table 8.1 can be used in the 

design of a structural element, a composite timber I-joist with configuration as shown in 

Figure 8.1, shall be considered as a general case.  

Let the I-joist shown in Figure 8.1 be part of the support system of a floor structure in 

a residential building. The I-joist supports a total uniformly distributed design load of 

𝑞du kN/m at the ULS and 𝑞ds kN/m at the SLS. The flanges and web are made of 

Gmelina_Ak and OSB/3 respectively. The structure is in central Europe and functions 

in service class 1. It is desired to determine whether the cross-section shown can support 

the applied loads. 

 

 

 

 

 

Span: l 

Figure 8.1. Composite timber I-joist configuration 

Solution 

To determine whether the cross-section can support the applied loads, the stresses 

developed in the joist due to the applied loads must be determined and then checked 

against the respective design strength values of the material. If all the applied stresses 

are less than or equal to the design strength values of the materials, the structural 
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element is said to be safe. If, however, at any point, any of the applied stresses is higher 

than the related design strength value of the material, then the design is said to have 

failed, and the structural element is considered as unsafe. 

The stresses on the joist due to the applied loads can be determined from the principles 

of mechanics (found in various texts and not illustrated herein), while the design strength 

values of the material are obtainable by applying equations given in the EC 5. 

For this example, the following strength checks shall be carried out at the ULS: (i) 

bending strength of the flanges , (ii) bending strength of the web at the  

compressive  and tensile  zones, axial strength of the flanges in compression 

, and tension , shear strength of the web , and the buckling strength 

of the web. The only check applicable at the SLS is the deflection of the joist. The 

deflection is okay if the calculated value is less than the quotient of the joist’s span and 

250 (l/250). 

The respective material design strengths (𝑓d) for the applicable checks at the ULS can 

be determined in accordance with the EC 5 using Equation (8.1) 

(8.1) 

Where kmod is a modification factor which takes the influence of load duration and 

material moisture content into account,  is a safety factor which accounts for the 

variability of the material,  is the respective 5th percentile material strength 

(determined in this study for Gmelina_Ak), and  is the respective design strength of 

the material.  

If it is considered that the stresses on the joist due to the applied loads are successfully 

determined by applying the principles of structural mechanics, then the check against 

bending failure (for example) shall be carried out by ensuring that Equation (8.2) is 

fulfilled. 

(8.2) 

Where  is the bending stress due to the loads applied on the beam and  is as 

defined in Equation (8.1). Same is true for the tensile strength, compressive strength 

parallel to the grain, shear strength etc.  

Also, the buckling of the web is okay if the following inequality is fulfilled: 

(8.3) 

Where the parameters c and d are as defined in Figure 8.1 

The deflection (δ) of the joist at the SLS can be determined by adding the deflection due 

to bending (in the flanges) and that due to shear (in the webs) using Equation (8.4) 
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(8.4) 

Where I is the second moment of inertia of the flanges, and  and A are the mean 

shear modulus and cross-sectional area of the web respectively.  If the effect of creep is 

considered, then the deflection (δc) including the effects of creep becomes obtainable from 

(8.5)  

(8.5) 

Where  is a factor that takes into account the creep behaviour of the structural 

element. 

Review 

It can thus, be seen that in conducting the different checks, apart from the 5th percentile 

strength values, one would also need the  value as well as the material safety factor 

. For Gmelina_Ak, however, these two factors have not yet been determined. These 

shows that further studies still need to be done to obtain factors that are suitable for use 

with Gmelina_Ak, thus, a pointer to future research works on the material. Same applies 

if the influence of creep is to be considered on the deflection. In this case,  would be 

required; a value that is also currently not available for Gmelina_Ak. Considering that 

this study is a fundamental study which considers the potentials of using Gmelina_Ak 

as a structural material, future studies on the pointed areas are strongly recommended 

to complement the efforts contained in this study. For illustrative and comparative 

purposes, however, the values of ,   and given in the EC 5 for European 

grown softwoods may be used. The web buckling check can be successfully conducted 

since it involves only the use of the geometric parameters  and , as defined in Figure 

8.1.  

8.2 Finite element modelling (FE modelling) 

As earlier mentioned, another area in which the material values determined for 

Gmelina_Ak in this study can be applied is in finite element models. Finite element 

models are useful when a researcher wishes to investigate structural systems with the 

intention of obtaining in depth knowledge that a simple structural design as explained 

in section 8.1 cannot provide.  

As an example, a researcher may wish to study how a structural system behaves under 

defined conditions such as specific loads, the influence of loading rate on a system, load 

related failure patterns, stress propagations, changes in stress patterns due to changes in 
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environmental conditions etc. Investigations of this nature can range from simple to 

complex and then to extremely complex ones. Even though designed systems may be 

safe, they lack the capacity to provide solutions to the quest of a researcher seeking to 

have an in-depth understanding of the under-lying principles upon which such systems 

work. To satisfy this quest, the researcher would have to resort to experimental 

investigations which could be cost intensive and time consuming. Appropriate equipment 

and facilities to conduct satisfactory research might, in some cases, even be lacking. To 

minimise cost, time, energy, the gap provided by lack of the best facilities etc., finite 

element models would be a viable option. The use of FE modelling is widely recognised 

in research and cuts across several disciplines. However, an efficient use of this handy 

tool, requires the use of mean material property values. This is because the total effect 

of different influences on a structural system over a period, is evaluated in terms of 

strains: a measure of distortion in a material due to applied stresses. It is understood 

from Hooke’s law that the amount of distortion suffered by a material within the elastic 

limits under applied stresses, is directly proportional to the stiffness of the material. 

Being a measure of its resistance to deflection, the stiffness of a structural element in 

flexure is its flexural rigidity: a product of its second moment of inertia I and the MoE 

 of its material. The stiffness of elements in tension or compression, is their respective 

elastic moduli .  A close look at the different loading cases shows that either a structural 

element is in flexure, tension, or compression, its MoE is an essential requirement to 

conduct a proper analysis of its response, in terms of stresses, strains, deflections etc, to 

applied load. Since finite element tools are quick at such calculations and investigations, 

the elastic moduli (particularly the mean values) are therefore critical for conducting FE 

analysis within the elastic limit.   

In this study, the mean MoE parallel to the grain  and the shear moduli  of 

Gmelina_Ak have been determined. For a complete FE analysis using the FE analysis 

tool Abaqus, however, the elastic moduli  and  in the 2nd and 3rd directions (see 

Figure 8.2) are required. Furthermore, the Poisson ratios , as well as the shear 

moduli  and  are also required.  

 

Figure 8.2. Beam orthogonal axis 
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These values are, however, not available for Gmelina_Ak as well as for several timber 

species. The question of interest now is how to deal with this additionally required 

material values if the performance of Gmelina_Ak as part of a structural system is to be 

studied using an FE model. 

If the behaviour of the I-joist shown in Figure 8.1 is considered as an example, the 

additionally required material values for Gmelina_Ak can be estimated based on the 

material values of well researched timber species whose material properties are close to 

those of Gmelina_Ak. A typical example of such a species is Sitka spruce (Picea 

sitchensis) grown in Canada. According to the Forest product laboratory [Fore21], the 

mean material values of Sitka spruce are =11,200 MPa,  = 37.8 MPa,  = 4.1 

MPa,  = 6.8 MPa which are seen to be very close to those determined for Gmelina_Ak 

in this study. As discussed in [Fore21], the MoE as well as the shear moduli of Sitka 

spruce can be determined based on the ratios shown in Table 8.2. 

        Table 8.2. Elastic ratios for various species at 12 % MC*. From [Fore21] 

Species      

Western White 0.038 0.078 0.052 0.048 0.005 

Redwood 0.089 0.087 0.066 0.077 0.011 

Sitka spruce 0.043 0.078 0.064 0.061 0.003 

Engelmann spruce 0.059 0.128 0.012 0.120 0.010 
             *MC = moisture content 

Using these ratios and  (for Sitka spruce), the shear moduli  can be estimated 

using Equation (8.6). 

(8.6) 

This yields a value of  = 717 MPa which is seen to closely approximate 771 MPa 

determined in this study for Gmelina_Ak. Since  (in compression parallel to the grain) 

and  for Gmelina_Ak have already been determined as  = 11,027 MPa7 and 

= 771 MPa, applying the relationships in         Table 8.2 to Gmelina_Ak would 

yield estimates of the elastic moduli (  and ) of Gmelina_Ak as Equations (8.7) and 

(8.8) respectively.  

(8.7) 

(8.8) 

                     

7 The EN 408 requirement is that the MoE ( ) parallel to the grain should be taken as . This 

is given in Table 7.5 as = 12,340 MPa. Taking  =  (11,027 MPa) here is aimed at obtaining 

conservative  and values. 
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Similarly, the shear moduli (  and ) of Gmelina_Ak could be estimated using 

Equations (8.9) and (8.10) respectively. 

(8.9) 

(8.10) 

Using  and  for Gmelina_Ak as well as Equations (8.7) to (8.10), the Poisson 

ratios of Gmelina_Ak for use in the FE model could be estimated using the following 

inequalities: 

(8.11) 

(8.12) 

(8.13) 

Substituting values determined above for Gmelina_Ak into the appropriate inequalities, 

yields , as the estimated Poisson ratios for 

Gmelina_Ak. Therefore, the properties of Gmelina_Ak for use in an FE model would be 

as summarised in Table 8.3. 

Table 8.3. Summary of Gmelina_Ak values for use in an FE model 

   𝜈12 𝜈13 𝜈23    

(MPa) (MPa) (MPa)       (MPa) (MPa) (MPa) 

12,340 860 474 < 0.280 < 0.210 < 0.742 771 673 33 
 

The Poisson ratios of the web material (OSB/3) are available in the literature and can 

be found in the works of Thomas [Thom03], Zhu et al. [Zhu05], as well as Iwuoha and 

Seim [Iwuo21]. Using these material properties an FE model of the composite joist can 

be successfully modelled and further investigations, carried out.  
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9 Summary and Outlook 

9.1 Summary  

This study was concerned with investigating Gmelina_Ak as a potential construction 

material. 

Chapter 1, introduces the study and contains information on the motivation, purpose, 

and objectives of the study, as well, as methods that were later applied to achieve the 

set goals.  

Chapters 2, 3, and 4 were respectively, state of the art on material, tests, testing methods 

as well as statistical analyses methods. In these chapters, relevant literature was 

reviewed, showing the gaps in literature which the current study intended to fill. Also, 

important, equations, statistical methods such as the process of fitting the different 

statistical distributions to experimental data were discussed and illustrated. Necessary 

background to the ANOVA and methods of interpreting results from inferential statistics 

were discussed.  

Chapters 5 to 8 contained actual experimental investigations and data analyses which 

were carried out in this study.  

In Chapter 5, a detailed study on the material acquisition, preparation, testing as well 

as the testing methods were discussed. The mechanical properties, the embedment 

strength, as well as the swelling and shrinkage behaviour of Gmelina_Ak were 

determined in accordance with European and German standards, respectively. The 

swelling and shrinkage behaviour of Gmelina_Ak was found to be comparable with, but 

less than those of Norway spruce (Picea abies). In comparison with Beech wood however, 

Gmelina_Ak swells and shrinks less.  

In Chapter 6, the variation in the mechanical properties within and between three 

Gmelina_Ak trees was studied by means of a one-way analysis of variance. It was 

determined that a 95 % confidence level, there is no variation in the material properties 

along the height of the three Gmelina_Ak trees considered in this study, except for the 

compressive strength parallel to the grain, the shear strength, and the density. Results 

of the compressive strength parallel to the grains, showed that values from the middle 

parts are lower than those from the top and bottom parts, respectively. For the shear 

strength, no difference was determined for the middle and the bottom parts. Same results 

were obtained for the top and the bottom parts. A comparison between the top and the 

middle parts however, showed to be different. The variation in the density along the 

height was a slight reduction with increase in height of the trees. This variation pattern 

agrees with that reported by Lamb [Lamb68] for Gmelina and by other researchers for 

other wood species. It was also determined that the variation in density does not influence 
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the variation in the mechanical properties, as most of the material properties did not 

vary with height.  Variation between the trees was determined for the compressive 

strength parallel and perpendicular to the grain, and for the elastic moduli in tension 

and bending, respectively. Considering the strength values, the variation between the 

trees was obtained to be between 11 % and 14 %. This range of values (11 % - 14 %) 

was the same as was obtained for the material properties (shear and compressive strength 

parallel to the grain) which varied along the height. The exception was the compressive 

strength perpendicular to the grain, whose between-tree variation was determined to be 

26 %. Variation in density between the trees was constant at 2 % and was the same as 

was observed along the height of the trees. It was concluded in this chapter that the 

material properties (apart from the compressive strength parallel to the grain and the 

shear strength) are not location dependent as is the case with some tree species. 

In Chapter 7, the statistical distributions associated with the material properties were 

determined. Using the appropriate statistical distributions, the statistical values of the 

material properties were determined and the influence of the statistical distributions on 

the statistical values was thoroughly investigated and discussed. A significant 

observation made in this section of the study is that the statistical distributions have 

comparatively, little influence on the statistical values of the materials, irrespective of 

whether the material properties agree with a statistical distribution or not. The obtained 

material property values of Gmelina_Ak were compared with spruce (Picea abies) and 

pine (Pinus sylvestri) grown in Europe. The results showed that generally, Gmelina_Ak 

performs better than the temperate species and shows great potentials for use as a 

construction material. 

Relationships between different Gmelina_Ak properties was also reported. A good 

relationship was observed between density and strength as well as between strength and 

elastic moduli. Studies on the embedment strength shows that the embedment strength 

equations in the EC 5 are not appropriate for use with Gmelina_Ak. The question of 

differences between experimentally obtained embedment strength results and those 

obtained by using the EC 5 equations was investigated. Results of this investigation 

showed that the EC 5 equations overestimates the actual characteristic embedment 

strength values used for designing timber connections. Proposed adjustment suitable for 

use with Gmelina_Ak was developed, presented, and discussed. Established strength-

density relationships showed that density can be reliably used to predict the mean 

strength of Gmelina_Ak. Same is true for MoE – strength relationships. The studies 

carried out in Chapter 7 showed that Gmelina_Ak has better material properties than 

spruce (Picea abies) and pine (Pinus sylvestri), and thus shows good potentials for use 

as a construction material. Since spruce and pine are currently used for construction 

works, it was concluded in this chapter of the study that Gmelina_Ak, with 

comparatively better material properties, has great potentials to also be used for 

construction purposes.  
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In chapter 8, the usefulness of the determined material properties was briefly discussed 

and illustrated using the design of a composite timber I-joist. It was determined that for 

the successful use of Gmelina_Ak in the design of a structural element, additional safety 

factors such as are required. Since these safety factors are not yet 

available for Gmelina_Ak, further research targeted at determining them was 

recommended. The application of the determined material properties using an FE model 

was also discussed. It was determined that the Poisson ratios and the elastic and shear 

moduli values in the radial (2) and tangential (3) directions would additionally be needed 

to complete the material requirements of an FE model. Proposals on how to estimate 

these additional material values were given and the approximate values were successfully 

determined. It was concluded in this chapter of the study that the experimentally 

determined values, the additionally estimated material values, as well as those of oriented 

strand boards (the web material) can be used to create a 3D model with which to further 

study the performance of Gmelina_Ak as a structural material using different FE models.  

In summary, this study has been a journey from the plantation to the laboratory and 

then to the design office; discussing from a scientific viewpoint, the potentials of using 

Gmelina arborea obtained from southwestern Nigeria as a construction material. Based 

on the discussed material properties, it is evident that Gmelina_Ak, in the past, has 

been well under-utilised. Given its potentials for use as a construction material, its 

availability, (seeing that it is being planted almost everywhere within the tropics), and 

the fact that not very much is known about the material, further studies are 

recommended to widen the scope of knowledge on the species and also to establish best 

practices for using the material in the future. Highlights of some potential areas of further 

research on the material are mentioned in the limitations of study below. 

9.2 Limitations of the study and recommendations 

The long-term behaviour of Gmelina_Ak was not investigated in this study. Further 

studies on the long-term and creep behaviour are recommended to develop factors like 

 and  which are required for a complete structural design using Gmelina_Ak. 

The results reported in this study represent Gmelina_Ak from three trees of the same 

age and population. Studies involving specimens from other populations and ages are 

recommended to complement the results contained in this study and to give a better 

overview of how Gmelina_Ak can be used in the future. Such studies could also lead to 

the establishment of a  factor that is suitable for use with Gmelina_Ak. 

Apart from the bending strength, other strength values were determined from small 

specimens. Further tests on structural-size specimens are recommended for both 

comparative and complementary purposes.  
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The quality of timber is influenced by many factors, including the way the tree grows in 

the plantation. Hence it is important to properly select the trees from which construction 

timber would be produced. In this regard, it is recommended to select trees growing tall 

and straight upwards. This reduces the tendency for reaction tissues in the tree, which 

can adversely influence the strength properties of the resulting timber. Also, it is 

recommended to select trees with fewer branches along the trunk, as they will also have 

fewer knots, with less slope in the grain. Since wood with less defects usually yield higher 

strength values, heeding the recommendations above will be necessary to ensure better 

quality timber. It may thus be necessary for silviculturists to plant trees intended for 

construction works as close to each other as possible, as this will to enable self-pruning 

in the trees and thus, lead to trees growing straight upward, with less branches along the 

trunk.  
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11    Appendices 

Appendix A: Seasoning of Gmelina Samples 

A.1: Loss in moisture content over time of two reference specimens   
Date 

(dd.mm.yy) 

Time 

(Days) 

Weight(g) 

S1 

Weight(g) 

S2 

ML in S1 

(%) 

ML in S2 

(%) 

MC in 

S1 (%) 

MC in S2 

(%) 

Target 

MC(%) 

19.12.19 0 754.7 1679.5 0 0 88.37 88.37 12 

08.01.20 20 604.8 1361.6 24.79 23.35 64.01 65.45 12 

13.01.20 25 589.6 1326.3 28.00 26.63 60.80 62.17 12 

16.01.20 28 576.8 1295.4 30.84 29.65 57.96 59.15 12 

21.01.20 33 559 1249.4 35.01 34.42 53.79 54.38 12 

28.01.20 40 537 1196.8 40.54 40.33 48.26 48.47 12 

12.02.20 55 509.1 1108.9 48.24 51.46 40.56 37.34 12 

20.02.20 63 500.8 1096 50.70 53.24 38.10 35.56 12 

24.02.20 67 498 1091 51.55 53.94 37.25 34.86 12 

25.02.20 68 496 1086 52.16 54.65 36.64 34.15 12 

26.02.20 69 494 1083 52.77 55.08 36.03 33.72 12 

27.02.20 70 492 1078 53.39 55.80 35.41 33.00 12 

28.02.20 71 489 1072 54.34 56.67 34.46 32.13 12 

02.03.20 74 485 1063 55.61 58.00 33.19 30.80 12 

05.03.20 77 470 1031 60.57 62.90 28.23 25.90 12 

06.04.20 108 430 942 75.51 78.29 13.29 10.51 12 

ML: moisture loss; MC: moisture content 
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Appendix B: Normality and Homogeneity of Variance Test Results 

B.1. Normality test: top, middle, bottom   
Material properties Groups p-values skewness 

Tensile strength  top 0.3174 - 

 middle 0.4254 - 

 bottom 0.9836 - 

Compressive strength parallel 𝑓c,0 top < 0.05 -0.329 

 middle 0.8453 0.413 

 bottom 0.2649 -2.110 

Compressive strength perpendicular  top < 0.05 -2.110 

 middle < 0.05 0.7218 

 bottom < 0.05 0.9020 

Shear strength  top 0.8672 - 

 middle 0.5747 - 

 bottom 0.9324 - 

Bending strength  top 0.9672 - 

 middle 0.7988 - 

 bottom 0.655 - 

MoE in tension  top 0.9035 - 

 middle 0.0813 - 

 bottom 0.0775 - 

MoE in compression parallel  top <0.05 0.9576 

 middle <0.05 0.7003 

 bottom <0.05 1.018 

MoE in compression perpend…   top <0.05 1.3769 

 middle <0.05 0.7218 

 bottom <0.05 0.7727 

MoE in bending  top 0.1953 - 

 middle 0.0753 - 

 bottom 0.5603 - 

Density 𝜌 top 0.3644 - 

 middle 0.0715 - 

 bottom 0.6432 - 
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B.2. Bartlett's (Homogeneity of variance) test: top, middle, bottom 

Material properties                   p-value 

Tensile strength    0.8197 

Compressive strength parallel…   0.1250 

Compression strength perpendicular…   0.1663 

Shear strength   0.5286 

Bending strength   0.9500 

MoE in tension   <.0500 

MoE in compression parallel…   0.1008 

MoE in compression perpendicular…  0.6994 

MoE in bending   0.0746 

Density 𝜌   <0.050 

     …to the grain  

 

 

B.3. Bartlett's (Homogeneity of variance) test: Tree 1,2,3 

Material properties       p-value 

Tensile strength    0.067 

Compressive strength parallel…  < 0.05 

Compressive strength perpendicular…  0.364 

Shear strength  0.515 

Bending strength  0.080 

MoE in tension  < 0.05 

MoE in compression parallel…  0.558 

MoE in compression perpendicular…  0.834 

MoE in bending  0.098 

Density 𝜌   0.072 

    …to the grain 
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B.4. Normality test: Trees 1,2 3 

Material properties Groups p-values   skewness 

Tensile strength  tree 1 0.858 - 

 tree 2 0.298 - 

  tree 3 0.863 - 

Compressive strength parallel…  tree 1 0.5471 -0.248 

 tree 2 < 0.05 -0.637 

  tree 3 0.1983 -0.455 

Compressive strength perpendicular…  tree 1 < 0.05 0.741 

 tree 2 < 0.05 0.327 

  tree 3 0.198 0.903 

Shear strength  tree 1 0.751 - 

 tree 2 0.823 - 

  tree 3 0.940 - 

Bending strength  tree 1 0.968 - 

 tree 2 0.650 - 

  tree 3 0.136 - 

MoE in tension  tree 1  1.243 

 tree 2  0.471 

  tree 3  0.699 

MoE in compression parallel…  tree 1 0.158 0.753 

 tree 2 <0.05 1.336 

  tree 3 <0.05 1.134 

MoE in compression perpendicular…  tree 1 <0.05  

 tree 2 0.323  
  tree 3 <0.05  
MoE in bending  tree 1 0.0914 - 

 tree 2 0.9020 - 

  tree 3 0.1200 - 

Density 𝜌 tree 1 <0.050 - 

 tree 2 0.2333 - 

  tree 3 0.1136 - 
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Appendix C: Experimental Data 

C1. Tensile Strength -     

Serial Reference Strength Density MC MoE 

Number Code (MPa) (kg/m3) (%) (MPa) 

1 TT3T1 71.09 - - - 

2 TT3M1 36.89 407.15 10.94 - 

3 TT3B1 64.23 413.15 10.19 - 

4 TT1T1 57.82 418.59 13.55 12,251 

5 TT1T3 66.88 431.93 11.11 12,893 

6 TT1T4 64.71 434.82 11.39 13,255 

7 TT1T5 75.53 - 12.96 14,702 

8 TT1T6 83.92 452.33 11.47 12,799 

9 TT1T7 69.5 440.08 10.99 12,704 

10 TT1T8 69.62 419.57 11.45 12,791 

     
 

11 TT1M1 86.37 - 13.29 15,951 

12 TT1M2 50.57 457.88 11.85 11,584 

13 TT1M3 83.22 484.09 14.01 11,857 

14 TT1M4 78.86 449.71 11.42 12,287 

15 TT1M5 61.26 431.57 11.82 11,513 

16 TT1M6 59.3 523.73 13.10 13,256 

17 TT1M7 71.66 440.55 12.06 11,704 

18 TT1M8 92.21 - - 12,055 

19 TT1M9 89.19 - - 13,361 

20 TT1M10 74.36 429.61 12.19 12,087 

     
 

21 TT1B1 73.00 457.49 11.69 13,313 

22 TT1B2 75.23 451.66 11.58 12,975 

23 TT1B3 67.93 437.58 11.70 15,142 

24 TT1B4 84.6 455.23 11.79 - 

25 TT1B5 67.4 429.3 11.05 12,542 

26 TT1B6 76.62 - - 11,635 

27 TT1B7 60.02 444.91 11.29 11,953 

28 TT1B8 88.49 - - 11,976 

     
 

29 TT2T1 70.48 437.62 11.26 12,430 

30 TT2T2 71.25 457.36 10.49 12,688 

31 TT2T3 54.66 422.24 10.65 11,174 

32 TT2T4 64.12 416.08 11.09 11,324 

33 TT2T5 72.29 429.52 10.38 11,456 
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C1. Tensile Strength -  

 

     ...continued 

Serial Reference Strength Density MC MoE 

Number Code (MPa) (kg/m3) (%) (MPa) 

34 TT2T6 85.92 - - 11,928 

35 TT2T7 48.51 427.12 11.11 12,364 

36 TT2T8 85.79 462.96 11.46 13,371       

37 TT2M1 55.58 432.99 11.58 - 

38 TT2M2 55.69 430.57 10.96 8,117 

39 TT2M3 66.02 453.78 10.16 9,192 

40 TT2M4 58.97 429.28 10.43 - 

41 TT2M5 57.44 448.34 12.54 8,263 

42 TT2M6 66.69 424.75 12.5 8,233 

43 TT2M7 67.05 445.95 13.25 8,401       

44 TT2B1 63.28 470.79 11.11 8,019 

45 TT2B2 48.62 476.19 10.29 7,939 

46 TT2B3 60.49 465.1 11.8 8,297 

47 TT2B4 69.29 516.49 12.98 8,459 

48 TT2B5 72.65 500.6 10.89 8,958 

49 TT2B6 63.15 490.24 10.96 8,083 

50 TT2B8 56.53 483.62 10.51 7,855       

51 TT3T2 74.95 491.17 12.65 9,431 

52 TT3T3 53.84 492.23 10.43 10,685 

53 TT3T4 73.05 477.33 12.69 10,839 

54 TT3T5 78.02 448.34 10.16 11,573 

55 TT3T6 82.41 474.03 12.62 10,014 

56 TT3T7 63.21 458.73 11.33 13,896 

57 TT3T8 54.38 431.13 10.98 9,646 

58 TT3T9 84.67 477.76 13.81 10,592       

59 TT3M2 52.73 442.00 12.29 - 

60 TT3M3 57.78 448.9 13.02 - 

61 TT3M4 64.19 441.64 12.95 - 

62 TT3M5 46.21 - - - 

63 TT3M8 53.56 414.87 
 

12,712 

64 TT3M9 48.41 446.58 11.7 13,326 

65 TT3M10 37.62 391.85 12.35 10,430 

66 TT3M11 51.11 410.51 12.29 11,858 

67 TT3M12 67.47 463.61 12.34 13,085 

68 TT3M13 63.02 - - 13,722 
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C1. Tensile Strength -   ...continued 

Serial Reference Strength Density MC MoE 

Number Code (MPa) (kg/m3) (%) (MPa) 

69 TT3B2 79.73 451.35 12.24 12,383 

70 TT3B3 76.71 444.74 11.79 - 

71 TT3B4 64.36 417.79 - 16,294 

72 TT3B5 77.01 451.44 10.13 - 

73 TT3B6 69.2 443.65 12.24 18,888 

74 TT3B7 73.41 458.87 13.08 16,998 

75 TT3B8 98.72 506.25 11.56 13,220 

76 TT3B9 79.48 454.33 11.84 16,765 

77 TT3B10 49.09 430.09 11.72 - 

78 TT3B11 92.84 - - - 

79 TT3B12 83.34 518.04 12.43 13,080 

Average   67.92 450.29 11.73 11,886 
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C2. Compressive Strength parallel to the grain -   

Serial Reference Compressive Density MC MoE 

Number Code Stress (MPa) (kg/m3) (%) (MPa) 

1 Cpa T3T1 36.21 414.23 14.45 8,963 

2 Cpa T3M1 32.44 451.53 12.80 15,204 

3 Cpa T3M2 33.49 422.79 14.58 13,971 

     
 

4 Cpa T1T1 39.43 448.39 12.93 15,704 

5 Cpa T1T2 36.21 448.00 12.88 10,663 

6 Cpa T1T3 35.81 441.16 12.39 13,171 

7 Cpa T1T4 36.79 441.65 12.97 15,766 

8 Cpa T1T5 37.70 420.90 13.17 8,981 

9 Cpa T1T6 39.22 450.44 12.93 10,204 

10 Cpa T1T7 36.87 463.27 13.55 12,640 

11 Cpa T1T8 37.26 452.87 13.06 10,615 

     
 

12 Cpa T1M1 34.54 453.07 13.82 8,249 

13 Cpa T1M2 39.70 448.87 12.84 14,158 

14 Cpa T1M3 41.38 489.43 13.44 11,480 

15 Cpa T1M4 35.07 416.96 12.71 9,483 

16 Cpa T1M5 35.69 446.37 13.56 19,804 

17 Cpa T1M6 30.66 436.4 13.23 8,632 

18 Cpa T1M7 36.73 452.04 13.73 12,033 

19 Cpa T1M8 32.95 445.89 13.10 13,751 

     
 

20 Cpa T1B1 33.61 432.81 13.09 8,148 

21 Cpa T1B2 35.13 447.33 14.15 11,433 

22 Cpa T1B3 30.90 415.5 12.74 8,238 

23 Cpa T1B4 36.75 450.52 12.62 11,343 

24 Cpa T1B5 36.27 456.07 12.89 14,507 

25 Cpa T1B6 36.16 461.1 13.44 - 

      

26 Cpa T2T1 37.81 457.66 12.75 10,521 

27 Cpa T2T2 35.52 452.12 12.88 18,631 

28 Cpa T2T3 38.13 461 12.78 13,659 

29 Cpa T2T4 34.29 442.12 13.43 10,285 

30 Cpa T2T5 38.89 422.79 13.18 14,251 

31 Cpa T2T6 38.41 443.12 13.04 12,250 
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C2. Compressive Strength parallel to the grain -  …continued 

Serial Reference Compressive Density MC MoE 

Number Code Stress (MPa) (kg/m3) (%) (MPa) 

32 Cpa T2M1 27.05 405.61 12.57 7,483 

33 Cpa T2M2 32.28 446.07 13.24 7,090 

34 Cpa T2M3 23.88 401.91 13.38 11,808 

35 Cpa T2M4 28.64 416.6 13.46 7,818 

36 Cpa T2M5 32.23 443.73 12.76 6,808 

37 Cpa T2M6 29.39 437.71 13.7 7,326 

38 Cpa T2M7 25.42 391.66 13.56 7,440 

      
39 Cpa T2B1 36.41 509.76 12.85 19,949 

40 Cpa T2B2 31.84 462.29 12.72 6,545 

41 Cpa T2B3 38.91 497.24 13.20 8,789 

42 Cpa T2B4 32.89 480.15 12.63 8,464 

43 Cpa T2B5 35.82 495.81 12.66 6,769 

44 Cpa T2B6 34.51 509.71 12.70 7,175 

45 Cpa T2B7 38.72 477.56 12.26 12,868 

46 Cpa T2B8 35.23 495.64 12.32 6,321 

47 Cpa T2B9 34.71 492.95 12.71 7,164 

48 Cpa T2B10 35.44 477.2 12.34 8,421 

49 Cpa T2B11 28.22 406.07 12.30 9,116 

  38.52   8,461 

50 Cpa T2B12  497.43 12.81 - 

51 Cpa T3T2 33.35 457.74 12.66 13,186 

52 Cpa T3T3 33.98 451.11 12.79 10,734 

53 Cpa T3T4 36.08 465.67 12.4 9,412 

54 Cpa T3T5 33.55 457.78 12.6 7,696 

55 Cpa T3T6 36.19 453.38 12.39 10,621 

56 Cpa T3T7 36.68 462.74 12.59 8,588 

57 Cpa T3T8 38.08 475.12 12.70 9,550 

58 Cpa T3T9 24.09 444.84 12.75 8,947 

59 Cpa T3T10 36.20 460.84 12.62 12,354 

60 Cpa T3T11 32.20 448.38 12.81 8,574 

61 Cpa T3T12 33.41 451.89 12.52 9,073 

62 Cpa T3T13 36.45 457.82 12.38 10,026 

      
63 Cpa T3M3 30.12 420.47 12.58 10,253 

64 Cpa T3M4 32.29 432.50 13.02 14,137 

65 Cpa T3M5 31.52 416.29 13.05 10,034 

66 Cpa T3M6 28.25 408.25 13.58 7,296 
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C2. Compressive Strength parallel to the grain - 𝑓c,0 …continued 

Serial Reference Compressive Density MC MoE 

Number Code Stress (MPa) (kg/m3) (%) (MPa) 

67 Cpa T3M7 27.42 386.61 13.58 8,997 

68 Cpa T3M8 28.51 404.96 13.25 13,372 

69 Cpa T3M9 28.73 402.37 13.47 12,882 

70 Cpa T3B1 36.19 455.24 12.28 10,325 

71 Cpa T3B2 30.00 432.98 12.57 11,710 

72 Cpa T3B3 30.71 440.87 12.55 16,602 

73 Cpa T3B4 29.65 489.17 13.13 9,820 

74 Cpa T3B5 36.23 432.33 12.05 10,334 

75 Cpa T3B6 33.91 459.50 - 21,051 

76 Cpa T3B7 30.24 460.43 12.79 13,235 

77 Cpa T3B8 33.27 487.36 12.74 16,393 

Average   33.99 448.68 12.96 11,023 
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C3: Compressive Strength Perpendicular to the grain - 𝒇𝐜,𝟗𝟎  

Serial Reference  Compressive  Density MC MoE 

Number Code Strength (MPa) kg/m2 (%) MPa 

1 CPE T1T1 5.4 448.15 12.1 - 

2 CPE T1T2 3.14 437.35 12.02 503.17 

3 CPE T1T3 3.33 449.39 11.62 285.5 

4 CPE T1T4 3.67 449.29 11.57 244.34 

5 CPE T1T5 3.31 437.05 11.35 764.04 

6 CPE T1T6 3.45 459.77 11.95 501.59 

7 CPE T1T7 3.72 456.8 12.2 246.61 

8 CPE T1T8 3.23 432.95 - 311.64 

9 CPE T1T9 4.81 475.94 12 520.16 

10 CPE T1T11 3.25 437.36 11.84 483.82 

11 CPE T1T12 3.09 439.46 11.75 416.4 

12 CPE T1T13 3.71 443.03 12.04 161.22 

13 CPE T1T14 3.34 445.44 11.64 304.9 

14 CPE T1T15 3.25 439.48 - 399.4 

      

15 CPE T1M1 6.59 528.57 12.87 - 

16 CPE T1M2 4.67 461.53 12.12 329.54 

17 CPE T1M3 4.44 501.69 12.05 979.02 

18 CPE T1M4 5.02 518.4 12.65 532.15 

19 CPE T1M5 5.39 498.29 12.12 808.04 

20 CPE T1M6 4.78 461.51 11.84 321.86 

21 CPE T1M7 4.82 463.38 11.94 345.39 

22 CPE T1M8 4.55 453.8 11.6 448.12 

23 CPE T1M9 4.38 487.73 11.84 377.84 

24 CPE T1M10 4.93 477.19 12.18 280.8 

      

25 CPE T1B1 3.73 447.07 12.79 259.27 

26 CPE T1B2 2.69 430.14 12.58 249.93 

27 CPE T1B3 2.74 435.28 12.11 266.4 

28 CPE T1B4 2.51 434.29 12.45 414.77 

29 CPE T1B5 6.13 472.84 12.55 503.51 

30 CPE T1B6 3.99 462.44 11.64 233.37 
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C3: Compressive Strength Perpendicular to the grain -            …continued 

Serial Reference  Compressive  Density MC MoE 

Number Code Strength (MPa) kg/m2 (%) MPa 

31 CPE T1B7 3.56 448.7 12.77 201.11 

32 CPE T1B8 3.44 449.82 12.05 295.25 

33 CPE T1B9 3.67 456.59 11.75 241.46 

34 CPE T1B10 2.51 430.02 11.66 395.33 

35 CPE T1B11 3.54 441.04 12.93 270.29 

36 CPE T1B12 3.76 446.21 12.25 263.92 

      
37 CPE T2T1 4.68 437.65 11.6 487.27 

38 CPE T2T2 6.06 423.78 12.4 411.58 

39 CPE T2T3 4.93 436.4 11.98 309.36 

40 CPE T2T4 6.11 436.56 12.3 550.41 

41 CPE T2T5 5.42 437.98 11.6 348.78 

42 CPE T2T6 6.65 439.92 12.53 689.28 

43 CPE T2T7 7.21 445.85 12.5  
44 CPE T2T8 6.15 420.54 11.89 807.69 

45 CPE T2T9 4.94 438.47 11.93 287.58 

46 CPE T2T10 6.18 427.53 12.24 447.02 

47 CPE T2T11 5.23 434.57 12.19 576.07 

      
48 CPE T2M1 4.15 448.52 11.6 446.94 

49 CPE T2M2 3.95 446.39 11.63 476.84 

50 CPE T2M3 3.75 430.43 12.19 231.66 

51 CPE T2M4 4.23 457.22 11.65 - 

52 CPE T2M5 3.97 454.61 12.05 283.39 

53 CPE T2M6 4.66 470.13 11.6 865.08 

54 CPE T2M7 4.11 450.23 11.47 352.41 

55 CPE T2M8 3.07 444.86 12.88 307.96 

56 CPE T2M9 3.93 444.51 11.64 259.62 

57 CPE T2M10 4.86 473.77 11.91 208.04 

58 CPE T2M11 4.75 460.44 11.53 577.31 

      
59 CPE T2B1 8.31 - 12.7 595.77 

60 CPE T2B2 5.53 453.42 11.63 694.51 

61 CPE T2B3 6.64 476.42 12.88 617.79 

62 CPE T2B4 5.31 454.68 11.7 600.15 

63 CPE T2B5 7.08 474.53 12.49 567.75 

64 CPE T2B6 6.33 467.78 12.02 530.73 

65 CPE T2B7 6.50 490.00 11.89 967.16 
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 C3: Compressive Strength Perpendicular to the grain -             …continued 

Serial Reference  Compressive  Density MC MoE 

Number Code Strength (MPa) kg/m2 (%) MPa 

66 CPE T3T2 3.94 443.5 12.88 336.37 

67 CPE T3T3 3.51 442.35 12.16 563.75 

68 CPE T3T4 2.77 417.42 12.46 294.12 

69 CPE T3T5 3.22 393.81 12.41 849.74 

70 CPE T3T6 3.24 414.9 12.43 169.9 

71 CPE T3T7 3.07 396.79 12.94 429.74 

72 CPE T3T8 3.82 451.55 12.65 335.67 

73 CPE T3T9 4.81 456.35 11.96 702.79 

74 CPE T3T10 2.89 432.12 12.69 246.05 

75 CPE T3T11 3.82 426.61 12.81 332.77 

76 CPE T3T12 3.82 445.93 12.61 323.45 

      

77 CPE T3M1 3.8 453.41 12.47 612.41 

78 CPE T3M2 6.81 454.08 11.23 - 

79 CPE T3M3 5.71 434.35  317.78 

80 CPE T3M4 4.93 465.77 11.87 601.12 

81 CPE T3M5 6.03 452.46 11.3 447.01 

82 CPE T3M6 5.23 446.04 11.51 510.69 

83 CPE T3M7 5.35 433.4 13.27 312.42 

84 CPE T3M8 3.96 418.15 12.28 382.77 

85 CPE T3M9 6.85 444.54 12.51 735.48 

86 CPE T3M10 7.39 442.11 11.58 - 

87 CPE T3M11 3.83 473.7 12.21 145.61 

88 CPE T3M12 6.44 459.82 12.81 650.11 

      

89 CPE T3B1 4.46 461.8 11.39 385.87 

90 CPE T3B2 3.23 405.45 11.95 250.09 

91 CPE T3B3 4.08 467.71 12 310.26 

92 CPE T3B4 4.58 462.81 11.58 324.43 

93 CPE T3B5 4.19 458.39 11.66 265.74 

94 CPE T3B6 4.22 464.28 11.12 331.27 

95 CPE T3B7 4.1 422.17 11.93 187.95 

96 CPE T3B8 3.95 418.86 11.78 219.21 

97 CPE T3B9 3.53 422.42 12.3 201.81 

98 CPE T3B10 4.32 462.46 11.34 307.27 

99 CPE T3B11 2.95 414.78 12.19 251.98 

Average   4.51 448.93 12.08 419.29 
  



178 
 

C4. Shear Strength parallel to the grain -    

Serial  Reference Shear strength MC Density 

 Number Code  (MPa) (%)  (kg/m3) 

1 ST-T1T1 5.84 - - 

2 ST-T1T2 4.31 - - 

3 ST-T1T3 6.40 11.68 467.02 

4 ST-T1T4 6.36 11.42 483.12 

5 ST-T2T1 5.66 11.68 475.27 

6 ST-T2T3 5.89 12.40 474.84 

7 ST-T2T4 5.54 11.79 482.63 

8 ST-T2T5 6.23 11.02 487.51 

9 ST-T3T1 4.06 - - 

10 ST-T3T2 5.06 12.43 458.23 

11 ST-T3T3 7.04 10.10 497.11 

12 ST-T3T4 7.50 10.07 493.98 

13 St-T3T5 5.69 10.12 447.24 

14 ST-T3T6 7.80 10.47 483.15 

15 St-T3T7 5.40 12.10 479.32 
     

16 St-T1M1 7.19 11.32 524.55 

17 St-T1M2 6.39 11.44 487.8 

18 ST-T1M3 6.80 12.06 481.49 

19 ST-T1M4 7.84 10.08 483.35 

20 ST-T1M5 7.63 10.57 482.07 

21 ST-T1M6 7.28 10.22 448.58 

22 St-T2M1 7.82 15.53 463.52 

23 ST-T2M2 5.94 11.47 447.24 

24 ST-T2M3 6.05 10.89 464.59 

25 ST-T2M4 5.19 - - 

26 ST-T2M5 6.78 - - 

27 ST-T2M6 7.47 11.67 448.87 

28 ST-T2M7 8.76 13.88 498.27 

29 ST-T2M8 6.57 12.01 481.54 

30 ST-T2M9 7.11 11.25 493.36 

31 ST-T3M1 5.44 12.89 429.91 

32 ST-T3M2 6.39 11.66 438.68 

33 ST-T3M3 6.53 13.03 489.03 

34 ST-T3M4 6.21 12.45 473.5 

35 ST-T3M5 3.89 - - 

36 St-T3M6 6.81 11.79 450.1 

37 ST-T2M7 7.39 - - 
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C4. Shear Strength parallel to the grain -               … continued 

Serial  Reference Shear strength MC Density 

 Number Code  (MPa) (%)  (kg/m3) 

38 ST-T1B1 6.72 9.68 451.37 

39 ST-T1B2 7.06 10.92 613.4 

40 ST-T1B4 4.87 12.52 454.77 

41 St-T1B5 6.14 11.02 456.95 

42 ST-T1B6 6.33 11.52 438.86 

43 ST-T1B7 5.96 - - 

44 ST-T1B8 5.74 15.28 490.89 

45 ST-T1B9 5.73 11.69 428.34 

46 ST-T1B10 5.80 12.23 472.74 

47 St-T1B11 6.57 12.07 485.41 

48 ST-T1B12 7.62 13.26 464.33 

49 ST-T1B13 5.52 15.26 485.25 

50 ST-T1B14 6.29 12.42 398.19 

51 ST-T2B1 7.41 9.79 443.28 

52 ST-T2B2 6.93 - - 

53 ST-T3B1 5.71 13.19 448.87 

54 ST-T3B2 4.72 12.89 484.03 

55 ST-T3B4 5.33 12.33 449.06 

Average   6.30 11.86 471.34 
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C5. Bending Strength -  

S/N0 Ref 

Code 

Bending 

strength  

at test 

(MPa) 

Bending 

strength 

adjusted for 

size (MPa)  

Bending 

strength 

adjusted for 

MC (MPa)  

MoE 

(MPa) 

MoE  

adjusted 

for MC 

(MPa)  

1 BT1B1 50.36 44.18 54.789 11,757 12,462 

2 BT1B2 62.71 55.02 68.226 11,806 12,514 

3 BT1B3 46.12 40.47 50.181 11,425 12,110 

4 BT1B4 27.39 24.03 29.797 10,763 11,409 

5 BT1B5 53.89 47.28 58.631 11,193 11,864 

6 BT1B6 47.74 41.88 51.936 11,484 12,173 

7 BT1B8 42.85 37.59 46.616 - - 

8 BT1B9 38.8 33.95 42.101 - - 

9 BT1B10 65.95 57.72 71.57 11,705 12,407        

10 BT1M1 54.01 47.39 58.762 10,310 10,929 

11 BT1M2 47.08 41.2 51.088 9,261 9,881 

12 BT1M3 59.24 52.24 64.781 10,396 11,020 

12 BT1M4 41.72 36.79 45.624 8,912 9,446        

14 BT2M1 41.68 36.47 45.229 11,076 11,740 

15 BT2M2 51.19 44.92 55.695 11,108 11,775 

16 BT2M3 56.13 49.24 61.063 10,718 11,361 

17 BT2M4 49.23 43.08 53.42 11,724 12,428 

18 BT2M5 52.05 45.67 56.632 10,920 11,575 

19 BT2M6 55.86 49.01 60.771 11,305 11,983        

20 BT2B1 57.8 50.72 62.89 10,301 10,919 

21 BT2B2 58.7 51.5 63.863 10,356 10,977 

22 BT2B3 45.04 39.31 48.751 10,772 11,418 

23 BT2B4 46.81 41.07 50.926 9,591 10,167        

24 BT3T1 52.71 46.25 57.346 12,540 13,293 

25 BT3T2 32.36 28.39 35.204 11,624 12,321 

26 BT3T3 42.23 37.05 45.945 11,726 12,430 
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C5. Bending Strength -                                              …continued 

S/N0 Ref 

Code 

Bending 

strength 

at test 

(MPa) 

Bending 

strength 

adjusted for 

sized (MPa) 

Bending 

strength 

adjusted for 

MC (MPa) 

MoE 

(MPa) 

MoE  

adjusted 

for MC 

(MPa) 

27 BT3M1 62.70 55.02 68.22 14,223 15,076 

28 BT3M2 33.22 29.07 36.04 11,144 11,812 

29 BT3M3 46.06 40.31 49.98 11,974 12,692 

30 BT3M4 66.60 58.43 72.45 13,806 14,635 

31 BT3M5 67.03 58.66 72.73 14,660 15,540 

32 BT3M6 65.03 57.05 70.74 14,352 15,213 

33 BT3M7 57.16 50.02 62.02 14,182 15,033 

34 BT3B2 47.61 41.77 51.79 13,964 14,801 

35 BT3B3 62.04 55.89 69.30 12,581 13,335 

Average 51.06 44.82 55.576 11,626 12,326 
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C6. Density data  - 𝝆 

S/No Reference Density MC (%) 

1 TT3M1 407.15 10.94 

2 TT3B1 413.15 10.19 

3 TT1T1 418.59 13.55 

4 TT1T3 431.93 11.11 

5 TT1T4 434.82 11.39 

6 TT1T6 452.33 11.47 

7 TT1T7 440.08 10.99 

8 TT1T8 419.57 11.45 
    

9 TT1M2 457.88 11.85 

10 TT1M3 484.09 14.01 

11 TT1M4 449.71 11.42 

12 TT1M5 431.57 11.82 

13 TT1M6 523.73 13.1 

14 TT1M7 440.55 12.06 

15 TT1M10 429.61 12.19 
    

16 TT1B1 457.49 11.69 

17 TT1B2 451.66 11.58 

18 TT1B3 437.58 11.7 

19 TT1B4 455.23 11.79 

20 TT1B5 429.3 11.05 

21 TT1B7 444.91 11.29 
    

22 TT2T1 437.62 11.26 

23 TT2T2 457.36 10.49 

24 TT2T3 422.24 10.65 

25 TT2T4 416.08 11.09 

26 TT2T5 429.52 10.38 

27 TT2T7 427.12 11.11 

28 TT2T8 462.96 11.46 
    

29 TT2M1 432.99 11.58 

30 TT2M2 430.57 10.96 

31 TT2M3 453.78 10.16 

32 TT2M4 429.28 10.43 

33 TT2M5 448.34 12.54 

34 TT2M6 424.75 12.5 

35 TT2M7 445.95 13.25 
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C6. Density data  -  𝜌                  …continued 

S/No Reference Density MC (%) 

36 TT2B1 470.79 11.11 

37 TT2B2 476.19 10.29 

38 TT2B3 465.10 11.80 

39 TT2B4 516.49 12.98 

40 TT2B5 500.60 10.89 

41 TT2B6 490.24 10.96 

42 TT2B8 483.62 10.51 

    
43 TT3T2 491.17 12.65 

44 TT3T3 492.23 10.43 

45 TT3T4 477.33 12.69 

46 TT3T5 448.34 10.16 

47 TT3T6 474.03 12.62 

48 TT3T7 458.73 11.33 

49 TT3T8 431.13 10.98 

50 TT3T9 477.76 13.81 

    
51 TT3M2 442.00 12.29 

52 TT3M3 448.90 13.02 

53 TT3M4 441.64 12.95 

    
54 TT3M8 414.87 - 

55 TT3M9 446.58 11.70 

56 TT3M10 391.85 12.35 

57 TT3M11 410.51 12.29 

58 TT3M12 463.61 12.34 

    
59 TT3B2 451.35 12.24 

60 TT3B3 444.74 11.79 

61 TT3B4 417.79 - 

62 TT3B5 451.44 10.13 

63 TT3B6 443.65 12.24 

64 TT3B7 458.87 13.08 

65 TT3B8 506.25 11.56 

66 TT3B9 454.33 11.84 

67 TT3B10 430.09 11.72 

68 TT3B12 518.04 12.43 
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C6. Density data  -  𝜌            …continued 

S/No Reference Density MC (%) 

69 CpaT3T1 414.23 14.45 

70 CpaT3M1 451.53 12.80 

71 CpaT3M2 422.79 14.58 

    
72 Cpa T1T1 448.39 12.93 

73 Cpa T1T2 448.00 12.88 

74 Cpa T1T3 441.16 12.39 

75 Cpa T1T4 441.65 12.97 

76 Cpa T1T5 420.90 13.17 

77 Cpa T1T6 450.44 12.93 

78 Cpa T1T7 463.27 13.55 

79 Cpa T1T8 452.87 13.06 

    
80 Cpa T1M1 453.07 13.82 

81 Cpa T1M2 448.87 12.84 

82 Cpa T1M3 489.43 13.44 

83 Cpa T1M4 416.96 12.71 

84 Cpa T1M5 446.37 13.56 

85 Cpa T1M6 436.40 13.23 

86 Cpa T1M7 452.04 13.73 

87 Cpa T1M8 445.89 13.10 

    
88 Cpa T1B1 432.81 13.09 

89 Cpa T1B2 447.33 14.15 

90 Cpa T1B3 415.50 12.74 

91 Cpa T1B4 450.52 12.62 

92 Cpa T1B5 456.07 12.89 

93 Cpa T1B6 461.10 13.44 

    
94 Cpa T2T1 457.66 12.75 

95 Cpa T2T2 452.12 12.88 

96 Cpa T2T3 461.00 12.78 

97 Cpa T2T4 442.12 13.43 

98 Cpa T2T5 422.79 13.18 

99 Cpa T2T6 443.12 13.04 

    
100 Cpa T2M1 405.61 12.57 

101 Cpa T2M2 446.07 13.24 

102 Cpa T2M3 401.91 13.38 
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C6. Density data  -  𝜌             …continued 

S/No Reference Density MC (%) 

103 Cpa T2M4 416.60 13.46 

104 Cpa T2M5 443.73 12.76 

105 Cpa T2M6 437.71 13.70 

106 Cpa T2M7 391.66 13.56 

107 Cpa T2B1 509.76 12.85 

108 Cpa T2B2 462.29 12.72 

109 Cpa T2B3 497.24 13.20 

110 Cpa T2B4 480.15 12.63 

111 Cpa T2B5 495.81 12.66 

112 Cpa T2B6 509.71 12.70 

113 Cpa T2B7 477.56 12.26 

114 Cpa T2B8 495.64 12.32 

115 Cpa T2B9 492.95 12.71 

116 Cpa T2B10 477.20 12.34 

117 Cpa T2B11 406.07 12.30 

    

118 Cpa T2B12 497.43 12.81 

119 Cpa T3T2 457.74 12.66 

120 Cpa T3T3 451.11 12.79 

121 Cpa T3T4 465.67 12.40 

122 Cpa T3T5 457.78 12.60 

123 Cpa T3T6 453.38 12.39 

124 Cpa T3T7 462.74 12.59 

125 Cpa T3T8 475.12 12.70 

126 Cpa T3T9 444.84 12.75 

127 Cpa T3T10 460.84 12.62 

128 Cpa T3T11 448.38 12.81 

129 Cpa T3T12 451.89 12.52 

130 Cpa T3T13 457.82 12.38 

    

131 Cpa T3M3 420.47 12.58 

132 Cpa T3M4 432.50 13.02 

133 Cpa T3M5 416.29 13.05 

134 Cpa T3M6 408.25 13.58 

135 Cpa T3M7 386.61 13.58 

136 Cpa T3M8 404.96 13.25 

137 Cpa T3M9 402.37 13.47 
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C6. Density data  -  𝜌          …continued 

S/No Reference Density MC (%) 

138 Cpa T3B1 455.24 12.28 

139 Cpa T3B2 432.98 12.57 

140 Cpa T3B3 440.87 12.55 

141 Cpa T3B4 489.17 13.13 

142 Cpa T3B5 432.33 12.05 

143 Cpa T3B6 459.50 - 

144 Cpa T3B7 460.43 12.79 

145 Cpa T3B8 487.36 12.74 

146 CPE T1T1 448.15 12.10 

147 CPE T1T2 437.35 12.02 

148 CPE T1T3 449.39 11.62 

149 CPE T1T4 449.29 11.57 

150 CPE T1T5 437.05 11.35 

151 CPE T1T6 459.77 11.95 

152 CPE T1T7 456.80 12.20 

153 CPE T1T8 432.95 - 

154 CPE T1T9 475.94 12.00 

155 CPE T1T11 437.36 11.84 

156 CPE T1T12 439.46 11.75 

157 CPE T1T13 443.03 12.04 

158 CPE T1T14 445.44 11.64 

159 CPE T1T15 439.48 - 

    
160 CPE T1M1 528.57 12.87 

161 CPE T1M2 461.53 12.12 

162 CPE T1M3 501.69 12.05 

163 CPE T1M4 518.40 12.65 

164 CPE T1M5 498.29 12.12 

165 CPE T1M6 461.51 11.84 

166 CPE T1M7 463.38 11.94 

167 CPE T1M8 453.80 11.60 

168 CPE T1M9 487.73 11.84 

169 CPE T1M10 477.19 12.18 
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C6. Density data  -  𝜌                …continued 

S/No Reference Density MC (%) 

170 CPE T1B1 447.07 12.79 

171 CPE T1B2 430.14 12.58 

172 CPE T1B3 435.28 12.11 

173 CPE T1B4 434.29 12.45 

174 CPE T1B5 472.84 12.55 

175 CPE T1B6 462.44 11.64 

176 CPE T1B7 448.70 12.77 

177 CPE T1B8 449.82 12.05 

178 CPE T1B9 456.59 11.75 

179 CPE T1B10 430.02 11.66 

180 CPE T1B11 441.04 12.93 

181 CPE T1B12 446.21 12.25 

182 CPE T2T1 437.65 11.60 

183 CPE T2T2 423.78 12.40 

184 CPE T2T3 436.40 11.98 

185 CPE T2T4 436.56 12.30 

186 CPE T2T5 437.98 11.60 

187 CPE T2T6 439.92 12.53 

188 CPE T2T7 445.85 12.50 

189 CPE T2T8 420.54 11.89 

190 CPE T2T9 438.47 11.93 

191 CPE T2T10 427.53 12.24 

192 CPE T2T11 434.57 12.19 

    
193 CPE T2M1 448.52 11.60 

194 CPE T2M2 446.39 11.63 

195 CPE T2M3 430.43 12.19 

196 CPE T2M4 457.22 11.65 

197 CPE T2M5 454.61 12.05 

198 CPE T2M6 470.13 11.60 

199 CPE T2M7 450.23 11.47 

200 CPE T2M8 444.86 12.88 

201 CPE T2M9 444.51 11.64 

202 CPE T2M10 473.77 11.91 

203 CPE T2M11 460.44 11.53 
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C6. Density data  - 𝜌       …continued 

S/No Reference Density MC (%) 

204 CPE T2B2 453.42 11.63 

205 CPE T2B3 476.42 12.88 

206 CPE T2B4 454.68 11.70 

207 CPE T2B5 474.53 12.49 

208 CPE T2B6 467.78 12.02 

209 CPE T2B7 490.00 11.89 

210 CPE T3T2 443.50 12.88 

211 CPE T3T3 442.35 12.16 

212 CPE T3T4 417.42 12.46 

213 CPE T3T5 393.81 12.41 

214 CPE T3T6 414.90 12.43 

215 CPE T3T7 396.79 12.94 

216 CPE T3T8 451.55 12.65 

217 CPE T3T9 456.35 11.96 

218 CPE T3T10 432.12 12.69 

219 CPE T3T11 426.61 12.81 

220 CPE T3T12 445.93 12.61 
    

221 CPE T3M1 453.41 12.47 

222 CPE T3M2 454.08 11.23 

223 CPE T3M3 434.35 - 

224 CPE T3M4 465.77 11.87 

225 CPE T3M5 452.46 11.30 

226 CPE T3M6 446.04 11.51 

227 CPE T3M7 433.40 13.27 

228 CPE T3M8 418.15 12.28 

229 CPE T3M9 444.54 12.51 

230 CPE T3M10 442.11 11.58 

231 CPE T3M11 473.70 12.21 

232 CPE T3M12 459.82 12.81 
    

233 CPE T3B1 461.80 11.39 

234 CPE T3B2 405.45 11.95 

235 CPE T3B3 467.71 12.00 

236 CPE T3B4 462.81 11.58 

237 CPE T3B5 458.39 11.66 
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C6. Density data  - 𝜌     …continued 

S/No Reference Density MC (%) 

238 CPE T3B6 464.28 11.12 

239 CPE T3B7 422.17 11.93 

240 CPE T3B8 418.86 11.78 

241 CPE T3B9 422.42 12.3 

242 CPE T3B10 462.46 11.34 

243 CPE T3B11 414.78 12.19 

    

244 ST-T3T2 458.23 12.43 

245 ST-T3T3 497.11 10.10 

246 ST-T1T3 467.02 11.68 

247 ST-T3T5 447.24 10.12 

248 ST-T3T5 479.32 12.10 

249 ST-T3T6 483.15 10.47 

250 ST-T1T4 483.12 11.42 

251 ST-T2T1 475.27 11.68 

252 ST-T2T4 482.63 11.79 

253 ST-T3T4 493.98 10.07 

254 ST-T2T5 487.51 11.02 

255 ST-T2T3 474.84 12.4 

256 ST-T3M1 429.91 12.89 

257 ST-T2M1 463.52 15.53 

258 ST-T2M2 447.24 11.47 

259 ST-T2M3 464.59 10.89 

    

260 ST-T3M2 438.68 11.66 

261 ST-T1M5 482.07 10.57 

262 ST-T1M1 524.55 11.32 

263 ST-T1M4 483.35 10.08 

264 ST-T1M6 448.58 10.22 

265 ST-T1M2 487.8 11.44 

266 ST-T2M7 498.27 13.88 
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C6. Density data  -  𝜌          …continued 

S/No Reference Density MC (%) 

267 ST-T3M3 489.03 13.03 

268 ST-T2M8 481.54 12.01 

269 ST-T3M7 450.1 11.79 

270 ST-T2M6 II 448.87 11.67 

271 ST-T3M5 473.5 12.45 

272 ST-T2M9 493.36 11.25 

273 ST-T1M3 481.49 12.06 

    
274 ST-T3B1 448.87 13.19 

275 ST-T1B1 451.37 9.68 

276 ST-T3B2 484.03 12.89 

277 ST-T3B4 449.06 12.33 

278 ST-T1B5 456.95 11.02 

279 ST-T1B4 454.77 12.52 

    
280 ST-T2B1 443.28 9.79 

281 ST-T1B15 428.34 11.69 

282 ST-T1B6 438.86 11.52 

283 ST-T1B20 472.74 12.23 

284 ST-T1B13 485.25 15.26 

285 ST-T1B8 490.89 15.28 

286 St-T1B11 485.41 12.07 

287 ST-T1B12 464.33 13.26 

288 ST-T1B14 398.19 12.42 

 Average   452.19   12.19 
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C7 Embedment strength test data 

2.5mm Parallel (not predrilled) 

S/N0 Reference 

Failure 

Load 

Nail 

diameter 

specimen 

Thickness 

Embedment 

strength 

  Code (N) d (mm) t (mm) (MPa) 

1 2.5-P-1 371.41 2.5 5.0 29.71 

2 2.5-P-2 404.01 2.5 5.0 32.32 

3 2.5-P-3 336.75 2.5 5.0 26.94 

4 2.5-P-4 285.78 2.5 5.0 22.86 

5 2.5-P-5 301.01 2.5 5.0 24.08 

6 2.5-P-6 351.58 2.5 5.0 28.13 

7 2.5-P-7 314.10 2.5 5.0 25.13 

8 2.5-P-8 359.64 2.5 5.0 28.77 

9 2.5-P-9 438.47 2.5 5.0 35.08 

10 2.5-P-10 326.48 2.5 5.0 26.12 

11 2.5-P-11 351.88 2.5 5.0 28.15 

12 2.5-P-12 314.89 2.5 5.0 25.19 

13 2.5-P-13 336.62 2.5 5.0 26.93 

14 2.5-P-14 452.19 2.5 5.0 36.17 

15 2.5-P-15 376.95 2.5 5.0 30.16 

16 2.5-P-16 297.96 2.5 5.0 23.84 

17 2.5-P-17 356.25 2.5 5.0 28.50 

18 2.5-P-18 417.38 2.5 5.0 33.39 

19 2.5-P-19 267.20 2.5 5.0 21.38 

20 2.5-P-20 286.47 2.5 5.0 22.92 
 

  



192 
 

 

C7 Embedment strength test data   …continued 

2.5mm Perpendicular (not predrilled) 

1 2.5-Q-1 774.63 2.5 5.0 61.97 

2 2.5-Q-2 566.93 2.5 5.0 45.35 

3 2.5-Q-3 524.37 2.5 5.0 41.95 

4 2.5-Q-4 646.05 2.5 5.0 51.68 

5 2.5-Q-5 840.31 2.5 5.0 67.22 

6 2.5-Q-6 778.87 2.5 5.0 62.31 

7 2.5-Q-7 823.23 2.5 5.0 65.86 

8 2.5-Q-8 727.96 2.5 5.0 58.24 

9 2.5-Q-9 884.25 2.5 5.0 70.74 

10 2.5-Q-10 889.81 2.5 5.0 71.18 

11 2.5-Q-11 698.42 2.5 5.0 55.87 

12 2.5-Q-12 922.34 2.5 5.0 73.79 

13 2.5-Q-13 630.53 2.5 5.0 50.44 

14 2.5-Q-14 761.80 2.5 5.0 60.94 

15 2.5-Q-15 515.52 2.5 5.0 41.24 

16 2.5-Q-16 649.70 2.5 5.0 51.98 

17 2.5-Q-17 823.53 2.5 5.0 65.88 

18 2.5-Q-18 842.94 2.5 5.0 67.44 

19 2.5-Q-19 731.69 2.5 5.0 58.54 

20 2.5-Q-20 874.07 2.5 5.0 69.93 

      
 

3.0 mm Parallel (not predrilled) 

1 3.0 -P-1 554.00 3.0 6.5 28.41 

2 3.0 -P-2 658.00 3.0 6.5 33.74 

3 3.0 -P-3 537.00 3.0 6.5 27.54 

4 3.0 -P-4 453.00 3.0 6.5 23.23 

5 3.0 -P-5 615.00 3.0 6.5 31.54 

6 3.0 -P-6 659.00 3.0 6.5 33.79 

7 3.0 -P-7 547.00 3.0 6.5 28.05 

8 3.0 -P-8 396.00 3.0 6.5 20.31 

9 3.0 -P-9 480.00 3.0 6.5 24.62 

10 3.0 -P-10 514.00 3.0 6.5 26.36 
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C7 Embedment strength test data  …continued 

3.0 mm Perpendicular (not predrilled) 

1 3.0-Q-1 703.00 3.0 6.5 36.05 

2 3.0-Q-2 798.00 3.0 6.5 40.92 

3 3.0-Q-3 855.00 3.0 6.5 43.85 

4 3.0-Q-4 746.00 3.0 6.5 38.26 

5 3.0-Q-5 789.00 3.0 6.5 40.46 

6 3.0-Q-6 874.00 3.0 6.5 44.82 

7 3.0-Q-7 700.00 3.0 6.5 35.90 

8 3.0-Q-8 741.00 3.0 6.5 38.00 

9 3.0-Q-9 597.00 3.0 6.5 30.62 

10 3.0-Q-10 670.00 3.0 6.5 34.36 

      
4.5 mm Parallel (not predrilled) 

1 4.5-P-1 817.00 4.50 8.8 20.63 

2 4.5-P-2 957.00 4.50 8.8 24.17 

3 4.5-P-3 1060.00 4.50 8.8 26.77 

4 4.5-P-4 1060.00 4.50 8.8 26.77 

5 4.5-P-5 1160.00 4.50 8.8 29.29 

6 4.5-P-6 1010.00 4.50 8.8 25.51 

7 4.5-P-7 1320.00 4.50 8.8 33.33 

8 4.5-P-8 979.00 4.50 8.8 24.72 

9 4.5-P-9 1120.00 4.50 8.8 28.28 

10 4.5-P-10 1160.00 4.50 8.8 29.29 

 

 

4.5 mm Perpendicular (not predrilled) 

1 4.5-Q-1 1780.00 4.50 9.2 43.00 

2 4.5-Q-2 1530.00 4.50 8.8 38.64 

3 4.5-Q-3 1970.00 4.50 9.5 46.08 

4 4.5-Q-4 1250.00 4.50 8.8 31.57 

5 4.5-Q-5 1800.00 4.50 9.5 42.11 

6 4.5-Q-6 1410.00 4.50 8.8 35.61 

7 4.5-Q-7 1410.00 4.50 8.8 35.61 

8 4.5-Q-8 1670.00 4.50 8.8 42.17 

9 4.5-Q-9 1090.00 4.50 8.8 27.53 

10 4.5-Q-10 1160.00 4.50 8.8 29.29 
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C7 Embedment strength test data  … continued 

6.0 mm Parallel (not predrilled) 

1 6.0-P-1 1640.00 6.00 12 22.78 

2 6.0-P-2 1580.00 6.00 12 21.94 

3 6.0-P-3 1590.00 6.00 12 22.08 

4 6.0-P-4 1400.00 6.00 12 19.44 

5 6.0-P-5 1410.00 6.00 12 19.58 

6 6.0-P-6 1610.00 6.00 12 22.36 

7 6.0-P-7 1160.00 6.00 12 16.11 

8 6.0-P-8 1490.00 6.00 12 20.69 

9 6.0-P-9 1420.00 6.00 12 19.72 

10 6.0-P-10 1620.00 6.00 12 22.50 

      
6.0 mm Perpendicular (not predrilled) 

1 6-Q-1 2250.00 6.00 12 31.25 

2 6-Q-2 1760.00 6.00 12 24.44 

3 6-Q-3 2040.00 6.00 12 28.33 

4 6-Q-4 1960.00 6.00 12 27.22 

5 6-Q-5 2290.00 6.00 12 31.81 

6 6-Q-6 1990.00 6.00 12 27.64 

7 6-Q-7 1740.00 6.00 12 24.17 

8 6-Q-8 1980.00 6.00 12 27.50 

9 6-Q-9 1660.00 6.00 12 23.06 

10 6-Q-10 2630.00 6.00 12 36.53 
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C8-1: Swelling and shrinkage data: radial and tangential directions. 

Stage 1. Conditioned at 20 ⁰C 65% R.H   Stage 2. Conditioned at 20 ⁰C 85% R.H 

S/N 

 

Reference 

 

Radial  

(mm) 

Tangential 

(mm) 

Weight 

(g)  

Radial 

(mm) 

Tangential 

(mm) Weight (g) 

1 Swshr-1 19.02 19.01 1.49  19.16 19.33 1.57 

2 SwShr-2 19.28 19.10 1.44  19.48 19.29 1.50 

3 SwShr-3 19.33 19.32 1.54  19.48 19.52 1.62 

4 SwShr-4 19.20 19.25 1.52  19.32 19.43 1.6 

5 SwShr-5 19.33 19.25 1.54  19.65 19.49 1.63 

6 SwShr-6 19.34 19.28 1.54  19.48 19.46 1.61 

7 SwShr-7 19.51 19.11 1.56  19.64 19.36 1.64 

8 SwShr-8 19.04 18.77 1.41  19.15 18.93 1.49 

9 SwShr-9 19.32 19.47 1.56  19.38 19.65 1.64 

10 SwShr-10 19.43 19.45 1.60  19.49 19.62 1.6 

11 SwShr-11 19.35 19.40 1.56  19.5 19.65 1.65 

12 SwShr-12 19.25 19.57 1.84  19.34 19.83 1.94 

13 SwShr-13 19.12 19.50 1.56  19.25 19.68 1.64 

14 SwShr-14 19.40 19.33 1.49  19.52 19.53 1.56 

15 SwShr-15 19.04 18.87 1.44  19.16 19.03 1.52 

16 SwShr-16 19.32 19.44 1.59  19.53 19.68 1.66 

17 SwShr-17 19.34 19.29 1.48  19.43 19.43 1.55 

18 SwShr-18 19.62 19.51 1.59  19.74 19.78 1.67 

19 SwShr-19 19.15 18.94 1.46  19.30 19.16 1.52 

20 SwShr-20 19.43 19.39 1.58  19.51 19.60 1.66 

Average  19.291 19.2625 1.5395  19.4255 19.4725 1.6135 
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Stage 3. Conditioned at 20 ⁰C 35% R.H 

 

Stage 4. Dried at 103 ⁰C  

S/N 

 

Reference 

 

Radial 

 (mm) 

Tangential 

 (mm) 

Weight 

(g)  

Radial 

(mm) 

Tangential 

(mm) 

Weight 

(g) 

1 Swshr-1 18.93 18.96 1.46  18.58 18.53 1.35 

2 SwShr-2 19.16 18.93 1.40  18.87 18.55 1.29 

3 SwShr-3 19.18 19.19 1.51  18.85 18.78 1.39 

4 SwShr-4 19.11 19.11 1.48  18.77 18.7 1.36 

5 SwShr-5 19.20 19.58 1.51  18.93 18.71 1.39 

6 SwShr-6 19.24 19.14 1.50  18.9 18.75 1.38 

7 SwShr-7 19.36 18.95 1.52  19.05 18.62 1.40 

8 SwShr-8 18.93 18.66 1.38  18.66 18.27 1.28 

9 SwShr-9 19.13 19.31 1.53  18.83 18.93 1.41 

10 SwShr-10 19.24 19.28 1.54  18.97 18.9 1.43 

11 SwShr-11 19.19 19.28 1.53  18.86 18.77 1.41 

12 SwShr-12 19.13 19.38 1.80  18.84 18.86 1.66 

13 SwShr-13 19.01 19.37 1.51  18.69 18.97 1.40 

14 SwShr-14 19.33 19.19 1.45  19.02 18.82 1.34 

15 SwShr-15 18.96 18.74 1.41  18.66 18.37 1.30 

16 SwShr-16 19.25 19.31 1.54  18.95 18.95 1.41 

17 SwShr-17 19.23 19.13 1.44  18.95 18.75 1.33 

18 SwShr-18 19.46 19.49 1.55  19.19 18.76 1.42 

19 SwShr-19 19.09 18.80 1.42  18.81 18.45 1.31 

20 SwShr-20 19.24 19.22 1.55  18.91 18.80 1.42 

Average  19.1685 19.151 1.5015  18.86 18.712 1.384 
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Stage 5. Re-conditioned at 20 ⁰C 65% R.H                              

 

Stage 6. Soaked in water for 20 days 

S/N 

 

Reference 

 

Radial 

 (mm) 

Tangential 

 (mm) 

Weight 

(g)  

Radial 

(mm) 

Tangential 

(mm) 

Weight  

(g) 

1 Swshr-1 18.84 18.88 1.46  19.78 20.11 3.26 

2 SwShr-2 19.12 18.88 1.41  19.39 19.44 3.11 

3 SwShr-3 19.13 19.10 1.52  19.79 20.04 3.29 

4 SwShr-4 19.05 19.01 1.49  19.52 19.50 3.14 

5 SwShr-5 19.15 19.04 1.51  19.36 19.79 3.10 

6 SwShr-6 19.15 19.09 1.51  20.03 20.09 3.35 

7 SwShr-7 19.26 18.95 1.52  19.40 19.41 3.02 

8 SwShr-8 18.90 18.59 1.39  19.57 19.88 3.08 

9 SwShr-9 19.12 19.28 1.54  19.83 19.96 3.29 

10 SwShr-10 19.19 19.22 1.56  19.74 19.98 3.17 

11 SwShr-11 19.12 19.17 1.54  19.59 20.37 3.23 

12 SwShr-12 19.08 19.28 1.81  19.57 20.46 4.13 

13 SwShr-13 18.94 19.33 1.52  19.77 19.92 3.15 

14 SwShr-14 19.26 19.14 1.47  19.82 20.13 3.24 

15 SwShr-15 18.92 18.70 1.42  19.68 19.96 3.27 

16 SwShr-16 19.17 19.24 1.55  19.93 20.04 3.63 

17 SwShr-17 19.15 19.07 1.46  19.74 19.81 3.15 

18 SwShr-18 19.44 19.30 1.57  20.09 20.18 3.24 

19 SwShr-19 19.04 18.75 1.44  19.82 20.11 3.21 

20 SwShr-20 19.15 19.14 1.55  19.79 19.86 3.58 

Average  19.109 19.058 1.512  19.7105 19.952 3.282 
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C8-2: Swelling and shrinkage data: longitudinal direction. 

Stage 1. Conditioned at 20 ⁰C 65% R.H 
  

Stage 2. Conditioned at 20 ⁰C 85% R.H 

S/N Reference Longitudinal 

(mm) 

Weight 

(g) 

 
Longitudinal  

(mm) 

Weight  

(g) 

1 Swshr-long-1 99.77 16.77 
 

99.82 17.73 

2 Swshr-long-2 99.88 16.48 
 

99.92 17.15 

3 Swshr-long-3 99.84 14.66 
 

100.14 15.24 

4 Swshr-long-4 99.87 14.38 
 

100.08 14.92 

5 Swshr-long-5 99.77 16.45 
 

99.83 17.07 

6 Swshr-long-6 99.87 17.02 
 

99.88 17.67 

7 Swshr-long-7 99.85 15.80 
 

99.92 16.36 

8 Swshr-long-8 99.83 14.26 
 

99.86 14.82 

9 Swshr-long-9 99.84 16.59 
 

99.93 17.21 

10 Swshr-long-10 99.76 15.07 
 

99.81 15.72 

11 Swshr-long-11 99.90 16.73 
 

99.97 17.33 

12 Swshr-long-12 99.77 15.81 
 

99.84 16.36 

13 Swshr-long-13 99.90 16.09 
 

100.01 16.64 

14 Swshr-long-14 99.89 16.40 
 

99.88 16.95 

15 Swshr-long-15 99.71 14.72 
 

99.94 15.27 

16 Swshr-long-16 99.64 16.54 
 

99.76 17.16 

17 Swshr-long-17 99.76 15.86 
 

99.83 16.50 

18 Swshr-long-18 99.70 16.90 
 

99.88 17.46 

19 Swshr-long-19 99.67 16.90 
 

99.79 17.50 

20 Swshr-long-20 99.72 14.48 
 

99.80 14.96 

Average  99.797 15.9 
 

99.9 16.501 
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Stage 3. Conditioned at 20 ⁰C 35% R.H 
  

Stage 4. Dried at 103 ⁰C  

S/N Reference Longitudinal 

(mm) 

Weight 

(g) 

 
Longitudinal  

(mm) 

Weight  

(g) 

1 Swshr-long-1 99.73 16.56 
 

99.64 14.98 

2 Swshr-long-2 99.77 16.24 
 

99.64 14.78 

3 Swshr-long-3 99.90 14.40 
 

99.75 13.09 

4 Swshr-long-4 99.98 14.24 
 

99.64 12.84 

5 Swshr-long-5 99.83 16.25 
 

99.69 14.74 

6 Swshr-long-6 99.84 16.79 
 

99.72 15.23 

7 Swshr-long-7 99.91 15.57 
 

99.79 14.08 

8 Swshr-long-8 99.80 14.15 
 

99.65 12.76 

9 Swshr-long-9 99.91 16.43 
 

99.74 14.84 

10 Swshr-long-10 99.70 14.78 
 

99.50 13.47 

11 Swshr-long-11 99.92 16.50 
 

99.77 14.91 

12 Swshr-long-12 99.80 15.60 
 

99.51 14.12 

13 Swshr-long-13 99.95 15.85 
 

99.79 14.33 

14 Swshr-long-14 99.82 16.17 
 

99.69 14.63 

15 Swshr-long-15 99.81 14.58 
 

99.54 13.13 

16 Swshr-long-16 99.70 16.40 
 

99.55 14.82 

17 Swshr-long-17 99.82 15.60 
 

99.69 14.19 

18 Swshr-long-18 99.75 16.69 
 

99.66 15.07 

19 Swshr-long-19 99.65 16.69 
 

99.55 15.07 

20 Swshr-long-20 99.78 14.34 
 

99.64 12.93 

Average values 99.82 15.69 
 

99.66 14.20 
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Stage 5. Re-conditioned at 20 ⁰C 65% R.H 
 

Stage 6. Soaked in water for 20 days 

S/N Reference Longitudinal 

(mm) 

Weight 

(g) 

 
Longitudinal  

(mm) 

Weight  

(g) 

1 Swshr-long-1 99.75 16.00 
 

99.87 26.17 

2 Swshr-long-2 99.76 15.71 
 

99.99 26.68 

3 Swshr-long-3 99.82 14.11 
 

100.3 30.16 

4 Swshr-long-4 99.89 13.86 
 

100.33 28.98 

5 Swshr-long-5 99.76 15.57 
 

99.84 26.41 

6 Swshr-long-6 99.81 16.17 
 

100.38 27.57 

7 Swshr-long-7 99.85 15.00 
 

100.20 26.76 

8 Swshr-long-8 99.84 13.73 
 

99.92 26.48 

9 Swshr-long-9 99.84 15.74 
 

100.09 27.35 

10 Swshr-long-10 99.61 14.55 
 

99.90 27.60 

11 Swshr-long-11 99.89 15.81 
 

100.24 30.06 

12 Swshr-long-12 99.82 15.01 
 

99.93 22.23 

13 Swshr-long-13 99.92 15.24 
 

100.04 26.54 

14 Swshr-long-14 99.71 15.51 
 

99.78 27.30 

15 Swshr-long-15 99.69 14.14 
 

100.17 21.82 

16 Swshr-long-16 99.68 15.73 
 

100.22 30.98 

17 Swshr-long-17 99.82 15.08 
 

100.07 26.84 

18 Swshr-long-18 99.75 16.03 
 

100.39 25.36 

19 Swshr-long-19 99.71 16.00 
 

99.88 26.97 

20 Swshr-long-20 99.75 13.91 
 

99.92 24.78 

Average  99.7835 15.145 
 

100.07 26.852 
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C8-3: Drying shrinkage data: radial and tangential directions 

Stage 1. Soaked and saturated 
  

Stage 2. Conditioned at 20 ⁰C 65% R.H 

S/

N 

Referen

ce 

Radial 

(mm) 

Tangential 

(mm) 

Weight 

(g) 

 
Radial 

(mm) 

Tangential 

(mm) 

Weight (g) 

1 Dshr-1 21.04 20.57 2.86     20.56 20.20 1.70 

2 Dshr-2 20.43 21.06 2.92 
 

20.12 20.32 1.70 

3 Dshr-3 20.86 21.09 3.07 
 

20.57 20.58 1.80 

4 Dshr-4 20.79 21.11 2.99 
 

20.43 20.45 1.66 

5 Dshr-5 20.89 21.11 3.10 
 

20.56 20.57 1.82 

6 Dshr-6 20.67 21.23 3.37 
 

20.39 20.36 1.77 

7 Dshr-7 20.37 20.76 3.20 
 

20.18 20.32 1.9 

8 Dshr-8 20.89 21.47 2.97 
 

20.55 20.54 1.78 

9 Dshr-9 20.73 21.00 2.97 
 

20.2 20.43 1.84 

10 Dshr-10 20.92 21.08 2.72 
 

20.49 20.17 1.72 

11 Dshr-11 20.59 21.46 2.80 
 

20.28 20.57 1.69 

12 Dshr-12 20.22 20.98 3.15 
 

19.9 20.44 1.91 

13 Dshr-13 20.69 21.03 2.95 
 

20.38 20.40 1.70 

14 Dshr-14 20.85 20.8 2.80 
 

20.47 20.00 1.70 

15 Dshr-15 20.69 20.69 3.13 
 

20.36 20.14 1.70 

16 Dshr-16 20.5 20.87 2.97 
 

20.19 20.37 1.85 

17 Dshr-17 20.52 21.00 3.14 
 

20.25 20.56 1.84 

18 Dshr-18 20.92 21.16 3.04 
 

20.54 20.6 1.77 

19 Dshr-19 20.23 20.89 2.75 
 

20.00 20.27 1.72 

20 Dshr-20 20.61 21.36 3.02 
 

20.34 20.55 1.75 

Average 20.67 21.03 2.99 
 

20.33 20.39 1.76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      
 

 

 

 

 

 

 

 

 

 

 

 

 

Stage 3. Dried to zero moisture at 103ᵒC 
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S/

N 

Referen

ce 

Radial 

(mm) 

Tangential 

(mm) 

Weight 

(g) 

    

1 Dshr-1 20.00 19.73 1.54 
    

2 Dshr-2 19.74 19.66 1.49 
    

3 Dshr-3 20.08 19.98 1.60 
    

4 Dshr-4 20.03 19.78 1.45 
    

5 Dshr-5 20.04 19.96 1.60 
    

6 Dshr-6 20.05 19.61 1.55 
    

7 Dshr-7 19.63 19.75 1.67 
    

8 Dshr-8 20.03 19.63 1.56 
    

9 Dshr-9 19.78 19.83 1.61 
    

10 Dshr-10 20.06 19.33 1.50 
    

11 Dshr-11 19.85 19.62 1.50 
    

12 Dshr-12 19.45 18.89 1.67 
    

13 Dshr-13 19.98 19.75 1.50 
    

14 Dshr-14 19.97 19.19 1.48 
    

15 Dshr-15 19.97 19.56 1.49 
    

16 Dshr-16 19.79 19.77 1.62 
    

17 Dshr-17 19.83 20.04 1.60 
    

18 Dshr-18 20.08 20.00 1.55 
    

19 Dshr-19 19.63 19.69 1.50 
    

20 Dshr-20 19.96 19.78 1.54 
    

Average  values 19.89 19.67 1.55 
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C8-3: Drying shrinkage data: longitudinal direction 

Stage 1. Soaked and saturated   Stage 2. Conditioned at 20 ⁰C 65% R.H 

S/N Reference 
Longitudinal 

(mm) 

Weight 

(g)  

Longitudinal 

(mm) 
Weight (g) 

1 Dshr-long-1 100.11 23.65  100.13 17.83 

2 Dshr-long-2 100.63 23.55  100.54 19.80 

3 Dshr-long-3 100.38 24.70  100.09 18.73 

4 Dshr-long-4 100.39 25.19  100.37 19.60 

5 Dshr-long-5 100.29 22.25  100.32 17.48 

6 Dshr-long-6 100.37 23.15  100.33 17.40 

7 Dshr-long-7 100.64 24.12  100.39 19.86 

8 Dshr-long-8 100.40 23.44  100.48 17.66 

9 Dshr-long-9 100.23 21.58  100.20 17.37 

10 Dshr-long-10 100.65 25.06  100.32 19.37 

11 Dshr-long-11 100.53 22.45  100.24 17.72 

12 Dshr-long-12 100.79 22.45  100.70 16.51 

13 Dshr-long-13 100.15 21.81  100.08 16.25 

14 Dshr-long-14 100.40 24.56  100.24 17.87 

15 Dshr-long-15 100.67 24.87  100.41 18.67 

16 Dshr-long-16 100.50 22.04  100.40 16.25 

17 Dshr-long-17 100.09 26.40  100.05 19.09 

18 Dshr-long-18 100.41 23.26  100.48 17.56 

19 Dshr-long-19 100.54 27.01  100.46 17.63 

20 Dshr-long-20 100.34 25.23  100.26 18.30 

Average values 100.43 23.84  100.32 18.05 
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Stage 3. Dried to zero moisture at 103 ⁰C 

S/N Reference 
Longitudinal 

(mm) 

Weight 

(g)    

1 Dshr-long-1 99.98 15.60    

2 Dshr-long-2 100.37 17.36    

3 Dshr-long-3 99.97 16.38    

4 Dshr-long-4 100.26 17.15    

5 Dshr-long-5 100.22 15.27    

6 Dshr-long-6 100.06 15.17    

7 Dshr-long-7 100.23 17.40    

8 Dshr-long-8 100.29 15.37    

9 Dshr-long-9 100.00 15.16    

10 Dshr-long-10 100.28 16.95    

11 Dshr-long-11 100.09 15.47    

12 Dshr-long-12 100.51 14.46    

13 Dshr-long-13 99.89 14.23    

14 Dshr-long-14 99.99 15.62    

15 Dshr-long-15 100.16 16.32    

16 Dshr-long-16 100.23 14.27    

17 Dshr-long-17 99.98 16.75    

18 Dshr-long-18 100.19 15.34    

19 Dshr-long-19 100.24 15.40    

20 Dshr-long-20 100.13 16.04    

Average values 100.15 15.79    
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C9-1.  Strength-density relationship in Gmelina_Ak 

  
 

Tensile strength – density Compressive strength parallel – density 
  

 
 

Compressive strength perpendicular – 

density 

Shear strength -density 
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C9-2.  MoE-strength relationship in Gmelina_Ak 

  

MoE in tension - tensile strength MoE in bending – bending strength 
  

 
 

MoE in compression parallel – compression 

parallel 

MoE in compression perpendicular – 

compression perpendicular strength 
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Appendix D: Fitting the Statistical Distributions to the  
Experimental Datasets 

D.1: Normal distribution to the tensile strength data 

 

D.2: Lognormal distribution to the tensile strength data 
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D.3: Weibull distribution to the tensile strength data 

 

 

D.4 : Normal distribution to the compressive strength parallel to the grain   

data 
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D.5: Lognormal distribution to the compressive strength parallel to the grain  

data 

 

 

D.6: Weibull distribution to the compressive strength parallel to the grain 

data 
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D.7:  Normal distribution to the compressive strength perpendicular to the  

grain data 

 

 

D.8: Lognormal distribution to the compressive strength perpendicular to the 

grain data 
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D.9: Weibull distribution to the compressive strength perpendicular to the  

grain data 

 

 

D.10: Normal distribution to the shear strength data 
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D.11: Lognormal distribution to the shear strength data 

 

 

D.12: Weibull distribution to the shear strength data 
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D.13: Normal distribution to the bending strength data 

 

 

D.14: Lognormal distribution to the bending strength data 
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D.15: Weibull distribution to the bending strength data 

 

D.16: Normal distribution to the MoE in tension data 
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D.17: Lognormal distribution to the MoE in tension data 

 

D.18: Weibull distribution to the MoE in tension data 
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D.19: Normal distribution to the MoE in compression parallel to the grain  

data 

 

 

D.20: Lognormal distribution to the MoE in compression parallel to the data 
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D.21: Weibull distribution to the MoE in compression parallel to the grain  

data 

 

D.22: Normal distribution to the MoE in compression perpendicular to the  

grain data 
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D.23: Lognormal distribution to the MoE in compression perpendicular to  

the data 

 

D.24: Weibull distribution to the MoE in compression perpendicular to the 

grain  
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D.25: Normal distribution to the MoE in bending data 

 

D.26: Lognormal distribution to the MoE in bending data 
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D.27: Weibull distribution to the MoE in bending data 

 

 

D.28: Normal distribution to the density data 
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D.29: Lognormal distribution to the density data 

 

 

D.30: Weibull distribution to the density data 
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Appendix E: Gmelina_Ak and Spruce from Specific Populations 

E.1: Gmelina_Ak in comparison with spruce from Lapland, Sweden and Bucovina, Romania 

Material 

property 

Material statistical 

characteristics 

Gmelina_Ak 

(1) 

Spruce  

(2) * 

Spruce 

(3) ⁺ (1)/(2) (1)/(3) 

 Mean (MPa) 67.91 29.1 25.0 2.33 2.72 

 Standard Dev. (MPa) 13.04 9.70 10.4 1.34 1.25 

 5th Percentile (MPa) 44.50 14.4 12.5 3.09 3.56 

 Minimum (MPa) 36.89 6.00 7.00 6.15 5.27 

 Maximum (MPa) 98.72 59.4 71.8 1.66 1.37 

 COV (%) 19.19 33.0 42.0 0.58 0.46 

  Mean (MPa) 55.64 43.3 36.8 1.28 1.51 
 Standard Dev. (MPa) 10.75 13.6 11.2 0.79 0.96 

 5th Percentile (MPa) 36.60 24.1 19.8 1.51 1.84 

 Minimum (MPa) 29.76 16.9 14.2 1.76 2.09 

 Maximum (MPa) 72.73 87.9 65.0 0.82 1.11 

  COV (%) 19.32 31.0 30.0 0.62 0.64 

  Mean (MPa) 11,840 10,000 10,200 1.18 1.16 
 Standard Dev. (MPa) 2,578 2,000 2,100 1.29 1.23 

 5th Percentile (MPa) 7,326 7,000 7,100 1.05 1.03 

 Minimum (MPa) 7,855 4,800 5,300 1.64 1.48 

 Maximum (MPa) 18,888 14,600 15,800 1.29 1.20 

  COV (%) 21.78 20.00 21.00 1.09 1.04 

 Mean (MPa) 12,340 10,400 9,600 1.19 1.29 
 Standard Dev. (MPa) 1,541 1,800 1,800 0.86 0.86 

 5th Percentile (MPa) 9,725 7,900 6,900 1.23 1.41 

 Minimum (MPa) 9,446 5,300 - 1.78 - 

 Maximum (MPa) 15,540 16,500 14,000 0.94 1.11 

  COV (%) 12.50 18.00 18.00 0.69 0.69 

 𝜌 Mean (MPa) 452 437 408 1.03 1.10 
 Standard Dev. (MPa) 26.1 41.8 32.0 0.62 0.81 

 5th Percentile (MPa) 408 370 354 1.10 1.15 

 Minimum (MPa) 387 351 345 1.10 1.12 

 Maximum (MPa) 528 572 480 0.92 1.10 

  COV (%) 5.76 10.00 11.0 0.57 0.52 

*Lapland, Sweden. ⁺Bucovina, Romania. Elastic Moduli for spruce are global values. 
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