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ABSTRACT

This research focuses on the investigation of the mechanical properties of plantation
Eucalyptus nitens timber and the understanding of its underlying failure mechanism
above and below the fibre saturation point both experimentally and numerically.

Fast-growing eucalypts are now considered potential building materials; one such re-
source is plantation Eucalyptus nitens. To use such a resource as structural or engi-
neered timber, that is to establish design codes and specifications, its compressive and
bending strengths need to be studied as they are two important mechanical properties
for structural elements in buildings, bridges and decks. For timber members when sub-
merged in water or immersed in soil near the river but above the water table, water can
be drawn into the wood by capillary action and lead to moisture contents (MC) above
fibre saturation point, FSP, which is normally at MC of 25 - 30%. In this study, com-
pression and four-point bending experiments were undertaken with a Universal Testing
Machine to examine for the first time the anisotropic and/or nonlinear mechanical be-
haviour of fibre-managed plantation Eucalyptus nitens (E. nitens) samples for low and
high MC. Here, low MC means that the MC is less than 15%, which is the normal situa-
tion for E. nitens timber as used in the building industry, and high MC means that the
MC is above FSP, which is the extreme situation for E. nitens in structural applications

when exposed to water.

As the effect of the moisture dependent material properties are very difficult to examine
separately using an experimental approach, sophisticated methods, such as finite ele-
ment method (FEM) techniques combined with constitutive modelling, are needed to
predict ultimate strength more accurately and to assess failure mechanisms in timber
under complex loading situations. A newly developed constitutive model extended
from an existing constitutive model, namely, a moisture-dependent anisotropic elasto-
plasticity model, was proposed in order to display more realistically the short-term de-
formation and more accurately the failure mechanisms in E. nitens timber with different
moisture contents and varying grain angles. In this model, a criterion which combined
the Hill yield criterion with the Drucker—Prager yield criterion was introduced to exam
the anisotropic ultimate capacity of wood with consideration of differences in tension



and compression. Variation of material properties of E. nitens timber with varying
moisture contents is included in a new moisture-dependent anisotropic elasto-plasticity
model in order to predict the short-term anisotropic material behaviour of E. nitens tim-
ber more accurately when moisture content changes. All these parameters can be de-
rived from experimental data. A UMAT (User-defined mechanical material behaviour
in ABAQUS) subroutine within the commercial software ABAQUS was coded to exe-
cute the constitutive model for compression, tension and bending. The observed agree-
ment between numerical predictions and experimental investigations shows that the de-
veloped constitutive model can be used for E. nitens timber with varying moisture con-
tents. The underlying anisotropic behaviour of E. nitens timber was also examined nu-

merically.

The key findings of this research were that fibre-managed plantation E. nitens timber
was highly anisotropic with respect to grain angle and its ductility increased as MC in-
creased. The E. nitens timber with high moisture content exhibited considerably larger
deflections at lower maximum loads, while that with low moisture content showed quite
abrupt failures at relatively higher ultimate loads. For both tension and compression,
stiffness and strength were dependent on moisture content and loading direction, while
the failure mode depended mainly on loading direction. That the anisotropy of E. nitens
timber was dependent on moisture content sensitivity was proven both numerically and
experimentally. The yield surface of E. nitens timber enlarged with a decrease in mois-
ture content, while different failure strengths under tension and compression were
found. Compared with moisture content, grain angle had a stronger effect on the aniso-
tropic behaviour of E. nitens timber due to a difference in the stresses state. At a grain
angle of 0< the normal stress along the grain was dominant compared with the corre-
sponding shear stress and the normal stress across the grain. At loading directions of
30 45<and 60< shear stresses played an important role, and for 90< the effect of
normal stress across the grain was significant. Parametric investigation showed that
Young’s modulus parallel to the grain and yield stress affected the stiffness and
strength significantly when loads were at grain angles between 0<and 15< Their effects
weakened as the grain angle increased from 15<to 45°with almost no effect on com-
pressive strength after 45< The effect of shear modulus and shear yield stress along

wood fibre became the largest contributing factor from 15°to 30< while after 45<the



radial Young’s modulus and yield stress took a dominant role in determining stiffness
and strength, respectively, compared with the effects of longitudinal Young’s modulus
and shear modulus. The risk of damage to an E. nitens member is expected to increase

in high moisture conditions.

The moisture modification factors of Eucalyptus timber at mean level are higher than
those of the traditional construction material, Pinus radiata, implying that E. nitens was
promising as a material to be used for compressive or bending members in the con-
struction industry, especially in water saturated conditions, for example, in wood piling

foundations of buildings near the coast for a long time.

This research will provide basic data for E. nitens in structural applications, and the ap-
proaches introduced can be used in future research for assessing the vulnerability of E.
nitens members in normal or fully water-saturated states for building and structural ap-
plications. The moisture dependent composite plastic constitutive model, by providing
results for a comprehensive study of anisotropic plasticity material behaviour incorpo-
rating anisotropic and moisture effects, overcame the limitations of the von Mises mod-
el and the Hill model with nonlinear isotropic hardening, as they were not always ap-
propriate for E. nitens timber. For example, experiments found that the load-
deformation behaviour changed from unsteady-state “softening” behaviour at compres-
sion parallel to the grain to steady-state “hardening” behaviour at compression perpen-
dicular to the grain. The numerical investigation into the short-term response of E.
nitens under compression, tension and bending with high and low moisture contents,
compared with the experimental data, demonstrated acceptable agreement, showing that

the constitutive model works well for Eucalyptus wood.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND AND AIMS OF THE RESEARCH

Timbers from fast-growing eucalypts are now considered to be building materials with
extensive potential [1-4]; and one such resource is plantation Eucalyptus nitens (E.
nitens) [5, 6]. In order to use such eucalyptus timber to produce structural timber or en-
gineered timber, the mechanical properties of E. nitens need to be known in order to
establish design codes and specifications. For many practical applications, compressive
and bending behaviours are particularly of interest as they determine the mechanical
performance of timber members, which are widely used in the building industry [4, 6-8].
For example, compressive and bending strengths are two important mechanical proper-
ties for piles in buildings, bridges and decks. This study, therefore, uses compression
and bending tests to examine the compressive and bending behaviour of wood from

plantation-grown E. nitens.

Much attention is currently being paid to a reassessment of the safety of timber struc-
tures in consideration of high moisture content [9]. Being a hygroscopic material, the
strength of wood decreases significantly until reaching a moisture content above fibre
saturation point (FSP), when there is an absence of any free water in the cell lumina,
and the cell walls are saturated with chemically and physically bound water [9, 10]. If
moisture content rises above FSP to a completely saturated state, compressive strength
parallel and perpendicular to the grain direction decreases up to 50%, and consequently,
the risk of failure increases [13, 33]. Apart from those design standards for fully im-
mersed piles [28, 34, 35], few provide strength and stiffness values for round wood at
moisture content above FSP. Those that do are for coniferous species [13, 28, 34] and it
IS now necessary to develop the same standards for plantation eucalypts. The design
values for wood strength are useful indicators for assessing the safety of structural
members based on design codes, and these are generally determined by small clear
specimen testing according to current STANDARDS [11]. For this study therefore,
small clear specimens will be used as a first development towards design values for E.

nitens timber both below and above FSP.

Wood has an orthotropic structure and because of this its mechanical properties are de-
pendent on the grain direction [12-14]. The common structural usage of wood in timber

engineering exploits the longitudinal direction as this has the highest strength values
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[14, 15]; the lowest strength values are in material which is perpendicular to the grain,
and failure mainly occurs in the radial and tangential planes [14, 16]. This is because
failure modes perpendicular to the grain differ from those parallel to the grain. Long
and narrow cells are oriented in a longitudinal direction and act like columns of fibre,
with hemicellulose acting as fibril networks; however, this structure results in minimum
strength when compression or tension are perpendicular to the grain, as the bonds be-
tween the fibres break [17]. To better understand mechanical failure in timber, the fail-
ure behaviour for all material directions must be examined. For plantation eucalypts,
examination of wood strength has focused on the effects of site, tree age, silvicultural
management [18, 19], and basic mechanical properties such as compressive stiffness
and strength under short- or long-term loading [3, 5, 20, 21]. As plantation eucalypts
offer some significant advantages for structural applications relative to other timber
species, such as sustainable supply [22], a comprehensive examination of anisotropic

behaviours of E. nitens timber is essential.

Current standards assume a linear elastic behaviour for timber and, based on this as-
sumption, linear ultimate strength is determined. However, this method was not always
appropriate as ductile behaviour can be observed in compression perpendicular to the
grain [23, 24]. Sophisticated methods are needed to learn more about failure modes and
to more accurately predict ultimate strength [24]. FEM (Finite Element Method) tech-
nigques combined with constitutive modelling have proven to be valuable tools in as-
sessing and predicting possible failure in wood objects and in timber structures [23-27].
Large amounts of evidence have shown that wood is a three dimensional, orthotropic,
elastoplastic, visco-elastic, mechano-sorptive, creep material [23, 24, 28-31], and its
mechanical properties are dependent on the grain direction [12-14] and the moisture
content [23, 32]. Hence to obtain reliable predictions for the behaviour of timber where
the moisture content is very high, the effect of moisture should be included. In order to
numerically model strain amplitude correctly, a new constitutive model is needed,

which takes anisotropic and hygroscopic features of timber into account.

To deal with these problems, this current research focuses on the investigation of the
mechanical properties of plantation E. nitens timber and the understanding of its under-
lying failure mechanism above and below fibre saturation point both experimentally

and numerically. The samples were obtained from a 16-year-old fibre managed planta-
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tion E. nitens resource in Tasmania, Australia. This is because fibre managed planta-
tions are aimed at producing high-quality structural timber, for which there is currently
high demand. With fibre-management, the compressive and bending strengths of the E.
nitens timber are increased for meeting the requirement of building industry. Older
plantations exist, but young trees have less growth stresses and split less [33]. In addi-
tion, a decline in supply of eucalypt timber from native forest in Australia has led to a
need to develop solid-wood products from plantations for applications in building con-
struction [22]. Therefore, the scope of this thesis is confined to the results from 16-
year-old E. nitens, but the extent to which the findings can be generalised to other plan-

tations and to native eucalyptus forests may be the subject of future research.

The thesis aims to determine the compressive and flexural characteristics of plantation
E. nitens timber, since currently, fast-growing plantation Eucalyptus species, such as E.
nitens, are drawing much attention due to their potential for structural building applica-
tions and availability [3, 6, 21, 34, 35]. It further aims to model the anisotropic plastici-
ty of E. nitens timber and to show the effect of moisture content on this, and to under-
stand the underlying failure mechanism of E. nitens timber above and below fibre satu-
ration point. These aims are expanded in the next section into the specific research ob-
jectives of this study. It should be noted that this study focuses on idealised (i.e., defect-
free) E. nitens material.

1.2 RESEARCH OBJECTIVES

To achieve these aims, five objectives are to be addressed:

Objective One: To quantify the anisotropic short-term response under compression of
Eucalyptus nitens with high and low moisture contents. Objective One links with the
first aim and will be investigated using an experimental approach. In Chapter 3 the
comprehensive compression behaviour of plantation Eucalyptus for all directions, cov-
ering different load-to-annual ring directions as well as grain orientations, was exam-
ined systematically. The anisotropy of plantation E. nitens under compression with high

and low moisture contents was determined.
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Objective Two: To ascertain the flexural characteristics of plantation E. nitens timber
in bending with high and low moisture contents and determine the design values for the
application of E. nitens wood in water-saturated conditions. Objective Two combines
experimental and theoretical approaches, which together with Objective One achieves
the first aim of this thesis. MOE, MOR, four-point bending load-deflection curves of
fibre managed E. nitens timber with high moisture content were determined experimen-
tally in Chapter 4. The design characteristic values for E. nitens bending members for

both low and high moisture contents were obtained.

Objective Three: To determine the anisotropic and hygroscopic material behaviour of
E. nitens timber in order to display its short-term response in deformation and failure
mode with low and high moistures more realistically. Objective Three links with the
second aim and will investigate using theoretical and numerical approaches. The mois-
ture-dependent anisotropic elasto-plasticity model will be proposed and validated with
experimental data, e.g., De Borst et al. [36], Hering et al. [14] and the data from E.
nitens from Chapter 3. Details will be provided in Chapter 5.

Objective Four: To understand the failure mechanism of E. nitens timber in compres-
sion covering a broad range of the grain angles during conditions of both high and low
moisture content. This Objective, together with Objective Five, attain the third aim and
mainly uses a numerical approach as this approach combined with constitutive model-

ling overcomes the limitations of the experiments due to the non-uniformity of wood.

Objective Five: To quantify the effect of grain angle and high moisture on the bending
performance of E. nitens timber. This objective mainly uses a numerical approach to-
gether with data from experiments in this study and from the literature. As the final ob-
jective in this research project, this task is presented in Chapter 7 and shows the appli-

cation of the moisture-dependent anisotropic elasto-plasticity model to E. nitens timber.

1.3 RESEARCH ORIGINALITY AND INNOVATIONS

Based on the reasons mentioned above, the key innovations in my research are given

below.
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® The anisotropic material behaviour of plantation E. nitens timber under com-
pression with low and high moisture contents is examined for the first time.
Timber, a very useful material in building construction, currently receives much
attention as to the safety of timber structures possessing high moisture content,
since the stiffness and strength are reduced in high moisture content conditions
[9]. Although regarded as having great potential for structural applications [3, 6],
plantation Eucalyptus E. nitens has not yet been systematically studied regard-
ing the effects of high moisture content on its compressive properties, such as

strength and stiffness.

® This research provides data for E. nitens, and for the first time suggests the de-
sign values for this timber, when containing a high moisture content, as the ba-
sis for establishing relevant design codes and specifications for using E. nitens
in fully water saturated applications. This study also introduces approaches
which can be used in future research for assessing the vulnerability of E. nitens
bending members in normal or fully water-saturated states for structural appli-

cations.

® A new, moisture dependent anisotropic elasto-plasticity constitutive model is
proposed to describe the timber material. Much research showed that, for short
term loading, wood is a moisture dependent, anisotropic and elastoplastic ten-
sion—compression asymmetrical material [14, 23, 36]. This behaviour has not
been systematically studied and described until now. In this study the proposed
constitutive model is described in detail, numerically implemented, and experi-
mentally calibrated and validated. The proposed constitutive model has over-
come the limitations of the Von Mise model and the Hill model with nonlinear
isotropic hardening, as they were not always appropriate for E. nitens timber.
The application of this material model is not only limited to E. nitens but can al-

so be extended to other wood species.

® A comprehensive study of anisotropic plasticity material behaviour incorporat-
ing anisotropic and moisture effects using the moisture dependent anisotropic
elasto-plasticity constitutive model for E. nitens timber was undertaken for the

first time. The work here provided a more accurate numerical predictions re-
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garding E. nitens timber both below and above FSP, in compression, tension
and bending, with specific consideration of differences in tension and compres-

sion.

1.4 LAYOUT OF THE THESIS

The layout of the remainder of this thesis is as follows.

® Chapter 2 outlines fundamental information on timber, especially Eucalyptus.
Previous attempts at constitutive models of timber, moisture adjustment mod-
els of timber, and previous experimental studies on Eucalyptus are also docu-

mented.

® Chapter 3 examines experimentally the anisotropic behaviour of E. nitens un-
der compression with high and low moisture contents. Compression experi-
ments on E. nitens wood were carried out with loading direction varying ac-
cording to the grain direction, ie. with grain angles of 0, 30, 45, 60, 90 degrees,
and with different annual growth ring directions. The compressive behaviour
of this fibre-managed Eucalyptus wood (E. nitens) was determined, whilst
values for compressive stiffness, and strength from parallel to perpendicular to

the wood fibre (grain) with low and high moisture contents were obtained.

® Chapter 4 determines the flexural characteristics of fibre-managed E. nitens
beams with different annual ring orientations in high and low moisture con-
tent conditions. The material behaviour of E. nitens with low and high mois-
ture content under four-point bending was examined and failure modes for
high and low moisture contents were identified. MOE, MOR and design char-
acteristic values for E. nitens bending members for both low and high mois-

ture contents were obtained.

® Chapter 5 mainly focuses on modelling the anisotropic behaviour of wood to
examine the compressive and flexural characteristics of E. nitens timber more

realistically. A moisture dependent, anisotropic elasto-plasticity model was



CHAPTER 1 INTRODUCTION

proposed. The data from previous experimental studies was also used to vali-

date the modelling.

® Chapter 6 provides a numerical investigation into the short-term response of
Eucalyptus under compression with high and low moisture contents. In this
chapter, numerical modelling investigating compression in Eucalyptus speci-
mens with varying load-grain directions was presented. Parameters identified
from the experimental data were used in the FEM models. Numerical results
for compression in high and low moisture content conditions were used to
compare with experimental data. The effect of the parameters used in the con-
stitutive model on stiffness and strength in the loading direction were illus-
trated.

® Chapter 7 examines the damage to Eucalyptus timber in bending, during dry
and high moisture content conditions, to explore its underlying failure mecha-
nism. Firstly, a numerical simulation on off-axis tension for E. nitens timber
with low and high moisture contents was undertaken using Finite Element
Method with a moisture content dependent anisotropic elasto-plasticity model.
The simulated results were then compared with the predictions from isotropic

Hill and von Mises models. Numerical modelling of four-point bending in E.

nitens specimens with low and high moisture content was then undertaken
with consideration of the differences between tension and compression for E.
nitens timber. A discussion of the effect of moisture content and grain angle
on damage to E. nitens beams in bending was examined. This work can pro-
vide a more accurate prediction regarding E. nitens in bending both below and
above FSP.

® Chapter 8 concludes the findings of this study and suggests further work.
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2.1 INTRODUCTION

This chapter provides the background information on which this research project is
based, including the mechanical characteristics of timber and previous constitutive
modelling for wood. The mechanical behaviour of wood is introduced in Section 2.2,
while Section 2.3 provides previous constitutive models. Section 2.4 focuses on previ-
ous attempts to determine Eucalyptus properties, such as the Modulus of Elasticity,
MOE, and strength, followed by Section 2.5 which discusses moisture adjustment mod-
els for wood. A summary follows at the end.

2.2 MECHANICAL BEHAVIOUR OF WOOD

Tangential

Longitudinal

Fig. 2.1 Principal axes of wood with respect to tree stem structure [10]

The important mechanical characteristics of wood are summarised below, providing a
basic background for the literature review. Wood is usually considered to be a three-
dimensional, orthotropic material measured by a system of cylindrical orthogonal coor-
dinates where the three principal directions correspond to the natural arrangement of
the cells in tree stems (see Fig. 2.1). Referring to the growth rings, which are approxi-

mately defined by swept radii, the tangential direction is tangential to the rings, and
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normal to the radial direction, while the longitudinal direction is parallel to the direction
of the pith (approximately vertical in a growing tree). Each orthotropic direction has
different mechanical properties and, within each direction, also differs in tension and in
compression [37, 38]. Ductile behaviour in compression can be observed, particularly

in the radial and tangential directions [24].

The three-dimensional, orthotropic model is a simple model, which is able to be used to
examine the mechanical behaviour of a small specimen. However, due to the way trees
grow [39, 40], the three-dimensional orthotropic model may be problematic when ap-
plied to trees. It assumes that wood is homogenous, ignoring the differences between
earlywood and latewood, as well as its inherent discontinuities. Earlywood is caused by
rapid growth at the beginning of summer or during the wet season, and features larger
cells and lower density - while slower growth at the end of summer or during the dry
season generates latewood, with smaller cells and higher density [41]. Therefore, an
anisotropic model, which assumes different material properties in different directions,
will be applied in this study.

The behaviour of wood is also influenced by its water content, which is not only found
within cell cavities as free water, but also found as bound water within the cell walls.
The total mass of water relative to the mass of dry wood fibre in a piece is referred to as
its moisture content [9]. Moisture in wood can cause elastic and creep deformation [23].
This produces differential strains, which in turn may cause some pre-stress in the wood.
The moisture content in the wood can also have an influence on its mechanical proper-
ties, such as the modulus of elasticity and its strength, which are key factors when ex-
amining damage to timber members vulnerable to water. Fig 2.2 shows that, as the
moisture content increases, the tensile, compressive, and bending strengths of the wood
decrease. These situations will be examined in this research into fully water saturated E.

nitens timber members.

11
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Fig. 2.2 Effect of moisture content on wood strength properties. A, tension parallel to grain; B, bending;
C, compression parallel to grain; D, compression perpendicular to grain; E, tension perpendicular to grain
[10]

2.3 CONSTITUTIVE MODELS FOR WOOD

As discussed in the last Section, wood is a complex material, and is influenced by its
water content [23, 30, 42]. A huge amount of study has already been undertaken to
model the material characteristics of wood. For example, the creep and mechano-
sorption features of wood were addressed by Leicester (1971) [43], Toratti (1992) [44],
and Hassani (2015) [23] with regard to wood’s time dependent characteristics, while
other researchers focused on short time period behaviour [24, 28, 29]. These constitu-

tive models for wood are provided as follows.
2.3.1 Creep and mechano-sorption models

At unsealed surfaces, wood absorbs or desorbs moisture with changes in air humidity,
and this Kinetic process is called isothermal sorption. The rate of creep deformation de-
pends on the temperature (T) and the relative humidity (RH) at any surface [10]. The
ratio between the humidity in the air and the moisture the air can hold before it begins
condensing into water in the surrounding climate is defined as relative humidity (RH).
Because of the temporal nature of what is happening, i.e., mechano-sorptive creep oc-
curs over a time period, strains and deformations caused by this creep can be analysed
based on predictions of the effects of variable heat and water transfers within relevant
regions of the wood. Since the 1970’s, creep and the mechano-sorptive effect have been

12
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modelled by several researchers to help improve the performance of structural timber
[23, 42-44]. Most of these models are based on phenomenological approaches. For ex-
ample, Leicester (1971) [43] presented a first approximation rheological model and
found that 85% of the total deformation during the initial drying was able to be predict-
ed by the proposed model. By tests on small stringy bark beams, the validity of this
model was confirmed. Combining a creep limit model with an irrecoverable model,
Toratti (1992) [44] developed a 2D model which treated separately the duration of load
and creep phenomena. Hassani et al. (2014) [23] proposed a 3D orthotropic elasto-
plastic, visco-elastic, mechano-sorptive constitutive model for wood. In this model, all
material parameters were defined as a function of moisture content. With the help of the
Finite Element Method (FEM), the capability of the Hassani et al. model was assessed

and validated by comparisons with experimental data.

As this study examines the moisture-dependent anisotropic behaviour of E. nitens tim-
ber for the first time, creep and mechano-sorption are not the effects being investigated
here, and therefore the effects of water transfers, non-stationary heat and long-time

force action will not be studied in this research.

2.3.2 Elasticity-based models

According to the literature, linear orthotropic material theory, which describes material
properties differing along three mutually orthogonal axes, has been widely used to de-
scribe the material behaviour of wood at a macroscopic level. For example, Patton-
Mallory (1996) [45] used a tri-linear constitutive relationship incorporated into an or-
thotropic elastic material and used this relationship to model bolted wooden connec-
tions. The research of Patton-Mallory provided a feasible way to study the material be-
haviour of wood products at a macroscopic level. However, the material relationships
used by Patton-Mallory depended strictly on several material parameters, such as Pois-
son's ratio and breakpoints in the tri-linear curves. If the parameters were not defined
properly, a problem with the convergence to the solution arose, as negative stiffness

coefficients could occur on the diagonal terms of the stiffness matrix.

To overcome this problem, Tabiei (2000) [46] developed an orthotropic model using an

incremental-iterative secant stiffness approach. The model showed close agreement

13



CHAPTER 2 LITERATURE REVIEW

with the experimental shear and compression data of wooden specimens for the given
species, and thus proved that the linear elastic orthotropic model worked properly with-

in an elastic range.

However, the wood showed a nonlinear response during testing [47]. Ductile behaviour
was observed in compression perpendicular to the grain and failure behaviour was dif-
ferent in tension and compression [36]. Also, as noted above, with wood being a hygro-
scopic material, its stiffness and strength usually decrease with an increase in its mois-
ture content [10]. For example, European beech, an important softwood species, shows
a significant reduction in strength and excessive plastic deformation in high moisture

situations [9]. Therefore, plasticity theory-based models needed to be considered.

2.3.3 Plasticity-based models

Perhaps the earliest research to examine the behaviour of the elasto-plastic features of
wood was undertaken by Clouston and Lam in 2002 [28]. In their paper, the nonlinear
material behaviour of strand-based wood composites with varying grain-angles was ex-
amined, see Fig 2.3. The numerical results of angle-ply laminates for the stress—strain
curves were validated by experimental results in tension, compression and 3-point

bending.

Fig. 2.3 Exploded view of a symmetric angle-ply laminate [28]
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Fig. 2.4 Idealized constitutive behaviour of material [28]

They adopted a hardening material relationship with a Tsai-Wu criterion [48], i.e., a
quadratic and interactive stress-based criterion that identified failure while differentiat-
ing the modes of failure. This failure criterion reasonably suits the damage characteris-
tics of angle-ply laminate with its different failure modes in tension and in compression
(see Fig 2.4). The influence of the variation in grain angle on the ultimate strength of

wood was found in Fig 2.5.

One of the latest studies on the behaviour of the elasto-plastic features of timber both in
compression and bending was by Milch, et al [24]. They studied, both numerically and
experimentally, the damage to Norway spruce and European beech wood by static load-
ing, examining their elastoplastic material characteristics with nonlinear isotropic hard-
ening, the Hill yield criterion [49] and an extension of the von Mises criterion, [50] in
order to describe accurately the ductile behaviour which could be observed in compres-
sion perpendicular to the grain. An acceptable agreement between numerical data and
experimental results demonstrated the broad capability of the constitutive model for
predicting wood’s ultimate strength (Fig. 2.6-Fig. 2.8) with a relative error of up to
16%. This relative error resulted perhaps mainly from the heterogeneous material char-

acteristics of the wood specimens, which were not considered in the research.
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Fig. 2.5 Stress-strain curves of angle-ply laminate [28]

Moreover, when it comes to stress and strain along wood fibre, the hardening law is not

always appropriate. The compression behaviour of wood in the longitudinal direction

and in both anatomical directions is different: the stress-strain curve changes from "sof-

tening"” to "hardening” from the longitudinal direction to that perpendicular to the grain

[51, 52]. In order to numerically model strain amplitude correctly, a new constitutive

model is needed, which takes elastoplastic wood anisotropy into account.
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2.3.4 Summary and discussions

In this literature review of previous work regarding constitutive modelling for wood,
the key literature, institutes, and authors in this field have been investigated. By com-
paring the load-deflection curves, the stress strain relationships, and the amplitude of
MOE/MOR, previous models have been verified, respectively. It should be noted that
the key work on constitutive modelling for wood is not limited to what is provided here,

however the essential articles have been deliberately chosen.

To study how failure happens within E. nitens timber, one of the questions needed to be
asked is: What is the material constitutive law of E. nitens timber? To answer this ques-
tion, the mechanical behaviour of E. nitens timber should be known. Previous studies of

E. nitens timber will be reviewed in section 2.4.

2.4 MECHANICAL PROPERTIES OF EUCALYPTUS
NITENS TIMBER

For practical use, two measures are of particular interest in Timber Engineering: Modu-
lus of Elasticity, also called Young’s Modulus, and strength [3, 5] [53]. Modulus of
Elasticity is a measure of resistance to loading [54, 55] and strength shows the maxi-
mum load carrying capacity of the timber [10]. In this Section, previous experimental

studies of stiffness and strength for E. nitens timber will be discussed.
2.4.1 Modulus of Elasticity

Depending on the testing method, the Modulus of Elasticity or Young’s Modulus can
be defined as Dynamic Modulus of Elasticity (MOE) and Static MOE. Dynamic MOE
can be calculated from the resonant frequency of the sample, its length and its density
[56]. Dynamic MOE is an alternative to static MOE, which is the standard measure-
ment technique defining wood stiffness in Australian and in international Standards [10,
57]. Static MOE is determined using a three-point/four-point bending test, in which a
small clear wood beam with a cross-sectional area of 25 mm =25 mm is supported near

both ends and loaded at the mid-point or at one third points along the beam [57]. The
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load and deflection curve at mid-point in bending is measured as the sample deflects
over a short distance, and static MOE is calculated from the dimensions, load and de-
flection [5, 6].

In the research of Harwood et al (2005) [58], the dynamic Young’s Modulus (MOE)
was measured from two types of samples resourced from Eucalyptus nitens and Euca-
lyptus globulus plantations; one type was green wood and the other was air-dried wood.
Green Modulus of Elasticity (Dynamic MOE) was measured on freshly thawed samples.
The samples were then air dried in a humidity-controlled room to 12% moisture content
and the stiffness then re-measured. A linear regression between the green MOE and the
air-dried MOE of plantation-grown Eucalyptus was found (Fig. 2.9). The MOE for the
air-dried samples was found to be about 10% greater than for the green samples. This

differed from the results found in studies using different species and sample sizes.

y = 1.1117x + 0.2678
R?=0.914

20

y = 1.0801x + 0.3034
R = 0,849

Alr<dry MoE

Green MoE Grean MoE

Fig. 2.9 Linear regression of air-dry MOE versus green MOE (GPa) for non-deflective samples of Euca-
lyptus studies [58]. (a), E. globulus; (b), E. nitens

25

¥
S}

dynamic MoE (GPa)

y = 1.1964x + 0.7432
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Fig. 2.10 Relationship between dynamic and static MOE, for 60 fixed-height samples (one sample per
tree from each tree study [58]).
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The relationship between MOE as determined by harmonic methods (dynamic MOE)
and bending methods (static MOE) was also investigated using linear regression (Fig.

2.10). It was found that dynamic MOE was normally 20% higher than static MOE.
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Fig. 2.11. Mean air-dry MOE plotted against radial position of defect-free samples for Eucalyptus at the
three sites [58]. a, E. globulus; b, E. nitens

Fig. 2.11 displays the variation in MOE for defect-free samples according to their radi-
al position, with position 1 closest to the bark and position 5 closest to the pith. It was
clear that radial position had a strong influence on air-dried MOE for all the defect-free
data sets. On average, the samples from the outer part of the tree were stiffer than those
from close to the pith. Linear regressions of air-dried MOE versus radial position were

found.
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Fig. 2.12 Radial variation patterns in MOE, as predicted using SilviScan [59]. The inner band of dotted
lines shows standard errors of the mean for each radial position; the outer band shows standard devia-
tions [60]
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These findings have been confirmed by other scholars [19, 61] for different species.
Although there were some fluctuations in MOE with an increase in radius, generally the

MOE increased as the radius increased, see Fig. 2.12.

2.4.2 Strength

To use E. nitens timber as a new structural material, relevant strength groups are need-
ed to be established. The available information on E. nitens to date is limited to a few
basic mechanical properties such the compressive stiffness and strength under short-
term loading conditions [5, 62]. For example, for dry small clear E. nitens samples,
variation in radial compressive strength was relatively higher than for axial compres-
sive strength, and the compressive strength parallel to the long axis was more correlated
with density than in the radial direction [3]. Functions of strengths related to the char-
acteristics of plantation site, tree age and applied forestry management regimes [18, 19]
or the microstructure of wood [71], eg. microfibril angle. The experimental data
showed that the mean microfibril angle was negatively correlated to the stiffness (R=-
0.67, see Fig 2.13) and the compressive strength [71] (R=-0.52, see Fig 2.14).
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Fig. 2.13 Relationship between wood stiffness and microfibril angle in Eucalyptus wood [63], E. globu-
lus at MC=11%
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Fig. 2.14 Relationship between wood compressive strength and microfibril angle in Eucalyptus wood
[63], E. globulus at MC=11%
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The correlation between compressive stiffness and strength was studied, and a linear
positive relation between the compressive stiffness and strength was found, see Fig.
2.15, where compressive stiffness could explain more than 22 % of the variations in the
strength values of the samples. Similarly, findings can be obtained for the correlation
between bending stiffness and strength by analysing data from Farrell, et al., [62] for E.

nitens, see Fig. 2.16.

80.00
7000 P a A
T 60.00 astd £
o ' A A Ay
s 9 g 28 2 0 0020 + 28.168
% 4 . = A y = V. X + .
4 0.00 A o R=: 0.2206
= 30.00 A
& 20.00
4000.00 9000.00 14000.00

Strength (MPa)

Fig. 2.15 The relationship between compressive stiffness and strength for E. globulus at 11% moisture
content (data obtained from Hein & Lima [71])

100

_. 80 7 y=48912x-4.0425 o@ 80
©
o
S 60
@
& 40
= 20
0
0 5 10 15 20
MOE(GPa)

Fig. 2.16 The relationship between bending MOE and MOR for E. nitens (data obtained from Farrell, et
al, [62])

2.4.3 Summary and discussions

The experimental findings for the wood properties of Eucalyptus were presented in this
Section. It was found that the stiffness (MOE) within the tree increases with an increase

in the distance from the centre. A linear relationship between the MOR and the MOE
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was identified.

However, information on the constitutive modelling of E. nitens timber with validation
and calibration is missing. Wood is a three dimensional, orthotropic elastoplastic, vis-
coelastic, mechano-sorptive, creep material [23, 42-44]. Therefore, a comprehensive
examination of stress-strain relationships at different load-to-grain angles and load-to-

annual growth ring orientations is required.

What’s more, the examination of the mechanical properties of E. nitens, such as com-
pressive stiffness and strength, for structural applications was primarily on dried wood
with low moisture content [3, 5, 6]. The safety and serviceability of timber structures
are paramount in the building industry, and how these change as moisture content in-
creases above fibre saturation point (FSP) needs to be addressed [9, 64]. For example,
when timber members are soaked for a long time, water can be drawn into the wood by
capillary action which leads to moisture contents above FSP [65, 66] and this can occur
in compression members of bridges and piers when submerged in water, in wood piling
foundations of buildings in the coast zone, in timber piles immersed in soil near the riv-
er but above the water table, and in houses in a flood zone. Therefore, the effect of
moisture on the mechanical properties of E. nitens timber should be examined, and es-
pecially the mechanical properties of E. nitens above its FSP (fibre saturation point).
This is the Objective One and Two of the current study, provided in Chapter 3 and 4,
respectively. The work will be carried out with small defect-free (clear) specimens to
meet the current design code for timber structures (AS/NZS 4063 2010 [45]; ASTM
D2899 2012 [46]).

Previously, a relationship between moisture content and the mechanical properties of
other timber species was found [9, 10, 56]. This work will be reviewed in section 2.5.

2.5 MOISTURE ADJUSTMENT MODELS

In this Section, the relationship between wood properties and moisture content is pro-
vided by what is called moisture adjustment modelling. Moisture adjustment modelling
is an important step in establishing the actual mechanical properties of timber according

to its moisture content. In past decades, much research has been undertaken and mostly
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it addressed variations in moisture content within the hygroscopic range [67-72], i.e.,
below fibre saturation (since the usual moisture content of wood is below 30 % [9, 73] ).
Fibre saturation is defined as the cell walls are saturated with chemically and physically
bound water and there is no free water in the cell lumina [9, 10]. It should be noted that
fibre saturation is not a discrete point but depends on species, age, local soil, moisture
content, etc. [71].

2.5.1 Moisture adjustment models below fibre saturation point

Moisture adjustment models below fibre saturation point are based on examples with
moisture content below 30% [74]. Generally, there are five types of moisture adjust-
ment models and for each type of model, several variations are produced by making
different assumptions concerning the form of the analytical expression or by using var-

ious subsets of the data [74]. The five basic models are:
® the zero-adjustment model,

® the constant percentage model,

® the strength ratio model,

® the Weibull model, and

® the surface model.

The Zero Adjustment Model is the simplest model in which properties are not adjust-

ed to changes in moisture content.

The Constant Percentage Model adjusts a given property by a constant percentage

regardless of grade or size when the moisture content changes from one level to another.

Perhaps, the first attempt to examine changes to the properties of structural timbers, ac-
cording to moisture content, was the constant percentage model undertaken by Wilson
in 1931 [74]. Wilson investigated the influence of moisture content on the physical
properties of wood such as clear longleaf pine, and proposed an exponential formula
[74], see Eq (2.1)
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(2.1)

M, -12
N
P=R() "

2

)

where, P, P1 and P> are property values at a moisture content of 12%, M; and

Mz, respectively.

In contrast to this exponential model, the edition of ASTM Standards (ASTM D 1990-
02, 1990 [75] ) simplified the complicated set of adjustment procedures and gave the

linear form shown in Eq (2.2).

F = (a-BM /(M) (2.2)

Where, F is moisture content adjustment factor, M, and M, are two values of

moisture content. a = 1.44 for MOR and 1.75 for modulus of elasticity (MOE),
whilst, 3= 0.02 for MOR and 0.0333 for MOE.

Quadratic forms have also been used as presented in Eq (2.3) [74].

F = (a+bM,+cM2)/(a+bM,+cM,) (2.3)

The regression coefficients, a, b, and ¢ were estimated using data.

Strength Ratio Models assume that the moisture content adjustment factor (F) de-
pends on the moisture content at which property changes (due to drying) are first ob-

served via the strength ratio (SR) as a percentage, for the individual piece of wood.

Gerhards [76] investigated the seasoning effect on MOR and MOE, using 55 matched
pairs of 4” x 8” southern pine beams. For each pair, one beam was tested green and the
other beam was tested after it was seasoned to 12% moisture content. Gerhards con-
cluded that the effect of moisture content on the MOE was independent of the strength
ratio (SR). In contrast, the effect of seasoning on the MOR was dependent upon the SR.
The relationship between F (called the “seasoning factor” by Gerhards) and strength

ratio was expressed as:

Gerhards’ model:

F =0.994+0.00503(SR) +0.0104(SR,,, — SR (2.4)

green )
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Where, SR, — SR, is the difference in the strength ratio of the matched

specimens as tested, dry and green. By assuming that the difference is zero,
we can use Eq (2.4) to predict F for materials of different strength ratios

when conditioned from green to a moisture content of 12% (Fig. 2.17).

F=0,994 + 000503 SR

Seasoning factor (F)

A N O N v o (O

0 25 50 15 100
Strength ratio (SR), pet

Fig. 2.17 Dependence of the seasoning factor of modulus of rupture on strength ratio for 4-inch-thick
southern pine beams. The solid lines are the mean trend and the 95% confidence limits for the seasoning
factor obtained by Gerhards [76]. The dashed line is the mean trend predicted by model No 7 in Green’s

study [77].

Hoffmeyer [67] noted a dependence between the moisture content adjustment factor
and the strength level for European spruce. Trends in the moisture content effect for
European spruce generally parallel those found by Madsen [78] for Douglas-fir (Fig.
2.18).

The Weibull model is the fourth type of model. This is able to fit the moisture content
data for each grade size into to a Weibull distribution [79] with the parameters as func-

tions of moisture content, see Eq (2.5).

P,=a,((P 1)/ &)™™)+l, (2.5)
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Where, m,, @., and . (i=1,2) are the Weibull shape parameter, scale parame-

ter and location parameter at two moisture contents at state one (i=1) and

state two (i=2), respectively.

In Eq (2.5), it is assumed that if a property is the p-th percentile in the distribution for
moisture contents at state one, it would also be the p-th percentile in the distribution for

moisture contents at state two. By this assumption, property P> is related to property P1.

Although there are three parameters in Eq (2.5), McLain et al. [79] found that both the
two- and the three-parameter distributions fitted their data reasonably well. The varia-
tions in the Weibull model were the result of different ways of modelling the Weibull
parameters as a function of moisture content. For many studies into the reliability of
timber structures, the Weibull model may be preferred because the Weibull distribution
is being used extensively elsewhere in reliability analysis [80]. However, the Weibull
model is not recommended for general use because of the difficulty in applying the
model to grades and sizes which were not tested in the study [77].

Euopeon Spruce

Increase in strength, pct
=

Doagias- fir
-11||||ILI|J.L-IIIIl
0 2 50 7 00
Percentile level of shength

dietribution

Fig. 2.18 Effect of strength level on the increase in bending strength due to drying (adopted from [67,
78])

Finally, the Surface Model, which is defined by contour lines fitting surfaces to the

27



CHAPTER 2 LITERATURE REVIEW

relationship between mechanical properties and moisture content, i.e., along the surface,
properties move adjusting from one moisture content to another [77], see Fig. 2.19 and
Fig. 2.20. In other words, a contour is found which goes through a given property value
P, at moisture content M, then property value P, at moisture content M, is the value of

this contour at M,.
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Fig. 2.19 Predicted modulus of rupture (MOR) using the quadratic surface model [77]
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Fig. 2.20 Predicted modulus of elasticity (MOE) using the quadratic surface model [77]
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In order to define contours, 21 percentiles (2nd, Sth, 10th, ..., 90th, 95th, 98th) from
each grade-size moisture-content combination were used in the light of the same under-
lying idea of the Weibull models, i.e., contours are defined by connecting like percen-
tiles across moisture content. The surface models were fitted to each grade-size combi-

nation individually, as well as to the pooled data.

For example, two variations of the surface model were obtained by modelling the con-
tours as either a linear or a quadratic function of moisture content. The coefficients of
these contours were then modelled as a linear (linear contours) or a cubic (quadratic
contours) function of the estimated property value at 15% moisture content. The choice
of 15% moisture content was arbitrary; any other value could have been chosen [77].

In 1986, Green et al. [77] evaluated the performance of these five types of moisture ad-
justment models. They found that although the later four models offer a significant im-
provement in accuracy over the zero-adjustment model, the quadratic surface model is
one of the more accurate models with the results independent of grade and size. The
Weibull model based on a two-parameter Weibull distribution is as accurate as the
quadratic surface model, but it is difficult to apply as the grades and sizes are not tested.
Neither the constant percentage adjustment model nor the strength ratio model (SR
model) produces a small average maximum absolute difference as do the Weibull or
quadratic surface models. Meanwhile, the strength ratio model does not work due to the
poor correlation between MOR and SR as well as that between MOE and SR. Therefore,
Green et al. [77] suggested using a quadratic surface for the mechanical property and
moisture content relationship to adjust in-grade data to a constant moisture content lev-

el.

Green et al., [77] also recommended that, if a relatively simple model is needed for
general design use, the linear constant percentage adjustment model is appropriate for
MOE or flexural stiffness (EI).

Currently, the most widely accepted model to adjust MOE for MC below the FSP is the
linear constant percentage adjustment model, which is relatively simple to apply [77].
For example, this model is currently being used in the American Standard (ASTM

D1990 [75]) for adjustment of allowable properties for dimensional lumber [69].
Perhaps, the most recent paper in this field was undertaken by Arnold [81]. Arnold

29



CHAPTER 2 LITERATURE REVIEW

studied the moisture-mechanical property relationships of untreated and thermally mod-
ified beech and spruce. In this study, bilinear dependency of the material properties
varying with moisture content was used (Fig. 2.21). An acceptable agreement between
measured stiffnesses (MOESs) or strengths (MORs) and model predictions was found in
varying treatments. This model could be considered to adopt in research from now on

as it is simple to use for structural applications.
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Fig. 2.21 Dependence of bending properties (MOE modulus of elasticity, MOR modulus of rupture)
from wood moisture content (MC) at different treatment levels: T1, T2 and T3 [81]

2.5.2 Moisture adjustment models above fibre saturation point

Based on pioneering investigations into European spruce and fir wood [9] performed in
the middle of the 20th century, Fig. 2.22 shows the experimental relationship between
compressive strength parallel to the fibre and the moisture content, from oven-dry tim-
ber (10%) to high degrees of moisture content above fibre saturation (60 %), without
consideration of the effect of wood density and specimen size on strength and stiffness
[9]. With reference to the studies provided in Fig. 2.22, the best approximation was

given by the exponential function [9].
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(U=A-e+C (2.6)

fc,O,mean

where, f, ....(U) is the absolute strength at mean level, u is the moisture content, A, B,

and C are constants and can be obtained by the least square approximation of the exper-

iment data.
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Fig. 2.22 Curves for a moisture modification factor for compression strength parallel to the fiber of Eu-
ropean spruce (Picea abies) and fir (Abies alba) derived from literature data and equations [9]

For moisture modification factor, Fq nean (U), the ratio between the moisture on a cer-

tain value for the mean compressive strength and a reference condition at a moisture

content of 12%, is defined as

F _ f<:,O,mean (U) (2.7)

b
moist,mean (U) - ’

=a-e™+c¢

¢,0,mean,dry

Where the parameters, a, b, ¢ are derived by the least square approximation of the test-
ing data.

Using the assumption that the flexural rigidity (EI) doesn’t change when varying mois-

ture contents , Barrett and Hong [70] examined the variation in the flexural modulus of
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elasticity (MOE) of spruce-pine-fir lumber (known as SPF) in order to determine corre-

sponding moisture adjustment factors below and above FSP for MOE (Fig. 2.23) [70].
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MC adjusted E
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Fig. 2.23 Comparisons between predictions of the MC adjustment model in ASTM D 1990[75] and the
species dependent MC adjustment model [70]
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Fig. 2.24 Relationship between moisture content, relative density (sx) and dynamic modulus of elasticity
(dx). Pu: density at MC = u; p12: density at MC u=12% N=750 [56]

While the research above FSP was for a limited number of species, including
Spruce/Pine/Fir, several new studies showed an increasing interest in Chestnut and ex-
amined the moisture and property relationship in this timber [56]. For example, Nocetti
et al. [56] investigated the effect of moisture content on its flexural properties and dy-

namic MOE. The experiment was conducted on 200 ungraded pieces with a cross sec-
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tion of 80mm by 80mm. It was found that for densities below fibre saturation point
(FSP), the adjustment suggested by the European Standard EN 384 [82] was appropri-
ate however, a more suitable equation was needed above FSP (Fig. 2.24). Nocetti et al.
[56] therefore suggested an appropriate adjustment equation for Chestnut timber for

structural applications (see Fig. 2.25). This adjustment equation is similar to the biline-

ar model used in [81], see Fig. 2.21.
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Fig. 2.25 Comparison between theoretical (gray lines) and observed (black lines) average adjustment
equations [56]

2.5.3 Limitations and discussions

In Section 2.5, a literature review on moisture adjustment studies from oven-dry timber
to high moisture content above fibre saturation point (FSP) was undertaken. Generally,
it is well known that a reduction in strength and stiffness in timber occurs with moisture
content increases below FSP and no significant changes occur above FSP [10]. Howev-
er, the relationship between moisture content and mechanical properties was reported
for only some wood species [69, 82], and these did not include Eucalyptus wood. The
effects of high moisture content (MC above FSP) on Eucalyptus, especially regarding
its mechanical properties, such as bending and compressive characteristics, have not yet
been investigated. To overcome this limitation, one of the aims in this study is to exam-
ine the short-term response of Eucalyptus nitens under compression and bending below

and above fibre saturation point. This work is mainly discussed in Chapters 3 and 4.
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As Eucalyptus wood is recognised as a potential resource for structural use [4, 6, 22, 33]
and there is still a significant lack of knowledge around its failure mechanism when
moisture changes, numerical modelling will be done in Chapters 6 and 7 to provide an
insight into the factors which affect failure in E. nitens timber below about 15%, and

above fibre saturation.

2.6 SUMMARY

This chapter introduced the background information for this research project. The mate-
rial characteristics of timber have been explored, previous constitutive modelling for
wood material have been discussed, and the limitations of previous attempts at moisture
adjustment models have been explained. Research gaps in the literature have been iden-
tified.

One challenge has been to provide substantiated information on the mechanical proper-
ties of Eucalyptus nitens wood such as strength and stiffness, in both dry and high
moisture conditions, i.e., covering the moisture content below and above fibre satura-
tion point. Another important challenge has been to model the anisotropic plasticity be-
haviour of E. nitens wood, including the moisture content effect. The third challenge
has been to apply such a model to fast growing plantation Eucalyptus timber to help in

understanding its use as a structural building material.
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3.1 INTRODUCTION

In this Chapter, the Objective One, which is to determine the short-term response of
Eucalyptus nitens under compression with both dry and high moisture content, is met. E.
nitens, was selected as it is a main commercial plantation Eucalyptus species in Aus-
tralia and show an excellent potential to be used as a structural material [3]. In the fol-
lowing Sections, the anisotropic behaviour of E. nitens under compression with both
dry and high moisture content was examined experimentally. Section 3.2 outlines the
testing series and methods. In Section 3.3 and 3.4, the results and discussion are pre-
sented, respectively, and it is followed by the summary at the end. In this Chapter,
compressive stress-strain curves and load-deflection curves of fibre managed E. nitens
timber were determined, whilst compressive stiffness and compressive strength both
parallel to and perpendicular to the grain were obtained. The simplified Hill strength
theory is used to describe the failure envelope of E. nitens in compression both dry and

high moisture content

3.2 TEST SERIES AND METHODS
3.2.1 Sample preparation

At a first stage to study this problem, the experiment focused on the ideal feature (i.e.,
the defect-free) of E. nitens wood material. The specimens were cut from well-defined
tangential, radial and transverse faces of Eucalyptus (E. nitens) boards recovered from a
16-year-old E. nitens plantation resource, grown in the Woolnorth region in NE Tas-
mania, Australia, which has a maximum altitude of 190 m. A local trader supplied the
boards. The boards were randomly selected to ensure a good range of variations in den-
sity values, and were also relatively free of gum veins, resin pockets and knots. Two
group of samples were used in this study: Group | was standard small clear samples
with dimension of 100 mm (in length) >60 mm (in width) >x35 mm (in depth) and
Group Il was small clear block samples with the dimension of 35 mm (in length) >560
mm (in width) >35 mm (in depth), see Fig. 3.1. It should be noted that initially, sam-

ples were cut at larger dimensions: 200 mm (L) > 35 mm (W) <50 mm (D) for Group |
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and 50 mm (L) <35 mm (W) x50 mm (D) for Group Il. Samples were cut to the final
size just before compression testing when high moisture content samples were just re-

moved from water and to measure its moisture content.

For Group I, a total of 200 dry specimens and 200 wet samples have been prepared. 200
test pairs were selected; each pair has similar annual ring angle and has the similar ma-

terial properties (Fig. 3.2).

Gronp 1 Group 11
Standard small clear samples Small clear block samples
! D4
p
cD2 Pl i ‘ /
¥ A 1
CD3
L '-!:,x_ -
{_‘Dl "'\-_ -~ "_
¥ [
d P |
S D e
h/’ \ . A’

Fig. 3.1 Diagram showing compression test samples.

The length (L), width (W) and depth (D) = 150, 35, 50 mm and 35, 35, 50 mm for Group | and I, respec-
tively. The radial directions of the wood fibre are longitudinal (1), tangential (t) and radial (r). In Group |
samples, CD1, CD2 and CD3 represent the loading direction: compression parallel to the long axis, the
wider cross section dimension, and the narrower cross section dimension, respectively. In Group 1l, CD4
represents compression with an angle to the grain for the small clear block samples.

For Group Il, 100 specimens were prepared from boards relatively free of cracks and
knots. For each grain angle, ten dry and ten wet samples were paired for examination.
Each pair was cut from the same board and the samples were adjacent to each other to

ensure similar material properties.

The dry samples were from the boards dried in an industrial hardwood kiln, while the
wet samples were soaked in water for six months after kiln drying at 15 - 20 T to en-
sure they were fully saturated. The annual ring angle and grain angle were measured
using a protractor. The grain angle was defined as the angle between the wood fibres

and the longitudinal axis of the sample, which was measured before testing and re-
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checked after failure.

Fig. 3.2 Typical cross section of the compression tests specimens for loading at the top, defined accord-
ing to wood handbook [10]

3.2.2 Method of data analysis

Compressive strength and stiffness

The compressive strain was controlled by a moveable crosshead and calculated in the
load direction from the relative position of the compression plates in relation to the
original dimension of the sample. All deformations were measured from the point of

crosshead travel relative to the value at which the load first developed.

In this study, the compressive strength parallel and perpendicular to the grain were de-
rived using AS/NZS 4063:2010 [83]. Different evaluation methods are used to meet
different testing standards [47, 84].

For Group I, the compressive strengths (o; ¢om, 1=1,2,3) were calculated as:

fer
O1,com = WC D
o _ fcz (3-1)
2,com — W-T
ch

03 com = T-D

where, f,; is defined as ultimate loading force (kN). W (mm) and D (mm) are the width
and thickness of the sample, respectively, and T (= 50 mm) is the width of the rectangu-

lar metal bearing (Fig 3.3). It should be noted that f,; is the maximum loading force
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(kN) for CD1; f,, and f,5 are the loading forces (kN) for CD2 and 3 at the deformation

of 0.1h, respectively, where h is the original sample dimension in the load direction.

Load Type-1(CD1) Load Type-2(CD2)
I :
I a | I'Z b
] .
(@)]] Z cn2 Z
: 150 .

i

Load Type 3(CD3) Load Type 4(CD4)

== l Fy
1| - g
D3 - CD4 -

is

e LSS s

Ty b

S0

150

Fig. 3.3 Test setup for E. nitens compression; In Group | samples, CD1 (a), CD2 (b) and CD3 (c) repre-
sent the loading direction: compression parallel to the long axis, the wider cross section dimension, and
the narrower cross section dimension, respectively. In Group 11, CD4 (d) represents compression with an
angle to the grain for the small clear block samples.
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And the normal elastic modulus, also called compressive stiffness in this paper, was
calculated as the slope of the line between approximately 10 % and 40 % of the ulti-
mate loading force [24]. The compressive stiffnesses (E; .om , i=1, 2, 3) were calculated

as:

(fc1,40—fc1,10) "L

E =

veom WD - (Uc1,40 — Uct,10)
E _ (fc2,40—fc2,10) D
Zeom W T - (Uc2,40 — Ucz,10)

(fc3,40—fc3,10) 4
T-D - (ucz 40— Uczio0)

(3.2)

E3,com =

where, f;; 40 and f; 1o are the forces at the 40% and 10% levels of the loading force of
fei (i=1, 2, 3), ug 40 and ug; 10 are the deformations (mm) at f.; 40 and f; 1o, respec-

tively.

For Group Il, the evaluation method is similar. The equations are:

o fa
4,com W-D
(3.3)
E _ (feaa0-feano) * L
heom WD - (Uca,a0 = Uca,10)
And the transform equations are:
0, = cos’a- g,
(3.4)

o, = sin*a- o,

Ty = —CO0SQ * Sina * 0,

where a is the grain angle, and o; and o, are the axial and radial direction, respectively;
o, IS the stress at the load direction and t;,- is the shear stress along the grain direction.
Moisture content and basic density

The moisture content (MC) of the samples was calculated according to AS/NZS 1080.1

[85]. Basic density (p;) was calculated as [3]:

100M (3.5)

Po =100 + MOV
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where, p,, is basic density (kg m3); M is the mass (kg) after oven drying, V is the vol-

ume (m?) before oven drying, and MC is moisture content (%).
Moisture modification factor

Moisture modification factor, Rmc, is defined as the ratio between the strength at wet
state to that at dry condition (MC = 12%) [9].

Hankinson’s formula

Hankinson’s formula was used to examine the relationship between strength or stiffness

against grain angle [13, 86]. It is expressed as:

_ Py Py (3.6)
% Pysin?a+ Py, cos?a

where, P, is the predicted compressive strength/stiffness at grain angle a, P, is the CPA

sample strength or stiffness as appropriate, Py, is the CPE sample strength or stiffness.
Failure modes

Compression failure modes of wood, crushing, compression and shearing, and end roll-
ing and splitting, were classified according to their shape (see ASTM D 143 [57]). Fail-
ure modes were observed from the deformed samples and determined directly during
the test.

Failure envelopes

The Hill criterion [87], that assumes the same strengths in tension and compression for
anisotropic material, was used to describe the state of anisotropic failure in the tested

samples.

If isotropic behaviour is assumed in the radial and tangential directions, then, in a plane
stress field with the two principal directions, radial and longitudinal, the Hill criterion

reduces to:

=N

2 2
o 0;°0; 0;°0; 0;'0; T
fgill(Ui) - lz f 02 lzr lzr f lzr | lzr =1
] Yy Y; Yy Yi Y, (3.7)

~

where, Y; (j = 1, r, t) are the absolute values of compressive strength in the grain, radial,
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and tangential directions, respectively. Y, is the shear strength along the grain. Using
the different pairs of mean strengths in the grain and radial directions obtained from
compression testing at both low and high moisture contents, the Hill criteria at both low

and high moisture contents can be determined.
Design characteristic value

Design characteristic values of E. nitens samples for dry and wet conditions were esti-

mated at 5% percentile strength with 95% confidence [88].

Compression parallel to the grain is of importance in compression members, such as
piles. The design strength of dry or fully water-saturated plantation-grown E. nitens

column in compression, F,, was calculated as [89]:
F, = fe05Ca01CrvCaCy (3.8)

where f,s is the strength (characteristic value) of small clear wood samples at 5 %
quantile of the normal distribution; the C values are adjustment factors: C,;,; (=1/1.9)
for duration of load and safety, C;,, (=1.05 for hardwood) for height and reduced varia-
bility, C4 for density (softwoods only), and C, is for grade characteristic. If we assume
that Cq=1 for E. nitens, the design characteristic values (allowable stress values) of full-
sized E. nitens columns for both dry and water saturated conditions can be determined.
It should be noted that a further experiment on full-sized dry and water saturated E.
nitens columns is needed to check the value of C;, however, in this paper it is the first
development to show the method to determine the allowable stress values of full-sized
water saturated clear E. nitens piles.

Data analysis

Statistical analyses were undertaken using Matlab (version R2019a, Natick, Massachu-
setts: The MathWorks Inc.). Linear regression statistics were used to calculate the cor-
relation between the compressive stiffness and strength of dry and wet samples for CPA,
and the coefficient of determination (R?) was used to evaluate their significance. To
determine the design characteristic value of small clear wood samples, a normal distri-
bution model was adopted to fit cumulative probability distributions of compressive

strength.
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3.3 RESULTS
3.3.1 Testing procedures

Prior to testing, all specimens were weighed, and their L, W and D measured. A univer-
sal testing machine (capacity 200 kN) was used to apply the compression load (see
AS/NZS 4063:2010 [83]). A data acquisition board connected to a computer with Lab-
VIEW 2012 software was used to record, process, and analyse the data. The tempera-
ture and relative humidity during the tests were 15- 20 C and 50 to 70 %, respectively.

Refs Samples MCe Code Load Nd
Size Direction

ASTM D143—  Group 1 <15%  CPA-DRY 0 100

092 150 (L) 50

<35 (W) CPE-DRY 00 %

*x50(D) >30%  CPA-WET 0 100

CPE-WET 90 20

50

RS 01P Group2  <15% C0-DRY 0 10

35(L) C30-DRY 30 10

=50(W) C45-DRY 45 10

x35(D) C60-DRY 60 10

C90-DRY 90 10

>30% C0O-WET 0 10

C30-WET 30 10

C45-WET 45 10

C60-WET 60 10

C90-WET Q0 10

@ ASTM D143-09 [57].

® RS01, Reiterer & Stanzl-Tschegg, 2001[51].
¢MC, moisture content.

4 Number of replicate samples.

Table 3.1 Summary of experiments for standard clear E. nitens samples and clear block E. nitens samples
in compression.
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Compression was performed with displacement-control and at a constant loading rate
for each testing (specified in Table 3.1) and discontinued when several drops were ob-

served in the load-deflection curves or until a strain of approximately 10 % was reached.
For CPA loading, the specimens were also fully supported at the base and fully loaded
at the top surface (Fig 3.3a). For CPE loading, the base of the samples was fully sup-
ported underneath (Fig 3.3b, ¢). The loading plate, which was wider than the specimen,
was carefully aligned to be parallel to this base support. The load was applied over the
full 50 mm of the specimen’s length. The force and the deformation between the loaded
steel plate and the support were measured in the axis of loading. Immediately after test-
ing, a small piece from each specimen was cut and oven dried for 72 h for determina-
tion of moisture content and dry density. The moisture content (MC) of the samples was
calculated according to AS/NZS 1080.1 [85].

3.3.2 Load- deformation curves and stress-strain curves

Group |

For the dry wood samples, as the load under compression increased, deformation in-
creased linearly up to the serviceability limit load, fcy, the point where the relationship
became visually non-linear or deformation functionally unacceptable [47]; this was 70 -
90 kN for CPA and 10 - 30 kN for CPE samples, respectively (Fig.3.4). Beyond fcy, the
ultimate loading force, fc is reached. Progressive nonlinearity occurred throughout the
loading period and can be easily observed; fc, was close to foy for CPA and around 20—
40 kN for CPE. No obvious differences in either CPA or CPE were found for the three
annual growth ring orientations tested (0945<and 909.

For the stress-strain curves under compression, for both CPA and CPE at all annual ring
directions, the linear range extended further for the dry than wet samples; the range of
the wet samples ended at about 40 to 60 % of the serviceability limit load, fey, for the
dry samples (Fig. 3.5). Beyond fcy, more ductile stress-strain behaviour was found in
wet than dry samples (Fig. 3.5b and Fig. 3.5d). The effect of ring orientation was not

significant.

Group Il
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For load parallel to the grain (grain angle 09, as the strain increased, there was at first a
linear elastic range until a peak level of stress was observed. This is equal to the maxi-
mum stress of the sample; the linear range extended further for the dry than wet sam-
ples (Fig. 3.6a, b).

The stress level then dropped with further increases in strain, indicating an unstable
“softening” behaviour associated with buckling of internal wood fibres [51]. However,
the patterns of and rate of decrease varied between the five samples, showing at least
one increase in stress following the first decrease indicating a period of stable “harden-
ing” behaviour (Fig. 3.6a). For the wet samples, after the stress had dropped about 20—
25% from the peak, a plateau was reached (Fig. 3.6b).

For load with an angle to the grain of 309 for both dry and wet samples, the linear elas-
tic range was less than for the 0“angle (Fig. 3.6c, d). After the maximum stress was
reached, for the dry samples, as the strain increased, the stress dropped and then re-
mained nearly constant before another drop; this process was repeated several times,
indicating alternating periods of softening and hardening (Fig. 3.6¢). For the wet sam-

ples, the stress remained constant for a period after the first drop (Fig. 3.6d).

For load with an angle to the grain at 45the elastic range was less again (Fig. 3.6e, f).
For the dry samples, two types of strain-stress curves were observed: 1) after a first ab-
rupt drop, the stress remained nearly constant until further drops, like the dry samples at
a grain angle of 309and 2) a plateau region followed the maximum stress level. For all
wet samples, a plateau was observed after the peak stress was reached (Fig. 3.6f); these
samples could also be tested to a much higher strain (for example 50%) before total

failure and exhibited more ductility than the dry samples (Fig. 3.6e, f).

For load with an angle to the grain of 60the linear range was short and after the peak
all samples indicated a hardening behaviour; the stress level at which this occurred was

about 40% lower in the wet than dry samples (Fig. 3.6g, h).

Load perpendicular to grain (grain angle 909 was associated with lower maximum
stress levels, followed by hardening (Fig. 3.6i and Fig. 3.6j). Similar strain stress

curves were found for both dry and wet samples (Fig. 3.6i and Fig. 3.6j).

For samples from same board compression in radial direction, both dry and wet,
strength and stiffness depended on boundary conditions (CD2 to CD4), maintaining an
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order of Es com = Ez com > E4com @Nd 03 com > O2.com > O4com. AN INCrease in mois-

ture content did not change this order (Fig. 3.7).

Load (kN)

Load (kN)

Load (kN)

100 100 100
a) RAO b) RA45 c) RA90
80F 1Y fey @ 1 80F fc ® 180 ¢ ©
fey fcy

60 B 60 i 60’

40 140 1 40

20 L 1 20 L 1 20 L

Load direction CD1 Load direction CD1 Load direction CD1
% 5 10 15 20 % 5 10 15 20 % 5 10 15 20
Deformation (mm)

50 50 50

40 (RA0 . 40 (e)RA4S | 4 (f) RA90

30 130 130

fc fc
20 ey 20— 120
fey
10 110 L 1 L ]
oad direction CD2 feY | oad directioncp2 | *° Load direction CD2
%05 5 10 15 20 05 ' : 0 ' , \
. 00 5 10 15 20 005 5 10 15 20
Deformation (mm)
50 50 50
(9) RAO (h) RA45 - fe (i) RA%0

40 140 1 40k

30 1 30t .

20 1 20t ‘ 120

fcy y
10+ L 1 10 L 110 . 1
Load direction CD3 Laad direction CD3 Load direction CD3
0035 35 & 10 %035 35 0 9P 35 g 10

Deformation (mm)

Fig. 3.4 The relationship between Load (kN) and Deformation (mm) of dry E. nitens wood samples:

compression parallel to the grain, CPA and load direction CD1 (a, b, ¢) and compression perpendic-
ular to the grain, CPE and either CD2 (d, e, f) or CD3 (g, h, i) for three annual growth ring orienta-
tions, RA =0°(a, d, g), 45°(b, e, h) and 90<(c, f, i). The solid line is the measured curve, and the

dashed line is the linear fit to the first part of the relationship; fc and fcy are the Ultimate loading

force and Serviceability limit load, respectively. For the CPE tests, the fibres do not buckle at the

yield point, so the linear fit (dashed line in Fig 3) is offset by a strain of 1% (solid straight line) and
the Serviceability limit load (fcy) is defined as the intersection of this offset with the measured load-

deformation curve [47].
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Fig. 3.5 The relationship between Stress (MPa) and Strain for compression tests on Group | standard
small clear samples: Left: dry samples (a, ¢); right: wet samples (b, d); top row: compression parallel to
the grain, CPA (a, b); bottom row: compression perpendicular to the grain, CPE (c, d).
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Fig. 3.6 The relationship between Stress (MPa) and Strain for compression tests on Group Il small block
samples: left: dry samples; right: wet samples, for five grain angles, 0=0° (a, b), 30° (¢, d), 45° (e, f), 60°
(9, h), and 90<(i, j); the different lines in each Figure represent five replicate tests.
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Fig. 3.7 The relationship between Stress (MPa) and Strain for compression in the radial direction for
three boundary conditions (CD2, CD3 and CD4): left: dry samples; right: wet samples.

3.3.3 Compressive stiffness and strength

Group |

The mean basic density (p,) and moisture content (MC) of the Group | dry and wet
samples were 521.8 kg/m3and 11.9 %, and 484.5 kg/m®and 66.9 %, respectively, with
COV values of 7.4% and 2.6 % for dry samples, and 10.2% and 19.3 % for wet samples,

respectively, see Table 3.2.

For the CPA tests, the compressive stiffness (Young’s modulus, MPa) of dry samples
ranged from 5,320 to 10,580 MPa and the corresponding strength from 35.2 to 59.7
MPa; the mean values were 7,970 MPa and 47.8 MPa, respectively. The compressive
stiffness of wet samples varied from 2,420 to 6,147 MPa and corresponding strength
from 19.6 to 35.3 MPa; the mean values were 4,674 MPa and 28.7 MPa, respectively.

For CPE tests, the compressive stiffness and strength of dry samples ranged from 367
to 792 MPa, and the corresponding strength from 5.5 to 16.2 MPa; the mean values
were 550 MPa and 10.6 MPa, respectively. The average value of compressive stiffness
and strength for wet samples were 323 MPa and 5.7 MPa respectively, whilst the corre-

sponding range were 146 - 457 MPa and 3.6 - 7.3 MPa, respectively.
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Physical Statistical Diry Wet Digd H12=
property  quantity CPA®  CPE: CPA CPE CPA  CPE CPA
Aloisture Mean 11.9 66,9 8.7 a1 11
content (COV2 ) (2.6) {19.3) (2.3) (6.6)
(%)
Max 12.8 109.4 9.1 10.3 .
Min 10.9 375 8.5 g3 -
Young's Mean 7.970 550 4674 323 8,004
modulus  (COV %) (13.5) (14.4) (1527 (18.1) (17.9)
(MPa) Max 10580 792 6147 457 11,025
Min 5,320 367 2.420 146 4648
Strength Mean 47.8 10.6 287 5.7 42.8 4.1 51.17
(MPa) (COV. %) (10,50 (20,10 (12.30)  (13.90) (11.4) (24.4) (18.0)
Max 59.7 16.2 35.3 7.3 54.2 58 72.30
Min 352 5.5 19.6 16 343 2.6 2906
Basic Mean 521.8 484.5 S08.5 527.4
density (COV. %) (7.4) (10.2) (131 (55
(kg/m’) Max 624.7 617.7 6523 6261
Min 408.4 387.8 4203 4805

Table 3.2 Physical properties of Group | E. nitens dry and wet samples in compression; D19 [3] (for
plantation E. nitens) and H12 [90] (for other plantation eucalypt species) refer to values found in other
studies. 2COV, coefficient of variation; ® CPA, compression parallel to the grain; ¢ CPE, compression
perpendicular to the grain; ¢ D19, Derikvand et al., 2019 [3]; ¢ H12, Hein & Lima, 2012 [90]; """ The

suggested COV values by Wood Handbook [10]: | 18% and Il 28%.

Group Il

There was a decrease in compressive stiffness and strength with increase in grain angle
that was consistent with Hankinson’s formula [13, 86] (Fig. 3.8). Additional check has
been undertaken using Orthotropic Tensor model [12] as it better fit the stiffness at the
grain angle between 0<and 20< An acceptable agreement also well confirmed the rela-

tionship between stiffness and grain angle (Fig. 3.8a).

10 ——————— — 60 . . . . . . . .
(@) o Testing Dry () 8 Testing Dry
N ® TestingWet 1 _%0¢ o Testing Wet
s Hankinson Dry i ol T Hankinson Dry ||
e — Hankinson Wet { ST — Hankinson Wet
8 ——Tensor Dry < E
£ —— Tensor Wet g
3 &
e
, 60 70 80 90 0 10 20 30 40 5 60 70 8 90
Grain Angle (°) Grain Angle (%)

Fig. 3.8 The relationship between Stiffness (GPa)/ Strength (MPa) and Grain angle (<) for compression
tests on Group Il small block samples: top: stiffness (a); bottom: strength (b). Error Bars mean the stand-
ard deviations.
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In general, the rate of decrease in compressive stiffness and strength was greatest as
grain angle increased from 0©to 159 Between 15and 459 the decrease was gradually
reduced. Above 459 both levelled off with little additional decrease. The decline in

strength of wet samples was about 50% of the dry samples (Fig. 3.8b).

3.3.4 Failure modes

Group |

For the dry samples, crushing, compression and shearing, and end-rolling and splitting
were observed for load parallel to the grain (CD1) (Fig. 3.9a). Compared with dry sam-
ples, wider kink bands and fewer cracks developed in the wet samples (Fig. 3.9b). In

the compression zones of wet samples, the water was forced out.

a CPA Dry b CPA Wet

C CPE Drv d CPE Wet

Fig. 3.9 Deformation for compression tests on Group | standard small clear samples: Left: dry samples
(a, ¢); right: wet samples (b, d); top row: compression parallel to the grain, CPA (a, b); bottom row:
compression perpendicular to the grain, CPE (c, d).
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Group 11

Failure modes differed from those of Group I and were strongly dependent on the
grain direction; and there were no obvious differences between the dry and wet samples
for each load direction. The failure modes at a grain angle of 0were mainly fibre buck-
ling and wrinkling, at 30<fibre-layer slip delamination and some evidence of pure kink
band formation, and at 45°and 60<also fibre-layer slip delamination and shear defor-
mation (Fig 3.10). The failure of mode at 90“was crushing. In the deformed samples,
cracks developed in bands associated with the annual growth rings or with radial and

longitudinal planes (Fig 3.10).

Fig. 3.10 Deformation of E. nitens small block samples (Group I1) in compression.

3.3.5 Failure envelopes

The failure envelope of the E. nitens in off-axis compression is a 1/4 elliptical arc from
perpendicular to parallel to the grain, and the envelope enlarges as moisture content de-

creases (Fig. 3.11).
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Fig. 3.11 Failure envelopes of E. nitens in the radial and longitudinal plane with low (average MC =
12 %) and high moisture content (average MC = 66.9 %) compared with Hill criteria [87]. Experimental
data are mean values and are shown as points. The Hill criteria are shown as elliptical lines. The detailed
equations for the Hill criteria are shown in Table 3.3 and use the absolute mean strengths from compres-

sion tests on Group Il small block samples at grain angles of 09245<and 902

Code Formulae

Hill criterion of dry samples o} of oy oy 2. -1

(432)%2 ' (83)%2  (43.2)2  (18.0)2

Hill criterion of wet samples of o oyoy 2 -1
(23.9)%2  (4.6)2 (23.9?% ' (9.6)2

Table 3.3 Hill criteria for experimental data in both dry and wet conditions. Absolute mean values of

normal and shear compressive strengths and their standard deviations Y, , Y, and Y, = 43.245.5, 8.342.0,
18.0#2.4 MPa and 23.943.1, 4.6+1.0, 9.61.8 MPa for dry and wet Group Il samples, respectively.

An acceptable agreement was found between the experimental results and the theoreti-
cal analysis based on the Hill criteria. The Hill criteria for experimental data in both dry
and wet conditions were given in Table 3.3.

3.3.6 Linear regressions of stiffness and strength for CPA testing

Compressive stiffness was positively correlated with strength for both dry and wet

samples. For dry samples, compressive stiffness explained > 42 % of the variation in
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compressive strength for load parallel to the grain (Fig. 3.12b), and for wet samples >

37% (Fig. 3.12a).

80 80 80
_ Average Average Average
£ ) MC=66.9% 700 MC=12% 70l MC=11% LA
= o
= 60 &0 Lo 60
= e
£ 50 50 . Q;;/‘f 50 .
£ 0 sy
vy 40 P 40 AE a0 P
L _-.':ﬁr',‘/' N L .
g 30 /,fg R’o03 30 30 .
¥ e =0.37 R*=0.42 Ri=.22
E Wy 20 20
O 0] (CPA-WET 10 (b) CPA-DRY 10} () CPA-DRY(HI2)
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0 5 10 15 "o 5 10 15 0 5 10 15

Compressive Stiffness (GPa)

Fig. 3.12 Correlation between compressive stiffness and strength parallel to grain for (a) CPA-WET and
(b) CPA-DRY in comparison to (c) load parallel to the grain for E. grandis at the moisture content of
11%. (Data for (c) were obtained from Hein & Lima [90].)

A higher coefficient of determination was found for dry (R? = 0.42) than wet (R? = 0.37)
samples. A similarity between the linear regression models for both dry E. nitens and E.
grandis samples was found (Fig. 3.12b, c).

3.3.7 Moisture modification factors and design characteristic values

For the CPA tests, theoretical normal probability distributions fitted the experimental
compressive strength data for both dry and wet samples (Fig. 3.13). The distribution of
compressive strength in absolute terms was narrower in the wet than dry samples,
though similar when expressed as a proportion of the mean. Probability distributions of
compressive strength for wet samples lied in a lower value region compared with dry
samples, indicating that the design characteristic value of wet cases was lower than the
dry cases. The moisture modification factor from dry (moisture content = 12 %) to fully
water-saturated state (mean moisture content = 66.9 %) was 0.6 and 0.58 at the mean
and the 5™ percentile level, respectively (Table 3.4). Design characteristic values of
small clear E. nitens samples for dry and wet conditions were 39.5 MPa and 22.9 MPa,

respectively, while allowable stress values (design characteristic values) for dry and
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wet full-sized piles were 20.3 and 11.8 MPa, respectively (Table 3.4).
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Fig. 3.13 Cumulative probability distributions of compressive strength parallel to grain of (a) CPA-
WET and (b) CPA-DRY comparing with the data from the work of (¢) Hein & Lima, 2012 (H12)[90] at
the moisture content of 11%. Experimental data are shown as points. The normal fit is shown as a line.

Testing
Parameters

Dry Wet M. F.*
Mean (MPa) 47.8 28.7 0.60
Standard deviation (MPa) 5.1 3.5 -
Characteristic value, fos (MPa) for small clear samples 39.5 22.9 0.58
Allowable stress values (characteristic values) for structural 203 118 0.58

sized pile

Table 3.4 Characteristic values of E. nitens compressive strength parallel to grain. *M. F. means modifi-
cation factor from fully water-saturated state (mean moisture content = 66.9 %) to dry (moisture content
=12 %)

3.4 DISCUSSION

The study in this Chapter has shown that high moisture contents compromise the com-
pressive strength and stiffness of plantation-grown E. nitens, approximately between 40%
and 60%. However, annual ring direction had no significant effect in both CPA and

CPE testing and for both dry and wet samples. This discussion first considers these
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findings in the context of previous studies in order to develop a rationale for the aniso-
tropic material behaviour of E. nitens. The effect of high moisture content on the com-
pressive behaviour and potential structural applications of plantation-grown E. nitens is
then considered.

3.4.1 Basic density, moisture content and compression testing

For the dry samples, there was acceptable agreement with values of basic density (pp)
reported previously for plantation E. nitens by Derikvand et al [3]. Their mean p; was
around 520 kg/m3. This is substantially lower than found for E. nitens in harvested tim-
ber from native forests (670 kg/m®) [91], but this timber was much older and p, in-
creases with age [18, 19]. The coefficients of variation (COV) of p, were lower than
stated in the Wood Handbook [10], this difference may be linked to non-uniformities in
the wood used to determine the values provided in the Wood Handbook [10]. The greater
COV of the p, and MC of the wet than dry samples was because the former covered a

broader range of MC.

For the CPA testing, the mean values of strength and stiffness of the dry samples were
within the range found previously for plantation eucalypts [3, 90]. However, for the
CPE testing, the mean values of strength of the dry samples were around 2.5 higher
than those found for E. nitens by Derikvand et al [3]. These authors used the 0.01h off-
set method [47] to obtain the compressive strength at the serviceability limit load (fcy);
in this study the 0.1h deformation method [83] was used to get compressive strength at
ultimate loading force (fc), which is up to 2xhigher than fcy. Derikvand et al also used
different test configurations, and a systematic differences are commonly found when
two test configurations are applied to the same sample [47]. Therefore, the results of
this study and Derikvand et al [3] were comparable. For the samples from a same board,
the stresses for CD4 were lower than the corresponding CD2&3 stresses at the same
strain for both wet and dry. As the testing method of CD2 and CD3 according to ASTM
D143 and the uniform compression test (CD4) are different, therefore they have differ-
ent results. For CD2&CD3, the neighbouring fibres are supporting the fibres directly
loaded therefore the result of 7.0MPa is higher than the mean compression strength of
2.8MPa obtained using the uniform compression test (CD4) [47]. The COVs of strength
were less than found by Derikvand et al [3] and as stated in the Wood Handbook [10]
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(Table 2). This may also be because this study used uniform and defect-free samples

from the same boards.

Thus, the experimental variables measured in this study appear reasonable and repeata-

ble for plantation-grown E. nitens.

3.4.2 Anisotropic material behaviours

The compression behaviour of E. nitens was strongly dependent on the grain direction.
These findings are consistent with previous studies on dry wood of other hardwood and
also softwood species [13, 51, 52]. The present work extends this to wet samples of E.
nitens and found that their compressive strength and stiffness were similarly sensitive

to grain direction as well as moisture content.

The failure behaviour of both dry and wet samples consisted of four stages. The first, an
elastic linear section, indicates that neither the compressive stress nor strain is larger
than its serviceability limit value and there is full recovery from deformation. The sec-
ond, a non-linear section, signals the beginning of an irreversible deformation caused
by the folding and/or buckling of internal wood fibres [92]; this is accompanied by an
audible sound during the test. In the third stage, a possible softening (load drop) or
hardening (a plateau with increasing load) occurred, and the deformation was highly
visible with increasing applied displacement. Rupture or strong hardening in the final
stage meant that the wood was now functionally unacceptable. This four-stage behav-
iour, which was reversible only in the first stage, is characteristic of ductile failure of
many engineering materials, and now describes the ductile compression behaviour of

plantation-grown E. nitens in both dry and wet conditions.

The failure behaviour of both dry and wet samples was strongly dependent on the grain
direction. The wood samples were much stiffer in compression parallel (grain angle 09
compared to perpendicular (grain angle 909 to the grain and the decrease in compres-
sive strength and stiffness was rapid between 02and 159and more gradual between 15°
and 459 above 45<little additional decrease was found [14]. Thus, a grain angle of 45°
represents the transition from an unstable “softening” type behaviour when loaded par-
allel to grain to a more stable “hardening” type behaviour when loaded perpendicular to

grain. This is because the long and narrow cells of the wood microstructure act like
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columns in the longitudinal direction [17], and why failure behaviour changes from
buckling of the cell walls for compression parallel to grain to crushing perpendicular to
grain [10, 17]; it also accounts for the diversity of failure modes as grain angle increas-
es for dry samples [51]; similar failure modes for wet samples were found in this study.
Shear failures at the borders of the annual rings of dry wood samples are typically
found at the boundary between late and early wood [51]; in this study the shear failures
were similar for wet samples. The failure envelope of plantation-grown E. nitens in
compression was 1/4 elliptical arc with a short axis in the radial direction and a long
axis in the grain direction, since the strength parallel to the grain is much higher than
perpendicular to the grain [36]. Thus, compressive behaviour of plantation E. nitens is
highly anisotropic for a broad MC range above and below the FSP and is strongly de-
pendent on the grain direction.

Not only grain direction and but also MC significantly influenced the compressive be-
haviours of the E. nitens samples. Load and deformation are generally more consistent
among the wet than dry samples [9], and at a given angle, this was similarly observed
in this study. Compressive strength increased and the failure envelope enlarged with
decreasing moisture content [14]. Failure envelopes of dry compressive samples were
1/4 elliptical arc [36], and similar to the failure envelope for wet samples found in this
study. Failure envelopes are of interest in timber engineering because stress limits can
be established within these failure curves and used for structural sizing [87, 93]. Com-
pressive strength increased with a decrease in moisture content, showing a moisture
content sensitivity in compression behaviour of E. nitens experimentally and theoreti-

cally with diversity in grain direction.

3.4.3 Potential structural applications for plantation-grown E.

nitens in a completely water-saturated state

High moisture contents reduced roughly 40% the CPA strength of E. nitens with a
mean moisture modification factor of completely water-saturated state to dry at 0.6.
Although similar observations have been reported in earlier studies for coniferous spe-
cies [9], where the corresponding mean moisture modification factor was around 0.5 [9],
the mean moisture modification factor of E. nitens was relevantly higher. Mean mois-

ture modification factor of green to dry for other hardwood species, such as Mora (Mo-
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ra spp.), and native eucalyptus forest, for example, Karri (Eucalyptus diversicolor),
were 0.54 and 0.50, respectively [10]. The moisture modification factor of such E.
nitens timber was relevantly higher than coniferous species [9], other hardwood species
and native eucalypt [10]. These results have demonstrated that fast-grown plantation E.
nitens shows promise as a structural material to be used as pier piles, bridge poles and
building foundations piling which are vulnerable to water, as it has a lower strength re-
duction above FSP than those of coniferous species, other hardwood species and native

eucalypt.

The positive correlations between CPA stiffnesses and strengths allowed estimates of
CPA strengths for both low and high moisture samples. In timber engineering, it is usu-
al to cut the timber so that the grain is parallel to the longitudinal axis of the beam [14]
because this is the only way to produce a long beam from a log. Fortunately, that also
produces a parallel to grain orientation that is conducive to strength since the strength
parallel to the grain is much higher than perpendicular to the grain. Compression paral-
lel to the grain is more important in compression members (such as columns or piles) as
this exploits the highest compressive strength [9]. Correlation between strength and
stiffness is of particular interest in timber engineering, since stiffness is frequently used
as an indicative property for mechanical performance and predicting ultimate strength
[53] (e.g. in machine strength grading). A positive linear-regression model for the rela-
tionship between CPA stiffness and strength for dry samples was found.-Although the
coefficient of determination (R?) was < 0.5, it is higher other similar measures on dry
eucalypt samples, for example E. grandis (0.37 in [94]). A linear-regression model was
developed for wet samples in the study using CPA stiffness as the single regressor in
predicting strength, and a positive correlation was found between CPA stiffness and
strength. This showed a practical application of E. nitens to the construction industry
for below and above the FSP, as stiffness can be obtained from non-destructive testing,
providing a method to evaluate the strength and assess structural safety and serviceabil-
ity at low and high moisture content. An investigation using real structural elements is
needed to confirm these linear-regression models as the presence of defects (knots, tim-
ber) decreases performance. The similarity between the regression models for the dry
and wet cases in CPA testing indicates that the strength can be predicted from stiffness

of E. nitens below and above the FSP.
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A design value of 11.8 MPa for fully water-saturated plantation-grown E. nitens piles in
compression is suggested. In this study, without consideration of the size effect, defect
and knots, the suggested allowable stress values of dry and fully water-saturated planta-
tion-grown E. nitens piles in compression are 20.3 and 11.8 MPa, respectively. These
values are close to those for structural sized spruce pile specimens in axial compression
in a dry, 20.3 MPa, and wet (water saturated) state, 13.4 MPa [9]. The results showed
that E. nitens shows potential as a material for structural use, and can meet the require-
ments for compression members, such as columns and piles. Because defects and vari-
ability can be present in structural-sized material, their characteristics may differ from
those found with small clear samples in this study; full-size testing is required to re-
solve whether this is the case. A further experiment on full-sized water saturated E.
nitens piles is also needed to check the value of C, as it is currently defined for soft-
woods only [89]. As this was the first study on the allowable stress values of full-sized
water-saturated E. nitens piles, the focus was on small clear samples as these currently

meet the design code for timber structures [11].

3.5 SUMMARY

In this Chapter, the first objective was achieved. The goal of this study was to charac-
terize the anisotropic mechanical compressive properties of plantation Eucalyptus
nitens in both high moisture content state, above the FSP, and the low moisture condi-
tion, and to explore the application in normal and a complete water saturated state. The
compressive properties of E. nitens samples at both low and high moisture content
states were determined. The samples were obtained from a 16-year-old fibre managed E.
nitens resource in Tasmania, Australia. The moisture content sensitivity and anisotropic

behaviour of the E. nitens timber were studied.
Findings could be summarised as follows.

® | oad and deflection curves as well as the failure mode of the E. nitens speci-
mens in compression were obtained, which could be used to validate the FE

modelling of E. nitens timber in compression.

® Anisotropic properties of E nitens in both low and high moisture contents

were examined. The experimental data in the research showed that compres-
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sion behaviour of E. nitens was more dependent on the grain direction than the
annual ring direction. The spatial yield surface of E. nitens was established by
the simplified Hill strength theory and the elliptical surfaces were proved and
showed moisture content sensitivity. The deformation of the specimen trans-
formed from the unsteady-state “softening” at compression parallel to the

grain, to steady-state “hardening” at compression perpendicular to the grain.

® Compressive stiffness and strength increase as grain angle decreases. That our
findings and Hankinson’s formula largely agree, implies a validation of our
research. Variation in the experimental data is because the specimens are from
different boards with other material properties which are not consistent due to

the influence of non-uniformities in the wood, such as early or later wood.

® |t was also found that the compressive behaviour is dependent on the moisture
content. The compressive strength is greatly affected by the moisture content
and the loading direction, while the failure mode depends mainly on the load

direction.

® Failure mode of E. nitens in different directions is mainly due to the mecha-
nisms of fibre buckling and wrinkling when the grain angle is less than 30<
When the loading direction between 30°to 60< the failure of material is
mainly by fibre-layer slip delamination and shear deformation. When the
loading direction is larger than 60< crushing and failure is dominant initially,

followed by a densification stage.

® The suggested design characteristic values of dry and fully water-saturated
plantation-grown E. nitens piles in compression are 20.3 and 11.8 MPa, re-
spectively. These values closed to the testing result from structural sized
spruce pile specimens in axial compression at dry, 20.3 MPa, and wet (water
saturated) state, 13.4 MPa [9], implying E. nitens shows potential as a material
for structural use, and can meet the requirements for compression members,

such as columns and piles

As plantation Eucalyptus nitens is a promising resource for structural use [5, 95],
this research could be used for basic data to assess the structural performance of E.

nitens columns or pile for both normal and water saturated conditions in future re-
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search. However, there is still a significant lack of knowledge about other physical
properties of E. nitens to use such timber for construction. These physical properties
include tensile failure, shear failure, and flexural failure. Flexural failure is an im-
portant failure mechanism due to timber is widely used as bending members. The
next Chapter is to determine flexural characteristics of plantation Eucalyptus nitens
timber at low and high moisture conditions.
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Chapter 4

4 FLEXURAL EXPERIMENT OF E.
NITENS TIMBER
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4.1 INTRODUCTION

This chapter examines the short-term response of Eucalyptus in bending at low and
high moisture contents in order to achieve Objective Two. After this introduction, Sec-
tion 4.2 outlines the materials and methods for experiments used in the examination of
the E. nitens beam in bending. Experimental results and discussions are provided in

Section 4.3. Section 4.4 presents the summary.

4.2 MATERIALS AND METHODS

An experimental investigation of E. nitens was undertaken to obtain load and deflection
curves in four-point bending as a function of growth ring angle, and at low and high
moisture contents. Here, low moisture content means the moisture content (MC) is
round 12% and high means the MC is above fibre saturation point (FSP). Bending
stiffness (MOE) and strength (also called Modulus of Rupture, MOR) at high and low
moisture contents were also determined from these load-deflection curves. The test se-
ries, methods, and test parameters used are summarised in Table 4.1. MC for the “low”
and “high” E. nitens samples tested in the present study were in the range from 9.7 % to
12.6% for low moisture content samples and from 57. 9 % to 124. 3% for high moisture
content samples, with mean (COV) values of 12 % (5.4 %) and 86 % (16.7 %), respec-
tively (Table 4.3).

Code moisture content Specimens Size loading rate Number of
(MC) (mm/min) replicate
samples
4P-DRY 12% 410 (L)>25 (W)>25(D) 2.5 65
4P-WET >30% 410 (L)>25 (W)>25(D) 2.5 65

Table 4.1 Summary of experiments for small clear E. nitens samples in bending.

4.2.1 Samples preparation

The dimensions of the 130 test samples were 410 mm (in length) <25 mm (in width) >
25 mm (in depth) in accordance with ASTM D143-09 [98]. The samples were straight-

grain and cut from well-defined tangential, radial, and transverse faces of E. nitens
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boards. The boards were randomly selected from different logs at a local mill, and were
originally from a 16-year-old E. nitens fibre managed plantation located in the

Woolnorth region of NE Tasmania, Australia, which has a maximum altitude of 190 m.

In total, 130 small clear E. nitens samples were used in the four-point bending tests.
Half of them had a low moisture content (65 dry samples) with mean value of 12 % and
the other half had a high moisture content (65 wet samples), ie., MC is above FSP.
Each pair of samples (i.e. one dry and one wet) was cut from the same board and adja-
cent to each other, so that, excluding the moisture content, they had similar material
properties. The dry samples were from boards dried in an industrial hardwood kiln,
while the wet samples were soaked in water for three months to make sure they were
fully saturated - they were then tested within two days after removal from the water to

make sure wet samples were in a broad MC value above FSP.

The cross sections of the dry samples are illustrated in Fig. 4.1, showing the variation
of annual growth ring angles of 0, 30, 45, 60, 90 degrees, respectively, while the corre-
sponding wet samples have essentially the same ring angles. There were 26 samples
each annual growth ring angle. Half is the dry samples, and the other half is fully satu-
rated. The annual ring angles were measured before testing using a protractor and
measured again after failure. Half of each was dry samples, and the other half was wet

samples.

Fig. 4.1 Typical examples of cross section of the four-point bending E. nitens specimens

4.2.2 Testing facilities and procedures

A schematic diagram of the test setup for the Four-Point Bending Test with test photos
is provided in Fig. 4.2. These tests were performed on a Universal Testing Machine
(Hounsfield H50KM 50kN, serial number H50KM/669). The support frame consisted
of a four-point bending test frame with 3 spans of 120 mm each (Fig. 4.2a). The loads

and displacements were measured in the axis of loading (Fig. 4.2b).
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Please note the working span between two supporting points 1=360 mm, the span between two loading points
1/3=120mm. Dimensions of the specimens: 410 mm (L) %25 mm (W) <25 mm (D).

(@)

1 Universal Testing Machine 2 Loading element
3 Supporting frame 4 Bottom deck

5 Specimens 6 Data acquisition system

(b)

Fig. 4.2 Scheme diagram of four-points bending; (a) test schematic (b) test setup

Prior to testing, the weights and dimensions of the specimens were measured to deter-
mine their densities and volumes at testing time. The tests were conducted at roughly
20 °C; and the relative humidity (rh) was in the range of 50% to 70%. Immediately after
testing, small pieces from each specimen were cut and oven dried for 72 hours to de-

termine moisture content and basic density according to AS/NZS 1080.1 [85].

4.2.3 Data analysis

MOE and MOR

For determining the material properties of timber in bending, such as MOE and MOR,
different evaluation methods were used according to the different testing standards.
MOE and MOR were calculated according to the equations below:
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23P, L (4.1)

MOE = ————7
108W D361
?pl

where, L is working span (mm), i.e., the span between supports, W is beam width
(mm), D is beam depth (mm), P, is the force (N) in the elastic region and its corre-

sponding deflection at mid-span, &1 ol (mm).
>

In the elastic region, the deflections at mid-span and one-third span, 81p1 (m), can be
>

calculated via Eq. (4.2), and the derivation is referred to Cheng et al. [65].

2361 4.2
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R 20
_ sepild (4.3)
MOE = 27WD381
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The MOR was calculated from the ultimate load (N), Put, and was given by:

Pl
MOR = (4.4)

" WD?

Moisture content and basic density

The moisture content (MC) of the samples was calculated according to AS/NZS 1080.1
[85]. Basic density is calculated using the formula (3.5) provided in Chapter 3.

Moisture adjustment factor

A moisture adjustment factor [56], F(MC), is defined as showing the relative influence
of moisture on MOR compared with a reference MC, usually at 12%. Linear functions
[56] were applied to obtain moisture modification factors, below and above FSP, in this

study and these are given by:

F(MC) = ﬁiﬂg = a(MC —12) + b (MC < FSP) (4.5)
F(MC) = Z2%MC — ¢ (MC > FSP) (4.6)
12
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where, a, b, and ¢ are constants depending on experimental results.

Segmented regression analysis was undertaken to examine the relationship of MOR—

MC and moisture modification factor.
Statistical analyses

To determine the load AP and the displacement, as,., a linear relationship was fitted

1/3 1

through the linear elastic range of the load and displacement curves. Statistical analyses
were undertaken using Matlab (version R2019a, Natick, Massachusetts: The Math-
Works Inc.). The theoretical probability functions of the normal distribution and the
lognormal distribution were applied to fit probability distributions of MOR for dry and
wet samples. A Kolmogorov—Smirnov test (K-S test) is applied to evaluate the fit be-
tween the theoretical probability distribution and the empirical probability distribution
obtained from the experimental data, as it is sensitive to differences in both location and
shape of the probability distribution functions [96]. The formula for the K-S test can be

expressed as follows:

D,, = max|F,,(x)- F,(x) (4.7)

where, m5x| | is the maximum absolute distance; Fon(x) and Fy(x) represent the empiri-

cal probability distribution function and the theoretical probability distribution function,
respectively. Dn(x) is the maximum absolute difference between Fpn(x) and Fp(x).

At the 0.05 level of significance, D0,05=K/\/ﬁ, where, K is Kurtosis and n is the number

of samples. If Dpn is smaller than Do os, the theoretical probability distribution provides
a good fit to the empirical probability distribution obtained from the test data, otherwise,
the fit is unacceptable.

4.3 RESULTS AND DISCUSSIONS
4.3.1 Failure modes

According to ASTM D 143- 09 [57], failures in static bending include tension, com-

pression and shear (Table 4.2). Among tension failures, there are four types of failure
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called simple tension, cross-grain tension, splintering tension and brash tension. Con-
sistent with Derikvand et al [3], two types of failure were observed, namely, grain ten-

sion failure with combined compression, and bending tension failure (Fig. 4.3).

' Types of Failure in Static Bending Photos of Failures

Tension Failure [ ‘Simple tension

&) Croas-Gran Tonsion *
(Side View)

[ ==

(c) Spintering Tension
(View of Tersion Surtace)

l i

(o) Brash Tension
(View of Tension Surface)

Compression I ~
Failure ]
(o) Compression
(Side View)

Shear Failure

e

(1) Honzomal Shear
(Side View)

Table 4.2 Types of failure in static bending.

The term “cross grain” shall be considered to include all deviations of grain from the direction of the
longitudinal axis or longitudinal edges of the specimen. It should be noted that spiral grain may be pre-
sent even to a serious extent without being evident from a casual observation. The presence of cross grain
having a slope that deviates more than 1 in 20 from the longitudinal edges of the specimen shall be cause
for culling the test (ASTM D 143-09 [57])

Grain tension failure and combined compression

One of the failure types observed in the test is combined compression and tension fail-
ure. The load-deflection curves and the corresponding photo of the deformed samples
are shown in Fig. 4.3a, b. The three stages of specimens in bending are shown in Fig.

4.4: these are linear displacement, compression failure appearance, and tension failure
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appearance with crack initiation. A yield curve was found after a relatively linear re-

sponse during the elastic range of flexural deflection.

Types of Fail-
ure

Cross grain tension failure

Simple tension failure

Tension fail-
ure with com-
bined com-
pression

Tension fail-

ure only

Compression Failure Initiation«
i /

Cross-Grain Crack
V,wt/ension DeveITpmentw

19ad[kN]
RS

Failure

0 “Initiation -
5 10 15 20

Deflection[mm]

Cross-Grain Tension
Failure Initiation<

AR

—
Crack |
Development:

0 5 10 15 20
Deflection[mm]

7

Compression Failure

r ‘/ = al
Simple Tensile /‘Eck
Fai[ure Initiation< !

Development:

Load[kN]

0 5 10 15 20
Deflection[mm]

-

Simple-Tension-Failure-,nitiation

u

J

o B ;\ |
| Crack:
. Development

0 5 10 15 20
Deflection[mm]

Fig. 4.3 Bending response and failure mode for dry E. nitens samples. Top row: Tension failure with
combined compression (a, b); bottom row: Bending tension failure only (c, d); Left: Cross grain tension
failure (a, c); right: Simple tension failure (b, d)

The yield curves indicate that the timber had reached its compression failure (Fig. 4.3a,

b). The progress of the bending after the compression failure led to tension failure and

crack initiation. At this time, cracks appeared in the tension side of the timber and de-
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veloped upward, such that the neutral axis shifted toward the compression side. This
type of tension failure is related to the ring angle as well as to the grain angle. When
neither the ring angle nor the grain angle is equal to zero, there is normally cross grain
tension failure. When both angles are equal to zero, a simple tension failure occurred,

and the bending strength reached its maximum for this set of tests.

Overall, compared with other failure types, the combined compression and tension fail-

ure linked with higher bending strength as compression failure is generally found in

good pieces where tensile capacity is higher than compression.

Fig. 4.4 Bending and failure of each stage for combined compression and tension failure E. nitens sam-
ples; (a) linear displacement, (b) compression failure appearance and (c) tension failure appearance with
crack initiation

Bending tension failure

Another failure type in the tests was bending failure in tension alone, which includes
simple tension and cross grain tension. The shapes of the load-deflection curves for this
type of failure are consistent. After a relatively linear relationship, nonlinearity was ob-
served. Failure occurred at or close to the mid-span on the tension side, starting on that

face and developing to follow the fibre direction towards the compression side.

The failure was initiated in different areas in various specimens. This variation in loca-
tions is due to timber is a natural material with anisotropic non-uniformities, i.e., along
or across the fibres, as well as earlywood or latewood. As a result, these differences in
the material may undoubtedly cause deflection and failure from one board slightly var-
ied from others originally from the same resource. Comparing wet and dry cases, more
nonlinearity was observed in wet samples, while brittle behaviour dominated the failure

for dry samples (Fig. 4.5).
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Fig. 4.5 Failure modes of the four-point bending E. nitens samples. Left: dry samples (a, c); right: wet
samples (b, d); top row: grain tension failure with combined compression (a, b); bottom row: bending
tension failure (c, d).

All dry samples (overall) showed a sudden tensile rupture in the timber in this set of tests at
MC less than 15 % (Fig. 4.5a, ¢), which is consistent with previous findings [3, 4, 10,
57]. It seems that in the dry samples, once a rupture occurs it propagates rapidly throughout
the material. In contrast, ductile failure behaviour was observed in wet samples, and the
cracks remain localized (Fig. 4.5b, d). This may be because the water existing in the wet
samples provided lubrication between the grain fibres allowing them to slide easily from
one state to another at a microscopic level, while undergoing shear deformation - allowing

a redistribution of local stresses.

4.3.2 Load-deflection curves

Fig. 4.6 represents the load-displacement behaviour for small clear E. nitens specimens
at the loading point, i.e., one-third point. A brittle fracture is observed for clear timber
beams at dry condition and a relatively linear response was observed when the deflec-
tion was roughly below 8 mm and 4 mm (see dash lines in Fig. 4.6) for wet samples, re-
spectively. This is the elastic range of the load and deflection curve for Eucalyptus

nitens beams in bending for this set of tests.
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The dry samples exhibited a more extensive linear phase in the load-displacement curve,

relating to a higher ultimate load with sudden brittle ruptures compared with wet samples.

5
5 T T T T T T T . L . .
linearity | nonlinearity (a) DRY I'néa”tyi nonlinearity (b) WET
ar o 4 4 :
= Ea,
£ =
=] =]
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Fig. 4.6 Load-deflection curves of E. nitens in bending; (a) dry specimens and (b) wet specimens.

Conversely, a distinctly different ductile bending behaviour in wet samples was observed in
the load—deflection curves. The wet samples exhibited considerably larger displacements at
lower maximum loads, while the dry samples showed quite abrupt failures at relatively
small displacements just beyond the proportional limit, connected with somewhat higher
maximum loads. The wet samples showed abrupt drops, like the dry samples, but with a
subsequent recovery of load, reaching a new lower plateau, often occurring several times
(Fig. 4.6b). No obvious difference in load- displacement curves between the 09309459

60<and 90<annual growth ring orientations was found in this study.

4.3.3 Bending strength (MOR) and modulus of elasticity (MOE)

There was acceptable agreement with values of basic density measured with previous
studies [3, 62]. The average values of the basic density from both dry and wet planta-
tion E. nitens samples were 520.4 kg/m® and 496.9 kg/m?, respectively (Table 4.3). It
also found that the mean values for basic density were close to that reported by Farrell,
et al. [62] for wet samples and Derikvand et al [3] for dry samples, with the difference
less than 5%.

Another important measure, MOE, varied from 10.0 to 13.2 GPa for dry samples and
from 6.4 to 11.6 GPa for wet samples, with mean values of 11.8 GPa and 9.5 GPa, re-
spectively (Fig. 4.7 and Table 4.3). MOR lies in the range of 62.2 MPa to 100.3 MPa
for dry samples and 23.9 MPa to 87.7 MPa for wet samples, with mean values of 80.7
MPa and 59.0 MPa, respectively. These lie in the range of those of Farrell, et al., 2008
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[62] and Heid & Brancheriau, 2018 [8] for high moisture samples and for low moisture

samples, respectively (Fig. 4.7).

Physical property Testing Other-Studies
Dry-E Wet-E Dry-E(HI18)*  Wet-E(F03) **

MC (%) Mean 11.6 86.4 14 100.1

(COF %) (5.4) (16.7) - (20.5)
MOE (GPa) Mean 11.8 0.5 12.5 10.6

(COF %) (6.81) (12.0) (18.9) (21.1)
MOR (MPa) Mean 80.7 50.0 T6.8 51.9

(COV %) (9.01) (19.8) {20.5) (30.0)
Basic Density Mean 5204 496.9 517.7 4798
(kg/m?) (COV %a) (8.7) (7.8) (11.6) (7.8)

*H18 [97] (for other plantation eucalypt species at low moisture condition) and **F08 [62] (for planta-
tion E. nitens at high moisture condition) refer to values given in other scholars; I and Il The suggested
COV values by Wood Handbook [10]: 1 22% and 11 16%.

Table 4.3 Physical properties of E. nitens samples in four point bending;
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n
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Fig. 4.7 Boxplot of MOE and MOR for E. nitens samples compared with other studies on plantation euca-
lypt species [62, 97]. (a) MOE; (b) MOR

The coefficients of variation (COV) for MOE and MOR in both dry and wet samples
were also examined. The COVs of MOR and MOE for dry samples were lower than the
corresponding cases provided by the Wood Handbook [10] and Heid & Brancheriau,
2018 [8] (Table 4.3). These lower COVs were due to the samples being cut from the
same boards and being defect-free, with clear samples being selected to avoid the influ-

ences of non-uniformities in the wood samples as studied in the Wood Handbook [10],
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Farrell, et al., 2008 [62] and Heid & Brancheriau, 2018 [8]. COVs of MOR and MOE

for wet samples were higher than the ones for dry samples due to the wet samples cov-

ering a broad moisture range.

Therefore, this study is shown to be reasonable and repeatable data for plantation-

grown E. nitens.

4.3.4 Probability distribution of MOR

The empirical probability distributions of MOR of E. nitens in both dry and wet states
were determined from the test data to assess its suitability for use in building structures.
Fig. 4.8 presents histograms of the MOR of dry and wet samples - fitted by lognormal

and normal probability distribution functions.
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Fig. 4.8 Probability distribution of MOR. Left: dry samples (a, c); right: wet samples (b, d); top row: his-
tograms of the MOR from authors’ testing (a, b); bottom row: histograms of the MOR from values given

in other research [8] [62] (c, d).
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Code Maximum absolute difference Critical Value { D, )
E D.'-: ':I

Lognormal  MNormal

Testing Dry-E 0.0730 0.0644 0.1657

Wet-E 0.0756 0.0592 0.1657
Other Dry-E(HIE) * 0.0908 0.0550 0.1152
Studies Wet-E(FO8) ** 0.1268 0.0599 0.1097

Table 4.4 The maximum absolute difference between the experimental cumulative distribution and theo-
retical distribution using K-S testing. *Heid & Brancheriau, 2018 [8]. **Farrell, et al., 2008 [62].

The results of the K-S test were presented in Table 4.4, in which different data sets had
different critical (Do.os) and maximum absolute difference (Dbn) values.

Except Wet-E (F08), which showed only the normal probability distribution fitted the
testing data, both theoretical probability distributions fitted the experimental data, how-
ever, the normal probability distribution showed a better fit as it had smaller maximum
absolute difference, where a smaller value indicated a better fit. This was particularly
evident in the left region for each case, where the normal distribution followed the test-

ing data more accurately. This finding was consistent with previous research [83].
4.3.5 Design characteristic values

According to the design codes for timber structures (ASTMD2899 [89] and AS1720
[11]), design characteristic values can be still based on small clear sample testing. For
US standards, design value of a structural beam element can be estimated from a
strength characteristic value of small clear wood samples at 5% percentile strength with
95% confidence according to the ASTM standard (ASTMD2899 [89]). For Australian
Standards, the design value, eg. F-grade, can be obtained from the small clear samples
based on AS 2878 [98] and applied though the visual grading standards (AS 2082 [91]).
These design values can be used to assess the allowance stress of the timber structural

member in accordance with the current design standards, such as AS1720 [11].

Basic fitted parameters and the characteristic values of lognormal distribution and nor-
mal distribution is shown in Table 4.5. For the better fit probability distribution, i.e.,
normal distribution, suggested design characteristic values of plantation-grown small
clear E. nitens samples for dry and wet conditions were 68.5 MPa and 39.8 MPa, re-

spectively.
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The moisture reduction factor of E. nitens in this study was at 0.55 at a 5% percentile lev-
el and at 0.7 at mean level, respectively. The moisture reduction factor of such E. nitens
timber at the mean level was relevantly higher than for other commercial timber species,
for example, Pinus, radiata (0.52 at mean level) and Spruce (more than 0.53 at mean level)

[10], implying a potential use of E. nitens by the building industry, especially where the
timber is vulnerable to be fully saturated.

T_he-qrau_c al Testing Other Studies
distribution =
. Dry- Wet-
e Wet-
 DoE ®E His*  Fog**
Mean (MPa) 4.4 4.06 4.31 3.90
Lognormal S.D.* (MPa) 0.09 0.21 0.22 0.35
distribution E ot
characteristic N
. . al. 2.
value, fi(MPa) T0.3 41.1 - 1.9 &
MNormal Mean (MPa) 80.7 50.0 76.8 51.9
distribution 5.D. (MPa) 74 11.7 15.8 15.6
characteristic 68.5 39.8 50.9 26.3

value, i (MPa)

Table 4.5 Fitting parameters and characteristic values of theoretical probability distribution functions.
*S.D., standard deviation

4.4 SUMMARY

This Chapter determined the mechanical bending characteristic of plantation Eucalyp-
tus nitens (E. nitens) samples at both low and high moisture contents in order to exam-
ine its suitability for use as a structural material. The samples were from a 16-year-old
pulpwood E. nitens sourced from Tasmania, Australia. The bending strength values
were obtained by performing four-point bending tests with a Universal Testing Ma-
chine, and second objective has been fulfilled.

The findings can be summarised as follows.

® Two types of failure modes, which are combined compression with tension

failure and bending tension failure, were found for both dry and wet samples.

® | oad and displacement curves for the E. nitens samples in bending were de-
termined. Dry samples in general, failed by brittle fracture with a sudden ten-

sile rupture in the timber, while wet samples featured larger displacements at
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lower maximum loads and failed by ductile failure with several drops in load-

displacement curves, indicating alternating periods of rupture and hardening.

The mean and variation in material properties such as basic density, MOE and
MOR at both low and high moisture contents were determined. The agreement
between the data in this study and findings reported by other research [8, 62]
on Eucalyptus timber for low or high moisture content showed that the results

in these tests are reasonable for both low and high moisture content states.

The bending strength probability distributions of E. nitens at both low and
high moisture contents were estimated. The normal distribution showed a bet-
ter fit and was selected to determine design characteristic values presented in
this study. The design characteristic values for small clear E. nitens samples
with low and high moisture contents were 68.5 MPa and 39.8 MPa, respec-

tively.

The test results for small clear E. nitens wood in four-point bending provided
a moisture reduction factor at 0.55 and 0.7 at the 5th percentile and mean
strength level, respectively. The results showed that E. nitens was promise as a
material to be used in the construction industry for bending members especial-
ly in water saturated condition as the moisture modification factors of E. nitens
timber at mean level were higher than those of Pinus, radiata (0.52) and Spruce
(0.53).

In this Chapter, Eucalyptus plantation wood, E. nitens, is proved to be a potential re-

source for structural use as a bending member, especially when exposed to water. This

research provides basis for E. nitens in structural applications. Further work could

establish relevant design codes to facilitate using this resource for building and

structural applications. These properties could also be used in the further research for

finite element analysis of the structural performance of any potential timber product

from such a plantation source. As the FEA together with constitutive modelling over-

comes the limitations of the experiments due to the non-uniformity in E. nitens samples

leading to a large variation in measured values and can give an insight into the underly-

ing failure mechanism of E. nitens, the next Chapter will introduce a new constitutive

modelling for E. nitens wood.
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Chapter 5

5 ANEW MOISTURE-DEPENDENT
MODEL OF TIMBER MATERIAL
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5.1 INTRODUCTION

In order to achieve the third objective of this study, namely, to describe the short time
behaviour of timber more realistically and efficiently including the effect of moisture,
hence, the aim of this chapter is the development of a moisture-dependent anisotropic
elasto-plasticity model for wood. After this introduction, Section 5.2 provides the back-
ground of the existing constitutive modelling for wood. Constitutive modelling of tim-
ber materials is outlined in Section 5.3. The method of identifying the plastic material
parameters used in the proposed constitutive model is briefly outlined in Section 5.4.
Section 5.5 presents a numerical implementation. Section 5.6 provides numerical ex-
amples for validation of this new constitutive model. Afterwards, a discussion high-
lighted the new features of this constitutive model is provided. Section 5.8 presents

summary.

5.2 EXISTING CONSTITUTIVE MODELS FOR WOOD

In order to understanding the underlying failure mechanism of E. nitens, sophisticated
methods are needed. The merit of such method is to overcome the limitations of the ex-
periments as mechanical properties of E. nitens timber are very difficult to examine
separately using an experimental approach due to the heterogeneity behaviour of natu-
ral wood, together with its nonlinear material characteristics. In other words, the exper-
imental results are empirical and only tell us the phenomenon. Constitutive modelling
handed with FEM technique appeared as an effective tool to do numerically reflect the

realistic stress state within timber structures and predict their possible failure.

Several types of constitutive models have been proposed to describe the mechanical
behaviour of wood at a macroscopic level [23, 99-101] [102] [46]. For example, Patton-
Mallory (1997) used a tri-linear constitutive relationship incorporated into an ortho-
tropic elastic material to model wooden bolted connections [102]. Tabiei and Wu (2000)
developed an orthotropic model using an incremental-iterative secant stiffness approach
[46]. Their model agreed well with experimental shear and compression data within the
elastic range for the given species of wooden specimens. The ultimate compressive
strength of wood is not accurately predicted by this model: numerical models such as

this need to include inelastic behaviour, so as to model hardening behaviour accurately.
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Hong et al (2015) studied Douglas fir in compression [27]. They developed a numerical
model which incorporated Hill’s anisotropic plasticity theory based on a bi-linear
stress-strain constitutive relationship. The results of their numerical modelling agreed
closely with their experimental results. Milch, et al [24] studied damage to Norway
spruce and European beech both numerically and experimentally. They applied an elas-
toplastic material model with nonlinear isotropic hardening and a Hill yield criterion.
The results of their numerical modelling agreed acceptably with experimental data ob-
tained from mechanical testing with loads applied at 90 degrees to the grain. However,
when it comes to stress and strain along wood fibre, the hardening law is not always
appropriate. The compression behaviour of wood in the longitudinal direction and both
anatomical directions is different: the stress-strain curve changes from "softening™ to
"hardening” from the longitudinal direction to that perpendicular to the grain [51, 52].
These phenomena have also been observed in E. nitens timber both below and above
FSP, which is provided in Chapter 3. In order to numerically model load carrying ca-
pacity of E. nitens timber more correctly, the elastoplastic anisotropy in wood need to
be included.

A change in moisture content significantly affects the strength of timber structures. For
example, important wood species, such as Douglas fir, show a significant reduction in
strength in high moisture situations [68]. Generally, the decrease in strength and stiff-
ness in timber occurs when moisture content increase while staying below the Fibre
saturation point (FSP) and no significant changes occur above FSP [10]. FSP is defined
when there is an absence of any free water in the cell lumina, and the cell walls are sat-
urated with chemically and physically bound water [9, 10]. As noted above, being a hy-
groscopic material and being an anisotropic, biological, cellular structure, the compres-
sive and flexural strengths of E. nitens timber also depend on its moisture content. This
feature of E. nitens timber has been found experimentally and presented in Chapter 3
and 4. In compression members of bridges and piers when submerged in water, in tim-
ber piles immersed in soil near the river but above the water table, and in houses in a
flood zone when the timber members are soaked for a long time, water can be drawn
into the wood by capillary action and lead to moisture contents above FSP [65, 66]. Re-
assessment of the safety of timber structures when moisture content increases above its

fibre saturation point (FSP) is of interest to many present-day workers [9]. To safely use
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E. nitens by the building industry, especially where these members are vulnerable to
water, the moisture dependent effect should be included in structural design, so as to
predict a more accurate ultimate load/stress capacity in compressive or flexural E.
nitens timber members exposed to water. The variation of material properties of E.

nitens with moisture content can be found in Chapter 3 and 4.

To capture the consequences of the mechanical behaviours of E. nitens wood, a new
moisture-dependent anisotropic elasto-plasticity model is introduced to indicate aniso-
tropic material behaviour of wood for short time response when moisture content

changes. The details are listed in the following section.

5.3 MOISTURE-DEPENDENT ANISOTROPIC ELASTO-
PLASTICITY MODEL FOR TIMBER MATERIALS

As a consequence of the cellular structure of trees, wood is an anisotropic material [10].
A cut wood section is usually assumed to be a three-dimensional orthotropic material
with three main directions that correspond to the natural arrangement of cells in tree

stems. These directions are:

» Longitudinal, L, which is parallel to the mean fibre direction.

« Radial, R, which is perpendicular to the growth rings (in a plane perpendicular to the

longitudinal direction).

» Tangential, T, which is tangential to the growth rings (in a plane perpendicular to the

longitudinal direction).

The tangential and radial directions are generally perpendicular to each other. Therefore,
the L, R and T directions form a local orthogonal system, superimposed on a cylindrical
structure (Fig 5.1) Within a global cylindrical coordinate system, the orthogonal LRT
coordinate sub-system is used to define properties. The cell wall structure consists of
four layers built up mainly with fibril networks which contain hemicellulose and lignin
(Fig 5.2) [17]. These cell wall structures deform when external force (s), e. g. gravity,
wind loading or bending, act on them. Experiments find a permanent deformation in
wood specimens when forces exceed the capacity of the wood fibres. This is a non-
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conservative and path-dependent elasto-plastic phenomenon [23, 24, 51].
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Fig. 5.1 Principal axes with respect to tree stem structure. Pith is heart in hardwood.
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Fig. 5.2 Simplified structure of the cell wall [17]
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Milch, et al [24] studied the damage of Norway spruce and European beech wood by
static loading experiments. Ductile behaviour could be observed in compression per-
pendicular to grain. The failure behaviour of the tension and compression were also
found to be different [36].

As mentioned previously, that as a hygroscopic material, the stiffness and strength of
wood depend on the moisture content. For example, important hardwood species, such
as European beech, show a large reduction in mechanical properties, strength in par-
ticular, at a high moisture content [23]. Hence to capture the consequences of the be-
haviour of wood in which the moisture content is very high - for example, in living
trees, the effect of moisture should be included. For reliable predictions of this material
behaviour, a new moisture dependent anisotropic plasticity is introduced in the next two
sections to show the anisotropic material behaviour of wood varying according to mois-
ture content. This model is a development from the one-parameter plasticity model for
fibrous composites proposed by Wang et al [103, 104], which assumed the material was
elastic in the fibre direction and transversely isotropic with a power law to model the
isotropic hardening. A simple version of the effective stress was used [103, 104],
which ignores the effect of the stress variables along the fibre. In the developed consti-
tutive model for wood, Ramberg-Osgood hardening law was assumed as it was con-
firmed by experiments [14], and scalar function for plastic potential hardening is related
to the i direction (i = L, R, T, where L is the longitudinal, R radial and T transverse di-
rection). The plasticity along the grain for compression is included and loading-
directional dependence on the plastic flow was considered [105]. Variation of material
properties of timber with varying moisture contents is also included in a newly devel-
oped constitutive model, the values of these material properties could be identified from

experimental data.

This constitutive model is orthotropic in elastic regions while anisotropic in plastic re-
gions and can systematically study the path-dependent elasto-plastic phenomenon of
wood at varying moisture contents and its different reactions to tension and compres-
sion. The principal axes of the constitutive model are presented in Fig 5.1. The theoret-
ical backgrounds of this model are introduced in the following sections.
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5.3.1 Elastic deformation

Before yielding, wood undergoes an elastic deformation, which implies a linear and
fully recoverable material behaviour. The stress and strain relationship within the elas-

tic range reads:

o=Cy & (5.1)

where, €° is the elastic strain tensor, o is the stress tensor. For orthotropic material,
elastic compliance €y consists of 9 independent material variables, and details shown
in Eq (5.2).

[ i —Up, ~UrL
E, Epp Erp
—Urr i —Urg 0
E  Eme  Err -
—Upr  —Ugr i
c;t = E, Egr Err ) (5.2)
— 0 0
Grr
1
03)(3 0 G_ 0
LT
0 0 !
Ggrl

where, Young’s modulus Ej;, shear modulus G;;, and Poisson’s ratio w;; (i,j = L,R,T)

E
refer to the principal material directions L, R & T. All material variables (Pwc), e.g.
Young’s modulus, shear modulus and Poisson’s ratio, depend on the moisture level and
follow the empirical model [10, 56], which has been grounded for E. nitens by experi-

mental findings shown in Chapter 4.

P, =F(MC)P, =a(MC —12)P, +bP, (MC < FSP) (5.3)

P, =FMC)P,=cP, (MC>FSP)

where, Pmc and P12 are respectively the material variables at a moisture content of MC %
and 12%. F(MC) is the moisture content adjustment factor; a, b, and ¢ are constants de-
pending on experimental results. FSP is fibre saturation point, which varies between
species but is typically in the moisture content range of 20 to 30% [9, 10, 73]. The ma-

terial variables include elastic parameters in this sections, and plastic parameters, which
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are defined in the following section.
5.3.2 Plastic deformation

When wood fails under tensile or shear loading, localised brittle fracture is observed.
However, under compression, pronounced inelastic behaviour occurs. Plastic hardening
in different anatomical directions is orientation dependent due to the arrangement of
cells in the wood. For a general 3D anisotropy material, a Hill yield function [87], a
quadratic form in stresses, is usually used without consideration of hydrostatic pressure

and is assumed to be as follows:

fiiin = ki(op, — 0rr)? + k2(0gg — 077)? + k3(orr — 01)? + 2k40hr + 2ksofy, + 2keofz  (5.4)

where the stresses a;; (i,j = L, R, T) refer to the principal directions L, R, T, respective-
ly. The parameters k,- k¢ are constants, which define the current state of anisotropy at

a moisture content of MC %, and are given by:

. 1 YLT+YLCZ+ YT +YE\"  (vT+ 1S\
P2\ 2vTye 2YTYE 2Y1YE

L YRT+YRCZ+ YT +YE\: (vl +vE\
27 2|\ 2vfye 2vF Y 2y vt

L YTT+YTCZ+ YT +YE\: (vl + S\ (55)
37 2|\ 2vTye 2vTyf 27 vE

1 1 1
ky=———, k= , k=
o2yt T 20m)t 2R

where, Y, YT, Ylfj- (i,j = L,R,T) are the absolute values of compressive, tensile, and
shear yield strengths, respectively, in the principal stress space, and at a moisture con-
tent of MC%.

Similar to the Drucker—Prager yield criterion [106], a generalized Hill yield function is
proposed for wood material by modifying the Hill yield function. This function is able

to consider pressure-dependent criteria and is given by:

fm = fain + k701, + kgOgg + koorr (5.6)
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where, fy; is modified Hill yield function which depends on hydrostatic pressure, f5i;
is the Hill yield function independent of hydrostatic pressure. The pressure-modified

coefficients k; — ko are given by Eq (5.7) in the principal directions.

Y-y v (5.7)
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A schematic for anisotropic elasto-plastic behaviour of this constitutive model is shown
in Fig. 5.3. The initial yield surface of this constitutive model is a tapered elliptical cyl-
inder surface in principal stress space, and the projection in "n" plane is elliptical (Fig.
5.3a, b). Meanwhile, the elliptical initial yield surface enlarges as moisture content de-
creases from FSP to dry state (Fig. 5.3c). This is because the strength in the longitudi-

nal direction is much higher than the strengths in the radial axis and the tangential axis.

The transition between elastic and inelastic domains in the stress space is proposed by
Tsai and Wu (1971) [23, 107] as follows:

£.(c,0,,MC)=A,(MC):6+6:B,(MC):0+q,(ca;, MC)—1

i=L,RT (58)

where, the strain variable «,, the strength tensor components A,(MC) and B,(MC),

and the scalar function for plastic potential hardening g;(«;,MC) are related to the i di-

rection (i = L, R, T). All relevant strength values and respective plasticity parameters

are moisture dependent and can be known from experimental data.

The law of plastic potential hardening is assumed to follow the Ramberg-Osgood func-

tion, which is confirmed by experimental results from Beech wood [14]:

&P = (o/K)" (5.9)

where, K and n are plasticity parameters and need to be evaluated from experimental
results. The method to identify K and n is provided in Section 5.4.

The incremental plastic strains de¢; (i, j =L, R, T ) can be presented based on associated

flow rule [108], and is given by:
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aer = az (5.10)
' 0oy

where, the superscript p denotes plasticity, £” is plastic potential and & A is a propor-

tionality factor.
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Fig. 5.3 A schematic of anisotropic elasto-plastic behaviour for moisture-dependent anisotropic
elasto-plasticity model; (a) Initial yield surface in principal stress space (b) Initial yield surface in
"1" plane (C) moisture sensitivity for yield surface

If the effective stress is defined as Eq (5.11) [105], the increment of plastic work per
unit volume (dWP), can be expressed by Eq (5.12):
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_ 3
&= \/E{(O'RR ~0 Y +[240%, +2B(0}, + 0L )} + CPot, + C(0y, + Opp + Orp) (5.11)

dW? =ode” =5de” =f dA (5.12)

where, dz? is effective plastic strain, new parameters, A, B, C describing the state of

anisotropy of wood material and given by Eq (5.13).

W) ol
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(5.13)
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Then, the relation between plastic strain and increment of effective plastic strain is:
06
def =——de”’
(> (5.14)

Then, assuming the wood material model to be transversely isotropic, the incremental

plastic strain can be calculated by substituting Eq (5.11) with Eq (5.14) and is given by:

Oy
del, e
3(0re —Orr)
degy 26
de? 3(orr —Oke)
m 26
= xde? .
dz?, 60, (5.15)
(o}
dép, 3Bo,,
(o}
dely
3Bo,,
(o}

3
Where’ 6= \/5[4612# + (GRR - GTT)Z + ZB(UZR + O—iL)]+ O-EL
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5.3.3 Elastic-plastic compliance matrix

In the light of the hardening law, Eq (5.9), the instantaneous plastic modulus can be ob-

tained:
ds K"
H = = .
P dg?  neg"t (5.16)
The total strain is split into elastic and plastic parts, as:
de, =de; +del =S5, do,* Sh, doy, =Shdo,,, (L k,1=L,R,T) (5.17)

e

in which i

¢;; are elastic and plastic strains, and S}, , 57, and S are elastic, elas-

tic—plastic, and plastic compliance matrices, respectively.

Plastic compliance matrices are given by combining (5.16) and (5.17):

gp _4dej _dejde? d5 _dej 1 d5 |
" do, de’ d& do,, de’ H,do,

(5.18)

The increment of the three-dimensional constitutive model proposed in this Chapter can
be obtained by combining Equations (5.1), (5.8) , (5.15), (5.18), and is shown below:

ep
dey, Siee Strr Stirr Sierr Swre Siier doy,
degg Srre.  SrrrRR  SRRTT SRRRT SRRTL SRRLR dogg
derr | _ |Strie Strrr  Strrr Strrer Strri Strir dorr
= X (5.19)
depr Srri  SkrRr  Srrrr Serrr SrrTi SRTLR dogr
deyg, Steee Stirr  Sterr Stirr Stire Stiir dop
degg Sirer Strrr Sttt Sirrr Sirre SirLR dog

where, Six (i, j, K, | =L, R, T) is the elastic—plastic compliance matrix, and the details

were provided in Appendix 1.

Inversing the elastic—plastic compliance matrix, the Jacobian matrix can be obtained
and given by Eq (5.20).

Jep = [55@]4 : (5.20)
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5.4 METHOD FOR IDENTIFYING THE PLASTIC
HARDENING PARAMETERS

This study adopted and improved the approach proposed by Wang et al [109] to identi-
fy the plastic hardening parameters of the moisture dependent anisotropic plasticity
model. Hardening parameters can be obtained from off-axis compression testing on
wood specimens at a known moisture content, MC. If we know the experimental stress-
strain curves, the plastic strain in the loading direction can be obtained via the meas-
ured strain minus its elastic part. Then, the effective plastic strain, € (MC), and the ef-
fective stress, a(MC), can be obtained according to the coordinate transfor-

mation, h(¢, MC), of the stress and plastic strain curve from the off-axis testing:
EP(MC) = e (MC)/h(p, MC) (5.21)
F(MC) = h(p,MC)a,(MC). (5.22)

where, e (MC) and o,(MC) represent plastic strain and stress along the loading direc-
tion at MC, respectively. h(¢p, MC) is the transform function at MC, and ¢ is the angle

between the loading direction and the wood fibre.

For off-axis compression in L-R plane, (i.e., in a plane parallel to the fibres and perpen-

dicular to the growth rings), the transform function can be simplified and is given by:

3
h(p,MC) = \/E (sin*@ + 2B(MC)sin?@cos?¢) + C(MC)cos*¢ (5.23)

where, B(MC) and C(MC) are the anisotropy parameter at a given MC and is defined by
Eq (5.13), and ¢ is the angle between the loading direction and the wood fibre.

In the constitutive model, a Ramberg-Osgood function approximately describes the re-
lationship between the effective stress ¢ and plastic strain &P in the plastic range, Eq
(5.9).

Combining Eq (5.9), (5.21), and (5.22), we obtain:

eE(MC)/h(p, MC) = [h(p, MC)o,(MC)/K]" (5.24)
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In[(eE (MC) /h(p, MC)]= In[(h(p, MC)oc(MC)In+In(1/K™) (5.25)

Plasticity parameters K and n can be determined based on the least square optimal fit to
the experimental effective stress and effective plastic strain relationship according to Eq
(5.25), and an example is shown in Fig 5.4, where the original experimental data is
provided in Fig 5.5a. The procedure to determine the effective stress and effective plas-

tic strain from the experimental data is shown in Fig 5.5 with description as follows.

2.1 2.2 2.3 2.4 2.5 2.6
n (=14.595), K (="/1/e-*042=15 95)

In(&,)
N

y = 14.595x - 40.42
-10 . R==0.9693 (@)

In (6)

13

12.5

12
—115

2,105
10 H 14.595
- —.Fit & =(d/15.95)

(b)

Effective stress

©
uam,

0 0.01 0.02 0.03 0.04
Effective plastic strain

Fig. 5.4 An example for parameter identification on K and n at grain angle ¢ = 45° and MC>FSP.

(a) A least square optimal for identification on n (=14.595) and K (=%/1/e~40-42=15.95); (b) Com-
parison between experimental data and the fitting hardening law.
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=
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2 (d)
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-0.02 0.03 0.08  -0.02 0.03 0.08
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direction

Fig 5.5 An example for obtaining the plastic strain from experimental strain and stress (MPa) curve: (a)

experimental strain and stress (MPa) curve in loading direction, (b) method to obtain plastic strain from

measured stress strain curve, (c) the relationship between plastic strain and stress (MPa) in loading direc-
tion, (d) effective plastic strain and effective stress (MPa) curves

For an experimental stress-strain curve at a known MC and loading direction (¢ is
known), for example Fig 5.5a, stress and plastic strain curve can be obtained (Fig 5.5c)
when measured strain minus its elastic part (Fig 5.5b). The effective plastic strain and
effective stress were calculated from measured plastic strain and stress according to Eq
(5.21) and Eq (5.22), respectively. Effective plastic strain and effective stress curve is
also provided in Fig 5.5d. In this example, the original experimental data is from com-
pression tests on wet small block E. nitens samples at grain angles of 45%shown in Fig
3.6f of Chapter 3. For this set of data, MC>FSP, B = 0.043 and C = 0.57. B and C are
calculated based on Eq (5.13) using the strengths data given in Table 5.5.

5.5 NUMERICAL IMPLEMENTATION

The moisture dependent fibre plasticity model can be implemented by an FE simulation
using an incremental, iterative numerical approach [104]. In this study, commercial FE

software ABAQUS was adapted to implement the moisture dependent anisotropic plas-
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ticity model. A UMAT (User-defined mechanical material behaviour in Abaqus) sub-
routine in ABAQUS is applied to perform the capability of the proposed modified con-
stitutive model. The procedure for the UMAT subroutine is illustrated in a flow chart
(Fig 5.6).

The details are as follows:

Stage 1: Data initialization. Set all state variables to their corresponding values from
the last converged iteration of the previous increment [104]. These include material

properties, strain increments, solution-dependent state variables, and current stresses.

Stage 2: Elastic predictor. Obtain the trial stresses and trial effective stresses:
o = gy + [SEu] A (5.26)

subscripts (®),, indicate a state at the current time step, while the subscript (®),+1 rep-

resents the next time step with a time increment, At =¢, ., —¢, .

Stage 3: Stress state identification. In this step, determine whether the element is in ten-
sion or compression. A positive value of average three principal stresses indicates that
the element is in tension, i.e., &, >0 ; otherwise, it is subjected to compression.

_ 0y, + Ogg t+ 077

Om = 3 (5.27)

Stage 4: Yield state identification and plastic deformation check. In this step, examine
the possibility of irrecoverable deformation of the element. The yield criterion is evalu-

ated by trial and current effective stresses.

If & <0,0™ <0, no initial yield occurs, and the wood undergoes a linear deformation.

If (Dnsgo,q)””’ >0, initial yield occurs, and plastic strain of wood element appears at the

ng+l

next (ns+1) increment.

If CI>HS>0,<D”"” >0, plastic deformation appears, and strain hardening occurs at the next in-

n+l
crement. The yield surface has changed with changes of the strain hardening variable

(s).

94



CHAPTER 5 A NEW MOISTURE-DEPENDENT MODEL OF TIMBER MATERIAL

[ Call UMAT |
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[ Start of increment and Data inthalization ]

Il

. -1 . .
Elastic predictor. ol =0, + I:S:”] Ag,_ ., Caleulate Elastic-plastic
; - : o

stiffness J,, = I:S::".]

&
Stress state calculation. If &, = 0, ﬂ
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— o = _ =i 41 _
Tl =0, 4:0,4 U:.-i E:Eq _E:: + de”
0T, 4

Calculate the Jacobian matrix, update STATEV by new strains and end UMAT

Fig. 5.6 Flow Chart of the Numerical implementation using UMAT

Stage 5: Stresses and strains update. Calculate the stress tensor and strain tensor at the
current increment by Eq (5.28) for elastic deformation or by Eq (5.29) for plastic de-

formation.

If the trial state of stress remained in the elastic domain, the stress tensor and the total
strain tensor at the end of the increment equals the elastic contribution as follows.

— trial = — ~trial
Ong+1 = Ong+1s Ong+1 = Ongt1 )8
5.
el =€l =0, , =& =0 (5:28)
ng+1 Ng rng+1 ng ’

If plastic deformation occurs, then update the stresses and the state variables by Eq
(5.29) based on the value of state variables from the previous increment.

Ong+1 = Ong +]epA£ns+1d0_- = 6-n5+1 — 0y

dé
de? = —
Hp

S

(5.29)
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P P =P
€41 = Eng T dE

p p aO--‘I’ls+1

el =¢P deP
s a0-n5+1

ng+l —

e — c€ p
Eng+1 = Eng + Asns+1 - Asns+1

Stage 6: State Variables Matrix (STATEV) update and UMAT end. Calculate the Jaco-
bian matrix, update STATEV and exit UMAT. The updated state values stored in
STATEV will be initial values for the next step.

5.6 VERIFICATION AND VALIDATION

This section verifies the functionality of the proposed 3D moisture dependent aniso-
tropic plasticity model for accurately predicting the short-term responses. Example 1 is
complemented with an experimental validation using testing data of beech wood [14,
24, 31] under moisture dependent compressions in order to compare the moisture de-
pendent behaviours predicted by the proposed constitutive model. The material proper-
ties of Examples 1 are given in Table 5.1 and Table 5.2. These parameters are obtained
from experimental results using beech wood [14, 31]. Example 2 further extends the
validation of the proposed constitutive model to compressive behaviours of E. nitens

timber, both below and above FSP via FE methods.

5.6.1 Example 1 - Waisted specimens for beech wood in moisture

dependent compression tests

This example shows the performance of proposed constitutive model for predicting
moisture dependent mechanical behaviour for wood. Comparison between this constitu-
tive model with experimental work of Hering et al [14, 31] is illustrated. The dimension
of the model is 100 mm length (L) <28 mm width (W) %28 mm depth (D) with a cross-
sectional area of 14 mm >14 mm with a length of 11 mm, in the narrow part (Fig 5.7).
The compression tests were carried out in standard climatic conditions, and the meas-
ured data is provided in Table 5.1 and Table 5.2. Although these data are from different

studies (See the reference resource shown in Table 5.1 and Table 5.2, the values of the
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data are in the same range, this implies that the data we used is reproducibility and can

be used for investigating moisture dependent mechanical behaviour of beech wood.

\'\ [ I“i—;@{{mz
g T
B boA-A
A A

28mm

wWuIge

Fig. 5.7 Waisted specimens with random texture used for compression testing [31]

: Resource | MC Density Young s modules (Aloa) Poisson Ratio
)] (kg/m?)

R L T E L T tr tl rl It Ir It

8.7 T4 705 21 1990 14400 679 085 026 031 029 009 0.1
Hi1 129 TI53 740 621 1900 13900 606 064 024 027 027 007 0.09
16 T TI6 626 1570 13200 505 064 018 024 027 006 0.06
13 7T 707 622 1430 11600 473 0.63 0.18 0.24 028 003 0.06
533 10.5 745 2240 13700 1140 075 051 045 036 007 0.04
We6 82 - 2070 11100 1070 045 048 037 033 006 003

N98 12 - 1100 - 580 077 - - 0.29 - -

H11, Hering et al., 2011 [31]; S33, Stamer and Sieglerschmidt, 1933 [31]; W66, Wommelsdorf et
al,1966 [31]; N98 Neumann et al, 1998 [31]

Table 5.1 Densities and Elastic material properties for beech wood under compression testing with dif-
ferent moistures

MC Compressive Strength K n
(%0} {MPa)
L R T K 1 R T
8.7 T34 15.9 6.9 204 1.9 17.1 8.3
(8.2) (5.4) i4.5)
129 60.1 13.5 6.0 16.6 9.6 20.7 9.7
H12 (11.2) (5.6) (3.1)
16 48.0 10.9 5.0 12.8 7.5 26.6 7.5
112.9) (3.7} (4.5)
14 40.2 10.0 4.5 12 6.6 23.1 6.6
(15.6) (6.5) (3.2}
M6 15 475 949 £l - - -

H12, Hering et al., 2012 [14]; M16, Milch et al, 2016[24]

Table 5.2 Plastic material properties for beech wood under compression testing with different moistures
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The data provided, except for some Poisson’s ratios (e.g. Ut and Uy), show linear de-
creases of corresponding material parameters relative to an increase in moisture content
in all material directions, see Fig 5.8-Fig. 5.10 indicating that the empirical moisture
adjustment model, Eq (5.3), used could be appropriate for our purpose when MC below
FSP, which varies between species but is typically in the moisture content range from
20 to 30% [9, 10, 73].

< 80 AL A Y=-358x+105.08 25 o R Y=-0.95x+2860
= T~ R==0.997 20 R==0.99
2 60 o R A o7 '
iy CA. 15
=< 40 BT A M
= y= -0.66x +21.72 10
S 20 y =-0.26x + 9.25 R=2=0.989
g RZ=0.992 ¢ ——-6o__o o 5 _
8 i I B y =-0.58x + 16.99
0 0 R==0.997
0 5 10 15 20 0 5 10 15 20
Moisture content [%] Moisture content [%]

Fig. 5.8 The relationship between the plastic material properties and moisture content for beech wood in
compression: a) compressive strength; b) plastic hardening parameter (Analysed data from the work of
Hering et al [14, 31])

0.7 BT
06 4 RL
=05 0 TL
~04 A LR
§ 03 ™ LT
502
0.1
0
5 10 - 15 20
Moisture content [%]
1: y=-0.0019x + 0.67 2. y=-0.008x +0.38
o R==0.96
3 y="00018(+ 0.30 4: y=-0.0097x +0.35
R==0.29 R== 090
5. y = -0.0048x + 0.14 6: y =000 +0.13
R==0.90 R>=0.99

Fig. 5.9 The relationship between the measured Poisson’s ratio and moisture content for beech wood in
compression (Analysed data from the work of Hering et al [14, 31])
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Fig. 5.10 The relationship between the measured stiffness and moisture content for beech wood in com-
pression (Analysed data from the work of Hering et al [14, 31])

Fig. 5.11 Finite element model of waisted specimens for beech wood in moisture dependent compres-

sion tests

For the FEM, the model for compressive loads on the waisted beech wood specimens is

given in Fig 5.11, which precisely reflected the experimental work, i.e., the dimensions,

the applied load and the boundary conditions (BC): The geometry is discretised by

2511 general purpose linear brick elements (C3D8R). The forces are uniform surface
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loads acting on the top surface. The bottom surface of the model restricted any three-

dimensional movement.

MC  Density Poisson’s ratio shear moduli* shear vield stress*
(*e) (k&"m’} Upp Lpr Ugr Grg Ger Gig Fir Yir ¥ar
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Casel 87 74278 00% 01 029 1608 1059 460 12.6 10.1 14.2

Case2 12 78052 007 009 027
Case3 16 7064 006 0.06 027
Cased 18 8476 005 006 028

* means testing data for beech wood from Milch et al. 2016 [24].

Table 5.3 Other physical properties for beech wood used in Finite Element Model

The moisture dependent compressive behaviour of the waisted beech wood in radial
and tangential directions was examined. For each anatomical direction, four cases at
moisture contents of 8.7%, 12.6%, 16%, and 18%, respectively, were examined. The
input parameters of the constitutive model for the corresponding moisture content are
given in Table 5.1 for densities and elastic moduli and Table 5.2 for plastic hardening
parameters in the directions L, R, T, respectively. These parameters were obtained from
the same beech wood samples which resulted in the experimental stress-strain curves
provided in Fig 5.12. As shear moduli and shear yield stresses have not been given in
the same papers, the values from another paper for beech wood [24] were used in the
simulation and were given in Table 5.3. Poisson’s ratios, shear moduli and shear stress-
es do not significantly affect the compression perpendicular to the grain. Therefore, an
assumption has been made that Poisson’s ratios, shear moduli and shear stresses are
constant when the moisture content changes during the simulation. The yield stresses in
radial and tangential directions were optimized to obtain a minimal relative error in the

numerical stress strain curve with respect to experimental data.

A comparison for stress-strain curves between the testing and the modelling of waisted
beech wood specimens in compression with different moisture contents in both anatom-
ical directions, e. g. radial and tangential directions, is presented in Fig 5.12. Apart
from some minor deviations in the transition zone between linear and nonlinear behav-
iour, the numerical results well agree with the experimental data (i.e., error less than
5%). The match in elastic range and hardening implies that elastic deformations and the

hardening law for plastic evolution under different moisture conditions for the proposed
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constitutive model were reasonable for beech wood including the moisture effect, how-
ever, some deviations were found in plastic flow. These differences may result from the
assumption of ideal geometry and homogeneous material distribution in the numerical
models while some natural factors, e.g., the material heterogeneity, which may contrib-

ute to the result, have not yet been considered in the proposed models.

Radial Direction

20 Numerical C4
090
18 L__‘_“"_“_wmm Numerical 'C3
16 e 00000 000000000
< 14 55555TTTTTTTTTITTTTTTOOOOTTCO- Numerical C1
o
g 12 860860060 860000000000000 000000 —— Numerical C2
o 10
S 8 e Hering Testing
b g MC=8.7% _
e Hering Testing
4 MC=12.9%
2 o Hering Testing
0 MC':lG'TW%'
ering Testing
0 1 2 3 4 > MC=18.6%
Strain (%)
Tangential Direction Numerical C4
20 .
18 ——Numerical C3
16 —— Numerical C2
< 14
S ——Numerical C1
- 10
S 8 + Hering Testing
» 6 MC=8.7%
4 Hering Testing
2 MC=12.1%
o Hering Testing
0 MC=16.3%
Hering Testing
Strain (%) MC=17.4%

Fig. 5.12 Numerical result using moisture dependent anisotropic plasticity model comparing with meas-
urements [14]. Compressive strength here is defined as the intersection of 2% strain line with the meas-
ured stress-strain curve according to Hering et al., 2012 [14]. The material parameters used for these
simulations can be found in Table 5.1-5.3.
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Hering's work:

Author’s model

N, o Sreops (Mw)
¢ )

ey

Exemplary stress distribution Exemplary stress distribution for compression at Radial
diraction when moisture content 1:12%

l' S, Fan Mgl (N

A T9%)
i 19

N O non-plastified = 3|
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\

F N
Plastified and non-plastified sections of the model at ~ Plastified(Red) and non-nlastified sactions(zreen to blue)

the end of the numencal simulation of the model at the end of the numernical simulation
(hardenin=)

Fig. 5.13 Comparison between work of Hering et al., [14] and the numerical result using moisture de-
pendent anisotropic plasticity model
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(c) hardening

(case 1 in radial direction) confirmed

and plastic sections were found in the narrow speci-
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Fig. 5.14 Modelled stress distribution for compression at radial direction when moisture content is 8.7%:
A further comparison of stress distribution of simulation between the work of Hering

et al [14] and numerical model at the strain of 1%

the good agreement, see Fig 5.13
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the grain can be classified into 3 different regions: 1) the elastic range, 2) the nonlinear
yielding with plastic flow and 3) hardening. See the modelled stress distributions pre-
sented in Fig 5.14. In the elastic range, a linear growing parallel isostress surface from
side to centre along the compressive direction can be observed (Fig 5.14a), while stress
nearer the surface is larger than the interior stress in the narrow specimen section due to
the geometry of the specimen. It should be noted that, the deformation in the elastic

range is recoverable when the load decreases.

The stress distribution of the model during yielding is given in Fig 5.14b, where inter-
nal wood fibres folded at the yield load and a permanent deformation occurs. Similar
linear growing paralleled isostress surfaces are found in the thicker end parts, suggest-
ing that stress there is within the elastic range, while a plastic deformation zone is
formed in the centre of the narrow section coinciding with the location of crushing of

the experimental samples [14].

The plastic region extends with an increase in load after yielding during the hardening
phase, see Fig 5.14c, which implies the chosen hardening law was suitable as a model

of the measurement data in the radial and tangential directions.

In conclusion, the results of the FE modelling confirm a marked influence of the mois-
ture content on the stress-strain behaviour, not only in the elastic but also in the plastic
domain. The proposed constitutive model is proved to be suitable as a description of the
measurement data in the radial and tangential material directions. Comparisons between
the model prediction and the work of Hering et al [14] found that stress—strain curves
match well with experiments, which indicates that the UMAT subroutine is applicable
to beech wood in moisture dependent compression tests and the UMAT program have

been implemented correctly to provide an accurate prediction of stress—strain curves.

However, wood is a hygroscopic material and current validations only focus on the
moisture content below Fibre Saturation Point (FSP) due to there being very few at-
tempts to evaluate the mechanical behaviour of wood with moisture content above FSP,
and quantitative experimental data for the moisture dependence of the elasto-plasticity
behavior of wood is rather sparse. The next example uses this constitutive model to
reproduce the experimental findings for the off-axis compression behaviours for E.

nitens timber both below and above FSP to extend the usage of the proposed constitu-
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tive model.

5.6.2 Example 2 - Compressive testing on small block E. nitens

samples below and above FSP

The second example uses the small standard E. nitens samples loaded by compression
parallel and perpendicular to grain both at moisture content of 12% and above FSP. A
small standard block model, which precisely reflects the experimental work, i.e., di-
mensions, applied load, and the boundary conditions (BC), was constructed using
commercial software, ABAQUS (Version 2019, Dassault Systemes, France). The ge-
ometry of the model is 150 mm (in length) <50 mm (in width) <35 mm (in depth), see
Fig 5.15.

Load Type 1(CD1) Load Type 2 (CD2)

Loading (CD1) Loading (CD2)

Fig. 5.15 FEM modelling for E. nitens samples in compression for CD1 (a) and CD2 (b) represent the
loading direction: compression parallel to the long axis, and the wider cross section dimension, respec-
tively. BC means the boundary condition.

The predominant load to model is labelled as follows: CD1, compression parallel to the
longitude of the small standard model; and CD2, compression perpendicular to the lon-
gitude of the small standard model. The model has a uniform pressure loading on the
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loading surface. Loading surface is the whole top surface for CD1 (Fig 5.15a) and a
50mm wide surface for CD2 (Fig 5.15b). Opposed to the loading surface, three direc-
tional motions of the bottom surface are restricted, see Fig 5.15 for boundary conditions.
The model has longitudinal direction (axis L) in the Z-axis and a clockwise rotation at
an angle (@) around the Z-axis in the global coordinate system, when examining diverse
load-to-annual growth ring compressive forces perpendicular to the grain. The model

has been discretized by 11250 general purpose linear brick elements (C3D8R).

For simplicity, the FE models were simulated to show nonlinear compressive behaviour
within its ultimate strength using the material nonlinear analysis without consideration
of geometric nonlinearity, whilst the stress/strain curve for compression and tension is
assumed to be the same since only compression is examined. The constitutive parame-
ters in the FEM were given in Table 6.1 and Table 6.3 with the identification method
provided.

: 100
RA90 —U —R =-==RA0 RA45 ---- RA90 —U —R
80t
g 4ol g
) i -
20 :
(a) CPA-DRY(CD1) (b) CPA-WET(CD1)
% 5 10 15 5 10 15
Deformation [mm] Deformation [mm]
35 T T 35 T
sl 277 RAO RA45 --=- RA90 — U&R| | P i ta RA45 - RA90 — U&R
25+ 25
g 20r £2
g 15} % 15
10 10 ommem=mmmo Il =
5/ (c) CPE-DRY(CD2) | ° (d) CPE-WET(CD2) |
% 1 2 3 4 5 % 1 2 3 4 5
Deformation [mm] Deformation [mm]

Fig. 5.16 The comparison between numerical result (red solid lines) and measured data (grey dash lines)

for compression tests on Group | standard small clear samples. Left: dry cases (a, c); right: wet cases (b,

d,f); top row: compression parallel to the grain, CPA (a, b); bottom rows: compression perpendicular to
the grain, CPE (c, d). Dry cases mean MC=12% while wet cases mean MC above FSP.
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Data Dry Wet
Test FEA Difference (%) Test FEA Difference (%)
CPA(CD1) Stiffness (MPa) 7341 7087 35 3277 3067 6.4
Strength (MPa) 438 475 8.4 241 264 9.5
CPE(CD2) Stiffness (MPa) 660 609 7.7 227 216 4.5
Strength (MPa) 139 148 6.5 64 6.0 6.3

Table 5.4 The normal elastic moduli and ultimate strengths from the experimental and numerical tests.
The values of the experimental results are obtained from Fig 5.16, and the mean values are used for com-
parison. The values of the numerical results are also obtained from Fig 5.16

Fig 5.16 illustrates the load deflection behaviour of FE models in compression at low
and high moisture contents, both parallel and perpendicular to the grain, with a compar-
ison of experimental data from E. nitens specimens. A good agreement (ie. error less
than 10%) between the numerical prediction and the experimental data was found in the
elastic range and the hardening stage for both low and high moisture content situations.
This proved that the proposed material models were reasonable for E. nitens wood in-
cluding the moisture effect for CPA (compression parallel to grain) and CPE (compres-

sion perpendicular to the grain). (Table 5.4).

5.7 NEW FEATURES AND DISCUSSIONS

In this section, the new features of the constitutive model are discussed. Comparing
with other constitutive models for wood, the time dependent behaviour of wood is ne-
glected to let this constitutive model be as simple as possible without losing its physical
meaning, i.e., that is it is able to more realistically and accurately predict the anisotropic
behaviour of wood with varying moisture contents until the wood reaches ultimate ca-
pacity in a short period loading condition. With wood being a hygroscopic material, its
strength decreases significantly with an increase of the moisture content up to the fibre
saturation point (FSP). For example, the decrease in strength can be up to 50% for both
hardwood species, such as European beech, and softwood species, for example Pine,
when the wood has a moisture content at or above FSP [10, 23]. This constitutive mod-

el is able to provide an efficient approach to include the effects of moisture content,
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covering the whole wood moisture content range from dry timber (MC<15%) to timber
with a high degree of moisture content i.e., above fibre saturation (30 to 80 %) and dif-

ference in tension and compression on failure.

Failure envelops are very interesting in timber engineering since stress limits can be
established and used for structural sizing using the envelope failure curves [87, 93]. In
this section, this feature of the failure criterion in this constitutive model is explored

further.
5.7.1 Initial yield surface

The non-dimensional initial yield surface of this constitutive model is presented in the
principal stress space (Fig 5.17), by comparing the Von Mises, Hill, and Drucker—
Prager criteria. The corresponding projection in the “n” plane is also shown in the right
column. The "n" plane is defined by Eq (5.30), that is, the plane passing the coordinate
origin and having an equipotential line with three equal principal stresses in the princi-

pal stress space.
Oy, + oggr +orr =0 (5.30)

In the principal stress space, the yield surface of this constitutive model is a tapered el-
liptical cylinder and an increase in LRT stresses with increasing hydrostatic pressure

was observed Fig 5.17a).
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In contrast to a typical Von Mises criterion (Fig 5.17c, d), which is a circular cylinder,
the strength of this constitutive model in the longitudinal direction is much higher than
other two directions, i.e., the strengths in the radial and tangential axes. This is similar
to a normal Hill criterion (Fig 5.17e, f). This implies that the yield surface of this con-
stitutive model is able to reflect some wood anisotropic behaviour. Since the yield
stress parallel to the grain is much higher than the one perpendicular to the grain [87],
the long axis of the elliptical shape is along grain direction (Fig 5.17f). In the Hill crite-
rion, it is assumed that tensile and compressive strength are the same, so the elliptical
yield surface in the "n" plane shows constant varying hydrostatic pressure. The yield
surface of this constitutive model is an extension of the Hill criterion, and the linear
terms of the differences between tensile and compressive strengths are included. There-
fore, opposite to the normal Hill criterion but similar to the Drucker—Prager criterion
(Fig 5.17 h), the radius of the yield surface in the "n" plane increases with the increase
of hydrostatic pressure due to the asymmetry between the tensile and compressive sides,
which reflects the difference in the tensile and compressive strengths of the wood. In
other words, the spatial yield surface is no longer a regular elliptical cylinder and the
size of the projection in "xn" plane changes (Fig 5.17a, b). The variation of yield

strength with moisture content can be found in Eq (5.3).

5.7.2 Comparison with experimental data

Firstly, the initial failure surfaces of proposed constitutive model (GH), Eq (5.6), were
compared with the experimental data obtained from off-axis compression and tension
testing on E. nitens samples above and below FSP. The experimental work regarding
the off-axis compression was provided in Chapter 3, while off-axis tension testing
method is described in Appendix 2. The off-axis tension tests for E. nitens specimens
were performed with displacement-control using Universal Testing Machine (Zwick
Roell-Z100, capacity 100 kN) and discontinued when the rupture failure was observed
in the load-deformation curves. Due to the availability of the measurements of the off-
axial behaviours of E. niten, the analysis focused on experimental data in quadrant 1

and 3 only (the pure compression or tension side). Experimental data for dry and wet
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samples with loading at different grain angles and the corresponding failure surfaces
are presented in Fig 5.18. The initial failure surface for GH model is determined ac-
cording to the yield stresses given in the first and second column of Table 5.5 for dry
and wet cases, respectively. The same compressive values were used to determine a
Hill yield surface. The root mean square error (RMSE) calculated using the Equation
(5.31) was introduced to assess the difference between the model-predicted failure sur-

faces and the experimental data.

(5.31)

N
RMSE = Z(Simulation(i) — Experiment;))?/N
i=1
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Fig. 5.18 The initial yield surfaces of the E. nitens timber at dry (MC=12%) and wet conditions
(MC>FSP) predicted by proposed constitutive model comparing with experiments (introduced in Chapter
3 for compression and in Appendix 2 for tension) and Hill criterions. GH, yield criterion used in the pro-

posed constitutive model; HL, Hill criterion; The parameters used for the HL and GH can be found in
first two columns of Table 5.5.

A good agreement was found between the predictions of the GH model and the experi-
mentally measured data, comparing with those predicted by Hill model (Table 5.6). A
decrease in moisture content raised the value of the yield stresses and expanded the sur-
faces of the failure surface, while the different strengths under tension and compression
were found (Fig 5.18).
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Properties E. nitens Spruce
Dry (MC=12%) WET(MC>FSP) Dry (MC=12%)
Tensile yield stress in longitudinal 82 56 55
direction, Y7 (MPa)
Tensile yield stress in radial direc- 5.0 34 5
tion, Y% (MPa)
Compressive yield stress in longitu- 45
) o 38.1 18.8
dinal direction, Y¢ (MPa)
Compressive yield stress in radial 5
o 6.2 31
direction, Y% (MPa)
Shear yield stress in L-R plane, Y3z 18 9.6 8
(MPa)

Table 5.5 Values of yield stresses for Eucalyptus and Spruce [36] timber to determine the initial fail-
ure surface. The values of E. nitens are obtained from experimental results provided in Chapter 3

and 7
Code RMSE
DRY WET
Yield surface (HL) >15% >15%
Yield surface (GH) <10% <15%

Table 5.6 The root mean square error for each surface provided in Fig 5.18 calculated using Eq (5.31);
HL, Hill model and GH, proposed constitutive model.

Therefore, compared with the Hill criterion, the yield criterion of the proposed consti-
tutive model is more suitable for modelling of wood with asymmetry in tension and
compression including the influence of the moisture content. This also demonstrates the
suitability of the failure criterion of the developed constitutive model for application to
wood material in this study, by coupling the Hill yield criterion with the Drucker—

Prager yield criterion.

The failure surfaces kept an elliptical shape when the moisture content changed, and
moisture content affected the lengths of the long and short axes in this elliptical failure

envelope (Fig 5.19).
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Fig. 5.19 Variation of the yield surface of E. nitens with moisture content using parameters in Table
5.5 calculated according to Equations (5.3) and (5.6); FSP is assumed to be 30% [65].

Finally, the GH model-predicted failure surface was compared with the data from biax-
ial tests on spruce specimens further evaluate the GH model. This is because the lack of
the experimental facility in the University of Tasmania to undertake a precise meas-
urement on the biaxial behaviours of E. nitens. While the results from biaxial tests are
more suited for evaluating failure criterions than uniaxial tests since they reflect at least
the two-dimensional load-carrying characteristics of the material behaviours. The com-
parison between the failure criterion of this constitutive model with the experimental
data (black dots) is provided in Fig 5.20. These experimental points were obtained from
loading that was predominantly parallel and perpendicular to the grain on clear Spruce

wood samples at dry condition.

Wood has different post-failure mechanisms for tension and compression and for loads
parallel to the grain or perpendicular to the grain [110]. For biaxial tests on spruce spec-
imens, when wood fails under tensile loading, localised brittle fracture is observed.
However, under compression, pronounced inelastic behaviour occurs [23]. Experiments
on spruce wood show an elliptic yield surface before inelastic behaviour occurs [36,
110].
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Fig. 5.20 Model-predicted failure surfaces and experimental results (black dots) [36] of biaxial tests on
spruce wood. MSP, multi-surface plasticity failure surface criterion [36]. HILL, Hill criterion; GH, gen-

eralised Hill yield criterion used in the proposed constitutive model. The parameters used for the pro-
posed constitutive model and Hill model can be found in Table 5.5.

A remarkable number of experimental points lay outside the predicted Hill criterion and
the multi-surface plasticity failure surface (MSP) criterion based on De Borst et al.’s
work [36]. The failure surfaces predicted by the proposed failure criterion (GH) accord-
ing to the mean values of the tensile and compressive yield stresses given in the last
column of Table 5.5, matched well with most of the experimental data (see black dots
in Fig 5.20). An excellent agreement was found between the predictions of the GH
model and the experimentally measured data (Table 5.7), while the differences between
the three failure surfaces are within a range of 5%-25%. Compared with the multi-
surface plasticity failure surface and the Hill criterion, the yield criterion of the pro-
posed constitutive model is more suitable for describing the anisotropy of wood (e.g.
Spruce) since the model predictions were more accurate, matching the difference be-
tween tensile and compressive experimental results (Fig 5.20 and Table 5.7). This

proved that the proposed material models were more reasonable for modelling Spruce
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wood in two-dimensional load cases, both for tension or compression only situations
and for combined tension and compression states. It should be noted that multi-surface
plasticity failure surface (MSP) criterion could also consider the difference between

tension and compression, but it is more complicated.

Code RMSE

MSP >20%

HILL >15% but <20%
GH >5% but <10%

Table 5.7 The root mean square error (RMSE) for each surface provided in Fig 5.20 calculated using Eq
(5.31)

In summary, a moisture dependent anisotropic plasticity model can accurately predict
the two-dimensional load-carrying characteristics of wood, for example, Spruce. This
constitutive model is orthotropic in the elastic region while anisotropic in the plastic
region. A Hill yield criterion was combined with the Drucker—Prager yield criterion to
produce an anisotropic yield criterion (GH), allowing a variation in tension and com-

pression.

5.8 SUMMARY

The third objective of this study, proposing a moisture dependent anisotropic plasticity
model for E. nitens timber, has been achieved in the present chapter. The theoretical
backgrounds of this model were introduced with associated non-linear plasticity theory,
ie, the definition of a yield surface and a plastic potential rule. A modified yield criteri-
on was used by combining the Drucker—Prager yield criterion with the Hill yield crite-
rion - allowing modelling of the anisotropic ultimate capacity of wood, with asymmetry
in tension and compression. The plastic potential law was assumed to follow the Ram-
berg-Osgood function, which has been confirmed by previous experimental research.
All model variables, eg. Young’s moduli, yield stresses and hardening parameters, etc.,
considered changes in moisture level in order to study the effect of moisture content on

the load carrying capacity of timber. Then, a Fortran program was coded using a
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UMAT (user-material subroutine) via the commercial software ABAQUS to integrate

the constitutive model into the three-dimensional finite element framework.

This constitutive model was validated and evaluated against previous studies [14, 38]
and compression testing on E. nitens specimens. Firstly, the comparison between the
current constitutive model with the experimental work of Hering et al [14, 31] was il-
lustrated to validate moisture content dependency. Secondly, the proposed constitutive
model was proved to be suitable as a description of the measurement data in the radial
and longitudinal directions of E. nitens timber at MC = 12% and >FSP. This is a poten-
tial new building material and the target in this research. The results confirmed a
marked influence of moisture content on the stress-strain behaviour of compression
parallel and perpendicular to the grain, not only in the elastic but also in the plastic do-

main.

Then, new features of the constitutive model were discussed. The yield surfaces of this
constitutive model were compared with biaxial testing results from clear spruce cruci-
form wood samples at dry condition [38]. The main advantage of this new constitutive
model is that it can be used for the modelling of wood with asymmetry in tension and
compression, and it has a simple single yield criterion that is able to accurately repro-
duce the plastic anisotropy of wood whilst using an associated flow rule. Yield surfaces
kept an elliptical shape when the moisture changed, even though the failure strengths in

tension and compression could be different.

Due to the normal non-uniformity of wood samples, it is hard to study the effect of each
factor independently via testing. Since the numerical approach combined with constitu-
tive modelling overcomes this limitation, the next chapter will develop numerical
models using this constitutive model to examine the underlying anisotropic failure
mechanism of E. nitens timber with low and high moisture contents. Parametric

invesitagation will also be undertaken to numerically find the major factors.
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6.1 INTRODUCTION

In order to show how the fourth objective of this study was achieved, Chapter 6 out-
lines a numerical modelling/numerical simulation of E. nitens timber with both low and
high moisture contents. Aiming to understand the underlying failure mechanism of E.
nitens, the short-term response and ultimate strength distribution of E. nitens timber
under off-axis compression were examined using the Finite Element Method with a
moisture content dependent anisotropic plasticity model. This method overcomes the
limitations of experiments for practical applications since the mechanical properties of
E. nitens timber are very difficult to examine separately using an experimental ap-
proach due to the heterogeneous behaviour of natural wood, together with its nonlinear
material characteristics. After this introduction, the method of identifying the parame-
ters used in the simulations in this chapter for the moisture dependent, anisotropic plas-
ticity model is briefly outlined in Section 6.2. Section 6.3 introduces the setup for the
numerical modelling. The numerical modelling of the load-deflection curves for Euca-
lyptus wood specimens is compared with the experimental findings in order to calibrate
the numerical modelling parameters. In the following sections, the effect of grain angle
on the stiffness and strength of the compressive models is explored. A parametric study
into the sensitivity of stiffness and strength is also undertaken and a discussion section

follows. Finally, summary is drawn.

6.2 IDENTIFICATION OF PARAMETERS

This Section briefly introduces how to identify the parameters of the proposed constitu-
tive model described in Chapter 5 based on experimental data. There are 22 independ-
ent parameters in the constitutive model, including nine elastic parameters: 3 normal
elastic moduli (E;;, Erg, E77), 3 shear moduli (G.r, Ggr, Gr1), and 3 Poisson’s ratios
(uyr, U, upr); 13 plastic parameters: 3 tensile yield stresses (Y, Y7, YF), 3 compres-
sive yield stresses (Y, V<, Y£), 3 shear yield strengths (Y%, Yz, Yir), 2 tensile hard-
ening parameters ( K7, n” ) and 2 compressive hardening parameters (K¢, n¢). All pa-
rameters are defined as being moisture dependent according to Eq. (5.3). Principal ma-

terial directions L, R, or T refer to Longitudinal, Radial, and Tangential directions of
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timber, respectively.

Compressive failure is most important at all contact points between structural elements
in buildings, bridges and decks, particularly for members in compression, such as col-
umns [9, 47, 111, 112]. To better understand such mechanical failure in timber, this
Chapter focuses on numerical modelling of the compressive behaviour of E. nitens tim-
ber in the L-R plane, since the common structural usage of wood in timber engineering
exploits the longitudinal direction where the highest strength values [12, 31] are found.
Therefore, only 8 independent parameters need to be identified from compressive data
for E. nitens timber at a given moisture content, since Poisson’s ratio does not influence
the compressive failure mechanism significantly [14, 31]. These parameters include
three elastic parameters, (E;,, Err, G1r), cOmpressive yield stresses (Y, Y¥,Y;%) and
compressive hardening parameters (K¢, n), in the constitutive model. The values of
these parameters for the simulations at a moisture content of 12% are provided in Table
6.1 with an assumption of transverse isotropy in the radial and tangential plane, and
since compression and tension are assumed to have the same value since only compres-

sion is examined.

MC Material Properties
E.L = 7000 (MPa) Err= E11=310 (MPa) K=12.1 (MPa)
12% Y£ =38.1 (MPa) Gir = Ggrr= G1L =780 (MPa) n=17.4

Y§ = Y£=6.2 (Mpa) Yk = Yo = Yr = 12.4 (MPa)

Table 6.1 Values of properties for the numerical simulation on E. nitens wood under compression at a
moisture content of 12% using the proposed constitutive model. These parameters include three normal
elastic moduli (ELL, Err, Et1), 3 shear moduli (Gr, Grr, Gr1), three compressive yield stresses
(YE,YE,Y5), 3 shear yield stresses (Y5, Y, Ygr) and compressive hardening parameters (K, n); Sym-
bols L, R, or T represent the principal anatomical directions (L, Longitudinal, R, Radial and T, Tangen-
tial). The values of wet cases follow P12¢c where ¢ is given in Table 6.3.

Compressive normal and shear elastic moduli can be obtained from the compression
tests on Group 11 small block samples at grain angles of 0945%and 90%%as presented in
Chapter 3. These elastic moduli are calculated as the slope of the line between approx-
imately 10% and 40% of the ultimate loading force [24] as shown in Fig. 6.1. The ulti-
mate loading forces were obtained at the maximum loading force for softening behav-
iour or at the deformation of 0.1h for hardening behaviour, where and h is the original

sample dimension in the load direction, as shown in Fig. 6.1. Yield stress is defined as
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the point the stress-strain curve first diverges from a line as shown in Fig 6.2. The mean

values of the normal and shear elastic moduli and yield stress of measured data from

Group Il small block dry samples in compression at grain angles of 0945<and 90%are

used to determine the values of the parameters presented in Table 6.1.
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Fig. 6.1 Examples for determination of stiffnesses (a, b) and yield stresses (c, d). The solid blue line is
the plot of measured data, and fc is the ultimate loading force at the maximum loading force for softening
behaviour (a), or at the deformation of 0.1h for hardening behaviour (b), respectively. The red dashed
line is the line of best fit between approximately 10% and 40% of ultimate loading force.
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Fig. 6.2 Examples for the determination of yield stresses. The solid blue line is the measured curve for
softening behaviour (a) or hardening behaviour (b), respectively. The red dashed line is the linear fit to

the first part of the relationship.

Compressive hardening parameters were obtained using the method in Section 5.4,
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which was adopted and improved from the approach proposed by Wang et al [109].
Compression test data from small block Eucalyptus nitens samples in the L-R plane
(defined in Chapter 3) with both low and high moisture contents, was used to determine
B and C based on Eq (5.13) and to identify plasticity parameters K and n, respectively.
According to the mean strengths given in Table 5.7, which were calculated from the
experimental data of E. nitens, C = 0.35 (MC=12%), C = 0.57 (MC>FSP), B = 0.047
(MC=12%) and B = 0.043 (MC>FSP), n and K can be determined based on the least
square optimal fit as shown in Fig 5.4. The ranges of plasticity parameters K and n are
presented in Table 6.2 with a known coordinate transformation, h(¢@, MC) at a given
MC.

Code K n
mean 62.50 18.79
DRY max 156.60 28.59
E. nitens min 36.50 12.03
Wood mean 19.10 16.35
WET max 21.30 24.36
min 15.40 10.36

Table 6.2 The identified parameters (K and n) for E. nitens wood.

6.3 NUMERICAL MODELLING SETUP AND CALIBRA-
TION

6.3.1 Numerical setup

This section attempts to reproduce the experimental behaviour for the load-deflection
curves of E. nitens samples via FEM with the consititutive model proposed in Chapter 5.
To undertake this numerical modelling, 3-dimensional finite element models are used to
simulate the nonlinear compressive behaviour of E. nitens timber with both low and
high moisture contents under off-axis compression in order to calibrate the parameters
used in the numerical modelling. The dimensions of the model are 35 mm (long) =50
mm (wide) > 35 mm (deep), and this has been discretised by 35568 general purpose
linear brick elements (C3D8R), see Fig 6.3. The model has a uniform pressure loading

over the whole top surface, while being restricted in the three directions opposed to the
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loading surface. The longitudinal direction of the wood fibre in the model corresponds
to the X-axis in the global coordinate system when compression is at a grain angle of 0<
The local coordinate system will rotate clockwise around the Y -axis in the global coor-
dinate system at angles (¢) of 30< 45< 60“and 90< respectively to explore the effect
of grain angle on compressive stiffness and strength. For simplicity, the FE models
were simulated to show nonlinear compressive behaviour within its ultimate strength
using material nonlinear analysis without consideration of geometric nonlinearity,
whilst the stress/strain curve for compression and tension was assumed to be the same
since only compression was examined. The standard mechanical parameters of the con-
stitutive model are provided in Table 6.1 for MC = 12% and were obtained from the
off-axis compressive testing of E. nitens samples discussed in Chapter 3. The bilinear
dependency of the material properties varying with moisture content, Eq (6.1) and Eq
(6.2), were then applied to estimate the material properties of the FEM models for
moisture contents above and below FSP. The coefficients for the varying moisture con-

tent properties of E. nitens are provided in Table 6.3.

Loading (CD4) | F 4
.

L)
.

Fig. 6.3 FEM modelling for block E. nitens samples in compression; CD4 represents compression at an
angle to the grain for the small clear block samples. BC means the boundary condition.

The longitudinal direction of the wood fibre in the model corresponds to the X-axis in
the global coordinate system when compression is at a grain angle of 0< The local co-
ordinate system will rotate clockwise around the Y-axis in the global coordinate system
at angles (¢) 30< 45< 60<and 90< respectively to explore the grain angle effect on

compressive stiffness and strength. For simplicity, the FE models were simulated to
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show nonlinear compressive behaviour within its ultimate strength using the material
nonlinear analysis without consideration of geometric nonlinearity, whilst the
stress/strain curve for compression and tension is assumed to be the same since only
compression is examined. The standard mechanical parameters of the constitutive mod-
el were provided in Table 6.1 for MC = 12% and were obtained from the off-axis com-
pressive testing of E. nitens samples discussed in Chapter 3. Bilinear dependency of the
material properties varying with moisture content, Eq (6.1) and Eq (6.2), were then ap-
plied to estimate the material properties of the saturated FEM models (MC below and
above FSP). The coefficients for the properties of E. nitens varying moisture content

are provided in Table 6.3.

These coefficients are defined in Eq (5.3) of Chapter 5, and the Equations are also pro-

vided below:
P(MC) = Pizfa(MC - 12) + b] (MC < FSP) (6.1)
P(MC) = Pizc (MC= FSP) (6.2)

where, P(MC) and P, are respectively the material variables at moisture contents of
MC% and 12%; a, b, and c are constants depending on the experimental results with the
assumption that the fibre saturation point (FSP) for E. nitens is 30% [113].

Density values used in the numerical models are real densities, which were obtained
from the basic density (503 kg/m?®) and the corresponding moisture content according to
Eq (6.3)

100 + MC (6.3)

= X
Pr Pp 100

where, p, is the real density value used in the FEM model given that moisture content
is MC (%) and p,, is the basic density in kilograms per cubic metre. The mean value of
basic densities measured from the E. nitens Group | samples, shown in Table 3.2, is as-
sumed to be the standard value, (521.8+484.5)/2= 503 kg/m?. The Poisson’s ratios are
constant when the moisture content changes, as they do not significantly affect the off-
axis compressive behaviour of E. nitens timber. The values of the Poisson’s ratios are

uLR:O.l, uLTZO.l, uRT:0.29.
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Material Coefficients Material Coefficients
Properties Properties
a b c a b c
E;; 00228 12733 039 G 00283 1.34 049
Egn 00233 128 0.58 & 00283 1.34 049
E.. 00233 128 058 Gy 00283 1.34 049
¥i 00283 134 049 ¥i, 20.0311 13735 044
¥y -0.03 1.36 0.45 ¥iy 00311 13733 044
¥y -0.03 1.36 0.46 ¥ir 20.0311 13735 044

Table 6.3 Values for coefficients of bilinear dependency of the material properties varying with moisture
content. These material properties include three normal elastic moduli (ELL, Err, Etr), 3 shear moduli
(Gpr, Grr, Gr1), three compressive yield stresses (Y., Vi<, Y£) and 3 shear yield stresses (Y%, Y5, Yar);
Symbols L, R, or T represent the principal anatomical directions (L, Longitudinal; R, Radial and T, Tan-
gential).

It should be noted that the hardening parameters and stiffness values of the wet cases
were modified slightly to allow the simulated compressive strength to be close to the

experimental data by using the minimal relative error optimisation method [114].

6.3.2 Calibration of load deflection curves

Fig. 6.4 illustrates the load deflection behaviour of FE models in compression at low
and high moisture contents, at grain angles (¢) of 0< 30< 45< 60< and 90< together
with a comparison of experimental data from E. nitens specimens. The numerical com-
pressive stiffnesses of dry and wet models were calculated by the slope of the line be-
tween approximately 10% and 40% of the ultimate loading force of the simulation
curves. The numerical compressive strengths were obtained at 0.1h deformation
(h=35mm) for ¢> 45<o0r at the plastic strain of 0.02 for ¢ < 45< The stiffness and the

strength from the numerical simulation for each case were compared with the mean
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values of corresponding experimental data and are given in Table 6.4.
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Fig. 6.4 The comparison between numerical results (solid lines) and measured data (dash lines) for com-

pression tests on Group Il small block samples: Left: dry samples; right: wet samples, for five grain an-

gles, a=0°(a, b), 30°(c, d), 45°(e, f), 60°(g, h), and 90<(i, j). U means the numerical case for capturing
the ultimate strength, R means the numerical result for reflecting the residual stress.

Code Physical property  Dry Wet
Test FEA Difference (%) Test FEA Difference (%)
GO Stiffness (MPa) 64535 62379 3.3 42609 39700 6.8
Strength (MPa) 43.2 44.9 4.0 23.9 22.9 4.0
G30  Stiffness (MPa) 1494.1 15539 4.0 1005.5 988.8 1.7
Strength (MPa) 26.0 26.9 3.3 13.8 14.0 1.3
G45  Stiffness (MPa) 886.1 800.0 9.7 5595 514.0 8.1
Strength (MPa) 180 177 19 9.6 9.0 6.1
G60  Stiffness (MPa) 5319 551.0 3.6 2744  292.0 6.4
Strength (MPa) 12.0 125 4.0 5.7 6.0 55
G90  Stiffness (MPa) 437.3 4010 83 235.0 2405 2.3
Strength (MPa) 8.3 8.6 3.6 4.6 4.3 5.2

Table 6.4 Mean values of normal elastic moduli and ultimate strengths from the experimental tests and
numerical modelling. An example of their determination is shown in Fig 6.1, and the compressive
strengths and stiffnesses were calculated using Eq (6.4).

The compressive strengths and stiffnesses were calculated as:

___f
com = W p

(fc,40—fc,1o) L

E. =
“mWw-D- (uc,40 - uc,10)

(6.4)

where, f; is defined as ultimate force (kN); L (mm), W (mm) and D (mm) are the length, width and depth
of the model, respectively; L, W and D = 35, 50 and 35 mm; fc40 and f;10 are the forces at the 40% and

10% levels of ultimate force, uc40 and uc1o are the deformations (mm) at fca0and fc 10, respectively.
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A correlation between the numerical prediction and the experimental data was found in
the elastic range (compressive stiffness) and the plastic stage (compressive strength)
below and at the ultimate strengths for both low and high moisture content situations
(Table 6.4). This demonstrated that the proposed constitutive model was reasonable for
obtaining the ultimate strength distribution of E. nitens timber including the moisture
effect for off-axis compression. It should be noted that, as the constitutive model does
not include softening, post-yield behaviour for the numerical cases at grain angles be-
low 45° was not a good fit with the experimental data, where “softening” behaviour
was observed. Future work will include a study of softening in order to model the re-

sidual stress distribution within E. nitens timber after peak loading.

6.3.3 Validation based on stiffness and strength against grain angle.

Numerical values for compressive strength and stiffness as a function of grain angle are
presented in Fig 6.5. The numerical values were obtained according to the off-axis nu-
merical results presented in Section 6.3.2, i.e., the ultimate values and the slope of the
elastic range of load-deformation curves were used to determine the numerical strength
and stiffnesses. It was found that the numerical values of compressive stiffness and
strength predicted by the FE model increased, as grain angle decreased. The values of

compressive strength and stiffness for FEM modelling can be found in Table 6.4.

These findings agree well with Hankinson’s equation, Eq (3.6), and the experimental
results (provided in Chapter 3) and they are consistent with the results of previous or-
thotropic compressive stiffness and strength studies based on dry samples [12, 13, 115].
The present work extends this to wet samples and finds that compressive strength and
stiffness of E. nitens are sensitive to moisture content and the grain angle below and
above FSP.

In general, compressive stiffness and strength values decrease sharply with increasing
grain angles up to 45< Above this angle, compressive stiffness and strength level off
and little additional decrease is found. This correlation further validated the numerical

modelling.
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Fig. 6.5 The relationship between Stiffness (GPa) and Strength (MPa) to Grain angle (< for numer-
ical results compared with experimental data and Hankinson’s formula [13, 86]: top chart (a): stiff-
ness; bottom chart (b): strength.

6.4 FURTHER STUDY

6.4.1 Deformation shape and stress distribution

Fig. 6.6 presents the deformation shape and shear stress distributions of the numerical

off-axis compression simulations at grain angles of 0< 30< 45< 60<and 90< respec-
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tively, with low moisture content.
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Fig. 6.6 Deformation shape and shear stress distribution (MPa) of numerical E. nitens block models

at grain angles of (a) 0< (b) 30< (c, d) 45< (e) 60<and (f) 90°with low moisture content at a com-

pressive loading of 20 kN. S13 represents the shear stress along the grain in L-R plane (i.e., parallel
to the fibres and perpendicular to the growth rings).

The numerical model, shown in Fig 6.3, modelled a uniform distributed compression
loading of 20 kN on the top surface. It was found that the deformation shape links with

the grain angle and a change in grain angle alters the deformation substantially. Extrud-
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ed and vertically expanded for a grain angle of 0< compressive and shear deformation
for grain angles of 30< 45<and 60< and crush for a grain angle of 90< The results are
consistent with a previous experimental study [51] and the findings in Chapter 3 (Fig
6.7). Shear stresses appeared at grain angles of 30< 45<and 60< linking with shear de-
formations (Fig 6.6 and Fig 6.7). A uniform shear stress distribution within the numer-

ical models was found (Fig. 6.6). Comparing the numerical cases at grain angle of at
30< 45°and 60 < the maximum shear stress occurred at 45<

Fig. 6.7 Deformation of E. nitens block samples in compression (same as Fig 3.10)

6.4.2 Normal and shear stress components

Fig 6.8 presents the distributions of six stress components for the FEM models at a
compressive loading of 14 kN for grain angles of 0< 45< and 90< respectively. The
compressive loading chosen here is within the linear range of dry specimens loaded
perpendicular to the grain. A uniform stress distribution was found, and these stresses
were mainly in the L-R plane where the compressive loading occurred. In the following

discussion, only the stresses/strains in the L-R plane will be examined.
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Fig. 6.8 Stress (MPa) component distribution of E. nitens small block models at grain angle of 0<

45<and 90 <in compression for low/high moisture contents at a compressive loading of 14 kN. *LD

means the compressive loading direction. Symbols 1, 2, 3 represent the principal anatomical direc-
tions (L, T, or R).
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6.4.3 Comparison with the isotropic von Mises and Hill models

The isotropic Hill criterion is widely used in timber engineering to describe wood ani-
sotropy [24]. In this section, the load-deflection curves calculated via the proposed con-
stitutive model (GH) in Chapter 5 were compared with those from the von Mises model
(VM) and the Hill model (HL). The properties of the orthotropic von Mises and the Hill
models for E. nitens timber used in the simulation are provided in Table 6.5 and they
are derived from Table 6.1 and 6.3.

Properties DRY WET

Normal elastic moduli (MPa)
7000 310 310 4125 180 180

Elastic _ _ LR LT RT LR LT RT
Shear elastic moduli (MPa)
780 600 600 380 200 200
Poisson ratio 0.1 0.1 0.29 0.1 0.1 0.29
Isotropic hardening (MPa) Ergng =512 Etang =24.5
L R T L R T

382 68 6.8 188 31 31

LR LT RT LR LT RT

124 10.2 10.2 55 4 4
von Mises yield stress (MPa) 6.8 3.1

Plastic  Hill yield stress (MPa)

Table 6.5 Standard material properties of E. nitens timber used in the von Mises model and the Hill
model. Symbols L, R, T represent the principal anatomical directions: longitudinal, radial and tan-
gential.

Before yield, the E. nitens timber with both low and high moisture content underwent
an elastic deformation (Fig 6.9), which means a linear and fully recoverable material
behaviour. The load and deformation curves for the three constitutive models were sim-
ilar within this elastic range varying with the loading direction. As the grain angle in-
creased, the slope of the stress-strain curve decreased, which implies that the compres-
sive stiffness decreases with an increase in grain angle. This trend is consistent with the

experimental data (Fig 6.9).

According to testing data for E. nitens timber both below and above FSP, an aniso-
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tropic hardening stress-strain curve in the plastic region was found. For compression at
grain angles below 45< the hardening law is not always appropriate as experimental
load-deflections sometimes suddenly decrease after the peak (Fig 6.9a, b, ¢, d and e)
due to the timber’s brittle behaviour. Therefore, by including elastoplastic anisotropy in
the proposed constitutive model, the load carrying capacity of E. nitens timber can be
examined more accurately. However, the plastic hardening predicted by the von Mises
and the Hill models was isotropic and were similar at grain angles of 0< 30< 45< 60°
and 90< Compared with other loading directions, the results of the numerical modelling
via the constitutive models (GH, HL, VM) agreed most closely with the experimental
results with loads applied at a grain angle of 90°(Fig 6.9i, ), and reasonable agreement
at a grain angle of 609(Fig 6.99 & h).

It can be seen that grain angle had a stronger effect on the numerical load-deformation
curves than moisture content (Fig 6.10). The moisture decreased modelled compressive
yield stresses and modulus of elasticity (Fig 6.10), and this agreed with the experi-
mental results (Fig 6.9). A more ductile failure was found in the wet cases compared
with the dry cases (Fig 6.9 and Fig 6.10) and this is because moisture makes the wood

fibre’s ductility increase [116].

The numerical modelling also proved that the von Mises model, was not suitable for
modelling E. nitens wood in off-axis compression both below and above FSP, as it

shows a constant yield stress (Fig 6.10b, e).
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Fig. 6.9 Load-Deformation curves predicted by the three constitutive models (solid lines) and meas-
ured compressive data (grey dash/dotted lines) for five angles; (a, b), 022(c, d), 309 (e, f), 459(g, h),
60<and (i, j), 90< Left charts; dry cases, right charts; wet cases. GH is the proposed constitutive
model in Chapter 5; HLis the Hill model; VM is the von Mises model.
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Fig. 6.10 Load-Deformation relationship varies with the loading direction for the three constitutive
models: (a, d) HL, Hill model; (b, €) VM, von Mises model; (c, f) GH, proposed constitutive model
in Chapter 5 for (a, b, ¢) dry and (d, e, f) wet conditions

The results were also compared with the values predicted by an orthotropic elastic (only)
constitutive model (OE) and by an orthotropic model with perfect plasticity (PP) in dry
conditions in order to further check the findings. The numerical stiffnesses of the five
constitutive models were the same, while the post yield behaviours of the five constitu-
tive models were different (Fig 6.11). The OE and the PP models were not suitable to
describe the inelastic (i.e. post yield) compressive behaviour of E. nitens, as hardening
was observed in experiments (Fig 6.11). The von Mises model was also not suitable as
it could only accurately predict load-deformation for one loading direction (Fig 6.10
and Fig 6.11).
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Fig. 6.11 The comparison between load-deformation curves predicted by five constitutive models

for dry samples. HL, Hill model; OE, orthotropic elasticity only model; VM, von Mises model; PP
orthotropic model with perfect plasticity; GH, proposed constitutive model in Chapter 5
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The agreement between the model predictions and the experimental data shows that the
proposed moisture-dependent anisotropic elasto-plasticity constitutive model can be
utilised effectively in the investigation of the anisotropic compressive behaviours of E.
nitens timber both below and above FSP.

6.4.4 Yield surfaces and Mohr's circle

When loaded in different grain directions, the vector components of compressive
strength in the direction parallel to the grain and perpendicular to the grain are calculat-

ed by Formula (6.5). The transform equations are presented below.
o, =cos’ o,

Oy =Sin’ g0, (6.5)

7,r = —Sing@cosgpo,

where, ¢ is the grain angle. g;; and oy are the axial and radial normal stresses, re-
spectively. oy is the stress in the load direction and 7,5 is shear stress along the grain

direction in the L-R plane.

The failure surfaces in the L-R principal space for dry and wet conditions are shown in
Fig. 6.12 and in the third quadrant, the stress paths at grain angles of 0< 30< 45< 60°
and 90<calculated from FEM models are depicted under off-axis compression. The
yield stress values of the Hill model and, of the GH model given in Eq (5.6), are de-
fined by the values of the mechanical properties for E. nitens provided in Table 6.6.
Compared with the Hill yield surface, the failure surfaces predicted by the GH model
matched better with the experimental data, and in particular at grain angles of 30<and
45°(Table 6.7 and Fig 6.12). This demonstrates the suitability of the failure criterion of
the developed constitutive model (GH) of this study, which couples the Hill yield crite-
rion with the Drucker—Prager yield criterion, for application to wood material (Fig
6.12).

The wet cases had lower yield stress compared with the dry cases covering all the grain
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angle situations, implying that moisture content affects the values of the yield stresses
and of the yield surface. The anisotropy of E. nitens timber with moisture content sensi-
tivity was, therefore, proven: sensitivity in the longitudinal direction is much higher
than in the radial directions and the yield surface enlarges with a decrease in moisture

content.
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Fig. 6.12 Failure surfaces and 2-D normal stress paths and for off-axis compression on E. nitens block
models at grain angles of 0< 3045< 60<and 90 °with (a) low (dry) and (b) high (wet) moisture contents

Linear stress paths for each compressive loading direction were found both in the elas-
tic and inelastic ranges (Fig 6.12). This indicated that the development of the yield sur-
faces for off-axis compression on E. nitens timber is not coupled with each other at the
time plastic deformation starts. If plastic strains occur, the yield surface will change in
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size and shape as shown in Fig 6.12. Evolved failure envelopes for each individual
stress path were also shown, and these correlated well with the experimental results

(see squares and dots in Fig. 6.12).

Properties Initial yield surface Failure envelope

Dry (MC=12%)  WET(MC>FSP)  Dry (MC=12%)  WET(MC>FSP)

Tensile strength in longitudi- 81.9 56.0 91 62.2
nal direction, YT (MPa)

Tensile strength in radial di- 5.0 3.4 55 3.8

rection, Y% (MPa)

Compressive strength in lon- 38.1 18.8 43.2 23.9

gitudinal direction, Y¢ (MPa)

Compressive strength in radi- 6.2 3.1 8.3 4.6
al direction, Y§ (MPa)

Shear strength in L-R plane, 124 55 18 9.6

Y3, (MPa)

Table 6.6 Values of mechanical properties for E. nitens to determine the initial yield surface and failure
envelope for both dry and wet conditions. The shear and compressive yield stresses and strengths are
determined from the experimental data provided in Chapter 3, while the yield stresses and strengths in

tension are from the experiments discussed in Section 7.2.2 of Chapter 7.

Code RMSE

DRY WET
Yield surface (HL) >20 % >15%
Yield surface (GH) <10% <10%
Failure envelope (HL) >15% but <20% >10% but <15%
Failure envelope (GH) <10% <10%

Table 6.7 The root mean square error (RMSE) for each surface provided in Fig 6.12 calculated using Eq
(5.31), for the Hill model (HL), and the proposed constitutive model (GH) in Chapter 5

Mohr circle is calculated from Eq (6.6) and shows the stresses in the E. nitens model
when E. nitens yields under compression. It is shown that as the grain angle increased,
the radius of the Mohr circle decreased. This implied that the resistance to loading for E.
nitens declines from compression parallel to the grain to perpendicular to the grain both

below and above FSP, thereby agreeing with the experimental results discussed in
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Chapter 3.
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OLL—ORR

tg2a = —

where, g;;, and oy are the axial and radial normal stresses, respectively; 7, is shear stress along the
grain direction in L-R plane and g,, and 7, are the corresponding stress state in the Mohr circle, « is the

grain angle, tg2a is the tangent of double angle value for the grain angle.
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Fig. 6.13 Mohr circle for stress state regarding off-axis compression on small block models at grain an-

gles of 05 3045< 60<and 90°with (a) low and (b) high moisture contents. An example of the determi-

nation of the yield stresses is shown in Fig 6.2, and the mean values for the yield stresses from off-axis

compression on small block samples to determine the Mohr circles, calculated using Eq (6.6), are given
in Table 6.8.
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At grain angles of 30< 45< and 60 shear stress exists, and shear failure becomes dom-
inant due to the corresponding normal stress being less than its failure value (Fig 6.13).
This confirms the fundamental role of failure mechanism in wood fibre as the strength-
determining component in wood. Compared with the dry cases, a lower resistance was
found for wet cases at grain angles of 0< 30< 45< 60<and 90< implying an increase in

the risk of E. nitens yielding above the FSP.

Grain angle (9 0 30 45 60 90
Yield stress (MPa) 381 206 124 89 6.8
DRY Its longitudinal component, g;; (MPa) 381 154 62 22 0.0
(MC=12%)
Its shear component, g, , (MPa) 0.0 89 6.2 38 0.0
Its radial component, ozz, (MPa) 0.0 51 6.2 6.7 6.8
Yield stress (MPa) 188 96 55 35 3.1
Its longitudinal component, a;; , (MPa) 188 72 28 09 0.0
WET
(MC>FSP)
Its shear component, g, ,(MPa) 0.0 41 28 15 0.0
Its radial component, oz, (MPa) 0.0 24 28 27 3.1

Table 6.8 The mean values and the components of the yield stresses from off-axis compression on
small block samples at grain angles of 0< 3045< 60<and 90<

The components of the stress variables against the grain angle with a compressive load-
ing of 14 kN are presented in Fig 6.14.

Shear stress increases for grain angles from 0<to 45< then, after shear stress reaches its
peak at 45< it decreases with further increases in grain angle (Fig 6.14). Normal stress
along the grain decreases as the grain angle increases, while normal stress across the
grain increases as the grain angle increases. The internal stress state within E. nitens
timber links strongly with its failure mode. At grain angles of 0< the normal stress
along the grain is dominant compared with the corresponding shear stress and normal
stress across the grain, which leads to fibre buckling. At loading directions of 30< 45°

and 60< shear stress plays a significant role and therefore, the failure mode of E. nitens
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timber is mainly due to fibre-layer slip delamination and shear deformation. For grain
angles of 90 < the effect of normal stress across the grain is significant, correlating with
the crushing failure observed in the experiment presented in Chapter 3. This is why the
compressive behaviour of E. nitens timber is significantly influenced by loading direc-

tion
I - ¢ : T\
Normal Stress
08- 4" along the grain |
| LN Normal Stress
AN across the grain
o;;/or 0.6 N ]
Shear Stress
along the grain
0.4 N ® i
. .
0.2 i
r e -
0 20 40 60 80

Grain Angle [°]

Fig. 6.14 The stress components (at compressive loadings of 14 kN) against grain angle. The numerical
result is represented by dots and the analytical results as lines. o;; (i, j =L, R) and oy are the stress com-

ponent and the stress in the load direction; Symbols L and R represent the principal anatomical directions:
Longitudinal direction and Radial direction. The values of the numerical results are presented in Fig 6.8
and Table 6.9.

These findings were consistent with previous experimental studies on the dry wood of
other species [51, 52, 92]. This section examined the normal and shear components in
wet E. nitens timber and addressed the knowledge gap of previous studies on wood
(usually on conifer species) below the FSP, where only loading to grain angles of 0°
and 90<have been published. For its potential as a construction material, the underlying
anisotropic failure mechanism of E. nitens timber both below and above FSP under off-

axis compression has been here examined for the first time.
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Grain angle (%) Streszs Value {MPa)
Longituding] direction  Shear direction Fadial direction Loading direction

{es) (Frr) (Tur) (o)

0 1.986 0,001 0.002 7.086

30 5.998 3442 1.999 7.063

45 3000 ER 3.999 7897

&l 1.004 3457 5.989 7.983

a0 0001 0,000 1.997 7897

Table 6.9 Stress (MPa) components of E. nitens small block FEM models at grain angle of 0< 30< 45<
60 <and 90<in compression for low moisture content (MC=12%) at a compressive loading of 14 kN.

6.5 PARAMETRIC INVESTIGATION

In this section, a sensitivity investigation in L-R plane (i.e., in a plane parallel to the
fibres and perpendicular to the growth rings) is undertaken to examine how the parame-
ters used affect the simulated outputs in the numerical model. The acute angle between
the compressive direction and the longitudinal direction is defined as the grain angle,
and 1134 numerical cases have been simulated. The sensitivity of compressive stiffness
and of compressive strength to loading direction for 10% changes in the key elastic and
plastic material parameters with varying grain angles is provided in Table 6.10 and Ta-
ble 6.11, respectively. This 10% change is used due to the minimum value of the COVs
of the physical properties (ie., Young’s modulus and strength) for the E. nitens testing
samples below and above FSP being 10.5% (Table 3.2). Therefore, each key parameter
has been varied by 10% to make sure the changes within the range of key parameters

have physical meaning.
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Grain % change in compressive stiffness in loading direction for a 10% change in
Angle (9  constitutive model parameters (The value of the constitutive model param-
eters used are presented in Table 6.1 for dry and Table 6.5 for wet)

10% decrease in constitutive model 10% increase in constitutive model
parameters parameters
E;, Erg G,z Others E;, Egrgr G,z  Others

0 -10.0 -0 -0.0 -0.0 +10.0 +0.0 +0.0 +0.0

15 -5.2 -0.8 -6.0 -0.0 +3.6 +04 +44 +0.0

30 -1.2 -4.8 -6.0 -0.0 +0.8 +32 +4.8 +0.0

45 -0.0 -7.6 -41 -0.0 +0.0 +6.0 +24 +0.0

60 -0.0 -9.2 -20 -0.0 +0.0 +8.0 +12 +0.0

75 -0.0 -9.6 -04  -0.0 +0.0 +9.6 +04 +0.0

90 -0.0 -100 -0.0 -0.0 +0.0 +10.0 +0.0 +0.0

Table 6.10 Sensitivity of compressive stiffness in the L-R plane to changes in constitutive model param-
eters

In the simulations, both the dry and wet cases had the same result for sensitivity of
compressive stiffness in the L-R plane. Variation in ELL only significantly affected the
compressive stiffness at grain angles between 0<and 15< then gradually decreased and
became insignificant in the range between 30°and 90°(see Table 6.10). G.r produced
an important change in compressive stiffness in the range 15°to 60< In the range from
15°to 60< the impact of Grr increased and approached its peak at roughly 21< and
then it reduced gradually and could be neglected after 60< Err had no significant effect
in the range from 0°to 15< It became stronger gradually and played a leading role for
angles above 45< After 45< the influence of Err remained unchanged but it was the
most significant factor compared with E.L and Grr. For other constitutive model pa-
rameters, there was no significant effect at grain angles between 0=and 90<in the L-R

plane.

Radial Yield Stress ( Y¥) had little effect on compressive strength at angles between 0°

and 15=but after 15°the influence of Y gradually appeared and increased from 8.5%
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to 10 % as the angle increased (Table 6.11), i.e., 8.5 % at 30< 9.8% at 60< and 10% at
90< Similar findings were found for the effect of a 10% decrease in Y on compressive

strength.

Grain % change in compressive strength in loading direction for 10% change in constitutive
Angle (9 model parameter (The value of the constitutive model parameters used are presented in
Table 6.1)

10% decrease in constitutive model parame- 10% increase in constitutive model parame-
ters ters

e véoorh K n  Others Y£ Y§ v, K n  Others

0 -100 -00 -00 -00 -0.0 -0.0 +10.0 +0.0 +0.0 +0.0 +0.0 +0.0
15 -51 55 52 -02 -00 -0.0 +46 +50 +48 +0.1 +0.0 +0.0
30 -18 -85 52 -09 -00 -0.0 +15 +82 +5.0 +06 +0.0 +0.0
45 -07 -94 32 -13 -01 -0.0 +06 +93 +30 +10 +0.0 +0.0
60 -02 -98 -16 -19 -03 -0.0 +0.2 +98 +15 +14 +0.1 +0.0
75 -01 -100 -06 -28 -05 -0.0 +0.0 +10.0 +05 +20 +0.3 +0.0
90 -0.0 -100 -00 -30 -0.8 -0.0 +0.0 +10.0 +0.0 +24 +04 +0.0

Table 6.11 Sensitivity of compressive strength in the L-R plane to changes in constitutive model param-
eters

Longitudinal yield stress ( Y,) also affected the value of compressive strength. Varia-
tion in the longitudinal compressive yield stress affected the compressive strength most
significantly at angles between 0=and 15< However, the impact of Y,¢ reduced with an
increase in grain angle, and after 30<its effect was negligible; for example, a 10% de-
crease in Y results in a 10% reduction of compressive strength in a loading direction
of 0°to a 5.2% reduction at 15< and a 1.2 % reduction at 30< Similarly, for a 10% in-
crease in Y,¢, an increase in shear stress parallel to the grain ( Y;%) led to a rise in com-
pressive strength in the range from 0=to 60< The effect of Y; on compressive strength
was most at grain angles ranged from 15<to 30 then it gradually decreased to become
insignificant after 50< There was no significant effect of other parameters on compres-
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sive strength for grain angles from 0°to 90<

6.6 DISCUSSION

The applicability of the moisture-dependent anisotropic elasto-plasticity model in this
study was illustrated numerically by the compressive behaviour of E. nitens according
to changes in moisture. The proposed anisotropic plasticity material model overcomes
the limitations of previous studies that use either an orthotropic elastic model [15] or
apply plasticity theory with nonlinear isotropic hardening [16, 17]. Examples of the lat-
ter include isotropic Hill and von Mises models, which are not always appropriate for

stress and strain relationships with varying grain angle.

Results have indicated that the proposed constitutive model could predict the stiffness
and strength of E. nitens in dry and wet conditions as a function of the inclined grain
orientation with reasonable accuracy. The underlying anisotropic failure mechanism of
E. nitens timber under off-axis compression was also explored. This showed the state of
the internal stresses (normal stresses along and across the grain as well as the shear
stress along the wood fibre) control the failure mechanism. The stress state varies with
grain angle and the moisture content affects the values of the yield stresses. Therefore,
as observed in experiments, the failure mode depends mainly on the load direction,

while compressive strengths are affected by moisture content and loading direction.

Uniform stress distribution was found both below and above FSP. This means that, un-
der off-axis pure compression, the stress at any location within the model is the same
for both low and high moisture contents, assuming that wood is a homogeneous materi-
al. However, the specimens usually failed at the interface of latewood in an annual ring
with the early wood of the next annual ring. This is because wood is not a homogene-
ous material: density and stiffness variation can be obtained by precise measurements,
for example with SilviScan [60, 61]. Within an annual ring there is a gradual increase
of density from the earlywood to the latewood region, whereas at the annual ring border
a discrete drop in density from the latewood to the earlywood of the next annual ring
occurs, showing that wood is a gradient material, i.e., properties vary gradually with

dimensions [51]. As the stiffness of eucalypts is strongly related to density [19], me-
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chanical properties such as elasticity and strength will change in the same way within
an annual ring and at the ring border. Therefore, a further study on the effect of spatial
distribution (heterogeneity) of material properties on the failure of E. nitens timber us-
ing numerical approach based on the newly developed constitutive model is suggested.
Also, there is interaction effects between longitudinal shear stresses and normal stresses
(tension and compression) on their strength properties. Therefore, further work should

include such interaction effect in the proposed constitutive model.

6.7 SUMMARY

This chapter explored the underlying anisotropic failure mechanism of E. nitens timber
under compression, fulfilling the fourth objective of the study. The numerical investiga-
tion into the short-term response of E. nitens under compression with varying grain an-
gles and at low and high moisture contents, compared with the experimental data
demonstrated acceptable agreement, showing that the constitutive model works well for

Eucalyptus wood. The main findings of this Chapter can be summarised as follows:

® Compared with moisture content, grain angle had a stronger effect on the ani-
sotropic compressive behaviour of E. nitens timber. The internal stresses with-
in the E. nitens timber links strongly with its failure model. The normal stress
along the grain is dominant at a grain angle of 0< leading to fibre buckling,
while crushing failure at compression perpendicular to the grain (90 is found
when normal stress across the grain is significant. Fibre-layer slip delamina-
tion and shear deformation are found when the loading directions are 30< 45°
and 60< due to shear stress playing an important role.

® The anisotropy of E. nitens timber was proved numerically by an elliptical
yield surface with moisture content sensitivity: the strength in the longitudinal
direction is much higher than that in the radial axis, and the shape of the yield
surface is enlarged when there is a decrease in moisture content. Lower mois-
ture content also leads to lower plasticity, while the high moisture cases often
showed more ductility. The numerical results confirm a marked influence
from MC on the load-deflection behaviour, not only in the elastic but also in

the plastic domain, showing acceptable agreement with the experimental data
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and demonstrating that the proposed constitutive model together with FEM
can be used to examine the compressive elastic—plastic behaviour of E. nitens

timber within a wide range of moisture contents.

Compared with the isotropic and similar plastic hardening at grain angles of
0< 30 45< 60=and 90<as predicted by the von Mises and the Hill models,
the proposed constitutive model is able to simulate the anisotropic hardening
stress-strain curve in the plastic region, and this has also been observed in E.
nitens timber both below and above FSP experimentally. Therefore, by includ-
ing elastoplastic anisotropy in the proposed constitutive model, evolution of
the yield surfaces for off-axis compression on E. nitens timber can be exam-

ined more correctly.

A parametric investigation into the sensitivity of the compressive stiffness and
strength to changes in the key material parameters of E. nitens timber was un-
dertaken. There is no significant effect of Poisson’s ratio on compressive stiff-
ness and strength for grain angles from 0°to 90< At grain angles between 0°
and 15°, variation in the longitudinal Young’s modulus (ELL) and yield stress
(Y£) most significantly affect the compressive stiffness and strength, respec-
tively. When the grain angle is ranged from 15<to 30< changes in the shear
modulus ( G ) and yield stress (¥;%) result in the largest change in compres-
sive stiffness and strength. After 30< the radial Young’s modulus (Err) and
yield stress (Y¥) have dominant roles in compressive stiffness and strength,
respectively, while the other parameters of the constitutive model have no ob-

vious effect.

This chapter confirms that the proposed model could reasonably predict the anisotropic

compressive behaviour of E. nitens timber in dry and wet conditions. Underlying fac-

tors as to why the failure mechanism of E. nitens timber was significantly influenced by

the moisture content and the loading direction were found. However, there were still

some limitations. The current study assumed an idealised homogeneous material feature

for E. nitens timber, whereas the non-uniformity of wood leads to a large variation in

failure behaviours in E. nitens samples, as has been observed in experiments. Further

work could include the defects and knots group in the numerical model, and numerical-
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ly examine the effect of such heterogeneity on the failure mechanism of E. nitens tim-
ber. Also, amongst other failure modes, such as tensile failure, shear failure, and flexur-
al failure, flexural failure is an important failure mechanism [10] due to the ways in
which timber is used as well as the behaviour of stands of trees in wind. The next step
is to examine the flexural failure of E. nitens timber in low and high moisture condi-
tions with an examination of the effect of high moisture content contributing to failure

of E. nitens timber.
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7.1 INTRODUCTION

This chapter aims to address the fifth objective, ie., examining the damage to E. nitens
timber in bending, during low and high moisture content conditions, with consideration
of difference in tension and compression. Section 7.2 outlines a numerical simulation of
off-axis tension for E. nitens timber during low and high moisture conditions using Fi-
nite Element Method with a moisture content dependent anisotropic elasto-plasticity
model. The simulated results were then compared with the isotropic Hill model and von
Mises model predictions. Section 7.3 presents numerical modelling of four-point bend-
ing in Eucalyptus specimens during low and high moisture content conditions, and this
was compared with experimental data to further calibrate the FEM model. The effect of
grain angle and moisture content on the strength of the bending models was then ex-

plored. Finally, summary based on the results are drawn.

7.2 OFF AXIS TENSION

The mechanical behaviour of a E. nitens tension sample was modelled using commer-
cial software, ABAQUS (Version 2019, Dassault Systemes, France). Three-
dimensional Finite Element Models were constructed to simulate the off-axis tension
behaviour of E. nitens wood during low and high moisture conditions (Fig 7.1) to ex-
plore the application of proposed constitutive model to E. nitens wood in tension. The
dimensions of the model were 600 mm (in length) <50 mm (in width) <10 mm (in
depth) for tension perpendicular to the grain, see MODEL | (Fig 7.1a), and the same
dimensions with a 100 mm long narrowing in the middle to 10 mm > 10 mm for ten-
sion with grain angles of 0°and 45< see MODEL Il (Fig 7.1b). These dimensions for
the FEM models were chosen in accordance with the size of the corresponding experi-
mental E. nitens tension samples (Fig 7.1 c,d). For the Finite Element models, MODEL
| and 11, the original longitudinal direction (fibre direction) is along the X-axis (Fig
7.1a, b).
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MODEL I MODEL Il

\ Top

(a) (b)

Fibre direction

Fibre direction

Bottom

(©

450

© L j ;
ISOﬂI Tt Iso
) | | 150 B 100
600 600
Oriented in such a way that loading was pro- The cross-sectional dimensions at the middle
duced in radial direction were 10 mm in radial direction and 10 mm in

tangential direction

Fig. 7.1 Off-axis tension on E. nitens timber: (a, b) Finite element model of E. nitens sample for off-
axis tension tests, (c, d) test photos (e, f) sample dimensions .

The local coordinate system of MODEL Il will rotate clockwise around the Z-axis in
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the global coordinate system at an angle (¢) of 45<to explore the effect of grain angle
on the tensile strength of the FEM model. Only the grain angle of 45°was chosen be-
cause of the availability of the experimental data. The bottoms of the model were con-
strained by moving boundaries to reflect the applied tension load parallel to the long
axis of the samples, while the top surface was restrained to prevent three directional
movement (Fig 7.1a, b), which reflected the experimental work described in Appendix
2.

MC Material Properties
ELL = 128000 (MPa) Err= E1r=100 (MPa)
12% Y[ = 82.2 (MPa) Gir = Grr= Gt =160 (MPa)
YT = vF=5.0 (MPa) Y% = Y5 = Y3 = 14.4 (MPa)

Table 7.1 Material properties of dry (MC=12%) E. nitens wood used in Finite Element Model for off-
axis tests with an assumption of transversely isotropic properties in the radial and tangential planes.
These parameters include three normal elastic moduli (Er, Err, Ev7), 3 shear moduli (Grr, Grr, G11),
three tensile yield stresses (Y;", Ya, Y7), and 3 shear yield stresses (Y%, Y, Ygr); Symbols L, Rand T
represent the principal anatomical directions: Longitudinal, Radial and Tangential direction.

The tensile parameters of the moisture dependent anisotropic elastio-plastic model are
given in Table 7.1 for dry conditions (MC=12%) with the assumption that the values
are similar for compression since only tension was examined in this section. Other pa-
rameters are the same as the compressive cases presented in Chapter 6. Then the biline-
ar moisture dependent material property model, Eq (6.1) and Eq (6.2), which were dis-
cussed in Chapter 6, was applied to estimate the material properties of the FEM models
with MC below and above FSP. The values of wet cases follow the equation, P1.c. Co-

efficient, c, used in the FEM modelling is provided in Table 7.2.

Material Properties Coefficient, ¢ Material Properties Coefficient, c
E, 0.8 YEIvrE 0.69
Egp! Erp 0.7 Gor! Gyl Gy 0.75
YT 0.68 YRV Yy 0.69

Table 7.2 Values of coefficient, c, for bilinear dependency of the material properties above FSP. These

material properties include three normal elastic moduli (Evc, Err, Evr), 3 shear moduli (G, g, Ggr, Gr1),

three tensile yield stresses (Y, Y, Y7) and 3 shear yield stresses (Y%, Y%, Ygr); Symbols L, R, or T
represent the principal anatomical directions (L, Longitudinal; R, Radial and T, Tangential).
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The isotropic Hill and von Mises models have the same parameter values for compari-

son.

7.2.1 Stress strain curves

Fig 7.2 presents the stress strain curves for tensile models at grain angles of 0< 45“and
90<with low and high moisture contents in order to examine the anisotropic stress

strain behaviour in tension for different grain orientations.

100 I v - 100 .
@DRY (b) WET
80r Vi o 1 80
s =
S 6o/ g e
g 40 A
—_ I (5]
& % 40
20+
20
§ _—— < T45
0 . ,;’::’i'?fxf—rgor . > 5\.\ :Eé._o.—-— \* <« T45
0 0.005 0.01 0.015 0.02 % 0005 001 0.015 0.02

Fig. 7.2 Stress strain curves predicted by the constitutive model (solid lines) compared with measured
tensile data (grey dash/dotted lines) of eucalyptus wood specimens for three angles 0=0°, 45° and 90°;
Left plot, dry cases, right plot, wet cases; TO0, a=0°; T45, a=45°; T90, 0=90°.

In the experimental results, after a relatively linear stress strain relationship, an abrupt
brittle fracture is observed. As the grain angle increases, the slope of the stress-strain
curve becomes less, which implies that the tensile stiffness decreases with an increase
in grain angle. The experimental and numerical results in wet conditions show lower
stress and more ductility compared with the corresponding dry cases covering the same
three grain angle situations (Fig 7.2). The element deletion technique in Abaqus is
adopted here to model the tension rupture by means of an option in VUMAT. This
technique removes the contribution of the element to the overall structure when its ul-
timate strength is reached and decreases the stresses to zero. It is thus able to predict
accurately the abrupt brittle fracture in tension for E. nitens compared to the model pre-
dicted stress strain curve without element deletion (Fig 7.3). A comparison between the
experimental work and the numerical predictions confirmed reasonable agreement with

the numerical curves for each case (Fig 7.2). A reduction in the tensile strength with an
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increase in grain angle was found both below and above FSP, which showed that the
model presented high anisotropic behaviour in agreement with the experimental find-

ings (Fig 7.2). It also proved that the von Mises model was not suitable for modelling E.

nitens wood in off-axis tension both below and above FSP, as it showed a constant ten-

sile strength (Fig 7.3).
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Fig. 7.3 Stress-strain curves predicted by constitutive model (solid lines) and measured tensile data (grey
dash/dotted lines) for three angles, a=0° (a, b), 45° (c, d), and 90° (e, f). Left, dry cases, right, wet cases,
Num 1, without element deletion, Num 2, with element deletion
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7.2.2 Failure envelopes on tension side

For off-axis tension on E. nitens in dry and wet conditions, stress paths at grain angles
of 0< 10< 45< and 90<in the first quadrant of the L-R principal space are shown in Fig.
7.4 with failure envelopes. Linear numerical stress paths for each tensile loading direc-
tion were found, whilst the wet cases had lower tensile strengths compared with the dry
cases (Fig 7.4). These findings implied that moisture content affected the values of the
tensile strengths both along and across the wood fibre. The failure envelopes of timber

E. nitens timber on the tension side enlarged as the moisture content decreased.
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Fig. 7.4 Failure envelopes of E. nitens timber with (a) low and (b) high moisture contents in the first
quadrant of the L-R principal space. The dots present the mean values of experimental data. The black
lines present 2-D numerical stress paths for off-axis tension at grain angles of 0< 10<45<and 90< Values
of parameters to determine the failure envelopes are provided in the last two columns of Table 6.6. HILL,
Hill criterion; GH, generalised Hill yield criterion used in the proposed constitutive model.
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Fig. 7.5 Failure envelopes for E. nitens timber at dry (MC=12%) and wet (MC>FSP) conditions
compared with experiments. HILL, Hill criterion; GH, generalised Hill yield criterion used in the pro-
posed constitutive model. The dots present the mean values of experimental data for compression testing

described in Chapter 3 and for tension testing described in Appendix 2.

Similar to the findings for compression, the failure envelopes predicted by the proposed

failure criterion (GH), Eq (5.6), matched better with the experimental data than those

predicated by the Hill model due to the tensile and compressive strengths of E. nitens
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timber being different (Fig 7.5a). This demonstrates that the developed constitutive
model is more suitable to describe the anisotropic behaviour of E. nitens timber than the
Hill model both above and below FSP. For tensile strength perpendicular to the grain,
the failure strengths for both dry and wet conditions are closer to each other compared

with those along the wood fibre (Fig 7.55). This is because the tensile failure mode

perpendicular to the grain differs from that parallel to the grain due to the microstruc-
ture of wood: ie. long and narrow cells are oriented in a longitudinal direction and act

like columns of fibre.

7.2.3 Comparison with the simulation in compression

In this section, the stress-strain curves calculated using the proposed constitutive model
(GH), with and without symmetry in tension and compression, were compared with
those from the von Mises model (VM) and the Hill model (HL). The same parameters
provided in Table 6.1 were used. The moisture dependent anisotropic elastio-plastic
model demonstrated more accuracy in modelling the anisotropic behaviour of E. nitens
with comparison to the isotropic Hill and von Mises models as they assume the same
strength values for tension and compression (Fig 7.6a, b), while different strengths in
tension and compression were observed in experiments on E. nitens samples, see Fig
7.5. Therefore, the proposed constitutive model is an improvement on the von Mises
and the Hills models for modelling anisotropic tensile and compressive behaviours both
below and above FSP for E. nitens. It should be noted that the numerical examples pre-
sented herein are intended to demonstrate the features of the moisture dependent aniso-
tropic elastio-plastic model, taking into account differences in tension and compression.
Therefore, the softening and tensile rupture behaviours were not included. A ductile
failure mechanism is found in compression experiments compared with the rupture

failure behaviour in tension.

Table 7.3 shows the failure strengths of E. nitens timber for off-axis tension and off-
axis compression in dry and wet conditions, respectively, at grain angles of 0< 45<and
90<For both tension and compression, as the grain angle increased, the failure strength

decreased, implying the strengths of E. nitens timber were obviously dependent on
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grain direction, ie., the highest failure strengths were found parallel to the grain while
the lowest strength values existed when the load was perpendicular to the grain for both
tension and compression. A higher tensile failure strength along the grain than that un-
der compression was found both above and below FSP. Compare with the dry cases,
lower failure strengths were found for wet cases for the three grain angle situations, im-

plying an increase in the risk of E. nitens failure with an increase in MC.

The present work found that the failure strengths and the mechanical behaviour of E.
nitens timber in tension and compression were different above and below FSP. The cor-
relation between the model predictions and the experimental data showed that the pro-
posed constitutive model was more effective for modelling E. nitens wood for aniso-
tropic tensile and compressive behaviours compared with the von Mises and Hill mod-

els because it took the asymmetry in tension and compression into account.
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Fig. 7.6 Stress Strain relationship of dry cases varies with the loading direction for three constitutive
models: (a) HL, Hill model, (b) VM, von Mises model, (c, d) GH, proposed constitutive model without
(c) and with (d) difference in tension and compression
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Compression Tension

Grain angle (9 0 45 90 0 45 90
Failure strength

DRY (MC=12%) 43.2 18 8.3 91 12 5.5
(MPa)
Failure strength

WET (MC>FSP) 23.9 9.6 4.6 62.2 7.86 3.8
(MPa)

Table 7.3 The failure strengths from testing in off-axis tension/compression at grain angles of 0< 45<
and 90< The compressive strengths are determined from the experimental data provided in Table
3.3, while the tensile strengths are from the experiments discussed in Fig 7.4

7.3 FLEXURAL NUMERICAL MODELLING

This section examines the nonlinear bending behaviour of E. nitens timber using the
FEM approach with a moisture-dependent anisotropic elasto-plasticity model to give an
insight into the failure mechanism of E. nitens in bending. Experimental load-deflection
curves for E. nitens four point bending samples with low and high moisture content as
shown in Chapter 4, were used for calibrating the parameters of the constititive models.
Three-dimensional Finite Element Models were constructed, which precisely reflected
the experimental work in the Chapter 4. See Fig 7.7 for loading and boundary condi-
tions. The working span was 360mm long divided into 3 spans of 120mm each (Fig
7.7). In detail, the model was loaded with two uniform pressure loadings acting at the
one-third and two-third positions. The area of each loading surface was 250 mm? to
avoid any stress concentration and the supporting points were restricted from any three-

dimensional movement.

The dimensions of the model, 410mm (Length) x25mm (Width) <25mm (Depth), cor-
responded to the dimensions of the actual E nitens timber samples. The geometry in all
the analyses was discretised by 54000 general purpose linear brick elements (C3D8R)
with plasticity capabilities. The model has a longitudinal direction in the Z-axis and ra-
dial and tangential directions follow the X-axis and Y-axis in the global coordinate sys-
tem, respectively. The local coordinate system will rotate clockwise around the Y-axis
in the global coordinate system at an angle (¢) to explore the effect of the grain angle

on bending behaviours of E. nitens beams.
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Loading

Fig. 7.7 FEM modelling for E. nitens samples in four-point bending; BC means boundary conditions.
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Fig. 7.8 A schematic of strain-stress behaviour for the moisture-dependent anisotropic elasto-
plasticity model; (a) strain-stress curves for loading parallel to the grain; (b) strain-stress curves for
loading perpendicular to the grain

E. is compressive stiffness, E, . is hardening compressive stiffness, Er is tensile stiffness, oy, is ulti-
mate tensile stress, gy, ¢ is ultimate tensile strain, oy, ¢ is ultimate compressive stress, ey, ¢ is ultimate
compressive strain, o, . is yield compressive stress, ¢, . is yield compressive strain.

During the simulation, only material nonlinear analysis was used, for simplicity, with-

out consideration of geometric nonlinearity. A schematic for a stress and strain curve of
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E. nitens wood is provided in Fig 7.8. Experiments on E. nitens found tension occurred
parallel and perpendicular to the grain, followed by an elastic relationship with rupture
at the end of the curve [94], while compressive behaviour transformed from softening
to hardening as the direction of loading changed from parallel to perpendicular to the
grain, (see Chapter 3). Tension rupture was modelled using the element deletion tech-
nique in ABAQUS.

For the longitudinal direction, MOE (Moduli of elasticity) of 11.8GPa and 9.5GPa were
used for dry and wet cases respectively, with a moisture modification factor at 0.8. The
value of tensile strength for the dry case and the strength reduction factor for MC>FSP
used in the simulation were 89.2 MPa and 0.7, respectively. These values were opti-
mized to obtain the minimal relative error for the numerical load displacement curve
compared with the mean curve for the experimental data. Other parameters of the
moisture-dependent anisotropic elasto-plasticity model were provided in Table 6.1 and
Table 6.3 with the assumption that they were the same. This assumption is reasonable
for the transverse direction, as experiments on E. nitens specimens showed similar val-
ues (Fig 7.5).

7.3.1 Load-displacement curves compared with experimental results

For four-point bending modelling, the angle between the direction of the wood fibre
and the longitude of the E. nitens beam is defined as the grain angle, &. The term
ASYM effect refers to the difference between tensile and compressive yield stresses. A
parameter, « , shows the ratio between the tensile and compressive yield stresses used
in the simulations, ie., when a=1, it means the tensile and compressive yield stresses
are the same, while a=2 indicates that compressive tensile yield stresses are half the
corresponding tensile yield stresses. In this model, for an ASYM effect case, the ratio
between the tensile and compressive yield stress is 2. This means that the tensile

strength is 2 times than the compressive strength.

Fig 7.9 represents the load-displacement curves for bending behaviour in E. nitens nu-
merical models at the loading points, compared with the experimental data from E.
nitens specimens. The wet cases exhibited more plastic deformation after the initial lin-

ear elastic phase and had considerably larger deflections at lower maximum loads.
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Their correlation in the elastic range and nonlinear displacements implied that the elas-
tic deformations and the hardening law for plastic evolution of the proposed constitu-

tive model were reasonable for E. nitens including the effect of moisture content on
bending.
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Fig. 7.9 Load-displacement behaviour for four point bending numerical analyses on small clear E. nitens
models compared with the experimental data. (a) Dry cases and (b) Wet cases. Solid blue and purple
lines show the numerical result (asym and sym means asymmetry and symmetry cases, ED means ele-
ment deletion), grey lines show the experimental results.

The numerical predictions with element deletion in the tension side were more realistic
for modelling the rupture in bending. While asymmetry case is more accurately to re-
flect the load-displacement curves of experiments compared with symmetry case.

Therefore, differences in tension and compression should be considered in order to give
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more insight into the bending behaviour of E. nitens timber. It should be noted that,
numerical bending behaviour in load-displacement curve for wet cases was not a good
fit with the experimental data post the ultimate strength was reached. It is perhaps that
the constitutive model does not include softening and the “softening” behaviour in
compression parallel to the grain was obviously observed in the experiment for E.
nitens timber. Future work will include softening behaviour to examine more deeply the
failure behaviour of E. nitens in bending when the post ultimate strength stage is
reached.

7.3.2 Effect of grain angle and moisture content

Fig 7.10 shows that the difference between the cases with and without the ASYM effect
increased as the grain angle increased at the 1 kN loading for both dry and wet condi-
tions.
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Fig. 7.10 Relationship between grain angle and displacement at mid-span of the E. nitens beam

As the fibre angle increased, the displacement of mid-span of the E. nitens beam at the
1 kN loading increased for both dry and wet cases. This was because the normal elastic

modulus (£z.) along the fibre is significantly higher than that across the fibre ( £zx), and
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therefore, the relationship between the mid-span displacement and the grain angle pro-

gressively increases.

Differences in mid-span displacement with and without ASYM effect progressively
increased as the grain angle increased. For dry cases, below a fibre angle of 40< the
mid-span displacements at the 1 kN loading for the cases with and without ASYM ef-
fect matched very well, due to the beam staying in the elastic range. This implied the
model was fully elastic and that the tensile /compressive yield stress was not reached
below the grain angle of 40< For grain angles between 40<and 90< the mid-span dis-
placement for the ASYM effect case is lower than the displacement without ASYM ef-

fect.

It was also found that a larger mid-span displacement correlated well with a higher MC
(see Fig 7.10, in which solid lines plot data for MC=12%, while solid lines with circles
plot data for MC>FSP). The correlation between the displacement at the mid-span and

the moisture content is clearly visible.

7.4 SUMMARY

In this Chapter, the anisotropic effect on E. nitens timber failure was illustrated
numerically by both off-axis tension and four-point static bending with different grain
angles at low and high moisture contents. The validation of the numerical modelling
was also demonstrated by comparisons with the experimental data below and above the
FSP. Thus, the final Objective was achieved. The findings can be summarized as

follows.

® The anisotropy of tensile strengths for E. nitens was found to affect by loading
direction and moisture content. The wet cases had lower tensile strength along
the wood fibre compared with the dry cases, however, when it came to tensile
strength perpendicular to the grain, the failure tensile strengths for both dry

and wet cases were similar.

® The moisture dependent anisotropic elastio-plastic model demonstrated with
more accuracy the anisotropic behaviour of E. nitens compared to the iso-
tropic Hill and von Mises models, including differences in tension and com-

pression. The proposed constitutive model implemented by FEM has over-
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come the limitations in the analytical approach, eg. Hankinson’s equation,
which only takes account of the effect of normal stresses, and it can reproduce

the anistropic behaviours of E. nitens timber more realistically.

® Moisture content was a key influence in the bending failure of the E. nitens

beam, whilst grain angle also strongly affected failure.

® FEM techniques combined with the newly developed moisture dependent ani-
sotropic elastio-plastic constitutive model in Chapter 5 provided a new ap-
proach to establishing design codes for E. nitens timber beams both for nor-

mal use and in water saturated applications.

Using the proposed constitutive model, the nonlinear bending behaviours of fibre man-
aged plantation E. nitens timber were examined numerically based on the properties of
small clear E. nitens samples. However, some strength properties of wood exhibits
stressed volume dependency, which is known as size effects. This phenomenon exists
in all the major strength properties and are more important is more important where ac-
tions result in tension strength perpendicular to the grain often associated with sloping
grain. Therefore, further work could examine how size effects contribute to the varia-
tion in ultimate strength of structural sized E. nitens timber members using FEM based
on the proposed constitutive model. The further research, could also establish relevant
design codes via FE methods to facilitate using this resource for building and structural

applications.
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8.1 INTRODUCTION

Current thinking has shown that fast growing plantation eucalypts have the potential for
structural applications. This thesis aimed examine the suitability of E. nitens for use as
a structural material and to provide an improved systematic understanding of the mois-
ture dependent anisotropic mechanical behaviour of E. nitens timber during short dura-

tion loading.

To understand this behaviour, experimental, theoretical, and numerical approaches
were combined. Firstly, compression and four-point bending experiments on E. nitens
samples were carried out under low and high moisture conditions. Here, low means the
moisture content (MC) was round 12% and high means the moisture content was above
the FSP. The moisture content sensitivity and anisotropic behaviour of E. nitens timber
were studied using an experimental approach. Secondly, a 3D moisture dependent ani-
sotropic plasticity model for E. nitens timber was proposed for the first time to predict a
more accurate ultimate capacity for such timber. In this model, the Drucker—Prager
yield criterion was combined with the Hill yield criterion to create a generalized yield
criterion where each material constant was defined as a function of moisture content.
The model was then implemented with a stress update scheme based on the framework
of the finite element method (FEM). Experimental data for other species with varying
loading directions or varying moisture content, and for E. nitens timber in compression
below and above its FSP, were used in order to validate and calibrate the numerical
work. Thirdly, numerical modelling on E. nitens timber was undertaken, and the under-
lying anisotropic failure mechanism of E. nitens timber explored. Those numerical
studies overcame the limitations of previous attempts based on experiments or theoreti-
cal work only, as moisture dependent material properties are very difficult to measure
and examine separately using an experimental approach, due to the heterogeneous be-
haviour of natural wood, and no analytical solutions existed due to wood’s nonlinear

material characteristics.

8.2 CONCLUDING REMARKS

In Chapter 3 and Chapter 4, Objective One and Two, to quantify the short-term re-

sponse of Eucalyptus wood under compression and bending during low and high mois-
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ture conditions were attained. The goal of this study was to characterize the mechanical
properties of plantation Eucalyptus nitens in a high moisture content state, above the
FSP, in comparison to a low moisture condition, and to explore construction applica-
tions in a completely water saturated state. In this study, compression and four-point
bending experiments on small clear E. nitens samples were carried out using a Univer-
sal Testing Machine. The samples were obtained from a 16-year-old plantation E.
nitens resource in Tasmania, Australia. The moisture content sensitivity and its effect

on mechanical behaviour of E. nitens in compression and bending were studied.
Key findings can be summarised as follows.

Mechanical compressive properties in Chapter 3:

® | oad and deflection curves as well as the failure mode of the E. nitens speci-
mens in compression, which can be used to verify modelling of the mechani-
cal failure behaviour of Eucalyptus wood in compression using FEM, were

obtained from experiments.

® Compressive stiffness and strength increase with a decrease in grain angle.
These findings agree with the experimental data and Hankinson’s formula,

and they imply a validation of our research.

® The failure behaviour of both dry and wet samples was strongly dependent on
grain direction. The wood samples were much stiffer in compression parallel
to the grain (grain angle 09 compared to perpendicular (grain angle 90<, and
the decrease in compressive strength and stiffness was rapid between 0and
159 and more gradual between 159and 45< above 45% little additional de-
crease was found. A grain angle of 45%epresents the transition from an unsta-
ble “softening” type of behaviour when loaded parallel to the grain to a more

stable “hardening” type behaviour when loaded perpendicular to the grain.

® The failure envelope of plantation-grown E. nitens in compression is a 1/4 el-
liptical arc with the short axis in the radial direction and the long axis in the
grain direction since the strength parallel to the grain is much higher than per-
pendicular to the grain. Compressive behaviour of plantation E. nitens is high-
ly anisotropic for a broad MC range above and below the FSP and is sensitive
to moisture content.
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® The suggested design characteristic values of dry and fully water-saturated
plantation-grown E. nitens piles in compression are 20.3 and 11.8 MPa, re-
spectively. These values are close to the testing results from structural sized
spruce pile specimens in axial compression in a dry state, 20.3 MPa, and in a
wet (water saturated) state, 13.4 MPa [9], showing E. nitens can be a material
for structural use, and can meet the requirements for compression members,

such as columns and piles.

Mechanical flexural properties in Chapter 4:

® The high (MC) samples exhibited larger displacements at low ultimate loads,
while the low MC samples showed quite abrupt failures at relatively small

displacements with high ultimate loads.

® A linear-regression model was developed in the study using bending stiffness
as the single regressor in predicting the bending strength of the beam. The cor-
relation between bending stiffness and strength was also sufficiently close to

allow estimates of MOR, by adjusting the MOE.

® A normal distribution better fitted the experimental data than a lognormal dis-
tribution. The design characteristic values for E. nitens with low and high MC

were 68.5 MPa and 39.8 MPa, respectively.

® The moisture modification factor was 0.55 at a 5% percentile level and 0.7 at
mean level, respectively, demonstrating that MC significantly affects the MOR.
The moisture modification factors of E. nitens timber at mean level are higher
than those of traditional construction materials, such as Pinus radiata (0.52),
implying that E. nitens is promising as a material to be used in the construc-

tion industry for bending members especially in water saturated conditions.

The mechanical compressive and flexural properties of E. nitens timber below and
above FSP have been determined in this thesis. This is because apart from those for ful-
ly immersed piles [64, 117, 118], few design standards provide strength and stiffness
values for round wood at FSP and above. Those that do are for coniferous species only
[9, 64, 117] and it is now necessary to develop the same standards for plantation euca-
lypts in order to use this resource for structural application. Experimental studies
showed that E. nitens has anisotropic mechanical properties. This research on design
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values will provide basic data for E. nitens in structural applications, especially when
exposed to water. However, the heterogeneous nature of natural wood introduces varia-

tions to experimental results, and these variations cannot easily be separated by experi-
mental approach. In other words, the experimental results are empirical and only tell us
the phenomenon. In order to understand the underlying failure mechanism of E. nitens,
constitutive modelling with FEM technique was used to do numerical modelling for
reflecting the stress state within timber structures and predicting their possible failure

more realistically.

With the aim of achieving the Objective Three of the research, Chapter 5 proposed a
moisture-dependent anisotropic elasto-plasticity model to display more realistically the
short-term mechanical response in E. nitens timber with different moisture contents.
This constitutive model is orthotropic in the elastic region while anisotropic in the plas-
tic region and can systematically study the path-dependent elasto-plastic phenomenon
of E. nitens timber with differences in tensile and compressive strength. In this constitu-
tive model, a generalized Hill yield criterion was proposed combining the Drucker—
Prager yield criterion with the Hill yield criterion to include asymmetry in tension and
compression. All model variables depend on the moisture content and are obtained

from corresponding experimental results.

Using a numerical approach, a UMAT subroutine within the commercial software
ABAQUS was coded to model complex material behaviour according to the proposed
moisture-dependent anisotropic elasto-plasticity model. The simulated yield surface,
the stress strain curves and the load-displacement relationship agreed with the data
from mechanical testing of wood, and compared favourably with the work of De Borst
et al. [36], Hering et al. [14] and the experimental data from E. nitens samples. This
showed that the proposed constitutive model can be used for timber with various mois-
ture contents and in different load to grain orientations. Results indicate that the pro-
posed constitutive model could predict the stiffness and strength of E. nitens in dry and
wet conditions as a function of inclined grain orientation with reasonable accuracy,
showing that the material model can be utilised for Eucalyptus wood. The yield stress
of the E. nitens timber in the longitudinal direction was much higher than in the other
two directions, i.e., the radial axis and the tangential axis. This implies that E. nitens
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timber was anisotropic in contrast to a typical Von Mises criterion, which is a circular
cylinder. Also, the radius of the yield surface in the "n" plane increased with a decrease
of hydrostatic pressure, ie. opposite to the normal Hill criterion, but like the Drucker—
Prager criterion, due to asymmetry between the tensile and compressive sides.

The constitutive model was a breakthrough in the constitutive modelling of wood,
providing results for a comprehensive study of anisotropic plastic constitutive behav-
iour incorporating anisotropic and moisture effects. This is because previous studies
applied plasticity theory with a nonlinear isotropic hardening response [24, 30], for ex-
ample for Norway spruce and European beech wood. However, when modelling the
anisotropic mechanical behaviour of E. nitens timber, the isotropic hardening law is not
always appropriate. The compressive behaviour of wood in the longitudinal direction
and the radial direction is different: the stress-strain curve changes from "softening™ to
"hardening” from the longitudinal direction to that perpendicular to the grain [51, 52].
Including elastoplastic anisotropy in the proposed constitutive model, the load carrying
capacity of E. nitens timber can be examined more accurately, compared with the iso-
tropic Hill criterion, which is widely used in timber engineering to describe wood ani-
sotropy [24]. It should be noted that the moisture dependent anisotropic elastio-plastic
model did not include softening. Future work could include softening in order to deeply

examine the residual stress distribution within the E. nitens timber after failure.

As the last two Objectives in the research project, the underlying anisotropic behaviour
of E. nitens timber was examined numerically with the aid of the ABAQUS software in
Chapter 6 and Chapter 7.

Findings can be summarised as follows.

Anisotropic compressive behaviours in Chapter 6:

® Anisotropic inelastic behaviour was detected numerically for E. nitens timber
under compression, both below and above FSP, the stress along the loading
direction not only increased as the strain increased but also rose with a de-
crease in grain angle. Numerical compressive stiffness and strength values de-
creased sharply with increasing grain angles up to 45<and levelled off above
45<for dry and wet cases.
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® Grain angle had a stronger effect on anisotropy compressive behaviour of E.
nitens timber compared with moisture content. Shear stress increased with an
increase in grain angle at the beginning, then after shear stress reach its peak,
it decreased with further increases in grain angle and became zero at a grain
angle of 90< At loading directions of 30< 45°and 60< shear stress played a
leading role and therefore, failure mode of the E. nitens timber is mainly due
to fibre-layer slip delamination and shear deformation, which is observed in
the experiment presented in Chapter 3. Fibre buckling is found at a grain angle
of 0°since the normal stress along the grain is dominant, whilst normal stress
across the grain is significant at compression perpendicular to the grain (909,

correlating to the crushing failure.

® The shape of the initial yield surface enlarged with a decrease in moisture
content, showing that the yield stress of the E. nitens timber is sensitive to
moisture content. For both dry and wet, before yield, the E. nitens wood pre-
sents an elastic deformation, which means a linear and fully recoverable mate-
rial behaviour. The stress paths were within the initial yield surface. Post yield,
the elliptical shape of the evolved yield surface changed, and both the long ax-

is (longitudinal direction) and the short axis (radial axis direction) enlarges.

® Using FEM, a uniform stress distribution during a pure compression test on E.
nitens specimens was found both below and above FSP. This means that, for a
homogeneous material, the stress at any location within the specimen with low
and high moisture content under compression is the same. A progressive
change in displacement along the compression at a central area of the samples

could be also distinctly observed.

® According to parametric investigation in the L-R plane (i.e., in a plane parallel
to the fibres and perpendicular to the growth rings), there was no significant
effect of Poisson’s ratios on compressive stiffness and strength during grain
angles from 0°to 90< For other parameters, the compressive stiffness at load-
ing direction (responding compressive stiffness) mainly depended on elastic
parameters (normal moduli and shear moduli), while the plastic parameters

played an important role on the compressive strength at loading direction.
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Anisotropic failure mechanism of E. nitens timber in Chapter 7

The anisotropy of E. nitens timber in tension was also proved together with
moisture content sensitivity, but few developments of the failure surfaces were

found at a given MC as there were no plastic deformations in tension.

The wet cases had lower tensile strength along the wood fibre compared with
the dry cases, however, when it comes to tensile strength perpendicular to the

grain, the failure strength for both dry and wet were similar.

A moisture dependent anisotropic elastio-plastic model demonstrated with
more accuracy the anisotropic behaviour of E. nitens in comparison to the iso-
tropic Hill and von Mises models, including differences in tension and com-

pression.

The numerical tensile strength values against grain angle are consistent with
the results of experimental data, and broadly agree with Hankinson’s equation
whereby the largest difference is in the range between grain angles of 10<and
45< where shear stresses exist. The proposed constitutive model implemented
by FEM has overcome the limitations in the analytical approach, eg.
Hankinson’s equation, which only takes account of the effect of normal stress-
es, and it can reproduce the anistropic tension behaviours for E. nitens timber

more realistically.

Moisture content and grain angle were key influences in the bending failure of
the E. nitens beam, whilst differences in tension and compression also affected

load displacement curves of E. nitens timber in bending.

In Chapter 6 and 7, the underlying anisotropic failure mechanism of E. nitens timber

was explored. The inherent stresses within E. nitens timber link strongly with its failure

mode. However, the current study assumed an idealised homogeneous material feature

for E. nitens timber, whereas the non-uniformity of wood leads to a large variation in

failure behaviours in E. nitens samples, as has been observed in experiments. Further

work is required to examine the effect of size effect on the failure mechanism of struc-

tural sized E. nitens timber members with numerical modelling the heterogeneity of

wood material. Also, although the prediction of anisotropic plasticity behaviour for E.

nitens timber using the proposed constitutive model for low and high moisture contents
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agreed with experiments on defect free samples, coupled effects between shear stresses
and normal stresses has not been included in the newly developed constitutive model.
Therefore, a further study on such effect on the failure of structural sized E. nitens tim-
ber members using numerical approach based on a constitutive model with such cou-
pled effects is also required. Moreover, this model focused on idealised (i.e., defect-free)
wood in short term loading scenarios, whereas the influence of long-term loading leads
to creep in E. nitens timber, and this has not been taken into account in this study. Fur-
ther study could include long term properties in the moisture dependent anisotropic
elasto-plasticity model in order to extend the use of this constitutive model, and its ap-

plication to E. nitens as a new structural material.

In summary, one of the main contributions of this study was to examine the suitability
of E. nitens as a new construction material and in this context compressive and flexure
mechanical properties below and above FSP were discussed. E. nitens is promise as a
material to be used in the construction industry for compressive or bending members,
especially in water saturated condition. The results provide the basis for design codes
for using E. nitens wood in dry and water-saturated applications. E. nitens has aniso-
tropic mechanical characterization and its strength shows moisture content sensitivity.
The second main contribution was to introduce a moisture dependent anisotropic plas-
ticity model for wood, in particular for E. nitens. This creates a tool to predict the ulti-
mate strength of E. nitens more accurately at various moisture contents and with differ-

ent load directions.

8.3 SUGGESTED FUTURE WORK

This research is the first generation for the development of a moisture dependent aniso-
tropic plasticity model for E. nitens wood as well as for use plantation E. nitens as a
new structural material in compression and bending for both dry and water saturated
states. This research has laid the groundwork to establish relevant design codes and
specifications for using E. nitens. At the same time, the moisture dependent anisotropic
plasticity model is not limited to the species examined in this thesis. Subject to the

availability of experimental data to validate modelling, the model can be used for other
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wood species or material which has similar features.

Potential future work could:

® Model softening and crack development during damage to E. nitens structural
members combined with cohesive interface elements to predict the initiation and
propagation of interfacial cracks. This is because FE modelling work combined
with a moisture dependent anisotropic plasticity model could predict compres-
sion and bending behaviours of E. nitens in dry and wet conditions with reason-
able accuracy, and this can be considered as a suitable basis for fracture mechan-

ical analyses.

® Include quantification of the contribution of knot groups to the mechanical com-
pressive and flexure properties of E. nitens to create a predictive model for
strength and performance of structurally sized E. nitens members with knots.

® Address the effect of varying moisture contents on the mechanical behaviour of
structurally sized E. nitens timber members in compression and bending experi-
mentally in order to better understand how structural E. nitens members respond

under static loading with different moisture conditions.

® Etc. Further work could be risk assessment of E. nitens structural members espe-
cially when exposed to water, based on finite element analysis or using the de-

sign data in this research.
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Appendix 1
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Other items of Sj;; can be obtained because of the symmetric matrix.

Appendix 2

The off-axis tension tests for E. nitens specimens were conducted on a Universal Test-
ing Machine (Zwick Roell-Z100, capacity 100 kN) according to ASTM D143-09 [57]
at temperature and relative humidity in the range of 15 - 25 C to and 55 to 70 %, re-
spectively. The specimens were carefully clamped on either end (Fig A.1). The tensile
testing was performed with displacement-control and at a constant loading rate of 0.3
mm/min for each testing and discontinued when the rupture failure was observed in the
load-deformation curves. The forces and the deformations were measured in the axis of
loading. Deformations were measured from the point at which tensile force first ap-
peared. The distance between the two grips when tension was first developed was also
measured as the original distance. The tensile strain was controlled by a moveable

crosshead and calculated in the load direction from the relative position of the grips in
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relation to the original distance between the two grips. A computer connected to a data
acquisition board was used to store and analyse the data. The load and deflection curves
of small clear E. nitens with both low and high moisture contents in off-axis tension
testing were obtained.

Fig. A.1 Test photo of off axis tension testing

Two dimensions of the samples were used, the first is 600 mm length (L) <50 mm
width (W) > 10 mm depth (D) with a narrow part with cross-sectional area of 10 <10
mm? and a length of 100 mm, while the second is 600 mm (L) <50 mm (W) <10 mm
(D) (Fig 7.1c, d). The first sample type was waisted to ensure that failure occurred
within the central portion and to minimise stress concentration in the transition area and
was used to-test grain angles of 0 10<or 45< while the second sample type was used
for testing in tension perpendicular to the grain as it is hard to manufacture waisted
samples for tension perpendicular to the grain (i.e. at a grain angle of 90). Small pieces
cut from each specimen were oven dried for 72 hours to determine moisture content
and basic density according to AS/NZS 1080.1 [85]. In total, 80 small clear E. nitens
samples were used; half of each species was tested in a dry condition (i.e. 40 dry sam-
ples for E. nitens ), and the rest of the samples were tested in a wet condition, and these

were prepared using the same method described in a the previous study [57].
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