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GENERAL INTRODUCTION

In wood cell wall, highly crystallized cellulose microfibril (CMF) is formed during the
xylem cell maturation. The CMF in each lamella is oriented in a certain direction to the
fiber axis, therefore, the structure and physical property of the CMF highly affect to the
physical properties of wood. The orientation of the CMF is different among each cell
wall lamella. Moreover, the CMF was surrounded by the matrix substance of
lignin-hemicellulose, therefore, the origin of the physical properties of wood is more or
less affected by the properties of the matrix substance in spite that the Young’s modulus
of the cellulose crystal is much larger than the matrix substance.

For example, the physical properties of wood are highly affected by the temperature
and the moisture. The origin of such phenomena should be clarified from the viewpoint
of the macro-molecule level of the constituents of the cell wall, namely, CMF and
matrix substance.

Many studies have been conducted on the relationship between the fine structure
and physical property of wood. However, most of those conclusions are individualized
ones, which are estimated from each phenomenon. Therefore, general theory which can
explain many phenomena at the same time without any contradiction has not been given
yet. This is the main reason that it is still difficult to understand the origins of various
physical properties of wood on the basis of a general model of the fine structure of
wood cell wall. Especially, role of the interfacial structure of the CMF and matrix
substance is essentially unsolved. In this situation, no matter how the data and the
observation are accomplished at the molecular level by using isolated constituent
materials, those results should not be deduced to the theory to explain the properties of
the cell wall or wood.

Some physical behaviors of the wood are described numerically based on “the
reinforced-matrix hypothesis™ originally proposed by Barber and Meylan (1964). This
hypothesis is useful for formulating the mechanical interaction between the CMF
bundle and the matrix skeleton on the basis of “two-phase structure”. The physical
properties and mechanical behaviors of wood can be simulated by using the structural

model of wood fiber which is constructed by the reinforced-matrix hypothesis.



Besides, the mechanical model derived on the basis of the reinforced-matrix
hypothesis contains various parameters which characterize the composite structure of
each layer and the physical property of each constituent material. It is considered that
information on the fine structures and the internal properties of each cell wall
constituent are dispersed and incorporated into those parameters. When comparing the
simulated results with the experimental one, the author needs to give concrete values to
those parameters in a rational manner. Then it is quite natural to consider that the values
of the parameters given in the simulation reflect intrinsic information on the fine
structure and the internal properties of the cell wall constituents.

In this thesis, based on the above background, the author tried to explain the
relationships between the some physical properties of wood and the fine structure of the
cell wall. Among the physical properties of wood at the macroscopic level, it is very
important to clarify the physical properties in the longitudinal direction since the
longitudinal properties of wood reflects the properties of wood cell wall more directly.
The author focused the longitudinal elastic property and viscoelastic property of clear
wood specimen.

In Chapter 1, the author looked back on the history of the studies about the
relationships between the physical properties of wood and the fine structure of the cell
wall.

In Chapter 2, the author developed the mathematical model which predicts the
longitudinal Young’s modulus of a clear wood specimen on the basis of the
reinforced-matrix hypothesis, and gave some case studies on the elastic behaviors of the
wood by using the newly-developed model. Then, some possibilities (predictions) on
the structures and the moisture properties of the CMF and the matrix substance were
proposed.

In Chapter 3, propriety of the possibilities (predictions) proposed in Chapter 2 were
discussed through both the experimentation using a sugi microtomed specimen and the
simulation using the wood fiber model.

In above Chapters, the author thought that wood is an elastic body, however, it is
also important to clarify the viscoelastic properties of wood cell wall in order to use

forest products as structural member for buildings or furniture. There are few reports on



the longitudinal tensile tests in relation to the viscoelastic properties of wood. Moreover,
the relationship between the viscoelastic properties and the fine structure of wood cell
wall has not been solved yet. Then, in Chapter 4, the author tried to clarify the
longitudinal tensile creep behavior in relation to the fine structure of wood cell wall.
Finally, the author induced the results obtained in the above Chapters as general

conclusion.



CHAPTER1 BACKGROUND

1.1 Modelling of the physical properties of wood

For better understanding of the origins of the mechanical and physical properties of
wood, it is required to reveal the fine structures and microscopic properties of each cell
wall constituent as it is in the cell wall. Moreover, it is indispensable to obtain a proper
theory which deduces the microscopic information on the cell wall constituents into the
macroscopic behaviors of the wood.

With the progress of a technique for the microscopic observation through the 1950s
into 1960s, it was revealed that each cell wall lamella can be approximated as a
“two-phase structure” consisting of the cellulose microfibril (CMF) as a framework
bundle and the lignin-hemicellulose as a matrix skeleton.

“The reinforced-matrix hypothesis” was proposed by Barber and Meylan (1964).
Their idea was useful for formulating the mechanical interaction between the CMF
bundle and the matrix skeleton on the basis of “the two-phase structure”. Thereafter,
several researchers adopted Barber and Meylan’s idea and applied it to their own
theoretical model. At present, this idea seems to be feasible to describe some physical
behaviors of the wood numerically, including 1) shrinkage and swelling properties, 2)
longitudinal Young’s modulus, and 3) growth stress generation.

As the researches of the swelling and shrinking properties, a theoretical model that
each wood cell wall was treated as a thick-wall circular cylinder was proposed by
Barber (1968). In his model, all microfibrils lay at the same angle 6 to the longitudinal
axis so that they wind helically around the cell. Then, Barber and Meylan’s theory was
reformulated using a fundamental shrinkage relation derived for fiber-reinforced
composite materials (Cave 1972a, 1972b). The theory was extended to include
consideration of the variation (due to changes in moisture content) of the stiffness of the
matrix that binds the cellulose microfibrils together. With the theory developed, it was
possible to specify shrinkage with respect to moisture content, as well as with factors
involved in cell-wall geometry and composition. Shrinkage behavior of the cell wall
layers was related to constituent behavior through the use of “mechanics of materials”

techniques and “energy methods” (Barrett et al. 1972). Double cell wall behavior was



determined by regarding the cell wall as a multi-layered structure composed of
orthotropic layers oriented at angles to the cell-axis direction. Double cell wall model
were used to assess effects of microfibril angle, layer thickness, and chemical
composition of the wall on the shrinkage behavior of a typical early-wood, late-wood,
and compression wood cell (Cave 1972a, 1972b, Barrett et al. 1972). A model was
developed for estimating shrinkage property of a soft wood cell wall from the properties
of its polymeric constituents: cellulose, hemicellulose and lignin (Koponen et al. 1989).
The model took into account the helical winding of the microfibrils in the cell wall and
it estimated the behavior of a balanced laminated double-cell wall in which rotation was
restrained by adjacent cells. Yamamoto et al. (1999, 2001) simulated the shrinking
process of a single wood fiber regarding water desorption to elucidate the origin of the
shrinking anisotropy of wood during the drying process, as well as to begin to gain an
understanding of the interaction between the moisture and the cell wall components.
The wood fiber model used for the simulation was a complex circular cylinder having
three layers. It consisted of the compound middle lamella (CML), the outermost and the
middle layers of the secondary wall (S1 and S2, respectively). The microfibril angles
(MFA) took 90 degrees in the S1 layer and a value between 0-60 degrees in the S2 layer.

As the researches of the origin of the longitudinal Young’s modulus, Cave (1978a,
1978b) constructed a double-walled model that simultaneously predicted the variation
with the moisture content change of the longitudinal Young’s modulus of wood.
Koponen et al. (1989) developed a model for estimating elastic property of a softwood
cell wall from the properties of its polymeric constituents: cellulose, hemicellulose and
lignin. In this model, the cell wall consisted of layers M+P, S1, S2 and S3, and two
adjacent cell walls were examined as a unit. The secondary wall consisted of
microfibrils embedded in lignin and the middle lamella consisted of lignin only.
Thereafter, Yamamoto and Kojima (2002) developed the theory by using a multi-layered
circular cylinder model, which can simulate the elastic behaviors of the clear wood
specimen more realistically in relation to the change of moisture content.

As the research of the growth stress, Yamamoto (1998, in press) tried to explain the
generation mechanism of tree growth stresses in relation to time and location

inhomogeneity in the secondary wall lignification, and he made a theoretical discussion



on the generation process of the growth strain (maturation strain) by using a complex

circular cylinder, CML+S1+S2, or CML+S1+S2+G (gelatinous layer).

1.2 Physical properties of cell wall constituents

In the simulation of the physical properties of wood by using theoretical model, the
values of each parameter in the model should be determined in advance. Some of them
have already been known by experiments and observations. For instance, the axial
Young’s modulus of pure cellulose crystal, that of amorphous cellulose in the
framework bundle, and that of isotropic matrix substance are important parameters in
addition to their proportions in each cell wall layer. From the macroscopic observations,
thickness of the each cell wall lamella and the value of the MFA are casily revealed.

The value of the axial Young’s modulus of the cellulose crystal was measured using
bleached ramie (Sakurada et al. 1962, 1964). The lattice extension was measured by
x-ray diffraction under a constant stress. The obtained elastic modulus was
137><104kgf/cm2 (=134GPa). Moreover, Nishino et al. (1995) measured the crystal
modulus in the direction parallel to the chain axis of five kinds of cellulose polymorphs
by x-ray diffraction. They also suggested that the crystal modulus of cellulose I was
138GPa. On the other hand, Ishikawa et al. (1997,1998) tried to estimate the Young’s
modulus of the amorphous cellulose by using ramie fiber. They determined it 4-8GPa in
the air-dried condition.

The axial Young’s modulus of the isotropic matrix substance was determined by
isolating it (Srinivasan 1941, Cousins 1976, 1978). They revealed that the Young’s
modulus of the molded matrix substance takes a value of 20x10° kgf/cm2 (=1.96GPa)
above the fiber saturation point, then, it increases monotonously depending on the water

desorption, and it reaches values of 4-6GPa at the oven-dried state.

1.3 Longitudinal elastic properties of wood

The longitudinal young’s modulus of wood is highly affected by the MFA in the S2
layer. The relationship between the longitudinal Young’s modulus and MFA was
measured using Pinus radiata (Cave 1968). Sobue and Asano (1976) also measured the

Longitudinal Young’s modulus in relation to the MFA using a sugi thin specimen.



Moreover, Page et al. (1977) tried to measure the longitudinal Young’s modulus using
an isolated softwood (black spruce) fiber. Page’s data was based on the fibers prepared
from a holocellulose pulp and a kraft pulp of 45% yield. Above three experimental
results conformed that the longitudinal Young’s modulus tends to decrease as the MFA
in the S2 layer increases.

Furthermore, origin of the MFA dependency of the longitudinal Young’s modulus
was explained on the basis of the theoretical models having unidirectionally reinforced
cell walls. Cave (1968, 1972b, 1978b), and Sobue and Asano (1976) simulated the
relationship between the longitudinal Young’s modulus and MFA by using the double
cell wall model. Salmen (1982), Salmen and De Ruvo (1985) and Salmen et al. (1985)
confirmed the importance of the MFA in the S2 layer by using the model which was
based on assuming each cell wall layer to consist of cellulose microfibrils embedded in
a matrix of hemicellulose. The lignin was considered to exist in separate isotropic
lamellae located in the middle of each cell wall layer. Koponen (1991) developed a
model based on wood structure for estimating the elastic properties of softwoods. The
wood model consisted of early-wood, late-wood and ray cells, each of which has a
different cell wall structure. The calculated elastic properties were good agreement with
test results.

The Longitudinal Young’s modulus is also highly affected by the moisture content.
The longitudinal Young’s modulus of wood decreases as the moisture content increases
up to FSP, and becomes constant above FSP (Kollmann and Krech 1960). Furthermore,
the longitudinal Young’s modulus of wood tends to decrease to 60-70% of the initial
value from the oven-dried state to FSP (e.g. Kollmann and Krech 1960).

It is generally believed that the reduction of the Young’s modulus of wood due to the
increase of the moisture content is caused mainly by the hygrosoftening of the matrix
substance which is an isotropic mixture of lignin, hemicellulose, and amorphous domain
of the CMF bundle (e.g. Norimoto and Yamada 1967). If this suggestion would be true,
the reduction of the longitudinal Young’s modulus due to water desorption should be
more remarkable in specimen with large MFA than with small MFA, which was pointed
out theoretically by Salmen (1982). However, this suggestion was contradicted by the

experimental result (Kojima and Yamamoto in press).



1.4 Viscoelastic properties of wood

It is very important to clarify the viscoelastic properties of wood cell wall in order to
use forest products as structural member for buildings or furniture. Studies on the
viscoelastic properties of wood began on a large scale in the 1960s (e.g. Yamada et al
1961), and included creep and stress relaxation.

It is well known that the viscoelastic properties of wood are highly affected by many
factors, for example; moisture, temperature, and fine structure of cell wall etc. In this
section, the reports about the viscoelastic properties of wood were shortly given.

As the researches of the relationship between the viscoelastic properties and the
temperature, Kitahara and Yukawa (1964) studied the extent of the influence of change
of temperature on creep in the midst creep. Moreover, the influence of high temperature
(100~180°C) on the creep of Hinoki (Chamaecyparis obtusa ENDL.) was investigated
by compressive test in oven-dried condition (Arima 1967).

As the researches of the relationship between the viscoelastic properties and the
moisture content, studies on the mechano-sorptive creep behavior were begun
(Armstrong 1972, Armstrong and Kingston 1960, Armstrong and Christensen 1961).
They reported that creep in wooden beam markedly increased when its moisture content
changed while it was under load. The deflection of a loaded beam that is taken through
one or more cycles of humidity increases far beyond the deflection of beams loaded
after they have been conditioned to either of the extreme moisture contents. After
extensive moisture cycling, such a deflection increases during the drying part of the
cycles and decreases during wetting. Then, Grossman (1976) reviewed characteristic
features of the effect of simultaneous moisture change and load on the deformation of
wood.

As the researches of the relationship between the viscoelastic properties and the fine
structure of cell wall, the stress relaxation of delignified wood (Hinoki) which are
obtained by the stepwise treatments with acidified sodium chlorite solution was
measured (Fushitani 1968a~d). The stress relaxation was studied by three points
bending test in both air-dried and water-saturated condition. According to his results,
residual lignin content has a big effect on the stress relaxation. The studies on the

rheological behaviors of wood during decrystallization were conducted (Aoki and



Yamada 1977). It has been reported that wood is decrystallized markedly with the
mixture of diethyl amine, sulfur dioxide and dimethyl sulfoxide (DMSO) and
decrystallized wood is easily recrystallized by immersing in water. In this study, the
temperature dependence of torsional creep of wood during decrystallization and of the
decrystallized wood were examined. As a result, Creep compliance increased in
proportion to degree of decrystallization. Moreover, the relations between crystal lattice
strain of (004) plane and surface strain at different moisture content, and behavior of
during creep and stress relaxation were examined (Moriizumi and Okano 1978). As a
result, crystal lattice strain changes with time; it increases during creep, while it
decreases during stress relaxation.

As the research of the relationship between the viscoelastic properties and acoustic
emission, the relationships between the bending creep behaviors and the acoustic
emission (AE) characteristics of wood under changing moisture conditions were
measured (Ozawa et al. 1995). It was found that creep strain was not related closely to
the cumulative AE event counts for all of the moisture conditions.

There are no reports which apply the reinforced-matrix hypothesis to the viscoelastic
properties. Moreover, the behavior of wood cell wall constituent materials to the

viscoelastic properties of wood has not been revealed yet.



CHAPTER 2 FORMULATION OF THE LONGITUDINAL ELASTICITY OF AN
ISOLATED WOOD FIBER

2.1 Introduction

For better understanding of the origins of the mechanical and physical properties of
wood, it is required to reveal the fine structure and microscopic properties of each cell
wall constituent. Moreover, it is indispensable to obtain a proper theory which deduces
the microscopic information on the cell wall constituents into the macroscopic
behaviors of the wood. With the progress of a technique for the microscopic observation
through the 1950s into the 1960s, it was revealed that each cell wall lamella can be
approximated as a “two-phase structure” consisting of the cellulose microfibril (CMF)
as a framework bundle and the lignin-hemicellulose as a matrix skeleton.

“The reinforced-matrix hypothesis” was proposed by Barber and Meylan (1964).
Their idea was useful for formulating the mechanical interaction between the CMF
bundle and the matrix skeleton on the basis of “the two-phase structure”. Thereafter,
several researchers adopted Barber and Meylan’s idea and applied it to their own
theoretical models. At present, this idea seems to be feasible to describe some physical
behaviors of the wood numerically, for example, the growth stress generation
(Yamamoto 1998), the swelling anisotropy (Barber 1968, Cave 1972a, 1972b, Barrett et
al. 1972, Koponen et al. 1989, Yamamoto et al. 2001), and the origin of the longitudinal
Young’s modulus (Cave 1978a, 1978b, Koponen et al. 1991). However, the idea of “the
two-phase structure” is effective only at the level larger than the cell wall layer,
therefore, it is improper to apply the reinforced-matrix hypothesis for elucidating the
internal properties and fine structures of each cell wall constituent directly as it is in the
cell wall lamella.

Besides, the mechanical model derived on the basis of the reinforced-matrix
hypothesis contains various parameters derived from “two-phase approximation”. It is
considered that information on the fine structures and the internal properties of each cell
wall constituent are dispersed and incorporated into those parameters. When comparing
the simulated results with the experimental one, the author needs to give concrete values

to those parameters in a rational manner. Then it is quite natural to consider that the
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values of the parameters optimized in the simulation reflect intrinsic information on the
fine structure and internal properties of the cell wall constituents.

In the previous study, adopting Barber’s (1968) circular cylinder model consisting
of the S2 layer, which is a developed version of Barber and Meylan’s original one,
Yamamoto (1999) and Yamamoto et al. (2001) generalized it into the one having a
multi-layered cell wall. Moreover, they formulated the dynamics of the anisotropic
shrinkage of the wood fiber during the moisture adsorption by using the newly
generalized model.

In this chapter, the author tries to develop it into the one which predicts the
longitudinal Young’s modulus of the wood in relation to the moisture content. Then, it is
anticipated to estimate the fine structure and internal properties of the cell wall
constituents peculiar to the wood by examining the values of the parameters which are

optimized through the simulation.
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2.2 Modelling the origin of the longitudinal Young’s modulus and the

Poisson’s ratio by the reinforced matrix hypothesis

2.21 Nomenclatures

E: Young’s modulus of the CMF bundle in the direction parallel to the molecular chains
of the cellulose. (Specifically to say, the value of E should be distinguished in respective
layers. This is subdivided into £, and Es in the S1 and the S2 layer, respectively.)

S: Shear moduli (%2) of the matrix skeletons in each layer. S is denoted as Sj, S, and Ss
in the CML (compound middle lamella), the S1 and the S2 layers, respectively

M. =S4/S,

rin: the inner radius of each layer. 7y, is denoted as u,, #; and r; in the CML, the S1 and
the S2 layers, respectively

rout: the outer radius of each layer. r,y is denoted as u,+h, u, and r, (=u;) in the CML,
the S1 and the S2 layers, respectively

h: thickness of the CML layer

v, k, u: r=rou/tin. k=ro/ry u=uoun.

0: the microfibril angle (MFA)

Pi: boundary pressure acting on the inner surface of each layer. Py, is denoted as P3, P,
and 0 in the CML, the S1 and the S2 layers, respectively

P,y boundary pressure acting on the outer surface of each layer. P, is denoted as 0, P;
and P, in the CML, the S1 and the S2 layers, respectively

i,o, Lo, Lo: the tensile or compressive loads induced in the CML, the S1 and the S2
layers, respectively

G: =E/S. G is denoted as G), G, and Gg in the CML, the S1 and the S2 layers,
respectively

€L, €1 ,er: respectively, the longitudinal, the tangential and the radial normal strains
induced at every point of the wood fiber model

87”2: = len(n)] = tangential normal strain induced at the outer surface of the S1 layer
(r=uy)

er'l: = [e7(r)] ,=,1. tangential normal strain induced at the inner surface of the S1 layer

(r=up)

12



a, @0, e q,r e q,q*% a, b, p, B, H: See APPENDIX 1 and Table2-1.

2.2.2 Generalization of Barber’s wood fiber model

In the previous study (Yamamoto et al. 1995), Barber’s (1968) wood fiber model
consisting of the compound middle lamella (CML) and the S2 layer was developed into
a new one having the S1 layer between the CML and the S2 layer (Fig2-1). Moreover,
formulated was the anisotropic shrinking process of the wood tracheid without any
external force (Yamamoto 1999). In that model, each layer is composed of two parts,
namely, the cellulose microfibril (CMF) bundle as the framework and the isotropic
lignin-hemicellulose skeleton as the matrix. In the macroscopic limit, both the CMF
bundle and the matrix skeleton can be considered to occupy the same domain. It is
supposed that the CMFs in the S2 layer and the S1 layer are oriented in certain
directions. On the other hand, the orientation of the CMF is randomly distributed in the

CML, which can then be considered mechanically isotropic.

2.2.3 Formulation of the reinforced-matrix hypothesis by using the
generalized Barber’s wood fiber model
(a) Mechanical interaction between the matrix skeleton and the CMF bundle in
the secondary wall

The deformation of the wood fiber model is assumed to be symmetric with respect to
the central axis. Then a cylindrical coordinate system (O-LTR) can be applied to the
present analysis. At every point in each layer of the secondary wall, a local orthogonal
coordinate system, O-LTR, can be applied. The L, T and R-axes are in the longitudinal,
tangential and radial directions, respectively, as shown in Fig.2-2.

A significant deformation induced at every point in each layer of the secondary wall
is expressed by the observable strain tensor components g; (i,j=L,T,R) in the O-LTR
coordinate system. The deformation of the matrix skeleton is equal to that of the CMF
bundle. Therefore, they are expressed by the same strain components.

The stress components induced in the matrix skeleton of each layer of the
secondary wall oy are related to the observable strain components g; (i,j=L,T,R) as the

following constitutive equation:
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o =Ciutu (Eq.2-1)
The lignin-hemicellulose matrix as a skeleton is considered to be isotropic (Kerr
and Goring 1975), then, elastic constants of the matrix skeleton (non zero terms) are
denoted as
Cliie =Crrrr = Crrrr =4+ 21
Ciirr = Clirr =CrrL =CTrrr = Crri = Crrrr =4, (Eqs.2-2)
Crrrr = Crire =Clrir =4
with Lame’s parameters

vam Em

A= and pg=————,
(1-2v™)(1+v™) 21+ v™)

where Ey, v are the Young’s modulus and the Poisson’s ratio of the matrix skeleton in
each layer of the secondary wall, respectively.

By introducing new parameters

K=31+2u S=2u ,

the author can rewrite the elastic constants (Eqgs.2-2) as follows,

m m m 1
Ciir = Crrrr = Crrer = 3 (K +28 )
m m m m m 1
Cllrr =Clirr =Crre =Crirr = Crrie = Crr17 = 3 (K-5) (Eqgs.2-3)

m m 1
Crrtr = ClrlnLRL =Crrir = ES

It is well recognized that the CMF bundle in each layer of the secondary wall
consists of a transverse isotropic ﬁlaterial whose principal axis (x-axis) is parallel to the
direction of the molecular chains. Figure2-3 shows a small flat-board element of the
CMF bundle in the S2 layer, provided that the positive direction of the normal axis
(z-axis) is coincident with the radial direction (R-axis) of the fiber model. In this model,
the CMF in the S2 layer is assumed to be oriented in a S-herix at an angle of 0.

The relationship between stress (o ) and strain (&;) components induced in the
CMF bundle of each layer of the secondary wall can be written as the following
constitutive equation in the O-xyz orthogonal coordinate system,

U;: = C:l:cd : '9;1 ) (Eq.2-4)

f *
abc

where C! . is the elastic constant tensor of the CMF bundle in the S1 or the S2 layers
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in the 0-xyz coordinate system whose non-zero terms are denoted as
C e » Crsyy» Conzz (= Cragy ) gy Copaas Corn (= Cuy ). C s Cr s Coguy (= Cy)
The author supposed that the CMF bundle is considerably compliant in the
transverse direction, therefore, all shear moduli, Poisson’s ratios, and the Young’s
modulus in the transverse direction are small enough to be neglected. This means that
the CMF cannot be kept in a bundle shape without a reinforcing agent. Then, the author
may consider the stiffness components C.,, are all nil except C.._(=E).
By transforming the coordinate system from 0-xyz into 0-LTR system, the non-zero
terms of the stiffness components of the CMF bundle (C;kl ) are expressed as
Cluy =!*E,Clyry =I’m’E,Cly 7 ==I'mE,Ciyy =1’'m*E,Cpyqy =m’E, (Egs.2-5)
Crrr =—Im*E,Cly ==’mE,C{ 1y =—Im’E,Cly 1 =1*m?E,
where /=cosfl, m=sinf, and F is the Young’s modulus of the CMF bundle in the direction
of the molecular chains. By using this formula, Eq.2-4 can be rewritten into a new
expression based on the 0-LTR coordinate system as follows
o =Cia "€ (Eq.2-6)
Then, the following non-zero stress components are obtained:
ol =EI*(e 1> +erm?),0k = Em* (e 1> + e;m?),

tl. =—Elm(s 1* + e;m?),

(Egs.2-7)

provided that of =0, ,0f =05, .10, =al el =&l ,el =&l Moreover, it is supposed that

E11=0 when deriving Eqs.2-7, due to the assumption of the axisymmetrical deformation.
Thus, the fact can be expressed that the torsional deformation of an individual fiber is
completely restricted by the force of binding fibers inside the wood specimen.
According to the reinforced-matrix hypothesis, the CMF framework as a bundle
and the lignin-hemicellulose matrix as a skeleton occupy the same domain in the
macroscopic limit, therefore, the following conditions can be assumed as balance of the
force in each layer of the secondary wall,
oy =0} +o (Eq.2-8)

where o (1,j=L,T,R) are the stress components generated in the secondary wall. Then,

by rearranging Eq.2-8 using Egs.2-1, 2-3, 2-7 and the compatibility of the strains,

de;
ERr —8T 2}"?,
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we obtain

o, ={—1—(K+2S)+El4} {2 (K - S)+ El*m } e
3 3 dr
o ={1(1< -8)+ Elzmz} { 2K +8)+ } - der
3 " (Egs.2-9)

1
K-S 2K + S K+2S)
T = K= Sy + (K + Sy +1 (K + 25 L1

TiT =—Elm(8]_l2 +5Tm2) gr =Tp. =0

Among the shear stress components, only 7; is not null, which is an inevitable
consequence from the assumption of the axisymmetrical deformation. 7.1 gives no effect
upon the normal stress components, o1, ot and oy, therefore, it is not required to take the
effect of 71 into consideration when calculating the dimentional change of the wood

fiber model.

(b) Mechanical interaction between the matrix skeleton and the CMF bundle in
the CML

In the compound middle lamella (CML), the author should consider £~0 in Eqs.2-5, 2-7

and 2-9. This does not mean that there is no CMF in the CML, but that mechanical

contribution of the randomly distributed CMF framework in the CML should be

1sotropic.

(c) Dimensional change of each layer
Equations 2-9 are regarded as a simultaneous equation of ¢;, er and rdet/dr, and can be

solved for ¢;.. Then, we obtain

b5 +2E(-3m? —3m* Jr =[ 2+ Zm* o, [ 1+ Em22 oy —[ (1= Em2(1? = m?)}oy
s 3 S

(Eq.2-10)

In deriving the Eq.2-10, it is assumed that the bulk modulus in the matrix skeleton

(K) 1s sufficiently larger than £ and S. This means, the Poisson’s ratio of the matrix
skeleton is almost 0.5 like a kind of elastomer.

To integrate the Eq.2-10 in the crosscut surface of the layer, the necessary
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arrangements are as follows: solving the second and the third formulae in the Eqs.2-9
for er and rder/dr, and eliminating the teram of o1 by using the condition of the stress

equilibrium (in the case of axisymmetry),

Or —Ogj =¥

we obtain

o=l s e

(Egs.2-11)

doy

(25 + Em* ) % = Em (2~ 3m? , - 2r
dr r

Moreover, eliminating the term of &7 in the Eqs.2-11, a linear second order differential

equation of r is obtained, namely,

2
: 9-”3&+3rd§—:= Em*(2—3m* ), (Eq.2-12)

dr

Equation 2-12 can be solved under suitable boundary conditions:

in r=ri, (inner surface of each layer), og= -P;,, and

In r=rqy: (outer surface of each layer), or= -Pous,
where P;, and P, are the internal and external pressures, respectively, acting upon each
layer. After solving Eq.2-12, or can be derived from the condition of the stress
equilibrium. Then, the author integrates Eq.2-10 over the crosscut area of the layer and
assuming that ¢ 1s independent of r since the wood fiber model is an infinitely long

circular cylinder. As athe result, the author obtains the following expression:

2 L, )1 1
A& =—- 2+Gm*)l+—-0o-P..+—-@-P Eq.2-13
L 3 TS rozu_t _—_riz )( ) S @ out S (0 n ( q )

provided that coefficients a, ¢ and @are the functions of G (=E/S), 8 and r (=rou/rin). Lo

18

.
1 out
Ly=— |o,d4d= |o_rdr.

layer Fin
In every layer of the secondary wall, it is required to give concrete values to the
parameters, 6, in, Fou, ¥ (Frou/¥in)s S, E, Pin, Pout, Lo, @, ¢and @in Eq.2-13, as shown in

Table2-1.
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(d) Dimensional change of the fiber as a whole
For each layer, Eq.2-13 can be rewritten as follows:
For the CML layer: as mentioned above, in this case, £ should be 0, and S is

denoted by S;. Then, Eq.2-13 can be expressed as:

g =220, (Eq.2-13")
U,

where F=S1h/u,, h is the thickness of the CML, and w5 is the innermost radius of the
CML.

For the S1 layer: in this case, E and S should be E, and S, respectively. And 6 is
assumed to be 90 degrees. Then,

- L,

2

2 1 1
¢-F :—.—(——)2+G +—G-P+—F P, Eq.2-13”
L 3 < uz—ulz( u) Su q 2 Su 3 ( q )

where u; and u are the outermost and the innermost radii of the S1 layer, respectively.

For the S2 layer: in this case, £ and S should be Eg and Ss, respectively. Then,

2 Lo 4 1 1 * b4
e-& =—- 2+Gem +—-.q-P. +—-q ‘P, (E 2-13
L3 S5‘V22_V12)( ° ) S 2 s : a )

S S
where 7, and r| are the outermost and the innermost radii of the S2 layer, respectively,

and coefficients e, q and r are functions of Gu (=E/Sy) and u (=ua/u;), and e, g and g*
are functions of Gg (=Eg/Ss), 6, and r (=r,/r)) (See Appendix 1), and P is 0.
Eliminating P3; from the Eq.2-13° and 2-13”, the author obtain the following

equation,

(Eq.2-14)

provided that the author assumes the continuity of the longitudinal displacement
(strain),

8 =% =¢,
To omit the last Ly terms in the right hand side of Eq.2-14, the following formula is

derived (See Appendix 2).
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)= Ly (Eq.2-14")

2
S 'uz

G, -G, (2(9L + &

In this case, er should be regarded as the function of r. By substituting the above

equation into Eq.2-14, a following equation can be derived:

R 2 2+ G ~ .
a-e, =b-ér|,, +—1—-p-P2+—~ —— (Lo +L0) ) (Eq.2-15)
S, 3 S,y —u

where the coefficients a, b and p are non-dimensional quantities, and they are functions
of Gy, Gy and u (see Appendix 1).
By substituting Eq.2-13” into Eq.2-15, the author can eliminate the P, term, and

then the following equation can be obtained.

(a.i_ ..I:.}:;L:b._q_.é_r r=u2+_2—'i' 22+Gu2 (ZO+I:0+L0)
4 1 Ly B

9 8,85 (- Jus o)

Coefficient B is described in detail in Appendix 1. It is assumed that an external
load 2xnL acts on the wood fiber model along the longitudinal axis, and then can be
considered L, +Ly+Ly=L.

The unknown variable L, is derived as described in Appendix 2. Consequently, Eq.2-16

is rewritten after eliminating the terms of Ly, namely,

2 1 B 1(,,
a-qg—e-M p)+—M . e——\k° —-1
{( K ?) 3 ut-1 2+GSsin4H( 4( b

X {Gssinze(Z - 3sin29{l -~ 2# lnkj -2 2Gsc05205in29} ) L (Eq.2-17)

1 k*-1 2+G,

2
e, TTM q-B-er|,.,, == M-q- L
S R T s Squ(u® 1)

-b-q-&;

where M=Sy/S, Three unknown variables, ¢,[é]_, .ler]_, (ler],., ) are contained in

Eq.2-17. In this analysis, on the basis of the continuity of the radial displacement, the

following boundary condition was imposed on the tangential strains,

A

= gT

Er

-7 — puly. bt _ U2
r=r, gT' r=u (= 8;’ )’ Er r=u, r=u, (= 8;{ )

To solve Eq.2-17, two more equations containing the same unknowns are required.

Then the following equations are derived through the solution of Eq.2-12 (in the case of
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the S1 layer),

d5 E ’ i
(r UR) =_uli_2 ;’ Inu -8L—2(P3_P2) ;l
r ), 2 u” -1 u” —1
5 E
d[/‘ v, 2 u __1 u _l

The P;-P, terms in Egs.2-18 must be eliminated. P; has already been given in

(Eqgs.2-18)

Eqn.(A2-1) (see Appendix 2), and P, can be obtained from the first equation of Eqs.2-11
(for the S2 layer) and the solution of the differential Eq.2-12 (for the S2 layer).
Thereafter, by substituting Eqs.2-18 into the first formula of Eqgs.2-11 (for the S1 layer),

we obtain the following two equations havinge, ,¢}' and 3 as unknown variables,

2 2
14+2M — H+lc | 1-2-% 1 lle,
u” -1 2 u? -1

2
u

u? -1

(Eq.2-19)

(k* -1)2+G sin“e)}e“‘ 44 G G =0
s T 7 e =

u- -

+{2+GU+M

and

u? -1 u® - -

{1 com—Hy %Gu (1 P 1 lnu)}aL + M—— (> 12+ Ggsin*o )"
(Eq.2-20)
1

u2—

+(2+Gu+4 GUG,]8;2=0

where the coefficient H is described in detail in the Appendix 1. The author can solve

the simultaneous Equations 2-17, 2-19 and 2-20 for ¢, ,¢}' and &}*.

2.2.4 Longitudinal Young’s modulus and the Poisson’s ratio of the wood
fiber model
The simultaneous Equations 2-17, 2-19 and 2-20, whose unknown variables are eL e

and ¢, can be expressed as follows;

[2 2+G, ]

ZM-g- —— L
ay dp ap | fL 3 Sq -u; (u —li
ay ay an|er |= 0 (Eq.2-21)
ay 4y axp *#2 0
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¢, and ¢}* are solved as follows;

2
1 (4, 2+G, u? h
== Mg L — | Eq.2-22
&L 3(Aj quz—l S ) o (Eq )
2
o 1 (45 2+G, u’ hY _
AL e 1 B VR = - Eq.2-23
&1 3[Aj q W 1) S, ” g (Eq )

where 7, =2nL/(u, + h)*, Aj1=anass-anaxn, A13=axasn-axpas and A is the determinant of
the coefficient matrix in the left hand side of Eq.2-21.

Since 4 is small enough, &} is nearly equal to the strain in the diameter of the
wood fiber model. Then, the longitudinal Young’s modulus £} and the Poisson’s ratio

vir are written as follows;

1 (4 2+G, u’ nY
E =g./e =1/ =2 . pm.q- ENL Y [ (P Eq.2-24
L=0,/e; /{3(4&} T s, [+u2J} (Eq.2-24)

v ==t ley =—AnlAy, (Eq.2-25)
Based upon above theory, the author writes a N88-BASIC program. The program

used by the simulation is shown in Appendix 3.

2.2.5 Determining the parameter values in the equations

To calculate the values of £y and v 1 by using formulae 2-24 and 2-25, the author has to
give proper values to the parameters, E,, Es, S1, Su, Ss, u, k, h, and 6 whose meanings are
defined in Nomenclature.

According to the method employed in the previous study (Yamamoto et al.2001),
the axial Young’s modulus of the cellulose crystal E.y, the isotropic Young’s modulus of
the matrix substance Enay, and the weight ratio of the cellulose crystal to the matrix
substance in each cell wall layer are important factors for determining the values of £,
Es, Si, Sy, and Ss. It is generally considered that Ep., varies with the moisture content
change, however, E.y is not affected by the moisture adsorption. Srinivasan (1941) and
Cousins (1976,1978) revealed that the Young’s modulus of the molded matrix substance
takes a value of 2GPa above the fiber saturation point (FSP), then, it increases
monotonously depending on the water desorption, and it reaches values of 4-6GPa at
the oven-dried state. Then, in this study, as the standard value for Epna.y, of 2GPa is

adopted above the FSP, and of 4GPa at the oven-dried state. Moreover, the author
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supposes that moisture content dependency of Enay is following a sigmoidal curve with
reference to a previous report (Yamamoto et al. 2001)

The framework of the CMF is composed of the rigid crystal which is not affected
by the moisture sorption. Then, we suppose the 134GPa as the standard value of E¢y
with reference to Sakurada et al. (1962) and Nishino et al. (1995). On the other hand,
Ishikawa et al (1997, 1998) tried to estimate the Young’s modulus of the amorphous
cellulose by using ramie fiber, and they determined it 4-8GPa in air-dried condition.
Then, in this study, it is assumed that the amorphous region in the CMF behaves as
matrix substance for convenience.

Regarding the distribution of the chemical components within the wood cell wall, it
should be considered that it is highly dependent on species and age of the wood. In
calculating the elastic properties of the wood by using Eq.2-24 and 2-25, the weight
ratio of the cellulose crystal to the matrix substance is applied within a range of values
so as to simulate the observable phenomena quantitatively. Thus, the author can
determine the values of E,, Es, S|, Sy, and Ss.

The values of the parameters u, k and 4 are estimated by the formulae on the
relationships between the density of the specimen and the volume ratios of layers to the
whole cell wall (Yamamoto et al. 2001). Those parameters also depend on the moisture
content, however, their changes due to the moisture adsorption are so small as to be

neglected compared to that Epay.
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2.3 Case studies and discussions

2.3.1 MFA dependency of the longitudinal Young’s modulus

Many researchers have reported that the longitudinal Young’s modulus of the small
coniferous wood specimen tends to decrease as the MFA in the S2 layer increases (Cave
1968, Sobue and Asano 1976). Their conclusions were confirmed also by the
experimental using an isolated softwood fiber (Page et al. 1977). Furthermore, many
researchers have tried to explain its origin by using the theoretical models having
unidirectionally reinforced cell walls (Cave 1968, 1978a, 1978b, Sobue and Asano 1976,
Salmen 1982, Salmen and De Ruva 1985, Koponen 1991, Norimoto et al. 1967). Then,
based upon the wood fiber model introduced in this study, it is tried to simulate the
MFA dependency of the substantial Young’s modulus of the wood in the longitudinal

direction E," , which is defined as follows:
E) =E_ A (Eq.2-26)
Po
where p% is the density of the cell wall, and po is the density of the wood in the
oven-dried condition. When using the formulae 2-24 and 2-25, the weight ratio of the
cellulose crystal to the matrix substances is assumed as shown in Table2-2.

Simulated results were plotted with the observed ones in Fig.2-4. The observed
ones were obtained at the air-dried condition (20-25°C, 50-65%RH), and the simulated
results were given under the assumption that the moisture content of the wood fiber
model is 12%. Figure2-4 demonstrates that the observed results can be quantitatively
simulated when the ratio of the cellulose crystal to the matrix substance in each layer is
chosen adequately, which suggests that the elastic properties of the wood can be
formulated on the basis of the reinforced-matrix hypothesis.

From Fig.2-4, it becomes apparent that the relationship between the MFA and EY
is dependent on tree species. Regarding the dependency of the relationship between the
MFA and £ on species origin, the following possibilities (1), (2) and (3) can be
referred to:

(1) The ratio of the cellulose crystal to the matrix substance is different among species,

or between the mature wood and juvenile wood in the same trunk. This is a problem
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concerning the biosynthesis of the secondary xylem.

(2) Crystallinity of the cellulose microfibril tends to vary with time, which changes the
ratio of the cellulose crystal to the matrix substance. This presents a problem
regarding the time dependent properties of the materials after lumbering.

(3) Drying and heating processes give an irreversible change to the cohesion state of
each cell wall component as pointed out by Furuta et al. (1998). In such cases, the
value of the Young’s modulus of the matrix substance (Emar) would change from the
original value.

At present, the probabilities of the above-mentioned possibilities (1), (2) and (3) cannot

be examined, since the author has no information on the sampling positions and ages of

the materials used for the experiment in Fig.2-4. Thus, a proper experiment needs to be
planned in order to make clear which possibility among (1), (2) and (3) is the most

reasonable.

2.3.2 Moisture content dependency of the longitudinal Young’s modulus
It is well known that the longitudinal Young’s modulus of the wood (EL) tends to
decrease with an increase in the moisture content. This decrease is often up to 30-40%
of the oven-dried Young’s modulus. Above FSP, on the other hand, it is more or less
constant (Kollmann and Krech 1960).

It is generally believed that the reduction in Young’s modulus of the wood due to
the increase of the moisture content is caused mainly by the hygrosoftening of the
matrix substance which is an isotropic mixture of lignin, hemicellulose. Amorphous
region in the CMF is also important. Because of its nature, it is highly sensitive to the
moisture changes. Then, in this section, based on Eq.2-24, the author tries to verify the
above-mentioned explanation.

E1 in Eq.2-24 is controlled by various parameters, and some parameters are dependent
on the moisture content. In this study, the author examines the effect of the moisture
content in the cell wall upon the value of £}, and then adopts 2GPa, 4GPa and 134GPa
as the standard values for Ep, at FSP, the oven-dried state and for Er, respectively.
Moreover, as value of E. at the oven-dried condition, various values besides 4GPa are

assumed, and thus the relationship between E; and the moisture content is calculated.
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The weight ratio of the cellulose crystal to whole substance in each layer of the

secondary wall is supposed to be 40% in the S2 layer and 20% in the S1 layer.

The simulated results are shown in Fig.2-5. Dots represent experimental data of
spruce specimens whose density is 0.52g/cm® (Kollmann and Krech 1960). Moreover,
the MFA in the S2 layer of the experimental specimen had been left unknown. However,
considering the specimen used in Fig.2-5 is composed of sufficiently matured tracheids,
10degrees as the MFA may be assumed when calculating Eq.2-24. To obtain a
reasonable simulation, Eq. was assumed to be from 24-28GPa at the oven-dried state,
which is rather larger as compared to the standard value of 4GPa. Accepting both
Cousins’ (1976,1978) experiments and the reinforced-matrix hypothesis, one cannot
help regarding this result as an unreasonable crux. As the origin of such crux, the
following possibilities (1), (2) and (3) are referred to:

(1) Inside the actual wood cell wall, Ep,, takes on value of 2GPa at the FSP, however, it
takes several times as large a value as that of isolated matrix substance at the
oven-dried condition.

(2) Inside the actual wood cell wall, Ep.; takes on several times as large a value as that
of isolated matrix substance not only at the oven-dried condition but also within a
large range of the moisture content. However, if the properties of the compound
middle lamella (CML) vary with the water sorption, then shear or slipping
deformations will be caused between adjoining fibers by the tensile load. Thus, Ei.
becomes considerably small with increasing the moisture content.

(3) Inside the actual wood cell wall, E. takes on values of 2GPa at FSP, and 4GPa at
oven-dried condition. On the other hand, the CMF framework as a bundle becomes
more stiff as the moisture content decreases.

In this stage, it is not sure which possibility holds, however, an experiment can be

proposed so as to verify possibility (1). If this would be the right one, the reduction of

the E|. due to the water sorption should become more remarkable in specimen with large

MFA than in the one with small MFA, which was pointed out theoretically by Salmen

(1982).Therefore, it is planned to examine the possibility (1) through an experiment

using samples prepared from normal wood and compression wood or juvenile wood

having a large MFA. The details of this experiment were discussed in Chapter 3.
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It is quite difficult to admit possibility (2) because of the following reasons: First,
the wood can be regarded as a continuous parallel fiber lamina consisting of numerous
tracheids, thus, it is expected that the contribution of the elastic modulus in the CML to
E| becomes quite small according to the simple rule of mixture (Mallick 1988). Second,
if shear or slipping deformation would occur in the CML between adjoining fibers at
high moisture content, the author expects that many tracheids would have pulled out
from one another along the CML when the specimen was broken in tension. On the
basis of the scanning electron microscopic observation, Saiki (1973) revealed that
separation of the tracheid frequently seems to occur along the CML in the late-wood
zone, on the other hand, failure in the early-wood zone takes the form of brittle tension
with separation occurring across the cell walls. Moreover, several researchers, including
Saiki (1973), have demonstrated that what appeared to be a failure in the CML was
actually a failure in the outer region of the secondary wall even in the case of high
moisture content (e.g. Mark 1967).

As to the possibility (3), it appears a little strange since the CMF crystal would not
react with the water molecule. Then, to discuss this possibility while still accepting
4GPa as the standard value of Ena at the oven-dried state, the following hypothesis 1s
assumed on the mechanical property of the wood CMF framework:

From a mechanical point of view, there is an intermediate domain between rigid
crystal and completely disordered amorphous domains in the wood CMF bundle, and
such a domain fluctuates between quasi-crystal and quasi-amorphous states in
accordance with the moisture adsorption. The quasi-crystal domain, which is
mechanically close to the complete crystal domain, tends to increase with water
desorption. Therefore, the axial Young’s modulus of the CMF as a bundle tends to
increase as the moisture content decreases. Transformation from quasi-amorphous to
quasi-crystal states may be more or less reversible. This is a main reason why the
longitudinal Young’s modulus of wood becomes larger with drying.

Based on this idea, the moisture dependency of the £ was simulated. Results are
shown in Fig.2-6. A reasonable simulation is obtained assuming that the content of the
unstable domain in the secondary wall reaches about one-third as much as the content of

the stable crystal domain. This result is also effective for simulating the behavior of
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specimens with densities other than 0.52g/cm’ (Fig.2-7).

Salmen (1982) pointed out a possibility that a hygroplaticization occurs in the
disordered regions of the CMF of the wood pulp fiber, and successfully explained the
drastic reduction of the elastic modulus of the wood pulp fiber or the paper when it is
immersed in water. At the same time, he proposed the laminate model of the infinite
plane cell wall, and he showed that the observed reduction of £} in the wood fiber due
to moisture adsorption can be predicted by the softening of the hemicellulose (Salmen
1982, Salmen and De Ruvo 1985, Salmen et al. 1985). Then, he deduced that no
noticeable hygroplasticization due to water impregnation takes place in the CMF of
wood cell wall. However so far as using the wood fiber model introduced in the present
study, it should be rather considered that water impregnation causes a certain
hygroplaticization in the CMF framework of wood cell wall. It is natural to consider
that a drastic hygroplasticization occurs in the unstable domain, which should be
distinguished from stable amorphous domain-namely, permanently amorphous cellulose,
hemicellulose, and their mixture.

Recently, Tokoh et al. (1998) observed that the cellulose microfibrils of Acetobacter
xylinum formed in medium containing acetyl glucomannan are loosely arranged in
contrast to the stiff ribbon-like fibrils formed in the controlled medium. Further, they
noticed that with the glucomannan, droplet-like structures of hemicellulose are
developed around the base of the microfibrils. It was therefore concluded that the
deposition of the matrix substance, e.g. hemicellulose, into the CMF aggregates would
not only induce the stability of the bundle but also assist in the formation of the
heterogeneous configuration in the bundle.

Referring to Tokoh’s report, the author images the CMF structure in the wood cell
wall visually as showing in Fig.2-8. The CMF framework in the secondary wall forms a
structure based on the “stripe lamella hypothesis” proposed by Kataoka et al. (1992).
Then, if it was formed as a bundle of several units of the wood CMF (CMF aggregation),
the image at the electron microscope level would be illustrated as shown in Fig.2-8a.
The matrix substances, mainly hemicellulose, which deposits later than the CMF
deposition, are not only filling up pore space between the CMF aggregations but also

penetrating in the CMF aggregations. As a result, it is considered that the crystallinity

27



was blocked and stable amorphous region was made near part of the penetrated matrix
substance as shown in Fig.2-8b. On the other hand, the unstable domain was formed
around the amorphous region, which takes a mixed structure of both quasi-crystal state
and quasi-amorphous state, and the ratio of both states may be dependent on the
moisture. The author images that the stable amorphous region distributes like a jigsaw
puzzle at the surface of the CMF aggregations, and the unstable domains spread around

the each jigsaw puzzle-like amorphous region.
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2.4 Conclusion
In this chapter, the longitudinal Young’s modulus of the isolated wood fiber was
formulated on the basis of the reinforced-matrix hypothesis.

Some case studies on the elastic properties of the wood were given using the
newly-derived model. As a result, some hypotheses on the microscopic properties of the
cell wall constituents peculiar to the wood were predicted.

The hypotheses given in this chapter were examined and verified in the next chapter

(Chapter 3).
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2.5 Summary

In this chapter, the author tries to predict the origin of the longitudinal Young’s modulus
of the clear wood specimen in relation to the composite structure of the wood cell wall.
Then, an analytical procedure was developed on the basis of the idea of “the
reinforced-matrix hypothesis” originally introduced by Barber and Meylan (1964).

A multi-layered circular cylinder, having the CML, the S1 and the S2 layer, was
used as a model of the ligno-cellulosic (wood) fiber, and the elastic properties of an
isolated wood fiber were formulated mathematically. In the formulation, not only the
structural factors, such as the microfibril angle and the thickness of each layer, but also
the environmental condition, e.g. the moisture content, were taken into consideration.

The effects of the moisture content and the microfibril angle upon the longitudinal
Young’s modulus of the wood fiber were simulated by using the newly derived formulae.
It is anticipated to give a start to estimate the fine structure and the internal properties of
the cell wall constituents in relation to the macroscopic behaviors of the wood through

simulating the mechanical behaviors of the wood fiber.
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Figures and Tables in Chapter 2
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Fig.2-1. Wood fiber model-three layered wood fiber (Tracheid).
CMF; cellulose microfibrils. S1; the outer layer of the secondary wall. S2; the middle

layer of the secondary wall. CML;Compound middle Jamella.
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Fig.2-3. Flat-board of the CMF bundle.
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Table2-1. Correspondence of the symbols to various parameters in the equations.
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Table2-2. Weight proportion (%) of CMF crystal to the matrix substance in each layer of

typical early-wood tracheid.

(Case 1) (Case 2) (Case 3) (Case 4)
CMF MT CMF MT CMF MT CMF MT
CML 15 85 15 85 15 85 15 85
S1 12 88 18 82 24 76 30 70
S2 24 76 37 63 48 52 60 40
S3 --- --- --- - -—- - --- -
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ELY (GPa)

MFA (deg.)

Fig.2-4. Relationships between substantial Young’s modulus of the wood ( £,Y) and the
MFA.

0; An isolated holocellulose fiber of Spruce sp. (Page et al. 1977).

®; A thin specimen of Pinus radiata (Cave 1968).

A; A thin specimen of Sugi (Cryptomeria japonica, Sobue and Asano 1976).

All experimental results were obtained under air-dried condition.

Conditions for simulation:

1) The assumed weight ratio of the cellulose crystal to the matrix substance in each
layer is listed in Table2-2.

2) Enayr tends to increase monotonously from 2GPa at the fiber saturation point to
4GPa at the oven-dried state.

3) Average moisture content of the cell wall is 12%.
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Fig.2-5. Moisture content dependency of the longitudinal young’s modulus of the wood
(EL).

Experimental results are obtained from a wood specimen of spruce (density 0.52g/cm’,

Kollmann and Krech 1960).

Conditions for the simulation:

1) The weight ratio of the cellulose crystal to whole substance in each layer of the
secondary wall 1s 40% (S2), and 20% (S1).

2) Enae tends to increase monotonously from 2GPa at the fiber saturation point to a;
4GPa, b; 12GPa, ¢; 20GPa, d; 28GPa at the oven-dried state.

3) MFA in the S2 layer is 10 degree.
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Fig.2-6. Moisture content dependency of the longitudinal Young’s modulus of the wood.
1) In this case, it is supposed that the CMF contains unstable domain which changes
from compliant quasi-amorphous state to rigid quasi-crystal state in accordance with

moisture sorption.

2) Experimental results are obtained from a wood specimen of spruce (density
0.48g/cm’, Kollmann and Krech 1960).

Conditions for the simulation:

1) The weight ratio of the cellulose crystal to whole substance in each layer of the
secondary wall is 40% (S2), and 20% (S1).

2) The weight ratio of the unstable domain to whole substance in each layer of the
secondary wall is: a; 10% (S2), 5% (S1) b; 12% (S2), 6% (S1) ¢; 14% (S2), 7%
(S1).

3) Ema tends to increase monotonously from 2GPa at the fiber saturation point to
4GPa at the oven-dried state.

4) MFA in the S2 layer is 10 degree.
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Fig.2-7. Moisture content dependency of the longitudinal Young’s modulus of the wood.

1) In this case, it is supposed that the CMF contains unstable domain which changes
from compliant quasi-amorphous state to rigid quasi-crystal state in accordance with
moisture sorption.

2) Experimental results are obtained from a wood specimen of spruce (density, a;

0.44g/cm’ b; 0.48g/cm’ ¢; 0.52g/cm’, given by Kollmann and Krech 1960).

Conditions for the simulation:

1) The weight ratio of the cellulose crystal to whole substance in each layer of the
secondary wall is 40% (S2), and 20% (S1).

2) The weight ratio of the unstable domain to whole substance in each layer of the
secondary wall is: 12% (S2), 6% (S1).

3) Ena tends to increase monotonously from 2GPa at the fiber saturation point to
4GPa at the oven-dried state.

4) MFA in the S2 layer is 10 degree.
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(b) interface of the CMF and the matrix

Fig.2-8. An image of the microstructure of the wood cell wall.

a; at the electron microscope level. b; interface of the CMF and the matrix.
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CHAPTER 3 ORIGIN OF THE MOITURE DEPENDENCY OF THE
LONGITUDINAL ELASTICITY OF WOOD

3.1 Introduction

In the previous chapter (Chapter 2), perceiving the multi-layered circular cylinder model
consisting of the compound middle lamella (CML), the S1 layer and the S2 layer, the
author formulated the longitudinal Young’s modulus of an isolated wood fiber that was
predicted in relation to the microfibril angle (MFA) and the moisture content. To explain
quantitatively the fact that the longitudinal Young’s modulus of wood (£}) tends to
increase as the moisture content decreases, the author developed two hypotheses on the
behavior of the cell wall constituents.

The first attributes the moisture dependency of Ei to the matrix substance
(Norimoto and Yamada 1967). In a simulation using the wood fiber model, this implies
that the Young’s modulus of the matrix substance (Emay) under oven-dried condition is
several times larger than that at the fiber saturation point (FSP). According to Cousins’
(1976, 1978) experiments, the Young’s modulus of the isolated matrix substance is only
two or three times larger than that at the FSP.

The second holds that there is an intermediate (unstable) domain between the rigid
crystal and the compliant disordered amorphous domains in wood CMF bundle. This
domain fluctuates between the crystal-like and the amorphous-like states, at which the
elastic modulus is of the same order as the lignin-hemicellulose matrix in accordance
with moisture adsorption. The crystal-like state, which is mechanically similar to the
complete crystal domain, tends to increase with water desorption. Therefore, the axial
Young’s modulus of the CMF as a bundle tends to increase as the moisture content
decreases. Thus, E; becomes larger with drying. As mentioned in the previous chapter,
this hypothesis is based on the studies reported by Cousins (1976, 1978) on the
relationship between the elastic modulus of the isolated matrix substance and its
moisture content. However, since the results of Cousins (1976, 1978) were obtained
from the isolated matrix substance, the author cannot ignore the first hypothesis.

This chapter discusses the moisture dependency of Ey using experimental results of

the tensile test using a small clear specimen of sugi (Cryptomeria japonica D.Don) and
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simulations using the wood fiber model. Then, the author determined which of the two

hypotheses is valid.
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3.2 Material and Methods

3.2.1 Materials
A-25-year-old, 20-cm DBH sugi (Cryptomeria japonica D.Don) growing in Nagoya

university experimental forest was used as the materials.

3.2.2 Sample preparation

Four blocks (A, B, C, D) of normal wood were cut from the sapwood and the outer most
region of the heartwood. Two blocks (E, F) were cut from the juvenile wood. Each
block was about 70x8x50mm in LxTxR directions, respectively. After cutting the
blocks, they were boiled in hot water for Sminutes, three times, to saturate them. Then,
tangential sections 0.2mm thick were prepared from the early-wood region of each
block using a sliding microtome and used for the tensile test. Small blocks for
measuring the oven-dried density were cut from the same annual rings as the specimen

used for the tensile test.

3.2.3 Methods

(a) Longitudinal Young’s modulus Measurement

To prevent slippage at the clamps during tensile test, pieces of sandpaper were attached
to each edges of specimen using quick-drying glue. Then, the specimen were put in an
air-conditioned cabinet. The moisture content of the specimen was controlled using H,O,
NaCl aq, Silica Gel, and P,Os powder, at 100%, 76%, 20~23% and 0% RH at 20°C,
respectively. The test was conducted in an air-conditioned room at 20°C. After the
specimen reached each equilibrium moisture content, they were attached to the
hand-made testing machine with an air-conditioned system (Fig.3-1). Two spots
20~30mm apart along the grain were marked with black enamel paint to measure the
displacement caused by the tensile load. To measure the distance between the two dots,
a traveling microscope with an xy-microstage (0.001mm accuracy) was used. Then, a
stress-strain curve was obtained and used to calculate the longitudinal Young’s modulus.
Tensile tests were performed in the wet state in addition to the four RH conditions. For

each RH condition, five specimen were used for the tensile test.
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(b) Microfibril angle determination
After the tensile test was performed, the microfibril angle (MFA) in the S2 layer of each
specimen was measured using an X-ray diffractometer (Shimadz, XD-Dlw type)

(Yamamoto et al. 1993).

(c) Wood density measurement

Wood density was determined by the gravimetrical method using mercury impregnation.
The wood density of each specimen was determined after small specimen prepared
reaching constant weight in an oven at 105°C for 24 hours. To measure oven-dried

volume, the mercury displacement technique was employed.

(d) Simulation using a wood fiber model

The formulation derived in the previous chapter (Chapter 1) was used in this chapter.
The formula (Eq.2-24) which predicts the longitudinal Young’s modulus of the wood
fiber is characterized by several parameters, which represent the structure and
mechanical/physical properties of the lignified cell wall. Those were listed in Table2-1
(in Chapter 2).

In this chapter, measured MFA was used for the simulation. Thickness in each layer
was estimated from the measured oven-dried density and the formula derived in the
previous study (Yamamoto et al. 2001). In case of using this formula, the volume ratios
of layers to the whole cell wall layer should be given in advance. In this simulation, the
author used the data on the typical early-wood tracheid given by Koponen et al. (1989).

Ratio of the cellulose crystal to the whole substance in each layer determines the
mechanical rigidity in the CMF framework as the bundle and the lignin-hemicellulose
as a matrix. The ratio was assumed on a case-by case basis in the simulation. In this
simulation, the author used the value of 134GPa as the Young’s modulus of the cellulose
crystal in the direction parallel to the molecular chain (Sakurada et al. 1962, 1964). On
the other hand, the author assumed that the non-crystalline polyose including the

amorphous cellulose is mechanically equivalent to the matrix substance.
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3.3 Results and Discussion

Table 3-1 shows the MFA and oven-dried density of the specimen. Blocks A to D were
prepared from mature (normal) wood, and both the MFA and density were
comparatively low. On the other hand, the values for blocks E and F were quite high,
since they were prepared from juvenile wood. Then, the author discusses the moisture
dependency of Ey in relation to the MFA. Figs.3-2 show the relationships between the
moisture contents and Ep. The points are the experimental results. As observed in these
figures, EL. tended to decrease as the moisture content increased below the FSP, and it
becomes constant above the FSP. These observations concur with various experimental
reports (e.g. Kollmann and Krech 1960). The percentage reduction of E from the
oven-dried state to the FSP tended to be constant or slightly decrease as the MFA
increased. Figure 3-3a shows that E; decreased as the MFA increased for each RH
condition. Moreover, Fig.3-3b shows the relationship between the substantial Young’s
modulus (EY) and the MFA. E\"is defined as Eq.2-26 in Chapter 2.3. Figures 3-3 and
3-4 show the relationship between the MFA and the percentage reduction of £y due to
water sorption more visually than Figs.3-2.

Here, the author examines the hypothesis that the reduction in Ep due to water
sorption is dominated mainly by the mpisture properties of the matrix substance.
According to this hypothesis, inside the actual wood cell wall, Ey. takes a value of
2GPa at the FSP, and is several times greater than the value for isolated matrix
substance under oven-dried condition. If this is correct, the reduction of E; due to water
sorption should be more remarkable in specimen with a large MFA than in those with a
small MFA. This is quite natural, since Er is dominated mainly by the matrix substance
at a large MFA, while is dominated mainly by the CMF at a small MFA. As can be
observed in Figs.3-3 and 3-4, however, the reduction of Ey tends to increase slightly in
specimen with a small MFA than in those with a large MFA, or to be almost constant
regardless of the MFA. The solid lines in Fig.3-4 indicate the simulated results using the
wood fiber model, in which the author assumes that the values of Epay in the oven-dried
state are 4, 7 and 10GPa. Those values were based on the assumption that the moisture
dependency of E| is due only to that of the matrix substance. Discrepancy between

experimental results and the predicted ones were rather remarkable especially in the
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specimen with a large MFA. This result is thought to rule out the first hypothesis.

Next, the author assumes that the value of E, inside the actual cell wall is as large
as that of isolated matrix substance. Referring to Cousins (1976, 1978), the author used
7 and 4GPa as the standard value for Enar at the FSP and the oven-dried condition,
respectively. The author hypothesized that there is an intermediate (unstable) domain
between the rigid crystal and the compliant disordered amorphous domain in the wood
CMF bundle. Moreover, this domain fluctuates between quasi-crystal and
- quasi-amorphous states in accordance with moisture adsorption. The quasi-crystal
domain, which is mechanically similar to the complete crystal domain, tends to increase
with water desorption; therefore, the axial Young’s modulus of the CMF as a bundle
tends to increase as the moisture content decreases. Based upon this hypothesis, the
author simulated the moisture dependency of Ep measured in sugi. The results are
shown in Figs.3-5. The condition imposed in each simulation was shown in Table 3-2.
For small MFAs, reasonable simulations are performed when suitable values are given
for the content of the intermediate (unstable) domain in the CMF bundle. On the other
hand, the unstable domain in the CMF bundle appears to have less effect on the £ for
large MFAs. This concurs with the fact that Ey is markedly affected by the matrix
substance for large MFAs, while it is affected by the CMF crystal framework for small
MFAs. Therefore, the second hypothesis is supported in this stage.
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3.4 Conclusion

In the previous chapter (Chapter 2), the author proposed two hypotheses that explain the
origin of the moisture dependency of the longitudinal Young’s modulus of wood. In this
chapter, the author examined their consistencies on the basis of the experiment and
theoretical calculation. As a result, the author concludes that the new hypothesis, which
hypothesizes an intermediate (unstable) domain between the rigid crystal and the
compliant disordered amorphous domains in wood CMF bundle, is more consistent with
the observed phenomena. This intermediate domain fluctuates between the crystal-like
and the amorphous-like states in accordance with moisture adsorption. The author needs

to verify this hypothesis through further investigation.
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3.5 Summary

This chapter examined the origin of the moisture dependency of the longitudinal

Young’s modulus of wood (EL) in relation to the microfibril angle (MFA) of the S2 layer

of the secondary wall. Microtomed early-wood specimen of sugi (Cryptomeria japonica

D.Don) were used for the experiment. The following was revealed:

(1) EL tends to decrease as the moisture content increases in the region below the fiber
saturation point (FSP).

(2) The percentage reduction of Ep from the oven-dried state to the FSP tends to
increase slightly in specimen with a small MFA than in those with a large MFA, or
to be almost constant regardless of the MFA.

Subsequently, the relationship between £ and the moisture content was simulated
theoretically using the simplified wood fiber model proposed in the previous chapter
(Chapter 2). The simulation considered the two hypotheses proposed in Chapter 2 for
the origin of the moisture content dependency of E.. The first is a traditional theory that
the reduction of E. is caused mainly by the moisture dependency of the
lignin-hemicellulose matrix. The second assumes that an intermediate domain exists
between the rigid crystal and the compliant disordered amorphous regions in wood
cellulose microfibril (CMF). 1t is assumed that such a domain fluctuates between the
rigid quasi-crystal and the compliant quasi-amorphous states at which the elastic
modulus is of the same order as the lignin-hemicellulose matrix in accordance with the
moisture sorption.

When the first hypothesis is adopted for the simulation, the percentage reduction of
E, from the oven-dried state to the FSP should increase as MFA increases; this was
contradicted by the experimental results (2). On the other hand, when the second
hypothesis is applied to the simulation, the experimentally obtained results (1) and (2)
are simulated reasonably. This suggests that the moisture dependency of Ey is controlled

by the second hypothesis.
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Figures and Tables in Chapter 3

Clamp of the specimen
for tensile test

Small specimen of wood
Air-tight chamber
with an internal electric fan

Tensile load "

B
Traveling microscope XY-counter

Fig.3-1. The hand made tensile testing machine set.
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Table 3-1. The average values of MFA and oven-dried density for blocks A to F.

Specimen A B C D E F
MFA (deg.) 10.6 14.0 20.6 25.8 31.4 36.6
density (g/cm’) 0.21 0.22 0.26 0.29 0.31 0.22

49



EL

EL

(GPa)
S o
percentage:
: ¢
43.6%
2 e
MFA:10.6 deg.
(fromBlock A)
1 1 i} 4 L
0 10 20 30 wet
Misture content (%)
GPa
25 (GPe)
Reduction
percentage: 28.4%
2 cmmmSEesmmm—m—mcm=moma-
1.5 . J_....t.._--
MFA:20.6 deg.
(from Block C)
1 | 1 1 1
0 10 20 30 wet
Moisture content (%)
GPa
s (GPa)
Reduction
28.7%
2 percemage‘
1'5 6 |
o v .. ;
1
MFA:314deg.
(from Block E)
0.5 1 1 1 1
0 10 20 30 wet

Moisture content (%)

EL

EL

EL

Reduction
r percentage:

Y

MFA: 14.0 deg.
(from Block B)
0 10 20 30 wet
Moisture content (%)
GPa
, (GPa)
Reduction
percentage: 26.2%
1.5 —i! """"""""" fro=sstes
& ; l
1 ! ¢
MFA:25.8 deg.
(from Block D)
0-5 1 1 L bl
0 10 20 30 wet
Moisture content (%)
GPa
1.5 (GPa)
Reduction
percentage: 25.2%
Wl [
| SR -
0.5
MFA:36.6 deg.
(fromBlock F)
0 1 1 1
0 10 20 30 wet

Moisture content (%)

Figs.3-2. Moisture content dependencies of the longitudinal Young’s modulus of the wood (E1).

Note:

1) Each plot represents an average value.

2) The error bar represents the standard deviation.

3) The specimen was cut from block A~F (See Table 3-1).
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Figs.3-3. The relationships between the longitudinal Young’s modulus of the wood (EL),
the substantial longitudinal Young’s modulus of the wood ( £} ), and the
MFA.

Legends: ®; 0%RH (conditioned by P,Os powder), 0; 20~23%RH (by Silica Gel grain),
x; 76%RH (by NaCl aq.), A; 100%RH (by H,0).

Note: All the experimental results were obtained from a small sugi specimen at 20°C.
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Fig.3-4. The relationship between the percentage reduction of the longitudinal Young’s

modulus (£1) and the MFA—simulations based on two hypotheses.

Conditions for the simulation:

1) The weight ratio of the rigid crystal to whole substance in each layer of the
secondary wall is assumed to be 10% (S2) and 5% (S1).

2) The oven-dried density is assumed to be O.22g/cm3 .

3) The solid line shows the case in which Epy increases monotonously from 2GPa at
the FSP to a; 4GPa, b; 7GPa, ¢; 10GPa at the oven-dried state, and there is no
unstable domain in the CMF.

4) The broken line shows the case in which Ey,, increases monotonously from 2GPa at
the FSP to 4GPa at the oven-dried state, and there is an unstable domain in the CMF.
The weight ratio of the unstable domain to whole substance in each layer of the

secondary wall is 4.5% (S2) and 2.25% (S1).
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Figs.3-5. The Moisture content dependencies of the longitudinal Young’s modulus of the

wood (E| )—simulation using a wood fiber model.

Conditions of the simulation:

1) The CMF contains an unstable domain that changes between the quasi-crystal and



the quasi-amorphous states in accordance with moisture adsorption.

2) Epay increases monotonously from 2GPa at the FSP to 4GPa at the oven-dried state
in accordance with moisture desorption.

3) The weight ratios of the rigid crystal and the unstable domain to whole substance in
each layer of the secondary wall are assumed in Table 3-2.

Experiment:

1) The experimental results were obtained from a specimen of sugi wood.

2) Each plot represents an average value, and the error bar stands for the standard

deviation.
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Table 3-2. Simulation conditions in Fig.3-5---weight ratios of the rigid crystal and the
unstable domains to whole substance in each layer of the secondary wall.
(a) The weight ratio of the rigid crystal to whole substance in each layer of the
secondary wall.
(b) The weight ratio of the unstable domain to whole substance in each layer of the

secondary wall.

(2)
Specimen A B C D F
MFA (deg.) 10.6 14.0 20.6 25.8 314 36.6
density (g/cm’) 0.21 0.22 0.26 0.29 0.31 0.22
(b)
specimen condition a condition b condition ¢ condition d
A 14% (S2), 7% (S1) 10% (S2), 5% (S1) 5% (S2),2.5%(S1) 0% (S2), 0% (S1)
B 10% (S2),5% (S1) 6% (S2),3%(S1) 3% (S2),1.5% (S1) 0% (S2), 0% (S1)
C 9% (S2),4.5% (S1) 6% (S2),3% (S1) 3% (S2), 1.5%(S1) 0% (52), 0% (S1)
D 6% (S2), 3% (S1) 4% (S2), 2% (S1) 2% (S2), 1% (S1) 0% (S2), 0% (S1)
E 10% (S2), 5% (S1) 6% (S2),3% (S1) 3% (S2),1.5%(S1) 0% (S82), 0% (S1)
F 12% (S2), 6% (S1) 8% (S2), 4% (S1) 4% (82), 2% (S1) 0% (S2), 0% (S1)
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CHAPTER 4 THE RELATIONSHIP BETWEEN THE LONGITUDINAL
TENSILE CREEP BEHAVIOR AND THE FINE STRCTURE OF
THE WOOD CELL WALL

4.1 Introduction
To clarify the mechanical properties of wood, it is very important to investigate the
behavior of wood subjected to the longitudinal simple tensile load. By understanding
those behaviors, the author can discuss the mechanical properties of wood from the
viewpoint of the fine structure of the cell wall. As the one of those studies, the author
focused his attention on the relationship between the longitudinal Young’s modulus and
the moisture content in the previous Chapters 2 and 3. As a result, the author obtained
the new image of the behavior of wood CMF in relation to the moisture dependent
properties of the Young’s modulus of the wood. Then, to understand the longitudinal
mechanical properties of wood deeply, the author needs to investigate the longitudinal
viscoelastic properties of wood. The studies on the viscoelastic properties of wood
began on a large scale in the 1960s, which includes the mechano-sorptive creep
- (Armstrong 1972, Armstrong and Kingston 1960, Armstrong and Christensen 1961,
Yamada et al. 1961). Subsequently, there have been many reports on the viscoelastic
properties of wood (Grossman 1976, Takemura 1967, 1968, 1970a, 1970b, 1972a and
1972b, Mukudai and Yata 1986, 1987 and 1988, Navi et al.2002). Most of those reports
involved bending or compression tests using wood beams since the results using wood
beams are practically important for building or furniture engineering. On the other hand,
there are few reports on the longitudinal tensile tests except a few example (e.g. Navi et
al.2002). This is because the structural member for building is usually subjected not to
tensile force but to bending or compressive load, furthermore, the viscoelastic
measurements required for the longitudinal tensile tests take a very long time to perform,
and it is difficult to detect a small amount of deformation caused by the longitudinal
tensile load.

To understand and explain the origin of the viscoelastic properties of the wood, it 1s
required to clarify the viscoelastic properties of wood from the viewpoint of the fine

structures and properties of the constituent materials in the wood cell wall. It is
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considered that the mechanical properties determined from the longitudinal tensile test
using a homogeneous clear specimen would reflect the fine structure of the cell wall
(Navi et al.2002, Yamamoto and Kojima 2002, Kojima and Yamamoto in press).
Therefore, it is necessary to measure the longitudinal viscoelastic properties of wood
using a thin specimen which is approximately regarded as a single fiber. Among the fine
structure of the wood cell wall, the microfibril angle (MFA) of the middle layer of the
secondary wall (S2) likely plays a very important role in controlling various mechanical
properties of wood and the wood cell wall e.g. the longitudinal Young’s modulus (Cave
1968, Sobue and Asano 1976, Page et al.1977, Norimoto et al.1981, Yamamoto and
Kojima 2002), and, the anisotropic swelling and shrinkage (Barber and Meylan 1964,
Meylan 1972, Cave 1972b, Yamamoto 1999, Yamamoto et al.2001). It is easily expected
that the MFA gives a certain influence on the viscoelastic properties of wood, moreover,
it is also expected that the viscoelastic properties of wood are affected by the moisture
content. However, no positive verification has been obtained yet.

In this chapter, the author focused the longitudinal tensile creep behavior of wood,
especially in relation to the MFA and the moisture content, using a sugi (Cryptomeria
Jjaponica D.Don) early-wood thin specimen. Moreover, the author tried to clarify the
roles of the wood cell wall constituent materials on the longitudinal tensile viscoelastic

properties.
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4.2 Material and methods

4.2.1 Material

A 40-year-old, 20-cm DBH sugi (Cryptomeria japonica D.Don) growing in Nagoya
University experimental forest was studied. Blocks were cut from the sapwood of the
vertical stem. Some blocks were cut from the juvenile wood. After cutting the blocks,
they were boiled in hot water for 10minutes to saturate them. Then, homogeneous
tangential sections (70x8x0.2mm in LxTxR directions) were prepared from the
early-wood region of each block using a sliding microtome, and were used for the
tensile test. Early-wood specimen used to measure the oven-dried density was cut from

the same annual rings as the specimen used for the creep test.

4.2.2 Methods

(a) Determining the creep strain

In general, the strain gauge method is used to detect the strain of deformation induced
by the tensile test. Then, the applicability of the strain gauge method was discussed. The
effect of the thickness of the early-wood specimen prepared from the sapwood region
(70%x8%0.2~0.8mm in LXTxR directions) on the apparent longitudinal Young’s modulus
was measured using the strain gauge method with wet specimen. The mean value of the
MFA of the specimen was 15.5° (the standard deviation 1.22, specimen number 4). The
result is shown in Fig.4-1. In this figure, the apparent Young’s modulus is larger in
specimen 0.2~0.5mm thick than in those over 0.6mm thick. This suggests that the
effects of the rigidity of the strain gauge and the quick-drying glue become manifest in
specimen less than 0.5mm thick. That is, specimen must be at least 0.6mm thick to
eliminate the effect of the rigidity of the strain gauge and glue when the strain gauge
method is used to detect the mechanical strain. In this study, homogeneous flat-sawn
specimen of early-wood was used for the creep test. Since the specimen ware often less
than 0.5mm thick, it is improper to adopt the strain gauge method to detect the creep
strain. Therefore, to detect the creep strain, the author measured the distance between
two dots marked on the grain using a traveling microscope with an xy-microstage

directly.
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(b) Determining the creep load

The shape of the stress-strain curve was investigated to determine the proportional limit.
The proportional limit was 12~15MPa (average 14.0MPa) regardless of the thickness of
the specimen, as shown in Fig.4-2. Therefore, a load of 14.2 MPa, corresponding to the

proportional limit of the normal early-wood specimen was used for the creep load.

(c) The longitudinal creep test

To prevent slippage at the clamps during the creep test, pieces of sandpaper were
attached to each edge of the specimen using quick-drying glue. Then, the specimen was
put in a small air-conditioned cabinet. In this study, moisture contents of specimen were
controlled at oven-dry (MC2%), air-dry (MC15%) and the fiber saturation point (FSP)
(MC25%) at 20°C. The moisture content were controlled using H,O, NaCl aq., P,Os
powder, at 100%, 76%, 0%RH at 20°C, respectively. The creep test was performed in an
airtight chamber, in which the air was circulated by a micro-electric fan, and the RH
was controlled with above three materials at 20°C. After the specimen was conditioned
in the cabinet for a few days, it was attached to a hand-made tensile testing machine in
the chamber. Two spots 20~30mm apart along the grain were marked with black paint to
measure the displacement caused by the tensile load. To measure the distance between
the two dots, a traveling microscope with an xy-microstage (0.001mm accuracy) was
used. A load of 14.2MPa, corresponding to the proportional limit of sugi early-wood,
was applied to the specimen as a dead load. The initial displacement was measured soon
after applying the load and was considered an instantaneous displacement. Then, the
displacement was detected every few hours for several hundred hours. After the creep
test was finished, a time-creep compliance curve was obtained. The creep tests were

performed for a broad range of MFA.

(d) Microfibril angle determination
After the creep test was performed, the microfibril angle (MFA) in the S2 layer of each
specimen was measured using an X-ray diffractometer (Shimadz, XD-DIw type)

(Yamamoto et al. 1993).
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(e) Wood density measurement

Wood density was determined by the gravimetrical method using mercury impregnation.
The wood density of each specimen was determined after small specimen prepared
reaching constant weight in an oven at 105°C for 24 hours. To measure oven-dried

volume, the mercury displacement technique was employed.

(f) Simulation using the simplified viscoelastic model

A simplified model explaining the longitudinal creep properties is shown in Fig.4-3. The
model consists of an independent spring (springl) and a Voigt element (spring2 and
dashpot2) in series. The elastic modulus of springl, spring2 and the viscosity coefficient
of dashpot2 are denoted by Ej, E,, #2, respectively. Using this creep model, the

following equations are derived:

1 1 ), 1
e(t):a{—El +—E2 (l—eA2 )} , Ay =—];22 (Egs.4-1)

11 A 2
JO)=—+—(1-e"" - Egs.4-2
(® E1+E2( e’™) 2%, (Egs.4-2)

where &(t), J(t), o, t and 1, denote the creep strain, creep compliance, loaded stress, time,
and the retardation time, respectively.
Then, the parameters E), E and #, are transformed as follows:
pw
E,——E (==—E)),
Po

w
E, ‘—“)Ezw ("—’p—Ez),
Po

w
i ——m (=p7772)
0

where p%, po, EY, E) and ) stand for the density of the cell wall, that of
oven-dried wood, the substantial elastic modulus of spring] and spring2, the substantial
viscosity coefficient of dashpot2, respectively. The author can rewrite Eqs.4-2 as the
follow:
JW(t)=-lW—+LW(1—e%2W) W=, =12 (Eqs.4-3)
E, ) E,

It is quite natural to consider J¥(t) as the substantial creep compliance of the cell wall in
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the longitudinal direction. The author tried to determine the values of the unknown
parameters (E,", EY, nY, 42") to simulate the experimental results quantitatively.
Finally, the author discusses the physical meanings of those estimated values, and their

dependencies on the MFA.
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4.3 Results and discussion

4.3.1 The longitudinal tensile creep properties

It is well known that the mechanical properties of wood are affected by the density.
Viscoelastic property is also affected by the density. To understand the viscoelastic
behavior of wood as a cell wall property, it is necessary to transform J(t) into a
substantial value by considering the effect of the density of the specimen. To transform
the longitudinal Young’s modulus of wood, El, into the substantial Young’s modulus of

the wood cell wall, E,.", the author can use the following formula:

W

EJ}N = EL . £_

Po
where, p" is the density of the cell wall, and py is that of oven-dried wood. For linear
viscoelastic materials, the substantial creep compliance of the cell wall in the

longitudinal direction, J¥(t), is calculated as follows:
TV O=70 L
¥

Figures4-4 show the time dependencies of the substantial creep compliance of the
cell wall JV(t) in relation to the MFA. Three curves in each figure show the results
conducted at three moisture conditions (®: oven-dry, o: air-dry, A: FSP). As seen from
these figures, the instantaneous compliance appeared immediately after the load was
applied. Subsequently, the total creep compliance increased with time and peaked after
several hundred hours. These observations concur with various experimental reports on
the bending creep properties under a steady-moisture condition using the wood beams
(Hearmon and Paton 1964, Armstrong 1972). Since the instantaneous compliance (=the
instantaneous deformation) highly depends on the MFA and moisture content, it is
difficult to discuss the MFA and the moisture content on the creep behavior by using the
results displayed in Figs.4-4. Then, the author needs to calculate the substantial creep
function of the cell wall, ¢“(t), which is calculated by subtracting the initial
instantaneous compliance from JY(t). Figures4-5 show the substantial creep function of
the cell wall, gV (t).

At first, the relationship between the moisture content and the longitudinal tensile
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creep behavior was discussed. It is clear that the amount of variations of the creep
function is affected by the moisture content from Figs4-5. In the low moisture content
region (oven-dry state), the variation of the creep function was smaller than in other
moisture content states. As the moisture content become higher, the variation of the
creep function also becomes larger. That is to say that the longitudinal tensile creep
behavior clearly shows the dependency of the moisture content. Furthermore, the
dependency of the moisture content is remarkable in the large MFA region, however, in
the smallest MFA region (MFA:12.0deg.), the dependency of the moisture content is not
clear. This is because that the longitudinal tensile creep behavior highly reflected the
properties of the wood cell wall constituents. Since the longitudinal tensile creep
behavior for a small MFA was affected by the CMF, which may be less affinitive to the
moisture, the variations of the creep function were very small even if the moisture
content changed. On the other hand, for the large MFA, since the matrix substance in
the cell wall, which may be highly affinitive to the moisture, affected the longitudinal
tensile creep behavior, the variations of the creep function were more distinctive when
the moisture content changed.

Next, the relationship between the MFA and the longitudinal tensile creep behavior
was discussed. Figures4-6 show the relationship between the MFA and the substantial
creep function of the cell wall. In Figs.4-6, it is clear that the variation of the creep
function was very small in the small MFA region, and as MFA increased, the variation
became larger. This shows that the longitudinal tensile creep properties of wood are
highly dependent on the MFA. This is because the viscoelastic behavior to the
Jongitudinal tensile load directly reflects the properties of the cell wall constituents and
their arrangement in the cell wall. In the region of small MFA, because the longitudinal
creep deformation was affected by the CMF, which is much more viscous than the
matrix substance in the cell wall constituents, the variation of the creep function
becomes very small. By contrast, at a large MFA, the matrix substance in the cell wall
affects the longitudinal tensile creep behavior, since the mechanical contribution of the
CMF decreases. Since the matrix substance is less viscous than the CMF, the creep

function becomes several times larger than at a small MFA.
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4.3.2 Simulated results using the simplified viscoelastic model
The observed JY(t) was simulated using the simplified viscoelastic model formulated as
Eqgs.4-3. It is quite natural to consider that the values of the parameters in the simulation
reflect intrinsic information on the fine structure and internal properties of the cell wall
constituents. Figures4-7 show the dependency of the fitted values of the
EY,E¥ n¥and2) on the MFA. As seen in Figs.4-7, the value of E" decreased
concavely as the MFA increased, which concurs with the previous results reported by
Cave (1968), Sobue and Asano (1976), Page et al. (1977) and Norimoto et al. (1981).
The MFA dependencies of the simulated values of E,'and 7,’ were steeper than that
of E\Y , as shown in Figs.4-7. The values of E,and 7, tended to be small in the MFA
region larger than 20deg., and become very large in the region of smaller MFA. The
values of E) and 7,' become larger as the moisture content becomes smaller in the
region of MFA larger than 20deg., however, the values at the oven-dried state become
smaller than the other two moisture states. This reason was not clear from this
simplified viscoelastic model. The value of E,"is an indicator of the smallness of the
creep deformation. The value of E,"in the region of small MFA is much larger than
that at large MFA region. In the region of small MFA, this is why the longitudinal creep
deformation was affected by the CMF, which is much more viscous than the matrix
substance. in the cell wall constituents. Conversely, in the region of large MFA, the
longitudinal creep deformation is affected by the matrix substance, which is much less
viscous than the CMF. The values of 7,' and 4, are indicators of the smallness of the
creep rate. The value of 7,"is clearly dependent on the MFA. In the small MFA region,
the value of 7," is much larger than that in the large MFA region, since the creep rate is
affected mainly by the CMF. Conversely, the value of 7,’ decreases as MFA increases,
since the longitudinal creep rate is markedly affected by the matrix substance in the
region of large MFA. The value of 1) is not dependent on the MFA clearly. This can be
explained as follows. The value of 2} is calculated as the ratio of 7," andE,". The
MFA dependency of 7,' was more or less similar as that of E," . Therefore, the value
of A) becomes more or less constant regardless of the MFA.

The author estimated the unknown parameters of the simplified model by

comparing the simulation with the experimental results. The parameters are highly
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dependent on the MFA. This is because the tensile creep deformation is affected by the
arrangement of the cell wall constituents, namely the CMF framework and matrix
substance. To clarify the effect of the cell wall constituents on the Jongitudinal tensile
creep property of wood, the author must construct a multi-layered cell wall model

considering the composite and fine structures of the cell wall lamella.
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4.4 Conclusion

In this chapter, the author examined the dependency of the longitudinal tensile creep
behavior of thin clear wood specimen of sugi on the MFA and the moisture content. As
a result, the following conclusions were made:

The longitudinal tensile creep behavior is highly dependent on both the moisture
content and the MFA. In the large MFA region, there is large difference in the variation
of the creep function among three moisture content states, the oven-dried, the air-dried,
and the fiber saturation point. On the other hand, in the small MFA region, there is very
little difference in the creep function among three moisture content states since the
creep deformation in the small MFA region is affected by the CMF, which is very
viscous and less reactive to the moisture. Conversely, in the large MFA region, the creep
deformation is affected by the matrix substance, which is much less viscous than the
CMF and very reactive to the moisture.

These are the reason that the longitudinal tensile creep behavior as well as the other
mechanical properties was affected by the behavior of the cell wall constituents directly.
To clarify the effect of the cell wall constituents on the longitudinal tensile creep
property in detail, the author needs to construct a multi-layered cell wall model that

considers the composite and fine structures of the cell wall lamella.

66



4.5 Summary

To measure the mechanical properties of the wood as the behavior of the cell wall, it is
required to perform the longitudinal tensile test using a thin clear wood specimen which
1s approximately regarded as a single wood fiber. In this chapter, the author tried to
understand the tensile creep behavior of wood from the viewpoint of the fine structure
and properties of the constituent materials in the wood cell wall.

Microtomed thin specimen of early-wood of sugi (Cryptomeria japonica D.Don)
was used for the longitudinal tensile creep test. The creep test was conducted three
moisture content states (oven-dry, air-dry, fiber saturation point (FSP)) with a broad
range of the microfibril angle (MFA).

Following results were obtained. The longitudinal tensile creep behavior was highly
dependent on both the moisture content and the MFA. In the small MFA region, the
creep function was very small. In the large MFA region, the creep function was very
large. In the low moisture content region, the creep function was very small, and in the
high moisture content region, it became very large. These were the reason that the
longitudinal tensile creep behavior was directly affected by the fine structure and
internal properties of the cell wall constituents, namely, the CMF and the matrix

substance.
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Figures in Chapter 4
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Fig.4-1. The relationship between the thickness of the sugi early-wood specimen and the
apparent longitudinal Young’s modulus measured using the strain gauge
method.

Notes:

1) Each plot represents average values

2) The error bar shows the standard deviation.

3) Al the tests were conducted under wet condition.
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Fig.4-2. The relationship between the thickness of the sugi early-wood specimen and the
proportional limit in the stress-strain curve.

Notes:

1) Each plot represents average values

2) The error bar shows the standard deviation.

3) All the tests were conducted under wet condition.
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spring1: E4

I dashpot2: 77,

spring2: E,

S

Fig.4-3. A simplified viscoelastic model of wood for simulating the longitudinal creep
behavior.

Note:

Springl and spring2 have elastic modulus E; and E,, respectively, and dashpot2 has

viscosity coefficient #,.
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GENERAL DISCUSSION AND CONCLUSION

The aim of this study is to clarify the mechanical properties of wood in relation to the
fine structure of wood cell wall.

In Chapter 2, the author tried to formulate the longitudinal Young’s modulus of the
isolated wood fiber on the basis of the reinforced-matrix hypothesis. Some case studies
on the elastic behaviors of the wood were given using the newly-derived model. Then,
the author estimated the fine structure and internal properties of the cell wall
constituents peculiar to wood by examining the values of the parameters which are
optimized through the reasonable simulation. As the inevitable consequence, some
hypotheses (possibilities) on the microscopic properties of the cell wall constituents
were predicted.

In Chapter 3, the author measured the longitudinal Young’s modulus of a clear
wood specimen having various MFA in relation to the moisture content. The proprieties
of the hypotheses (possibilities) proposed in Chapter 2 were examined on the basis of
both the experiment and the simulation. The experiment revealed that the longitudinal
Young’s modulus tended to decrease as the moisture content increased below the FSP,
and it became constant above the FSP. Moreover, the reduction of the longitudinal
Young’s modulus due to water sorption tends to increase more remarkable in specimen
with a small MFA than in those with a large MFA, or to be almost constant regardless of
the MFA. The simulation using a wood fiber model well supported the hypothesis that
there is an intermediate domain between rigid crystal and completely disordered
amorphous domains in the wood CMF bundle, and such a domain fluctuates between
quasi-crystal and quasi-amorphous states in accordance with the moisture adsorption.
Then, based on above hypothesis, the author proposed the new image of the CMF
structure in the wood cell wall visually.

In above Chapters, the author thought wood as the elastic body, however, it is very
important to clarify the viscoelastic properties of wood in order to use forest products as
structural member for buildings or furniture. There are few reports on the longitudinal
tensile viscoelastic tests, which reflects the properties of the cell wall more directly.

Moreover, the relationship between the viscoelastic properties and the fine structure of
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wood cell wall has not been solved. To understand and explain the origin of the
viscoelastic properties of wood, it is necessary to comprehend it from the viewpoint of
the fine structures and properties of the constituent materials in the wood cell wall. In
Chapter 4, the author studied the dependency of the longitudinal tensile creep behavior
of thin clear wood specimen on the MFA and the moisture content. Moreover, the author
analyzed the experimental results by using a simplified viscoelastic model, and
evaluated the values of parameters in the model. The longitudinal tensile creep behavior
is highly dependent on both the moisture content and the MFA. That is to say that the
creep deformation is larger as the MFA becomes larger, as the moisture content becomes
larger. These were the reason that the longitudinal tensile creep behavior was directly
affected by the fine structure and internal properties of the cell wall constituents, namely,
the CMF and the matrix substance.

In this paper, the author focused the physical properties of wood in the longitudinal
direction in relation to the fine structure of cell wall. Based on the methods and the
results proposed in this thesis, the author hopes to construct a model which can explain
many properties of wood, and to clarify the fine structure of the CMF, the matrix

substance, and their interface structure.
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APPENDIX

1: Details of the various coefficients in the equations

e, g and r in Eq.2-13” are

2 2
~ 2 1 u 1| ~ 1 u
=1+=G,—=G 1 -—— g= 2G Inu)-(2+G, ),
TS ”{(u2-1nu] 4} K 3(%-1){ ”uz—l(n“) ( )}

u

3u? -1)

7

{2+Gu—2Gu 21 (m)}
u- =1

e, g and g* in Eq.2-13"” are

2
e=1+ —z— Gg (1 ~3sin’4+ 35in46)— %Gésin“H(Z —3sin 20)2 {[kzk " 1nk) - l},

kl

T {2 1 Gysin*0+2Gsin*6(2 —3sin28)%},

q:

2
g*=- 21 2+Gsin40+2Gsin20(2—3Siﬂ29) f Ink
3(k2 1) k-1

a, b and p in Eq.2-15 are

2 1 u | u’ 2 u?
a=1+=G,-=G? ( - lnuj ~—t+G,G)| 5 (2+G,)+=GiG|| —— lnu,
3 3 u -1 4 u- -1 3 u” -1

2
4 ., u? 1 u?
=—=G;GInu , P= 2G, Inu)-2-G,
3 ) )[uz—lj P 3u2—1{ uz—l( ) }

B and H in Egs.2-16, 2-19 and 2-20 are

2
B=G, (2 + Gssin“@(u;l_ 1 lnu) + Gy (2 +G, )Si1126(2— 3Sinzﬁ(k12nf 1}

H=§—“Gu G, —%(k2 - 1){Gssin26(2 - 3sin20(1 - kf 1 lnk) —2-2G,sin®0 coszﬁ}
S B
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2: Lo in Eq.2-14, Lo in Eq.2-16
Eliminating the Lo term in Eq.2-14
The first formula of the Eqgs.2-11 is rewritten as the problem of the CIL layer, and
applied the solution of the differential Eq.2-12. Thereafter, we substitute u, into r, and
consider 4 as the second ordered infinitesimal quantity, then, obtain

2 r|, g =P -Fe,

(A2-1)
By using the Eq.2-13°, we eliminate Ps, then, obtain the Eq.2-14°. By substituting

the Eq.2-14’ into Eq.2-14, we can eliminate the l:o term in Eq.2-14.
Eliminating the Ly term in Eq.2-16

The solution of the differential Eq.2-12 is substituted into the first formula of the
Eqs.2-11 as the problem of the S2 layer, and solved for P, assuming r=r,.Thereafter, P,

obtained here is substituted into the Eq.2-13"”, then L, can be solved as follows.

21 1 4
—— 2+Ggm
38s 1 -1 ( § )LO

1
k* -1

{e —%q(kz - 1){(;5;712(2 ~3m?)(1-2 Ink) -2 — 2G512mZHeL
+2 g0 =D+ Gy,

(A2-2)
The Eq.2-16 is rewritten eliminating the terms of Lo, and the Eq.2-17 is obtained.
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3: Details of the program used by the simulation
(1) The N88-BASIC program calculating the relationship between the MFA and
the Longitudinal Young’s modulus
Program’s title “YANGMFA?2 bas”
10 *save “YANGMFA2.bas”.
20 CLS3
30 CONSOLE 0,25,1,0:SCREEN 2 :CLS:PRINT “PLEASE STOP THE ROUTINE, AND
RE-INPUT THE DEFAULT VALUES OF THE PARAMETERS, AND RESTART FROM THE
LINE NUMBER 60"
40 PRINT :PRINT
50 LIST 60-97
60 ‘PARAMETERS OF THE COMPONENTS AT GREEN CONDITION, *10"3 kgf/em" FOR
ELASTIC.
70 T=1.015: K=1.165:SIG=50 :HT2=.025 :ECELL=1340 :EMATR=20
80 ‘PARAMETERS AT OVEN-DRIED CONDITION.
90 SI0=50
95 ‘CRYSTAL VOLUME RATIOS AT GREEN CONDITION.
97 A=40 :ADASH=20
100°
110 CLS
120 INPUT "MOISTURE CONTENT OF WOOD (%) ";MC
130 INPUT " DO YOU MAKE DATA FILES (SEQUENTIAL FILES) (Y/N) ";QUIT1$
140 IF QUITI$="Y" OR QUIT1$="y" THEN GOTO 150 ELSE GOTO 170
150 INPUT" GIVE THE NAME OF THE FILES ";NAMS$
160 OPEN NAMS$+".YAN" FOR OUTPUT AS #1
170 CLS
180 ECELL=ECELL*1000 : EMATR=EMATR*1000
190 SIG=SIG*1000 : SI0=SI0*1000
200 INPUT "VOLUME RATIO OF THE REVERSIBLE DOMAIN (CRYST-AMORP) IN S2 (%)
“p
210 INPUT "VOLUME RATIO OF THE REVERSIBLE DOMAIN (CRYST-AMORP) IN S1 (%)
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“LDASH

220 INPUT "YOUNG MOD. OF THE MATRIX SUBSTANCE AT DRIED CONDITION (*10"3
kgficm2)”;GUZAI

230 GUZAI=GUZAI*1000

240 DGUZAI=GUZAI-EMATR

250 MFA=-1

270 HIJU=1.5*K*K*T*T*(1-+.5*HT2)-1)/(1+.5*HT2)/K/K/T/T

280 PRINT "DENSITY OF THE MATERIAL”

290 PRINT “R= “;HIJU

300 PRINT "MFA(deg),EL(kgf/cm2),ELW (kgf/cm2),VLT="

310 LINE (320,200)-(560,200):LINE(320,0)-(320,300):LINE (320,0)-(560,0): LINE
(320,300)-(560,300):LINE (560,0)-(560,300)

320 LINE (320,250)-(328,250)

330  LINE (320,100)-(328,100):LINE (320,0)-(328,0):LINE (320,150)-(328,150)

340  LINE (360,192)-(360,200):LINE (400,192)-(400,200):LINE (440,192)-(440,200)
350  LINE (480,192)-(480,200):LINE (520,192)-(520,200)

360  LINE (560,192)-(560,200):LINE (320,50)-(328,50)

370 ¢

380

390 SI=.5*(SI0-SIG)*COS(3.14159*MC/30)+.5*(S10+S1G)

400

SS=(1/150)*(100-A-.5*L-.5*L*COS(3. 14159*MC/30))*(.5*DGUZAI*COS(3.14159*MC/30)+.5%(
EMATR+GUZALI))

410
ST=(1/150)*(100-ADASH-.5*LDASH-.5*LDASH*COS(3.14159*MC/30))*(.5*DGUZAI*COS(3.
14159*MC/30)+.5*(EMATR+GUZAI))

420 YAN2=(1/100)*(A+.5*L*COS(3.14159*MC/30)+.5*L)*ECELL

430 YANI=(1/100)*(ADASH+.5*LDASH*COS(3.14159*MC/30)+.5*LDASH)*ECELL
440 GS=YAN2/SS

450 GT=YANI/ST: SM=SS/ST

460 GI=SI*HT2/YANI]
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465 ===========ROOP FOR CHANGING THE MFA

467 MFA=MFA+1

468 M=MFA*3.14159/180

470  S=SIN(M):M2=2*M:S2=SIN(M2):C=SQR(1-S*S):C2=1-2*$*8

480
EI=T*T-1+(2/3)*GT*(T*T-1)-(1/3)*GT*GT*(T*LOG(T)*T*LOG(T)/(T*T-1)- 25*(T*T-1))+GT*G
P¥T*T*(2+GT)+(2/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

490 KYU=(K*K/3/(K*K-1))*(2+GS*S*S*S*S+2*GS*S*S*(2-3*S*S)*LOG(K)/(K*K-1))

500

E=1+(2/3)*GS*(1-3*S*S+3*S*S*8*S)-(1/3)*GS *GS*S*S*S*S*(2-3*$*8)*(2-3*S*S) *((K*LOG(
K)/(K*K-1))"2-(1/4))

510 PI=(1/3)*(2*GT*T*T*LOG(T)/(T*T-1)-2-GT)

520

BI=GT*(2+GS*S*S*S*S)* T*T*LOG(T)/(T*T-1)+GS*(2+GT)*S*S*(2-3*S*S)*LOG(K)/(K*K-1)
530 BI=-1%(4/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

540 CI=(1+GT)*(T*T-1)-GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-25*(T*T-1))

550 EF=1-GS*S*S*C2+GS*GS*S*S*S*S*S*S*(2-3*S*S)*(K*LOG(K)/(K*K-1))"2-1/4)

560  ZI=(1/3)*GS*(2-3*S*S)-(2/3)*GS*GS*S*S*S*S*(2-3*S*8) *(K*LOG(K)/(K*K-1))"2-1/4)
570  DI=-1%(1/3)*GT*(T*T-1)+(2/3)*GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-.25*(T*T-1))
580
ECHIEGT*GI-(1/4)*SM*(K*K-1)*(GS*S*S*(2-3*S*S)*(1-2*LOG(K)/(K*K-1))-2-2*GS*C*C*S*
S)

500  AI=-1%(3/4)*(K*K-1)*(2+GS*S*$*S*S*(1-2*LOG(K)/(K*K-1)))

600
A11=EI*KYU-E*SM*PI+(2/3)*SM*BI*(E-(1/4)*(K*K-1)*KYU*(GS*S*S*(2-3*S*S)*(1-2*LOG
(K)/(K*K-1))-2-2*¥GS*C*C*S*S))/(2+GS*S*S*S*S)

610 A12=(1/3)*SM*KYU*BII*(K*K-1)

620 Al13=-1*BI*KYU

630  A21=(T*T-1)+2*T*T*ECHI+ 5*GT*(T*T-1-2*T*T*LOG(T))

640  A22=(2+GT)*(T*T-1)+SM*T*T*(K*K-1)*(2+GS*S*S*S*S)

650 A23=4*T*T*GT*GI
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660
670
680
690

A31=T*T-1+2*ECHI+(1/2)*GT*(T*T-1-2*LOG(T))
A32=SM*(K*K-1)*(2+GS*S*S*S*S)
A33=(2+GT)*(T*T-1)+4*GT*GI

DA=A11*A22*A33+A12*A23*A31+A13*¥A21*A32-A11*A23*A32-A12*A21*A33-A13*A22*A

31

700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940

D11=A22*A33-A23*A32:D12=-A21*A33+A23*A31:D13=A21*A32-A22*A3 1
D21=-A12*A33+A13*A32:D22=A11*A33-A13*A31:D23=-A11*A32+A12*A31
D31=A12*A23-A13*A22:D32=-A11*A23+A13*A21:D33=A11*A22-A12*A21
EL=3*DA*ST/D11/KYU/(2+GT)/T/T/1.05
ELW=EL*(1.05*K*K*T*T/(1.05*K*K*T*T-1))

VLT=-D13/D11

EL=EL/1000 : ELW=ELW/1000

MMFA=MFA/10

IF MMFA-INT(MMFA )<.005 THEN 830 ELSE 850

‘IF MMFA=20 GOTO 690 ELSE 684

‘IF MMFA=30 GOTO 690 ELSE 686

‘IF MMFA=40 GOTO 690 ELSE 688

‘IF MMFA=50 GOTO 690 ELSE 720

PRINT

PRINT MFA;EL;ELW;VLT

3

<

IF QUIT1$="Y” OR QUIT1$="y” THEN GOTO 880 ELSE GOTO 890
WRITE #1,MFA,EL,ELW,VLT

‘LPRINT :LPRINT

X=320+MFA*4 :YL=200-EL*1 :YT=200-VLT*100

CIRCLE (X,YL),2:CIRCLE (X,YT),1

IF MFA>59 THEN GOTO 990

GOTO 467

92



950 ¢

960 -

970

980

990 -

1000 IF QUIT1$="Y” OR QUIT1$="y” THEN CLOSE #1 ELSE GOTO 1010
1010 °
1020 ¢
1030 ©
1040 ¢
1050 °
1060 END
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(2) The N88-BASIC program calculating the relationship between the moisture
content and the longitudinal Young's modulus
Program’s title “YANG98-5.bas”
10 save “YANG98-5.bas”.A
20 CLS3
30 CONSOLE 0,25,1,0:SCREEN 2 :CLS:PRINT “ PLEASE STOP THE ROUTINE, AND
RE-INPUT THE DEFAULT VALUES OF THE PARAMETERS, AND RESTART FROM THE
LINE NUMBER 60”
40 PRINT :PRINT
50 LIST 60-70
60 ‘PARAMETERS OF THE COMPONENTS AT GREEN CONDITION, *10”3 kgf/cm” FOR
ELASTIC.
70 T=1.015:K=1.211:SIG=50 :HT2=.025 :ECELL=1340 :EMATR=20
80 ‘PARAMETERS AT OVEN-DRIED CONDITION.
90 SI0=50
100
110 CLS
120 INPUT “MFA IN THE S2 LAYER (DEG.) “;MFA
130 INPUT “ DO YOU MAKE DATA FILES (SEQUENTIAL FILES) (Y/N) “;QUIT1$
140 IF QUIT1$="Y” OR QUIT1$="y” THEN GOTO 150 ELSE GOTO 170
150 INPUT “GIVE THE NAME OF THE FILES “;NAM$
160 OPEN NAMS$+”.YAN" FOR OUTPUT AS #1
170 CLS
180 ECELL=ECELL*1000 : EMATR=EMATR*1000
190 SIG=SIG*1000 : SI0=SI10*1000
193 INPUT “VOLUME RATIO OF THE CONSTANT CRYSTAL CELLULOSE IN S2 (%)”’;CR
195 INPUT “VOLUME RATIO OF THE CONSTANT CRYSTAL CELLULOSE IN S1 (%)
“;CRDASH
200 INPUT "VOLUME RATIO OF THE REVERSIBLE DOMAIN (CRYST-AMORP) IN 52 (%)
oy
210 INPUT "VOLUME RATIO OF THE REVERSIBLE DOMAIN (CRYST-AMORP) IN S1 (%)
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“;LDASH

220 INPUT "YOUNG MOD. OF THE MATRIX SUBSTANCE AT DRIED CONDITION (*10"3
kgf/lem2) “;GUZAI

225 GUZAI=GUZAI*1000

230 DGUZAI=GUZAI-EMATR

240 ¢

250 M=MFA*3.14159/180

260 HIJU=1.5*(K*K*T*T*(1+.5*HT2)-1)/(1+.5*HT2)/K/K/T/T

270 PRINT “DENSITY OF THE MATERIAL”

280 PRINT “R=“;HIJU

290 PRINT “MC(%), EL(kgf/cm2), ELW(kgf/cm2), VLT="

300 LINE (320,200)-(560,200):LINE (320,0)-(320,300) :LINE (320,0)-(560,0): LINE
(320,300)-(560,300):LINE (560,0)-(560,300)

310 LINE (320,250)-(328,250)

320 LINE (320,100)-(328,100):LINE (320,0)-(328,0):LINE (320,150)-(328,150)

330 LINE (360,192)-(360,200):LINE (400,192)-(400,200):LINE (440,192)-(440,200)
340 LINE (480,192)-(480,200):LINE (520,192)-(520,200)

350 LINE (560,192)-(560,200):LINE (320,50)-(328,50)

360 FORI=0TO 150

370 MC=.2%*]

380 SI=.5*(SI0-SIG)*COS(3.14159*MC/30)+.5*(SI0+SIG)

390
SS=(1/150)*(100-CR-.5*L-.5*L*COS(3.14159*MC/30))*(.5*DGUZAI*COS(3.14159*MC/30)+.5*
(EMATR+GUZAI))

400
ST=(1/150)*(100-CRDASH-.5*LDASH-.5*LDASH*COS(3.14159*MC/30))*(.5*DGUZAI*COS(3
.14159*MC/30)+.5*( EMATR+GUZATI))

410 YAN2=.01*(.5*L*COS(3.14159*MC/30)+.5*L+CR)*ECELL

420 YANI1=.01*(.5*LDASH*COS(3.14159*MC/30)+.5*LDASH+CRDASH)*ECELL
430 GS=YAN2/SS

440 GT=YANI/ST: SM=SS/ST
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450 GI=SI*HT2/YANI

460  S=SIN(M):M2=2*M:S2=SIN(M2):C=SQR(1-S*S):C2=1-2*S*S

470

EI=T*T-14(2/3)*GT*(T*T-1)-(1/3)* GT*GT*(T*LOG(T)*T*LOG(T)/(T*T-1)- 25*(T*T-1)+G T*G
IFT*T*(2+GT)+2/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

480 KY U=(K*K/3/(K*K-1))*(2+GS*S*S*S*S+2*GS*S*$*(2-3*S*S)*LOG (K)/(K*K-1))

490
E=1+(2/3)*GS*(1-3*S*S+3*S*S*S*8)-(1/3)*GS *GS*S*S*S*S*(2-3*5 *S)*(2-3*¥S*S)*((K*LOG(
K)/(K*K-1))"2-(1/4))

500 PI=(1/3)*(2*GT*T*T*LOG(T)/(T*T-1)-2-GT)

510
BII=GT*(2+GS*S*S*S*S)*T*T*LOG(T)/((T*T-1)+GS*(2+GT)*S*S*(2-3*S*S)*LOG(K)/(K*K-1)
520 BI=-1*(4/3)*GT*GT*GI*T*T*LOG(T)/(T*T-1)

530 CI=(1+GT)*(T*T-1)-GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-.25*(T*T-1))

540 EF=1-GS*S*S*C2+GS*GS*S*S*S*S*S*S*(2-3*S*S)*(K*LOG(K)/(K*K-1))"2-1/4)

550  ZI=(1/3)*GS*(2-3*S*S)-(2/3)*GS*GS*S*S*S*S*(2-3*S*S)*(K*LOG(K)/(K*K-1))"2-1/4)
560 DI=-1*%(1/3)*GT*(T*T-1)+(2/3)*GT*GT*(T*T*LOG(T)*LOG(T)/(T*T-1)-.25*(T*T-1))
570
ECHI=GT*GI-(1/4)*SM*(K*K-1)*(GS*S*S*(2-3*S*S)*(1-2*LOG(K)/(K*K-1))-2-2*GS*C*C*S*
S)

580 Al=-1*(3/4)*(K*K-1)*(2+GS*S*S*S*S*(1-2*LOG(K)/(K*K-1)))

590
ATI=EI*KYU-E*SM*PI+(2/3)*SM*BII*(E-(1/4)*(K*K-1)*KYU*(GS*S*S*(2-3*S*S)*(1-2*LOG
(K)/(K*K-1))-2-2*GS*C*C*$*S))/(2+GS*S*S*S*S)

600  A12=(1/3)*SM*KYU*BII*(K*K-1)

610 Al13=-1*BI*KYU

620 A21=(T*T-1)+2*T*T*ECHI+.5*GT*T*T-1-2*T*T*LOG(T))

630  A22=(2+GT)*(T*T-1)+SM*T*T*(K*K-1)*(2+GS*S*S*S*S)

640 A23=4*T*T*GT*GI

650 A31=T*T-1+2*ECHI+(1/2)*GT*(T*T-1-2*LOG(T))

660  A32=SM*(K*K-1)*(2+GS*S*S*S*S)
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670  A33=(2+GT)*(T*T-1)+4*GT*GI

680

DA=A11*A22*A33+A12%¥A23*A31+A13*A21*A32-A11%A23*A32-A 12*A21 *A33-A13*A22*A
31

690 D11=A22*A33-A23*A32:D12=-A21*A33+A23*A31:D13=A21*A32-A22*A3 ]
700 D21=-A12*A33+A13*A32:D22=A11*A33-A13*A31:D23=-A11*A32+A12*A31
710 D31=A12%A23-A13*A22:D32=-A11*A23+A13*A21:D33=A11*A22-A12*A21
720 EL=3*DA*ST/D11/KYU/Q2+GT)/T/T/1.05

730 ELW=EL*(1.05*K*K*T*T/(1.05*K*K*T*T-1))

740 VLT=-DI3/D11

750 EL=EL/1000 : ELW=ELW/1000

760 MMC=MC/10

770 IF MMC-INT(MMC)<.01 THEN 820 ELSE 840

780 ‘IF MFA=20 GOTO 690 ELSE 684

790 “IF MFA=30 GOTO 690 ELSE 686

800 ‘IF MFA=40 GOTO 690 ELSE 688

810 “IF MFA=50 GOTO 690 ELSE 720

820 PRINT

830 PRINT MC;EL;ELW;VLT;SS,ST,YAN2,YANI

840

850

860 IF QUIT1$="Y” OR QUIT1$="y” THEN GOTO 870 ELSE GOTO 880

870 WRITE #1,MC,EL,VLT

880 ‘LPRINT :LPRINT

890 °

900 X=320+MC*8 :YL=200-EL*] :YT=200-VLT*100

910 CIRCLE (X,YL),2:CIRCLE (X,YT),1

920 NEXTI

930

940

950
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960 °

970 ¢

980

990 IF QUIT1$="Y” OR QUIT13="y” THEN CLOSE #1 ELSE GOTO 1000
1000

1010 ¢

1020 °

1030 °

1040 ¢

1050 END
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