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ABSTRACT

MOISTURE-SENSITIVITY AND LONG-TERM DURABILITY
CHARACTERISTICS OF WOOD FIBER REINFORCED

CEMENT COMPOSITES
By
Shashidhara S. R. Marikunte
Adpvisor:

Dr. Parviz Soroushian

Wood fibers being fairly strong and stiff as well as low-cost and plentiful are partic-
ularly suited for the reinforcement of thin-sheet cement products. However, the affinity of
wood fibers to moisture and their long-term performance in cement-based matrices have
led to concerns regarding the moisture-sensitivity and longevity of wood fiber reinforced
cement composites.

The main thrust of this research was to establish the mechanisms of moisture and
ageing effects on wood fiber reinforced cement composites in order to contribute to the
development of refined composites with improved stability under moisture and weather-
ing effects. Statistical concepts were considered in design and analysis of experiments to
ensure the reliability of the conclusions.

Several commercially available wood fiber types were selected and characterized
for cement applications. Kraft fibers were observed to be resistant to alkali attack when
exposed to the alkaline pore water of cement and some comparable solutions.

A comprehensive investigation of the effects of various proportioning and process-
ing variables on the composite material performance led to the selection of optimum con-
ditions for the production of wood fiber-cement composites.

The effects of moisture and weathering on the performance characteristics of wood



fiber-cement composites were quantified, and statistically reliable conclusions were
derived regarding the interaction of some key proportioning and processing variables with
the ageing process and moisture-sensitivity of wood fiber-cement composites. Microstruc-
tural studies were conducted in order to establish the mechanisms of moisture and weath-
ering effects on the composite material. Some refinements in the matrix composition, fiber
reinforcement conditions, and processing variables were devised to enhance the stability
of composites under moisture and weathering effects. Through comprehensive experimen-
tal studies, refinements capable of enhancing the moisture resistance and longevity of

wood fiber-cement composites were identified.
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CHAPTER 1

INTRODUCTION

World use of hydraulic cements is close to one thousand million tons per year and
along with steel and wood they are the most important construction materials. It has been
proposed that by the year 2000 this usage of hydraulic cements could be doubled.

The low cost and ready availability of the raw materials for cement (limestone, clay
etc.), the fact that the energy consumed in the manufacture of cement is considerably less
than for metals and plastics (Table 1.1) and that hardening takes place with water at ordi-
nary temperatures, provides the incentive for optimizing the strength, toughness and dura-
bility of hydraulic cements not only for their more conventional uses, but also so that they
might be used in quite new applications as replacements for energy intensive plastics and
metals [1].

Table 1.1 An Approximate Comparison of Cost and Energy of Production of Portland
Cement and Other Materials [1]

Relative Energy of
Material Density Relative Cost Production
(per unit weight)

Polyester 1.3 20 15
Polyethylene 1.0 15 15
Glass 25 30

Steel 79 6 6
Aluminum 2.7 20 25

Cement-based materials suffer from one common fault-they are brittle. Most inor-

ganic materials fail in a brittle manner under tensile stress or impact loading. In very gen-



eral terms a material may fail by one of two fracture mechanisms: plastic flow or brittle
cracking. The material will favor that mechanism which is weaker; metals which are duc-
tile or tough generally yield before they crack; nonmetallic materials (apart from some
polymers) crack before they yield, and are brittle (Figure 1.1) [2].

OUCTILE

{eg METALS)
BRITTLE

(eg CEMENT)

LOAD

DEFLECTION

Figure 1.1 Typical Load-Deflection Curves for Brittle and Ductile Materials [2].

1.1 CONCEPT OF FIBER REINFORCEMENT

Brittle materials can be made stronger by very small additions of randomly distrib-
uted short fibers. Broadly, the reason why weak, brittle materials are made stronger by
very small additions of fiber is that cracks are stopped or deflected by the presence of
fibers and the toughness or ductility is dramatically increased.

Failure in a fiber-reinforced cement composite emanates from the defects in the
material. These may be broken fibers, flaws in the matrix and/or debonded fiber-matrix
interfaces. Figure 1.2 (a) shows a schematic representation of a cross section through a
fiber reinforced matrix with several possible local failure events occurring before fracture
of the composite [2].

The fibers are in fact starting to be influenced by the crack at some distance ahead of
the crack which has started to travel through the section. In the high stress region near the
crack tip, fibers may debond from the matrix (e.g., fiber 1 in Figure 1.2 a). This rupture of



chemical bonds at the interface uses up energy from the stressed system. Sufficient stress
may be transferred to a fiber (e.g., fiber 2) to enable the fiber to be ultimately fractured (as
in fiber 4). When total debonding occurs, the strain energy in the debonded length of the
fiber is lost to the material and is dissipated as heat. A totally debonded fiber can then be
pulled out from the matrix and considerable energy is lost from the system in the form of
frictional energy (e.g., fiber 3). It is also possible for a fiber to be left intact as the crack
propagates. This process is called crack bridging.

COMPOSITE
(DUCTILE!

LOAD

|
| _MatRix
y/ (BRITTLE)

DEFLECTION

(a) Schematic Representation of a Crack  (b) Improvements in Material Ductility
Travelling through a Composite

Figure 1.2 Actions of Fibers in Cement Composites, and the Consequent Improvements
in Material Ductility [2].

The net effect of the interaction of fibers with cracks in cement composites is the
improvement of ductility and tensile strength of the cement-based material (Figure 1.2 b).

1.2 WOOD FIBER REINFORCED CEMENT COMPOSITES

Wood fibers have a long history of being used for reinforcing purposes. Despite this

long history and the existence of well-established cellulosic materials such as wood, ply-

wood, paper and paper laminates, recent developments in composites have been con-



cerned with fibers such as asbestos, glass, carbon and steel.

The properties of wood fibers (Kraft pulp, Pinus Radiata) are compared with those
of other reinforcing fibers in Table 1.2 [1]. It is evident from the ratio of cost to load car-
ried by the fiber that wood fibers are highly cost-effective reinforcement. However, the
lower absolute properties of the fibers means that considerable care should be exercised in
the selection of the matrix.

Table 1.2 Comparisons of Cost and Strength of Wood Fibers with Other Fibers [1]

Rel. Cost Specific Tensile Rel. Cost per
Fiber per Unit Gravity Strength* fi/ Sg unit Weight
Weight ) (£, MPa) (/SG)
— —] —————

Wood 1 1.5 500 333 1
(Kraft Pulp)
Glass Rav- 4 2.5 1,400 560 2.2
ings
Steel 1.4 79 2,100 267 1.6
Kevlar Pulp 20 1.5 2,800 1,867 33
Asbestos 1.2 2.6 700 269 1.3
(JM 5R)

* Realistic tensile strength values for commercial fibers

Estimates of likely future costs can be obtained by examining the energies expended
in obtaining the fibers. These energies are compared in Table 1.3 [3]. Wood fibers require
less production energy than glass; however, they seem to be more energy intensive than

asbestos.



Table 1.3 Energy Used in Obtaining Fibers [3]

Fiber Relative Energy Per Unit Weight
FWood (Softwood Kraft) 1
Wood (Softwood Thermomechanical 0.5
Pulp, Board Grade)
Glass 14
Asbestos 0.2

Worldwide, the asbestos cement industry has been searching for an alternate rein-
forcing fiber owing to the limited supply and rising cost of asbestos and the health risk
associated with it [1, 4, 5, 6, 7]. Cellulosic fibers derived from softwood and hardwood
residues, being fairly strong and stiff as well as cheap and plentiful, are possible contend-
ers as reinforcing substitutes, particularly because fiber-cement products are made by a
process somewhat similar to paper making. Wood fibers have been used for many years as
an additive in the conventional asbestos industry; some of the asbestos cement replace-
ment products also utilize wood fibers. In these cases, wood fibers contribute mainly to
processing benefits rather than reinforcement effects. Recent studies have shown that the
reinforcement action of wood fibers in cementitious matrices is quite good relative to
other fibers such as glass [1, 2, 4, 5, 6, 7, 8, 9]. Figure 1.3 represents the typical flexural
load deflection relationship of wood fiber-cement composite (in saturated condition) as
compared with those of glass fiber reinforced cement and asbestos cement [8]. The desir-
able reinforcement properties of the relatively low-cost and energy efficient wood fibers

are demonstrated in this figure.
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Figure 1.3 Flexural Performance of Saturated Wood Fiber-Cement Composite Compared
with Glass Fiber Reinforced Cement and Asbestos Cement [8].

1.3 APPLICATIONS OF WOOD FIBER REINFORCED CEMENT COMPOSITES

The uses of wood fiber reinforced cement sheets are diverse. They range from major
components in industrial manufacturing to uses in commercial, residential and agricultural
construction (Figure 1.4) [4, 10]. The desirable flexural strength and toughness character-
istics, dimensional stability, fire resistance and impact strength of wood fiber-cement com-
posites suggest that they could be valuable in areas of application with demanding require-
ments on materials Heat shields and spray booths, sound barriers and modular flooring,
duct lining and air shafts, gaskets and seals, laboratory tops and splashbacks, and fire walls
in dry kilns are some of the typical industrial components made of wood fiber reinforced
cement composites. Commercial and residential uses of wood fiber reinforced cement is
mainly for the production of flat and corrugated sheets roofing elements, exterior and inte-
rior wall panelling, equipment screens, fascias, facades and soffits, substrate for tiles, win-
dow sills and stools, stair treads and risers, substrate for applied coatings, and utility build-
ing cladding panels. Agricultural uses of wood fiber reinforced cement composites are
mainly for farm buildings sidings, stalls and walls, poultry houses and incubators, green
house panels and work surfaces, and fencing and sunscreens [1, 4, 10, 11, 12].
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Figure 1.4 Application Areas of Cement Products Reinforced with Wood Fibers [4, 10].



A

Wall, ceiling-, eave- and gable-
lining—some of the uses for flat
fibrecement boards.

(b) Residential and Commercial Construction

Figure 1.4 (cont’d) Application Areas of Cement Products Reinforced with Wood Fibers
[4, 10].

1.4 OBJECTIVES

The sensitivity of wood fibers to moisture effects and alkali attack have led to con-
cerns regarding the effects of moisture content on the performance of wood fiber rein-
forced cement composites, and the long-term durability of wood fibers in the alkaline
environment of cement [13, 14]. It is thus essential to develop an in-depth understanding
for the moisture-sensitivity and long-term durability characteristics of wood fiber rein-
forced cement composites.

The objective of this research was to optimize the fiber mass content in different
manufacturing conditions, and to study the mechanical properties, physical properties,
moisture-sensitivity and long-term durability characteristics of wood fiber reinforced
cement composites containing different wood fiber types.

Chapter 2 presents a comprehensive review of literature on wood fiber types, pro-
duction techniques, properties and pretreatment methods relating to cement applications.
Mix proportioning and manufacturing procedures specifically suited for wood fiber rein-
forced cement composites are presented in Chapter 3.



An experimental study on mechanical and physical properties of wood fiber rein-
forced composites is presented in Chapter 4, along with a comprehensive review of the
related literature. Several wood fiber types were selected and characterized for this
research. Flexural performance, density, water absorption and moisture movement charac-
teristics of wood fiber-cement composites were analyzed statistically to derive reliable
conclusions.

In Chapter 5, a comprehensive review of the literature on moisture-sensitivity of
wood fiber reinforced cement composites is provided along with the test results obtained
in this research. The composites subjected to different moisture conditions were tested for
flexural performance and were analyzed statistically. Chapter 5 also presents the results of
matrix modification to reduce moisture effects through partial substitution of cement with
pozzolanic admixtures.

Chapter 6 presents a comprehensive literature review on the durability characteris-
tics of wood fiber reinforced cement composites along with the test results obtained in this
research. Wood fiber-cement composites were subjected to repeated cycles of freezing and
thawing, accelerated wetting and drying, hot water immersion and outdoor exposure to
natural weathering, and the test results were analyzed statistically to derive reliable con-
clusions.

Chapter 7 summarizes the research program and presents its conclusions.



CHAPTER 2

WOOD FIBERS

2.1 INTRODUCTION

Man has always relied on wood as a construction material. Some of the properties of
wood in a structural form can be altered during conversion. For example, drying with
proper control of relative humidity and temperature can improve strength properties and
dimensional stability. Chemical treatments can reduce biological degradation (preserva-
tives) and combustibility (fire retardants). In addition, dramatic property modifications can
be achieved through re-assembling smaller structural units of wood. Plywood, particle
board, fiber board and paper are examples of wood being reduced to smaller particles and
re-assembled to provide products providing specific performances.

Figure 2.1 briefly illustrates the structure of wood [1]. If a piece of lumber is consid-
ered it may have defects (knots, cracks etc.); by selection, a piece of clear wood (near
macro defect free) could be obtained with a tensile strength value of say 70 MPa (9.31
ksi). However, the single fibers which constitute the reinforcing unit of bulk wood have
been tested and found to have tensile strengths of greater than 700 MPa (93.1 ksi). If one
considers cellulose as the basic molecule which makes up the fiber, and if one could
express the strength of the chemical bonds which make up the structure of cellulose in
terms of tensile strength, an even greater value of around 7000 MPa (931 ksi) would be
recorded. In this research, the emphasis will be on the use of individual wood fibers as the
reinforcing element.

Figure 2.1 A Schematic Representation of the Substructure of a Tree [1].

10
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2.2 WOOD FIBER TYPES AND PRODUCTION

Trees serve as the major raw material for wood fibers. The trees harvested for the
production of wood fibers are commercially known as “softwoods” and “hardwoods.” It is
important to note that these names do not represent the wood hardness, as some softwoods
are quite hard and dense, and some hardwoods are relatively soft.

The cellulose structure of wood can be perceived through a microscope. Figures 2.2
(a) & (b) show three dimensional drawings of small cubes of wood from White Pine (a
softwood) and Sweetgum (a hardwood) [15]. Various cell types that differ in size and
function are identified. Softwood (Figure 2.2 a) primarily consists of longitudinal trache-
ids that are relatively long, 4-6 sides prismatic elements with tapered closed ends. These
tracheids are the important wood fibers. In hardwoods, (Figure 2.2 b) the vessels, which
are large tube-like structures, occupy a large portion of the total volume. They are, how-
ever, relatively thin walled and therefore contribute little to wood fiber mass. The impor-
tant cell type is the fiber tracheid. It is similar to the softwood tracheid, rather thick walled
and long with pointed ends. Hardwood paranchyma cells and vessels break up readily in
the pulping process and produce much of the “fine” fraction of wood fibers. Volumetric
compositions of the White Pine (softwood) and Sweetgum (hardwood) are presented in
Table 2.1.

Table 2.1 Volumetric Composition of Representative Softwood and Hardwood [15]

Softwood (White Pine) Hardwood (Sweetgum)
Structure Percent Structure Percent
Longitudinal Resin Canals 1 Fiber Tracheids 26.3
Wood Rays 6 Longitudinal Paranchyma 0.5
Wood Rays 83




RESIN CANAL

TRACHEIDS

(a) Southern Pine (Softwood) (b) Sweetgum (Hardwood)

Figure 2.2 Schematic Drawings of Typical Softwood and Hardwood [15].

Worldwide, softwoods comprise a group of more than 550 tree species. Only a few

of these trees, however, have commercial significance in the production of wood fibers.
Among commercial trees, softwoods are the source of so called “long fiber,” which
is actually a cell type called “tracheid,” that composes more than 90% of softwood stem
weight excluding bark. These cells (fibers) are aligned in a direction parallel to the stem
axis, and have a major role in liquid conduction. They have closed ends, but their wall is
h ized by small ings called “pits” which allow intercellular commu-

P &

nication (Figure 2.3 a). From a tangential perspective, fiber ends are pointed (Figure 2.3
b). The arithmetic mean length of unbroken wood fibers in important softwood species
ranges from 2.5 to 7 mm (0.098 to 0.28 in), but the vast majority of these fibers average
between 3 to 5 mm (0.12 to 0.20 in) in length. Even within the same tree species, fiber
lengths can vary considerably. Such variability can be easily matched and even surpassed
by variability within a single tree. Softwood wood fiber (i.. tracheid cell type) has a
width, or diameter, which varies from about 15 to 80 microns (0.6 x 10 to 3.2 x 106 in)
but for most softwoods width or diameter falls in the range of 30 to 45 microns (1.2 x 10
t0 1.8 x 106 in) [16].



(a) Softwood Structure (b) Wood Fiber

Figure 2.3 Wood Fibers (Tracheid Cells) in Softwoods [16].

Among the many hardwood types, only a few are primary sources of wood fiber
(e.g. Oak, Birch, Maple, Aspen, Redgum, etc.). Hardwoods yield wood fibers that, on the
average, are about 1/3 to 1/2 the length and about 1/2 the width of softwood fibers. Wood
fibers produced from hardwood also have higher fine contents when compared with those
obtained from softwoods in the sense that they contain vessel elements (non fibrous cells)
and in general a greater number of cell types [16]. Figure 2.4 (a) shows the micrograph of
a typical hardwood (Birch), and various types of fibers found in hardwoods are presented
in Figure 2.4 (b).

(a) Birch wood (b) Hardwood Fiber Types

Figure 2.4 Wood Fibers in Hardwoods [16].



Figure 2.5 provides information on the geometry and appearance of the major cell
types in softwoods and hardwoods [16]. All diagrams in this figure are at the same magni-

fication to show the relative sizes of these elements.
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Figure 2.5 Diagrams of Major Cell Types in Softwoods and Hardwoods [16].

The cells in their natural arrangement in solid softwoods and hardwood, are bonded
together by a layer of amorphous cementing material. It is this bonding that must be bro-
ken in the wood fiber production (pulping) process by either chemical or mechanical
means.

Besides softwoods and hardwoods, bagasse, straw and many other annuals may also
be used for the production of wood fibers. Some special wood fibers are also produced
from cotton, linen and other textile rags. Kocurek et al. (1983) [16] suggest that these non
wood plant fibers will play an increasingly important role in the future.

As mentioned earlier, reduction of wood or non-wood plants to a form consisting
essentially of individual fibers comprises the production of wood fibers (pulping). Pulping
processes are classified as either chemical ichemical, or hanical [17]. This classi-
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fication refers to the nature of the defiberization process. In the chemical process the wood
cells are separated from one another primarily by dissolving and removing the natural
bonding agent. The chemical reactions occur under conditions of elevated temperature and
pressure, and are very complex. In the mechanical pulping process the wood cells are sep-
arated by frictional forces often aided by steam pressure. Semi-chemical processes use a
combination of both chemical reactions and mechanical power. Chemical pulps are com-
monly used in the production of book paper and writing paper, while mechanical pulps are
regularly used for the manufacture of newsprint [17].

A typical chemical pulping process is shown in Figure 2.6. Chemical pulping begins
with cutting the wood into chips. The chips are then screened, rejecting both oversized
slivers or undersized fines, and are taken to the top of a “digester” or a high pressure cook-
ing vessel. Chemicals are added and the reactions take place for sometime at a prescribed
temperature dissolving lignin (main bonding agent) and hemicellulose of the wood chips.
The cooked material is then discharged into a blow-tank where steam and other volatiles
are flushed off. The cooking liquor, which is now a “black liquor” because of the dissolved
lignin, is passed on to a chemical recovery cycle. The pulp is washed with sprays of water
on a series of wire covered rotating drums. The washed brown stock is then screened,
diluted and pasted onto arrays of centrifugal cyclonic cleaners to separate out the large and
heavy “dirt” (e.g. silica or metal particles) before bleaching.

The thick brown stock is next subjected to a series of bleaching operations. These
can vary widely both in the types of chemicals used and their sequences. In the most
widely known CEDED system (Chlorine-Extraction-Chlorine-Dioxide-Extraction-Chlo-
rine-Dioxide) the pulp is first bleached with chlorine gas, then extracted with Sodium
Hydroxide and finally polished with Chlorine Dioxide. Chlorine Dioxide attacks lignin
specifically to a far greater extent than it attacks cellulose, unlike chlorine which is a more
indiscriminate oxidant but more expensive; it is thus used in final steps. After the final
bleaching, the bright stock is washed and is ready for use.
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Figure 2.6 An Overall View of the Chemical (Kraft) Process of Pulping [17].

Chemical pulping processes may be categorized as alkaline (sulfate or kraft) or acid
(sulfite) depending on the nature of chemical used [17]. The alkaline process is by far the
most important pulping process today and is suitable for both hardwoods and softwoods;
sulfite process, however, is limited to softwoods of low resin content. Wood fibers result-
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ing from the sulfite process have somewhat lower strengths than those produced through
the alkaline process. Sulfite pulps are light in color and relatively easy to bleach.

In mechanical pulping, the reduction of logs or chips to fibers occurs by mechanical
action which is usually aided by thermal softening of the lignin between wood cells. No
chemicals are added in mechanical pulping to dissolve the lignin or any other wood com-
ponent. However, under severe physical conditions of this pulping process, sometimes
certain chemicals of the wood substance may be dissolved.

Breakdown of wood in mechanical pulping may go beyond the fiber element, result-
ing in broken fibers and fibers with split ends or other damages. Some fiber bundles may
also be produced, depending on the type of mechanical bonding process. These physical
characteristics of the pulp can be controlled to some extent by the selection of the pulping
method and pulping parameters.

Mechanical pulping generally occurs in two stages [15]. The major break down
occurs in the primary stage. The pulp characteristics are finely adjusted and their varia-
tions reduced in the secondary stage.

The thermal treatment of chips before or during the defiberizing process causes part
of the hemicellulose content to go into solution. The higher the temperature or the longer
the treatment, the more effective is the softening of the fiber bond and the greater the con-
solidation stage. But at the same time the process water becomes loaded with dissolved
sugars. The increasing cost of energy and of water treatment will require process modifi-
cations and new compromises between process technology and product performance.

The mechanical pulping processes may be categorized as ground wood pulping,
masonite explosion, atmospheric disk refining, and pressurized disc refining processes.
Figure 2.7 illustrates the different mechanical pulping processes.
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Figure 2.7 Mechanical Pulping Processes [15].
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(c) Disk Refiner

Figure 2.7 (cont’d) Mechanical Pulping Prc [15].

Chemical (kraft) pulps are popular for reinforcement of cement based materials.
Higher yield mechanical or semi chemical pulps are also under consideration for cement
applications [18, 19]. Besides the virgin wood fibers, high grade recycled wood pulp fibers
are also available at much lower prices, and they may be considered for reinforcement of

cement.

2.3 PROPERTIES OF WOOD FIBERS

‘Wood fibers are dead slender cells obtained from defiberization of plants or plant
parts. Their cross sectional dimensions are microscopic, i.e. less than 0.1 mm, and their
length varies in unaltered state from about 1 mm to well over 120 mm. Commonly, the
length/diameter ratio of wood fibers lies in the range of about 50 to 200.
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2.3.1 Morphology and Geometry

Modem pulping processes can impart a variety of both chemical and physical
changes to the natural wood fibers. However, it is often the original physical attributes of
these fibers that largely determine their final properties [16]. Several common types of
pulp fibers are illustrated in Figure 2.8.

(a) Southern Softwood (b) Southern Hardwood

Figure 2.8 Micrographs of Several Wood Fiber Types [16].

Wood fibers can be classified on the basis of morphology into 4 groups, leaf, stem,
wood and surface fibers. Coutts et al. (1983) [3] suggest that the thermomechanical pulp
(separated at less than 130 deg. C, 266 deg. F) and kraft pulp are in a collapse ribbon form
while softwood asplund fibers (sep d at temp above 170 deg. C, 338 deg. F)

remain as hollow cylinders in the dried posites. Davis et al. (1981) [18] also indicates
that, depending on the pulping procedure, fibers may be obtained in a collapsed or uncol-

lapsed form. Chemical treatments for pulping make the fibers collapsed while most semi-
hemical or hanical which retain most of the lignin provide stiffer fibers in

which the lumina remain open. Ribbon composites differ from fiber composites in that
ina se direction as well as in the longitudinal direction. In

s

there is
theory, ribbons can also be packed very closely than fibers with circular cross section, but
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the limiting situation is not generally approached in cement composites. It has also been
established that the collapsed kraft fibers remain collapsed and do not swell open by mois-
ture effects during fabrication [20].

The nature of the surfaces of wood fibers also varies with the method of fiber separa-
tion. The kraft fibers have a highly oxygenated polysaccharids surface while the thermo-
mechanical pulp and Asplund fibers have increasing amounts of lignin in their surfaces
which are thus less oxygenated and less hydrophilic.

Different sources of fiber and different pulping techniques produce wood fibers with
different properties. In the case of fibers obtained from softwoods, the arithmetic mean
length of unbroken wood fibers in important pulpwood species ranges from about 2.5 to 7
mm, but in the vast majority of wood species it averages between 3 to S mm and standard
deviation range from 0.3 to 1.3 mm (0.012 to 0.05) [16]. Therefore, even within the same
tree species, and within a single tree, fiber lengths can vary considerably. The width, or
diameter of softwood wood fibers varies from about 15 to 80 microns (0.6 x 1091032 x
106 in) but most pulpwoods fall in the range of 30 to 45 microns (1.2 x 1010 1.8 x 10
in). Hardwoods yield wood fibers that, on the average, are about 1/3 to 1/2 the length and
about 1/2 the width of softwood fibers.

The specific gravity of wood has an effect on the type of wood fiber obtained from
it. High specific gravity woods yield stiff, rod-like fibers which drain water more easily
(free pulp), while low specific gravity woods yield thin walled and easily collapsed (less
free) fibers. These two types of fibers also respond differently to mechanical refining.

Many methods have been proposed for comparing the useful properties of different
pulps. A common method consists of comparing the pulps for tear, burst, tensile and other
sheet properties at different levels of laboratory beating. Canadian Standard Freeness
(TAPPI-227) [21] is a measure of the level of beating, an important consideration in differ-
ent applications which leads to the fibrillation of fibers. The beaten fibers have exposed
fibrils on their surfaces, which help in the development of mechanical bonding and also
tend to prevent the loss of cement particles during the suction stage of slurry-dewatering
(the production method of wood fiber reinforced cement). A smaller CSF is indicative of a
higher beating level. Desirable beating levels lead to improved fiber-to-matrix bonding to
the point where gains in strength characteristics of cement composite are not accompanied

with substantial losses in toughness characteristics.
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2.3.2 Structure and Composition
The major chemical components of wood are cellulose, hemicellulose, lignin and
extractives. Table 2.2 shows the average chemical compositions of softwoods and hard-

woods [15].

Table 2.2  Average Chemical Composition of Softwoods and Hardwoods [15]

Percent
Components
Softwoods Hardwoods
Cellulose 42 +2 45+2
Hemicellulose 27+2 30+5
Lignin 28+3 20+4
Extractives 3+2 543

Wood cells basically have a primary wall, commonly denoted by P, and a secondary
wall consisting of three layers, commonly denoted by S;, S, and S3 (Figure 2.9 a). The
distinguishing features of the individual layers are the organization and the orientation of
the strands or fibrils [16]. The cellulose molecule is basically the building block of the
fibrils in the cell walls. Hemicellulose and lignin are the matrix material in the secondary
cell wall layer, and lignin is the primary component of the middle lamella, cementing the
cells together. The distribution of these components in the cell wall is illustrated in Figure
29 (b).



Hemicellulose

(a) Di ic Rep ion of (b) Ultrastructure
Normal Fiber

Figure 2.9 Distribution of the Principal Constituents within the Various Layers of Cell
Wall [16].

2.3.3 Moisture Absorption

‘Water in the wood cell is held on and between the microfibrils at hydrogen bonding
sites. As water is absorbed/adsorbed into the cell walls, the latter expand, giving rise to a
gross change in the wood tissue as a whole. As this “bound” water is removed from the
walls (by drying), the cell walls and wood tissue shrink.

If there is just enough water to completely saturate the cell wall substance and no
liquid water is present in the cell lumens, the wood is said to be at its “fiber saturation
point.” Here the water is essentially that confined or “bound” to the wall substance and

any microvoids therein. Wood exhibits its maximum llen volume at fiber

point; any gain in moisture content above fiber saturation point induces no further changes
in wood dimensions. The fiber saturation point is usually in the range of 25-30% on an
oven dry basis, which is about 20-23% on a wet basis [16].
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When there is sufficient wood water to cause an accumulation of liquid in the cell
lumens, there is said to be “free water” (or “capillary held water”) in addition to the bound
water. Since this type of water is held in the wood’s void system, gain or loss of free water
causes no wood swelling or shrinkage, respectively.

Wood at any moisture content will eventually achieve an equilibrium moisture con-
tent if exposed to an environment containing water vapor, and the equilibrium moisture
content will always be less than fiber saturation point. The equilibrium moisture content
attained will vary with relative humidity of the environment, temperature and drying his-
tory of the wood. The equilibrium moisture content of wood achieved either by gaining
moisture or by losing moisture is called “sorption hysteresis.” Changes in wood dimen-
sions (shrinkage and swelling) result from the change in the content of bound water, as far
as the wood moisture is below fiber saturation point [16].

2.3.4 Temperature Effects

The temperature effects on wood can be partly described by the interaction of tem-
perature with wood with moisture. Generally speaking, wood strength is reduced by
increasing temperature at a given level of wood moisture below the fiber saturation point.
Higher moisture contents at a given temperature usually lead to reduced strength of wood.
However, the interaction between temperature, time and pH of the system will also influ-
ence the overall effects of strength on wood strength.

Thermal degradation (pyrolysis) of wood substances is affected by chemical break-
down of the various constituents of solid wood. The degree to which thermal degradation
affects wood and the rate at which it occurs depend mainly on the temperature at which the
reaction takes place, the amount of air present, and the time the reactions proceed [15].
The most obvious result of the thermal degradation of wood is weight loss. As Figure 2.10
shows the weight loss of wood and its major components is relatively minor at tempera-
tures below 300 deg. C (572 deg. F). Hemicellulose, as represented by xylan, is the least
stable wood component, whereas cellulose is practically unaffected at 300 deg. C (572
deg. F). Lignin decomposes gradually at temperatures approaching and above 300 deg. C
(572 deg. F).
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Figure 2.10 Weight Loss of Wood and Wood Components as Functions of Temperature
[15].

2.3.5 Biological Deterioration

Wood may undergo biological deterioration under certain circumstances. This is
generally caused by fungi, which are micro organisms deriving their nourishment from the
degradation of an organic substrate. Where this substrate is wood, the material degraded
can, depending on the type of fungus, be the cell wall substance. In addition to food
source, fungi also require a relatively moderate temperature to be active (about 5 - 38 deg.
G, 40 - 100 deg. F,). They also need oxygen and an adequate source of water. Some fungi
preferentially attack hardwoods or softwoods, and some are more active in summer, or in

any warm and moist climate [14].
2.3.6 Resistance to Alkali Attack

Table 2.3 presents the chemical composition, morphology and mechanical proper-
ties of sisal as well as some other fibers [14]. Approximately 65% of the sisal fiber consists
of cellulose, 12% of hemicellulose, 1% of pectin and lignin about 10%.
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Table 2.3 Composition, Morphology and Mechanical Properties of Some Natural Fibers

[14]
Sisal Coir Flax Jute
— — |

S =
Cellulose (%) 65.8 46 64 64
Hemicellulose (%) 12.0 17
Lignin (%) 9.9 48 2 20
Pectin (%) 0.8 3
Fat and Wax (%) 0.3 2.4 0.3
Morphology
Length (m) 10-1,3 | 0.05-0.35 0.5 1.8-3.0
Length of Fiber Cell (mm) 13-5.0 0.5 25-30 2.5
Breadth of Fiber (mm) 02-03 | 0.05-03 0.1
Breadth of Fiber Cell (um) 20-30 5-8 15-18 23
Mechanical Properties
Tensile Strength (N/mm?) 568 200 1000 350
Youngs Modulus (KN/mm?) 26.5 0.89 100 31.6
Elongation at Break (%) 3 29 1.8-22 1.7
Density (kg/m’) 1450 1440 1540 1500

Lignin is composed of large three-dimensional molecules. It consists of aromatic
substances and is easily broken down in an alkaline environment, where its color turns
yellow and brown when oxidized.

The decomposition of cellulose in alkaline environments takes place in accordance
with two different mechanisms [14]. One is the pealing off mechanism, which occurs at
the end of the molecular chain. The end group which is reductive reacts with OH" and
forms Isosaccharin acid (CH,OH) which is unhooked from the molecular chain, and end
groups are liberated. The other form of cellulose decomposition consists of alkaline
hydrolyses. This causes the molecular chain to divide and the degree of polymerization to
decrease. Since division of the molecular chain entails the exposure of new reductive end
groups, the pealing off mechanism can be started. The decomposition of hemicellulose in
an alkaline environment follows the same pattern.

Alkali attack on natural fibers, which are groupings of wood fibers bonded together,
at the middle lamella, generally takes place through the breakdown of the middle lamella.
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The primary cause of the change in the characteristics of sisal fibers in concrete (an alka-
line environment) is the chemical decomposition of the lignin and hemicellulose in the
middle lamella [14]. The alkaline pore water in concrete dissolves the lignin and hemicel-
lulose, and thus breaks the links between the individual fibers (Figure 2.11). The long sisal
fiber loses its reinforcing capacity in concrete since it breaks down into numerous small

units.

Figure 2.11 Schematic Sketch of the Decomposition of Sisal Fibers in Concrete [14].

The sisal fibers conditioned in solution with a pH value in excess of 12 have been
observed to turn yellow, which indicates a reaction between the buffer solutions OH" ions
and the lignin in the sisal fibers [14]. Fibers stored in water also were discolored red and
black with time, indicating that bacteria break down the components in sisal fiber when
stored in neutral solution. Thus pH alone does not determine whether sisal fibers decom-
pose or not.

The decomposition of fibers takes place more rapidly at high temperatures. Sisal
fibers conditioned in concrete pore water (pH=13.7) at a temperature of 70 deg. C for 7
days retained only about 30% (tested dry) of their original dry strength. Wet fibers could
easily be pulled apart by means of finger force. Gram (1983) [14] has also observed that
fibers conditioned in solutions with Calcium ions are decomposed more than fibers condi-
tioned in solutions of Sodium and Potassium ions with higher pH values. Sisal fibers are
decomposed biologically and suffer a decrease in tensile strength if they are stored for a
long period in water. In this case they are discolored red or black. No such red or black
discoloring of sisal fibers could be noted in concrete specimens reinforced with sisal fibers
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that were conditioned outdoors or indoors in various laboratory environments.

In the evaluation of durability test data for fibers stored in solutions, it should be
noted that the complicated alkaline environment to which the fiber is exposed to in the
cement matrix, alternating between moistening and drying out, the supply of oxygen, the
temperature variations and the change in load on the fibers due to moisture and tempera-
ture movements in the composite cannot be simulated reasonably with simply storing the
fibers in a solution. It is thus important to rely more on the durability test data generated

for the fiber reinforced composites.

2.3.7 Mechanical Behavior

The stress-strain properties of a single wood fiber play an important role in deciding
the properties of composites [22]. Figure 2.12 (a) shows a fiber before and after straining;
the fiber appears to have twisted under strain, even though its ends have remained firmly
glued to their non-rotational supports. A similar but more striking example is shown in the
scanning electron micrograph of a strained fiber (Figure 2.12 b). The development of this
twisted appearance has been observed many times under microscope, and it can be
explained in terms of the structure of wood fibers and the theory of buckling of orthotropic
shells. Wood fibers are hollow tubes composed of layers of cellulosic protofibers, embed-
ded in a matrix of hemicellulose and lignin. Most of the cell wall material is contained in
the S, layer, the protofibers of which trace a steep spiral around the fiber. The wood fiber
can thus be considered as spirally wound fiber reinforced composite tubes. Detailed stud-
ies of the properties of such tubes and their stability under axial tensile strain have shown
that, because of the induced shear stresses, buckling can occur.

It has been shown both experimentally and theoretically that the mode of buckling is
as illustrated in Figure 2.12 c. The similarity of this form to the one observed in single
wood fiber is apparent.
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(a) Spruce Wood Fibers, Pulped by the Kraft Process, Before and After Straining

(b) Scanning Electron Micrograph of Twists in Strained Fiber
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(c) Buckling of a Spirally Wound Tube under Axial Tensile Strain.

Figure 2.12 Buckling of Wood Fibers Under Direct Tension [22].
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Test results indicate that the shape of the stress-strain curve tends to be influenced
by the onset of buckling [22]. Fibers that exhibited no observable buckling had substan-
tially linear stress-strain relationships, but fibers that buckled gave sigmoidal curves of the
form shown in Figure 2.13. The first appearance of buckled shape coincided with the yield
point of the stress-strain curve. Buckling theory predicts that the critical buckling stress is
a function of the principle elastic constants and the fiber wall thickness. Preliminary data
indicate that the critical stress can be predicted in this way and thus it seems that a quanti-
tative application of buckling theory will give a more descriptional stress strain curve.
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Figure 2.13 Stress-Strain Curves of Spruce Wood Fibers (1. for a fiber that does not
buckle; 2. for a fiber that buckles at the point indicated) [22].

The implications of the finding shown in Figure 2.13 are technologically important.
The stress-strain curve of fibers that are prevented from buckling are quite different from
those of free fibers. Thus, the data obtained from isolated fibers may not be directly
applied to the behavior in tightly bonded structures such as wood fiber reinforced cement.

According to Coutts et al. (1984) [20], a wood fiber has about the same strength in
wet and dry conditions, but its stiffness is about 10 times greater when dried. The users of
wood fibers should be aware of the relatively wide spectrum of values for any given prop-
erty, both within a given class of fiber and between different classes. Fibers can be derived
from leaf, stem, or wood, and their age of growth affects the values of fiber diameter and



31

length. Wood fibers are hollow, and the central lumen vary in size at various stages of
growth and also may be collapsed to some degree; thus altering the cross sectional area of
the fiber within a given fiber type.

Pedersen (1980) [23] suggests that wood fibers, in spite of having many desirable
characteristics, are all not positive in all respects. The main problem is their affinity to
moisture, and changing properties from dry to wet; while they are rather stiff and hard
they also do get softer with time.

2.4 WOOD FIBER PRETREATMENT

In order to improve the performance of wood fibers in cement composites a number
of mechanical and chemical pretreatment techniques have been tried with different
degrees of success. Mechanical pretreatment is generally in the form of beating the fibers
to expose the microfibrils to improve the bonding of fresh and hardened cement paste to
the fibers [13, 24, 25, 26]. The chemical pretreatment may involve coating of the fiber
with a coupling agent to improve the bonding of wood fibers to the cement matrix, or it
may be to protect the fibers against alkaline environment of cement and moisture. These

approaches to the pretreatment of wood fibers are discussed below.

2.4.1 Beating of Wood Fibers

A typical beating process involves soaking of the dry wood fiber lap in water for a
few hours. This is followed by beating process in the laboratory using a valley beater or
disc refiner, or in plant using a PFI mill to disintegrate and beat the wood fibers [13, 24].
The operation conditions decide the degree of beating achieved following the process.
Typical micrographs of unbeaten wood fibers (obtained in light operation conditions of
valley beater) and beaten fibers are shown in Figure 2.14 (a) and (b) [25]. The process of
beating wood fibers has three main effects.

1. The fibers shorten (often at nodes which are the points of weakness).
2.External fibrillation occurs causing partial or sometimes total removal of the pri-
mary wall.
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3. Internal fibrillation occurs causing the fiber to become more conformable.
Beating of fibers help imp: the hanical bonding of beaten fibers to hardened

cementitious surface.

(a) Unbeaten Fiber (b) Beaten Fiber

Figure 2.14 Typical Scanning Electron Micrographs Showing Fibrillation of Wood Fibers
[25]).

2.4.2 Surface Treatment by Coupling Agents

Bonding between the rei ing fibers and the matrix has an important effect on the
performance of a composite material. If the surface is to play its dual role of transmitting
the stress between the two faces and increasing the fracture energy of the composite by
deflecting the cracks and delocalizing stress at the crack tip, then control of interfacial
bond strength is of great importance [27].

Coutts et al. (1979) [27] have studied modification of fiber surface using coupling
agents in order to make the chemically inpatible fiber-cement component of the composite
system produce an interfacial bond stable with time. The optimization of stress transfer
across the interface involves more than improving the adhesion. The fracture energy of the
material is often decreased by improving the adhesion such that, an increase in strength
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and modulus of a composite would be accompanied by decreasing its toughness. Even
though maximum strength requires strong adhesion and maximum toughness requires
weak adhesion. Composites prepared with suitable components can combine strength and
toughness to a considerable degree.

The interfacial bond strength in wood fiber reinforced cement composites depends
on the fiber surface treatment. Lignified wood fiber contains at its surface covalent
hydroxyl (OH") groups. The purely organic surface is unlikely to be compatible with the
inorganic polymers present in the cement matrix (silicates, aluminates and to a lesser
extent ferrites of calcium). For this reason a coupling agent which promotes adhesion
between the fiber surface and the matrix is desirable. The coupling agent would act as a
link between fiber and matrix by the formation of a chain of covalent chemical bonds. This
necessitates the coupling agent possessing chemical functionality which can accommodate
a chemical reaction with both fiber and the matrix. Likewise, if the theory is applicable
only a small amount of the coupling agent should be required. A possible coupling mech-
anism is shown in Figure 2.15.

Figure 2.15 Possible Coupling Mechanism [27].

Coutts et al. (1979) [27] have examined a range of inorganic titanium derivatives
containing functional groups theoretically capable of reacting chemically with both wood
fiber and matrix and so providing a bridge of primary chemical bonds at the interface. The
effect these compounds have had on the wood fiber reinforced cement is reported by
Coutts et al. (1979) [27] along with the results from a range of commercially available
coupling agents.
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The coupling agents used include a range of alkoxides of titanium (RSC1-RSC4)
which contained at least two alkoxide groups, enabling reaction with the organic hydroxyl
groups on the fiber to take place. Several commercial titanate coupling agents (GTDOPP-
138S, TTS, TTMDTP-55 and TTOPP-38S) were also used. The most extensive range of
coupling agents used in the composite materials are silanes and three such coupling agents
have also been included in the study along with two bis (cyclopetadiexyl) metal dihalides.
The silanes (Z-1225, Z-6031 and Z-6040) are commercially available, and so are
CP,TiCl; and CP,VCl,. The test results showed varied degrees of success depending on
the type of coupling agent used.

2.4.3 Protective Coating of Wood Fibers

An important factor causing the decomposition of wood fibers in concrete is the
chemical attack by alkaline pore water in concrete. One way of avoiding or delaying this
decomposition could be to impregnate the fibers with agents which react with certain fiber
components and build up components which are difficult to dissolve in an alkaline envi-
ronment. The impregnation variables are the impregnation agent, duration, temperature
and sequence (when multiple agents are used). The agents can be divided into two catego-
ries. One group of agents were expected to contribute to blocking any possible reaction
between the fibers and the surrounding components. The other group of agents were
expected to have a water repellant effect. Gram (1983) [14] reports impregnation agents
applied to natural fibers (sisal and coir) with a relatively small degree of success. The
impregnation agents used were

1. Blocking agents: Photochemical, Barium Nitrate, Sodium Chloride, etc.
2. Water Repellant Agents: Polyvinyl Dichloride, Chromium Sterate, Steric Acid, etc.
3. Combination of Blocking and Water Repellant Agents

Impregnation agents showed relatively small improvements in strength and tough-

ness.



CHAPTER 3

WOOD FIBER-CEMENT MIX PROPORTIONING AND
MANUFACTURE

This section describes the constituents of wood fiber-cement composites, and pre-
sents the mix proportions generally used with different manufacturing techniques. An

overview of these manufacturing techniques are also presented.

3.1 MIX CONSTITUENTS

The basic constituents of wood fiber-cement composites are wood fiber and cemen-
titious binder (cement, sometimes combined with pozzolanic materials). Fine aggregates
(e.g. ground silica) are also generally be used in wood fiber-cement composites [3]. Water
is obviously another constituent of the wood fiber-cement mixture. The types and propor-
tions of mix constituents would depend on the fiber type and volume content, and also the
manufacturing process (slurry-dewatering, molding, etc.) and the method of curing (in air,
autoclave, etc.). In the slurry-dewatering method of production a flocculating agent is gen-
erally added to the mix as a processing aid. It is important to optimize the mix constituents
and their proportions, as well as the types and variables of the manufacturing and curing
techniques in order to produce composites with desirable durability, strength and tough-

ness characteristics.
3.2 MIX PROPORTIONING AND MANUFACTURING TECHNIQUES

There are two dominant manufacturing processes for wood fiber reinforced cement
composites: molding and slurry-dewatering [3]. The molding procedure is performed sim-

ilar to the construction of conventional mortar, and it basically involves the mixing of the
constituents and molding them while compaction is achieved through external vibration.

35
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In slurry-dewatering approach, on the other hand, first a slurry of high water content with
other mix constituents is produced, and then the extra water is removed and compaction is
achieved through vacuuming and pressuring of the slurry. Slurry-dewatering is the domi-
nant method for commercial production of thin-sheet fibrous cement products reinforced
with wood fibers.

The exact proportions of wood fiber reinforced cement composites depend on a
number of factors, including the adoption of either the molding or slurry-dewatering tech-
nique for the manufacture of composite material. A discussion on the manufacturing pro-
cedures and the wood fiber cement mix proportions associated with them are given below.

3.2.1 Molded Wood Fiber-Cement Composites

This method of wood fiber cement construction is similar to conventional concrete
manufacture, involving basically the mixing of mix constituents and compacting inside
molds through vibration. The water content should be kept low in order to ensure desirable
hardened material properties. There are limits on the volume fraction of fibers that can be
dispersed inside cementitious mixtures when the molding procedure is used for manufac-
turing. Care should be taken in selecting the mix constituents and proportions for achiev-
ing desirable levels of fiber dispersability and fresh mix workability with reasonable
hardened material properties. Molded wood fiber cements may be cured in air or moist
conditions at ambient temperatures, or they may also be autoclaved.

Coutts et al. (1983) [18] and Campbell et al. (1980) [28] have reported on the manu-
facture of molded wood fiber-cement using high temperature thermomechanical pulp. The
matrix was simply a cement paste with a water-cement ratio of 0.40, and fibers were added
to this matrix at a weight fraction of 1.7% (cement : water : fiber by weight ratio of
40:16:1), which is equivalent to a volume fraction of about 3.3%. Coutts et al. (1983) [18]
and Campbell et al. (1980) [28] have reported on the manufacture of molded wood fiber-
cement composites with up to 8% weight fraction of wood fibers. Kraft and ground wood
pulps also can be used in the production of molded wood fiber-cement composites, with
the condition that these pulps should be soaked in water and then dispersed in a high-
speed mixer before being added to the cement paste. The wood fiber-cement mixture is
usually mixed in a heavy duty paddle mixer for about 5 minutes, and is then placed in steel
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molds and hand trowelled to a flat surface.

All the molded specimens were cured in Coutts et al. (1983) [18] and Campbell et
al. (1980) [28] for 24 hours under polyethylene sheets, and were then removed from the
molds, dampened with water and wrapped in polyethylene for 6 days. The samples were
then unwrapped and air cured. Molded composites are generally used for research pur-
poses.

An important consideration in the manufacture of molded wood fiber cement com-
posites is related to preventing the balling of fibers during mixing in order to achieve a
uniform dispersion of fibers. This was the main reason why kraft fibers had to be slushed
in water before mixing with cement (and still showed some clumping tendencies, espe-
cially in cement pastes with lower water-cement ratios). The lignin-coated Asplund fibers
were more dispersible and could be added directly to the mix; although they also showed
some clumping tendencies at higher fiber concentrations. In general, for each fiber type
and matrix mix composition, there is a limit on fiber concentration that can be conve-
niently incorporated into the mixture without major fiber clumping.

Coutts et al. (1979) [27] has reported on the use of wood fibers treated with coupling
agents in the manufacture of wood fiber cement composites by the molding method. The
pretreatment basically involved the immersion of fibers in solutions of coupling agents in
methanol or ethanol and then drying the fibers before they were added to the mix. In some
cases the treatments were performed using aqueous solutions of the coupling agent, which
were used either to precoat the fibers (and then added to the mix together with fibers) or
were added directly to the mix. Another approach to the improvement of the overall prop-
erties of wood fiber reinforced cement composites, especially bond strength, fracture
toughness, impermeability and workability, is through addition of organic polymers to the
mixtures.

3.2.2 Slurry-Dewatered Wood Fiber Reinforced Cement Composites

In the slurry-dewatering technique the wood fiber-cement product is formed from a
dilute slurry (about 20% solids of fiber-cement or fiber-mortar) [1, 2]. The excess water is
removed from the slurry through the application of suction and pressure. The slurry-dewa-
tered wood fiber-cement composites are generally cured using high-pressure steam (auto-
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clave). Curing may also be achieved in air or moist environments. The slurry-dewatering
technique is the one adopted for the commercial manufacture of thin-sheet wood fiber
cement products. The specific procedure for commercial use is referred to as the Hatschek
manufacturing process.

The slurry-dewatering technique has also been used to manufacture asbestos cement
and polymer thin-sheet and pipe products. An alternative manufacturing method, spray-
suction, has found popularity in the production of glass fiber reinforced cement compos-
ites. In the spray suction technique a cement slurry with a water-cement ratio of about 0.6
is sprayed together with fibers on to a mold with a permeable base. The slurry and the
fibers are actually sprayed from two nozzles, and the mixing takes place at the mold. The
water is removed following spraying by suction, with the final water-cement ratio reach-
ing 0.25 to 0.30.

A critical factor in successful application of the slurry-dewatering technique is the
ability of fibers to retain cement particles during the application of a relatively small suc-
tion force. Asbestos fibers are ideal for retaining cement particles. Softwood kraft wood
fibers also work rather satisfactorily to prevent removal of cement particles during suction.
Coutts et al. (1983) [3] reports that untreated softwood Asplund fibers cannot retain suffi-
cient cement for the manufacture of wood fiber-cement sheets. Defibrillation through beat-
ing, or possibly some chemical treatments, can be used to improve the ability of fibers to
retain cement particles during suction.

Addition of a small dosage of flocculent (e.g. 1% diluted anionic polyacrylamide) to
the mixture considerably reduce the amount of cement fines passing through the screens
during dewatering. Flocculating agent helps to achieve agglomeration of cement solids in
the slurry.

Two categories of slurry-dewatering technique have been used in conjunction with
wood fiber-cement composite materials: continuous (Modified) Hatschek process for com-
mercial manufacture, and batch-type (reduced scale) simulation of the Hatschek process
for use in laboratory. These two techniques are described below.

3.2.2.1 Continuous (Modified) Hatschek Process for Commercial Manufacture of
Wood Fiber-Cement Products
Coutts (1988) [1], Coutts (1983) [2] and Pedersen (1980) [23] have reported com-
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mercial manufacture of thin-sheet wood fiber cement products using a slightly modified
version of the Hatschek process developed originally for the manufacture of asbestos
cement products.

The slurry used in the Hatschek process has a solid content of only 10-20%. A sche-
matic illustration of the Hatschek process is shown in Figure 3.1. This dilute slurry of
fibers, cement and silica is fed into a tank containing a number of screen cylinders, which
pick up a veneer of the formulation and build up a ply of the product on a felt band or
screen; the ply passes over a vacuum box where the water content is reduced. The ply is
subsequently laminated on an accumulator roll or calendar until the desired thickness is
reached and at this point a cutting wire cuts the sheet, which is then usually conveyed to an

autoclave to be cured under high-pressure steam.

Figure 3.1 The Hatschek Process for the Manufacture of Fiber-Cement Sheets [2].

An important role of wood fibers during the Hatschek manufacturing process is to
prevent cement particles from being removed during the filtering of the slurry through a
wire mesh. For this purpose, a “pick up effect” (adhesion) between cement particles and
fibers is essential. In case the fiber cannot prevent cement particles from being removed
under the vacuum action, the sheet will develop a deficiency of binder and the final prod-
uct will have a tendency to absorb an excess amount of moisture (as a result of the ten-
dency in exposed unprotected wood fibers to absorb moisture). The tendency towards
leaving the slurry und& vacuum also exists in the case of sand particles.
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Some wood fibers are not particularly effective in preventing cement and sand parti-
cles from being evacuated during dewatering by suction [1, 2]. The open nature of the
wood fiber webs may permit a rapid drainage and loss of matrix particles, resulting in poor
product strength. The reduction in drainage rate of the slurry would be effective in mini-
mizing the loss of solids. This could be achieved by using less water in the slurry or
through fibrillating the fibers. The first option was ruled out in CSIRO (1981) [4] and
Coutts (1983) [2] because it could not be adopted in the Hatschek method. Fibrillation of
wood fibers, however, enabled them to form a web capable of retaining the particulate
matrix containing flocculating agent, whilst still maintaining a sufficient drainage rate.

The fibrillation of wood fibers in large scale for use with Hatschek machine can be
achieved through processing fibers through a mill refiner.

3.2.2.2 Laboratory Scale Slurry-Dewatering Method for the Manufacture of
Wood Fiber-Cement Products

Coutts (1987) [13], Coutts et al. (1982) [25], Coutts (1987) [29] and Coutts (1987)
[30] have reported investigations involving small scale simulations of the Hatschek pro-
cess to suit laboratory facilities. The laboratory scale slurry-dewatering methods generally
consist of the following steps: (1) a weighed dry lap of wood fiber is soaked in water for a
minium period of 4 hours; (2) a British Standard disintegrator is used at 3000 counter rev-
olutions to defibrillate wood fibers; (3) the wood fibers are refined in a valley beater with a
bed-load of 2.5 kg (5.5 1b) at a fiber concentration of about 15.7 gm/ liter (0.009 1b/gallon)
of water. The refinement could also be achieved through the use of a laboratory size disc
refiner. Refined wood fibers with Canadian Standard Freeness ranging from 100-550 have
been used in the laboratory manufacture of wood fiber-cement composites. The fibers pre-
pared as mentioned above are then mixed in a slurry of approximately 20% solids, with
the slurry typically having equal proportions of cement and finely ground silica; fiber mass
fractions with respect to dry weight of constituents typically range from 2 to 14%. Coutts
(1986) [19] suggests that relatively high-consistency slurries (about 50% solids) are
needed in case of high-temperature thermomechanical wood fibers in order to eliminate
settling of the matrix and fibers during sample preparation. These fibers have been drained
of excess water after being disintegrated to a moisture content greater than 75%, and their

high-consistency slurry has been mixed in a heavy duty paddle mixer.
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A relatively small dosage of 1% diluted flocculent (anionic polyacrylamide) has
been added to each composite mix. Flocculating agent helps to achieve agglomeration of
cement solids in the slurry, and reduces the amount of cement solids that would be lost
through the filtering screens during vacuum-dewatering [8, 31].

The mixture, after stirring for 5 minutes, is poured in an evacuable casting box 125 x
125 mm (5 x 5 in) and distributed over the screen. The vacuum pump is then switched on
and water drawn off until the sheet appears dry on the surface. It is then flattened carefully
with a tamper. A vacuum of 60 kPag (8.7 psig) has been applied for 2 minutes. The sheet
is then removed on the filter screen. The sheet together with the screen are stored between
two steel plates and the procedure is repeated until a stack of 6 sheets are prepared. The
stack of 6 sheets is then pressed for 5 minutes at a pressure of 3.2 MPa (461 psi). Initially
the load is applied slowly to prevent damage to the sheets. The preparation is completed
within 1 hour of starting the mix. After the completion of pressing the screen is carefully
removed from the sheets which were stacked flat in a plastic bag for 24 hours. The sheets
are then taken from the bag, and the curing is completed in an autoclave for 8 hours at a
steam pressure of 0.86 MPa (124 psi). Wood fiber-cement composites can also be air
cured, in which case the sheets after pressing are stacked flat in a sealed plastic bag for 5
days and then placed in the laboratory (50 + 5% relative humidity and 22 + 2 deg. C, 72 +
3 deg. F) until testing age of 28 days.



CHAPTER 4

MECHANICAL AND PHYSICAL PROPERTIES OF
WOOD FIBER REINFORCED CEMENT COMPOSITES

4.1 INTRODUCTION

Wood fibers are effective in increasing the fracture energy of cementitious matrices,
and thus enhancing the tensile strength, flexural strength and toughness, and the impact
resistance of the material [2, 3, 28]. These improvements are mainly achieved through the
stopping and deflection of cracks by fibers and through the pullout action of fibers at
cracks which dissipates frictional energy. Figure 4.1 (a) shows the debonding, pullout and
fracturing of fibers bridging the cracks in cement composites. The fracture of fibers takes
place when excessive bonding exists between fibers and matrix. Insufficient bonding, on
the other hand, could reduce the energy absorbed through fiber debonding and pullout.
Typical improvements in the flexural strength and ductility of cementitious matrices
resulting from wood fiber reinforcement are shown in Figure 4.1 (b). These <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>