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DEAR READERS

In the fast changing scenario of the construction
industry which requires a need to link the production of
building materials to sustainable environmentally oriented
development, the building matenals industry in most
developing countries is under pressure and unable to cope
with the new demands from different sub-sectors of
construction activitics. This has led to a growing concern
for developing and promoting alternative building materials
based on renewable local raw material resources for
housing and building construction.

One strong option is to promote the development
and utilization of composite materials based on local
resources, such as wastes from forestry, agriculture,
horticulture or agro-based industries, natural fibres, plant
materials, other biomass resources like thatches, grasses,
reeds and other local resources from industrial wastes,
which at present are not used properly.  This type of
industrial composite can provide very suitable alternatives,
particularly in the face of universal concem for ecological
degradation caused by continuing dependence on extracted
minerals which are non-renewable in perceptible time
frames.

At the same time, research and development
undertaken on various scientific and engineering aspects of
composites and their basic components during the past 2 to
3 decades have not only shown, but also reasonably
demonstrated that many of these wastes and local resource-
based materials can substitute traditional materials like
cement, steel or wood. Some of such types of materials are
even used in aircraft building industries.

Taking this into account, UNIDO and the
International Centre for Science & Technology (ICS), have
developed an international programme on the development,
manufacturing and application of composite materials based
on local resources and waste minimization, the
implementation of which started in 1996. This publication
will provide you will more detailed information on what is
now happening in this area. We also hope that it will
increase your interest in this particular type of new
materials, as well as your willingness to participate in the
UNIDO programme. Feel free to contact us for further
information. Feedback on the "yellow pages” would be very
welcome as well.

Vladimir Kojarnovitch
Technical Editor
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A. SPECIAL ARTICLE

COMPOSITE MATERIALS USING LOCAL RESOURCES

T N. Gupta
Executive Director, Building Materials and Technology Promotion Council
and Adviser (Housing Technology)
Ministry of Urban Affairs & Employment
New Delhi, India

Abstract

This paper aims at presenting consolidated information
on the research, development and application of composite
materialsfor low-income group mass-housing in developing
countries.

Composites based on high-cost and high-energy-
consuming fibres such as glass fibre, Kevlar, carbon, boron
etc., are not within the reach of people in developing
countries and, therefore, those types of composites are not
included in this paper. There are, however, two broad
categories of composites which have the potential for very
wide applications in buildings. These are: (1) natural fibre-
polymer/cement composites—based mainly on locally
available fibres (sisal, jute, mesta, cotton, coir, flax, kenaf
etc.) and a polymer (polyester, epoxy, urea formaldehyde
etc.) or cement as matrix. (Wood fibres have not been
covered in this paper.) (2) Particulate/aggregate
composites—based mainly on the utilization of inorganic
wastes and by-products (fly ash, slag, mine tailings, lime
sludges, by-product gypsum, red mud etc.) and a hydraulic
binder (cement or lime pozzolana). The two categories of
composites have been covered under sections A and B
respectively.

This paper gives details of resources and composites,
their physical and mechanical properties, pilot plant data
and their potential for commercialization. Annex I gives
some examples of several products which are being
commercially produced in India.

The problems of technological developments and
constraints in popularizing the use of composites in housing
which must be carefully addressed by planners and builders
have also been highlighted. A coordinated approach,
including pilot-plant studies, strengthening the database on
natural fibres, efforts for design, development and
performance studies on building components, may form the
scope of a UNIDO Shelter Programme. The emphasis in
the programme could be on enterprise development and
upgrading the existing know-how in the area of composites
for buildings.

1. Introduction

Developing countries face multiple problems of low
economic growth, absence of basic minimum services to a
rapidly growing population, chronic unemployment and
growing environmental degradation in rural and urban
settlements. In attempting to solve the above problems most
Governments and non-governmental organizations (NGOs)
have found that the building materials and construction
industry could play a very important role, particularly
through self-help and reliance on local resources.

In spite of some well-meaning attempts during the last
three decades, the people in developing countries still
remain far from achieving even the modest targets of
housing and infrastructural services. Yet there is almost a

unanimity that the development of the building industry is

the biggest force in pushing forward overall economic

development through job creation on a large scale. In fact,
considering the above background, the United Nations

General Assembly adopted resolution 42/191 on the

“Global Strategy for Shelter to the Year 2000”, with the

objective of providing shelter for all by the end of this

century. It is UNIDO’s aim to contribute and organize all
possible technological and financial assistance to help to
achieve the above objective.

Most developing countries have attempted to augment
their requirements of cement, steel, brick and timber
through imports, or through imported technologies in their
production units. This approach has often failed to achieve
the desired objectives and has not helped to achieve the
goal of self-sufficiency. Many developing countries do not
possess fossil fuels. This restricts the growth of building
materials industries of the preferred types on the lines of
those of the developed countries. Many projects of building
materials industries in the developing world, based on
imported technologies, closed down with colossal financial
losses as they proved to be highly energy-intensive. In
addition, imported technologies were not always found to
be compatible with the state of development in most of
these countries.

It has been fully recognized that developing countries
must adopt building materials based on local mineral
resources and industrial as well as agricultural wastes,
residues and by-products. There has to be a consensus in
developing indigenous technologies for building materials
which could provide self-reliance and sustained housing
growth. HABITAT-II (a follow-up of HABITAT-I, 1976),
which concluded recently at Istanbul (Turkey), also
addressed the issue and recommended that, in realizing the
goal of adequate shelter for all, the utilization of local
materials could make a crucial contribution. The promotion
of the construction and building materials sector is an
integral part of the global strategy for self-reliant and self-
sustained development.

A major complementary role played by UNIDO in the
field of building materials and construction is through the
Shelter Programme, as part of their Chemical Industries
Development. This Programme has three broad-based
objectives:

+  To transferknow-how to developing countries in order
to enhance their capacities to exercise the most
appropriate choice of technology and maximize
operational efficiency;

* To improve product quality and enhance product
diversification; and

+  To promote the safe use of technology and products,
including mitigation of subsector-specific adverse
environmental effects and the recycling of the wastes
of the industries covered by the programme.

EMERGING TECHNOLOGY SERIES 3



New and Advanced Materials 1996/3

With a view to meeting the above objectives, there are
four levels of capacity-building with regard to:
(1)  Policy and strategy;
(ii)  Institutions;
(iii)  Enterprises; and
(iv)  Technology transfer and adoption, preferably
among the developing countries themselves.
Thus the identification of suitable local building
materials and technologies, their meaningful descriptionand
documentation have become the first priority. This paper
makes an attempt in this direction with particular emphasis
on the scope of utilization of all major local technologies,
with particular reference to what is called “composite
building materials based on local resources”.

2. Local building materials and composite building
materials

It is widely recognized that mud, stone and timber are
some of the main local materials used for shelter since time
immemorial. However, mud mixed with chopped straw to
shape mud blocks; stone crushed into suitable sizes and
mixed with cements as cast concrete blocks or slabs; and
timber fragmented and reconstituted/laminated using a
polymer resin into sheets and boards are the traditional
materials technologies which can be called composite
building materials.

There have been many noteworthy advancements in
composite materials. Composites today are the final cate-
gory of structural engineering materials which find varied
applications in electronics, structural elements, high-speed
tools, spacecraft, advanced ceramics etc., in which there is
always a matrix such as cement, polymer, clay and certain
reinforcing materials such as steel, polymer fibres, ceramic
fibres and vegetable fibres. Thus, composites are combina-
tions of two or more components. The key philosophy in
defining composite materials is that they provide the “best
of both worlds™; that is, they incorporate the best property
of each component. A classic example of composite
materials is FGRP (Fibre-Glass Reinforced Plastics), in
which the strength of small diameter glass fibres 1is
combined with the ductility of the polymeric matrix, to
provide a product superior to either component alone.

3. Composite materials for mass housing
Even excluding the scope of such composites in which

glass fibre, carbon fibre, Kevlar, polyamide etc., are used

for highly sophisticated applications, there is a variety of
composite materials which have great potential in housing
for the masses. These composites include materials such as
stabilized soil blocks, concrete blocks and asphalt roofing
sheets. They could be broadly divided into two categories:

+  Fibre-reinforced composites: mostly natural fibre
(such as jute, coir, sisal, etc.), or steel fibre-reinforced
products;

+ Inorganic particulate composites: these include the
utilization of mostly non-metallic minerals and their
beneficiation or upgrading, which rejects tailings and
by-products.

For the purposes of this paper, yet another category of
composites exists, covering metals, alloys, industrial and
structural ceramics and glass-ceramics, which are energy-
and capital-intensive materials and usually not within the
scope of usage in house construction for the poor, have not
been discussed.

4. The UNIDO workshop on industrial composites—
design and applications (30 October-

5 November 1994, Trieste, Italy)

In the above-mentioned workshop, 16 papers were
presented by eminent scientists and engineers. The themes
included reviews of the scientific and technological
progress made in the area of composites and future
approaches.

The basic aspects of characterization of the fibres and
binders, design developments, engineering properties,
production technologies and application potentials were
covered in various presentations made at the workshop.

From the detailed discussions held in the workshop, a
consensus emerged that (a) natural fibre-reinforced com-
posites materials have vast future potential as all develop-
ing countries have large renewable sources of such fibres;
and (b) particulate (inorganic) composites are more
universally applicable as mineral wastes and by-products
are available in large quantities in almost all developing
countries.

It is widely recognized that the development and
application of particulate composite materials have reached
a stage where mutual cooperation in technology transfer,
upgrading and enterprises within developing countries
themselves are achievable. On the other hand, natural fibre-
reinforced composites, although explored extensively, still
require meaningful schemes for strengthening and
improving existing capabilities of the product development,
upscaling model project reports through a network of
cooperation among carefully selected research and
development (R&D) institutions and NGOs.

Section A. Natural fibre composites

In the last 20 years there has been tremendous interest
in the use of natural fibres for the manufacture of cement
or polymer-bonded composites. There are examples of
two well-established products: Tufnol 6F/45 (an epoxy-
cotton composite made in the United Kingdom) and Trespa
(a phenolic/wood fibre composite made in the Netherlands).
Yet the somewhat poor strength properties of these two
materials suggest that there is a need for further product
optimization. At the same time, many claims have been
made that on a weight-for-weight basis, the performance of
the best plant fibre-reinforced composites is comparable
with that of conventional glass-epoxy compositions.

Thermosetting polymer matrix and plant fibre
composites find applications as electrical insulators (Tufnol
Ltd.), semi-structural applications (Hoechst Holland) and
wear parts (Tenmat Ltd.). In India, a certain jute-phenolic
system has been used since 1994. With thermoplastic
polymer matrix, sheet moulding component materials such
as wood stock and Lignotoc (BASF AG) have recently
been introduced as a sisal-reinforced composite. Mitsubishi
in Japan have also introduced a polypropylene composite
with 50 per cent reclaimed newspaper fibre. With
substantial cuts in the expenditure in defence and aerospace
programmes, some multinational companies are reorienting
this product range from high-cost and high-performance
composites towards more environmentally friendly and
lower-cost plant fibre-reinforced composites.

With the above background it is interesting to
look into the endeavours made recently, and
future prospects for the production and uses of
natural fibre-reinforced composites for use in housing
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solutions for the millions of poor people in the developing
world.

A.1 Availability of natural fibres

Tables 1 and 2 show the natural fibres available in
each country, and the annual production of natural fibres in
the world, of which the major contributions are from the
developing countries. In fact, many fibre samples from
developing countries in Asia and Africa have been
extensively studied. The following list shows some
important fibres which were found to possess great promise
in the manufacture of composites of low weight and high
strength and their countries of origin.

Plant fibres vary widely in their chemical composition,
structure and dimensions, as they originate from different
parts of the plant. These variations are shown in tables 3
and 5. However, table 4 gives some comparative data on
the specific strength properties of the plant fibres vis-a-vis
those of glass, Kevlar and carbon fibres. In fact, many
fibres are well known to the consumers of textiles, matting,
ropes etc.; some of them are considered useful on the
basis of their cellulose content. There is considerable
interest in oil palm fruit fibres in Malaysia and elephant
grassin some African countries and India. It is reported
that there may be about 1,000 types to choose from,
excluding wood and bamboo.

Tables 5 and 6 show important properties of
dimension, density and mechanical strength which enables
a direct comparison of the intrinsic values of plant-fibres
and those of man-made fibres (glass, steel, boron, silicon
carbide etc.)

Fibre density and dimensions are of specific interest to
the manufacturers of composites. In terms of aspect ratio,
most individual fibres have values in the range of 100-200.
In summary, the advantages of plant fibres as reinforce-
ments in polymer or cement-bonded composites are their
acceptable specific strength, low cost, low density, high
toughness, good thermal properties, reduced dermal and
respiratory irritation (as compared to glass fibres) and their
biodegradability. Moreover, plant fibres require very small
energy inputs for processing. These advantages merit full
attention in exploiting plant fibres for making composites.
They actually meet the basic criteria of being locally
available, of renewable production and having a proximity
to nature.

Table 1. Fibres and country of origin

Abaca: Bolivia, Malaysia, Philippines, Uganda

Coir: India, Malayisa, Philippines, Sri Lanka

Flax: Borneo

Hemp: China, Yugoslavia

Jute: Egypt, Ghana, Guyana, India, Jamaica, Malawi, Sudan, Tanzania
Kenaf: Cuba, Iraq, Jamaica, South Africa, Tanzania, Togo

Ramie: Honduras, Mauritius

Roselle: Borneo, Guyana, Indonesia, Malaysia, Sri Lanka, Tanzania, Togo
Sisal: Antigua, Bahamas, East Africa, India, Kenya, Tanzania

Sunn hemp: Guyana, India, Nigeria, Sierra Leone
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Table 2. Annual production of natural fibres and sources

Fibre source World production (10’ tons) Origin
Abaca 70 Leaf
Bamboo 10 000 Stem
Banana 200 Stem
Broom Abundant Stem
Coir 100 Fruit
Cotton lint 18 500 Stem
Elephant grass Abundant Stemn
Flax 810 Stem
Hemp 215 Stem
Jute 2 500 Stem
Kenaf 770 Stem
Linseed Abundant Fruit
Nettles Abundant Stem
Oil palm fruit Abundant Fruit
Palmirah Abundant Stem
Ramie 100 Stem
Roselli 250 Stem
Rice husk Abundant Fruit/grain
Rice straw Abundant Stem
Sisal 380 Leaf
Sunn hemp 70 Stem
Wheat straw Abundant Stem
Wood 1 750 000 Stem

Table 3. Chemical compeosition and moisture absorption of some natural fibres

Transverse
Cellulose Hemicellulose Lignin Moisture regain  swelling in water
Fibre (%) (%) (%) at 65% R.H. (%)
Banana 60-65 6-8 5-10 10-15 16-20
Coir 43 <l 45 10-12 5-15
Cotton lint 90 6 - 7 20-22
Flax 70-72 14 4-5 7 20-25
Jute 61-63 13 5-13 12.5 20-22
Mesta 60 5 10 13 20-22
Palmirah 40-50 15 42-45 10-12 -
Pineapple leaf 80 - 12 10-13 18-20
Ramie 80-85 34 0.5 5-6 12-15
Sisal 60-67 10-15 8-12 10-12 18-20
Straw 40 28 18 - -
Sunn hemp 70-78 18-19 4-5 10-11 18-20
Wood 45-50 23 27 - -
Table 4. Specific strength, cost and energy contents of synthetic and natural fibres
Specific tensile Specific tensile Energy
strength modulus Cost content
Fibre Sp. gr. (GPa) (GPa) (USS$/ton) (GJ/ton)
Plant fibre 0.6-1.2 1.60-2.95 10-130 200-1 000 4
Glass 2.6 1.35 30 1 200-1 800 30
Kevlar 1.4 271 90 7 500 25
Carbon 1.8 1.71 130 12 500 130
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Table 5. Mechanical properties of some natural fibres

Young’s Tensile Elongation at
Length Diameter Density modulus strength break
Fibre (mm) (mm) (kg/m%) (GPa) (MPa) (%)
Bagasse NA 0.2-0.4 1 250 17 290 NA
Bamboo NA 0.1-0.4 1 500 27 575 3
Banana NA 0.8-2.5 1 350 1.4 95 5.9
Coir 50-350 0.1-04 1 440 0.9 200 29
Elephant grass NA 0.4 NA 5 178 5.6
Flax 500 NA 1 540 100 1 000 2.0
Jute 1 800-3 000 0.1-0.2 1 500 32 350 1.7
Kenaf 30-750 0.04-0.09 NA 22 295 NA
Mesta NA 0.2 1 470 13 180-570 NA
Pineapple NA 0.2-8.8 NA 14.5 413-1 627 NA
Sisal - 0.5-2.0 1 450 100 1100 -
Table 6. Mechanical properties of some fibres other than natural fibres
Young’s Elongation
Length Diameter Density modulus Tensile strength at break
Fibre (mm) (mm) (kg/m” (GPa) (MPa) (%)
Glass “C” NA NA 2 700 70 3 100 45
Glass “E” NA NA 2 900 72.5 3 400 4.8
Steel 5-200 0.1-0.4 7 860 207 700-2 100 35
Boron NA NA - 410 3 800 ‘ 2.8
SiC NA NA - 430 240-2 400 -
Asbestos <I5 <0.2 2 550 159 210-2 000 7-18
Polymer NA NA 900 6.8 590 210
(polypropylene)

A.2 Main problems in the design, development and
application of plant fibre-reinforced composites

The design of a composite material based mainly on
natural fibres depends upon reliable information on their
technical properties. But the data available show wide
variations even from one location to another in the same
country. Therefore, there could not be one design based on
the same fibre for a product which could be applicable for
all countries producing that fibre. Thus, it is important to
take care of this variability factor.

Natural fibres, in general, possess an elasticity
modulus (Ef) lower than the elasticity modulus of the
matrix (Em). Hence, the reinforcing effect is often not
good and can only be increased as the Ef/Em increases.
Such a difficulty can be overcome by the constant
monitoring of the characterizationdata of all suitable plant
fibres.

It is well understood that although the Young’s
modulus and tensile strength of a number of natural fibres
are comparable to those of asbestos fibre (see tables S
and 6), there is a poor interaction between natural fibres
and cement matrix, unlike that of asbestos. Hence the cost-
factor is not always attractive when a compatible polymer
matrix is used, as it is costly and has to be imported in
many developing countries.

Technological improvements suggest that natural fibre
and cement composites, made with proper mixing, high
pressure in mat-forming and other good quality control

measures, make them fire-resistant, but those using polymer
matrix do not fulfil this requirement, particularly for
housing applications.

Almost all natural fibres show poor alkali resistance,
resulting in unsatisfactory performance in cement matrix.
Therefore, further R&D is in progress to improve the
alkali-resistance of natural fibres by certain pre-treatments
and the application of coatings on fibres. On the other
hand, bond strength, which is just physical between
polymer matrix and natural fibre, still cannot match that
of asbestos fibre in cement, a bond which is physico-
chemical.

Natural fibres show poor wetting in a cement matrix
(e.g. glass fibre, Kevlar and carbon fibres) or even in a
high-profile polymer resin like epoxy matrix. Also, many
natural fibres, because of high water absorption, change
their shape in a cement matrix and hence create difficulties
in design developments for various building components.
Therefore, there must be a constant vigil in ensuring long-
range satisfactory bonding, resistance to deformation and
delamination, resistance to attack by pests and termites and
overall durability.

For making further progress in promoting natural fibre
cement/polymer matrix composites as acceptable building
materials, two major follow-up programmes need to be
formulated carefully: (a) a coordinated database on the
technical properties of natural fibres of different sources,
and (b) backup of pilot plant studies in selected countries.

EMERGING TECHNOLOGY SERIES 7
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A.3 Development of plant-fibre composites for housing

Jute-epoxy, jute-polyester, jute-phenolic composites

Table 7 shows the comparative bonding properties of
natural fibres and glass fibre composites in polymer
matrixes. Jute fibre-epoxy composite shows bond strength
nearest to that of glass fibre epoxy composite. In an earlier
work, sisal-epoxy composite was found to possess nearly
half the tensile strength to that of glass-fibre-epoxy
composite, when both fibres were used in the same
percentage per weight ratios. However, because of the low
density of jute and sisal fibres their specific strength is
comparable to that of glass fibre-epoxy composite.

In fact, jute fibre has adequate strength and is most
compatible with a polymer matrix. These composites, in the
form of panels, sheets, tiles, etc., are now the most
recommended products for low-cost housing and also for
grainstorage bins. Although jute-fibre-polyestercomposites
are now a commercial success, certain problems still need
to be overcome. The difficulties of absorption and
desorption by the composites, and a decrease in tensile
strength up to 25 per cent, indicate their susceptibility to
temperature and water-resistance and shear failure.
The data on weathering properties after seven years’
exposure, given in table 13, confirm the above
observations. It is also recommended that a jute fibre and
glass fibre “hybrid” composite may be used for better
performance.

Coir-polyester composites

Many attempts have been made to make laminates and
other products from coir fibre and unsaturated polyester.
The results of one such experimental value, for using
9% per wt. of coir in polyester, are shown in table 8.
Although several properties are satisfactory, the pull-out
stress of the fibre from the sample was found to be very
low, suggesting a poor bonding between the coir fibre and
the matrix. Fibres with a higher lignin content may behave
better.

Banana-cotton-polyester composites

The results of the various physical and mechanical
properties of banana-cotton-polyester composites are given
in table 9. It can be seen that satisfactory tensile and
flexural strength and modulus of elasticity could be
achieved if the fibre content was at least 14% per wt.
However, in this composite the bond strength between the
fibre and the matrix was poor.

Sisal-epoxy and sisal-polyester composites

Sisal is yet another natural fibre being extensively
investigated; this low-cost fibre needs little effort in
processing. Some of the properties of this fibre are given
in table S; the strength data of a sisal fibre-polyester resin
composite, with or without a red mud (an aluminium
industry waste) additive, are given in table 12.

It is observed that the best results
if the composite is made as a “hybrid” type
using sisal fibre (about 35 per cent) and glass
fibre (about 8 per cent) and red mud (about 20 per
cent).

Sisal fibre-epoxy
advocated for application in
panel products. The mechanical
epoxy matrix composite were found to be better
than those of a polyester matrix composite.
However, even only on a cost consideration,
polyester matrix is considered preferable to epoxy
matrix.

Many more natural fibres other than jute,
sisal and coir have been evaluated, as shown in tables 2
and 3. The chief among them are mesta, bagasse, kenaf,
sunn hemp and flax, in different matrixes—polymeric,
bitumen cement and gypsum plaster. Wheat straw and
rice husk have also been investigated.

are obtained

also been
roofing units and
properties of this

composites have

A.4 Natural fibre-cement matrix composites

Polymers are definitely very costly as compared to
Portland cement and gypsum plaster for use as a matrix in
the development of natural-fibre-reinforced composites and
for use as panelling, roofing and ceiling components in low
cost housing. Even when both the matrixes are compared,
on the basis of imported costs, it would be preferable to
use cement in spite of some serious limitations in its
combinations with plant fibres.

Many efforts have, however, been made in the
development of roofing sheets and tiles using
various natural fibres and cement. Technologies, plant
and machinery designs of different types were developed.
Components like large sheets and tiles were manufactured
and used, and performance studies were carried out and
data carefully compiled.

The results of all these attempts of cement-
bonded natural fibre composites are given in table 11.

There have been preferences for making sheets—
plain and corrugated—of a geometry similar to that of
asbestos-cement roofing sheets. There has also been
some recent preference for making tiles instead of sheets
with certain advantages in overall costs and performance of
the roofing structure. The net results are not encouraging
and there may be endless academic discussions on
cement versus polymers, sheets versus tiles, pressing
versus vibration and lamination techniques, use of
fibre surface-modifying chemicals and about a general
agreement on the durability in terms of loading and
exposure parameters. Several standard specifications
have been brought out. Coir fibre and rice husk were found
to be two compatible fibres/particles to suit cement matrix
or vice-versa. There are some success stories, one among
them is a rice-husk-cement composite. Some other
composites commercially marketed and used are shown in
table 14.
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Table 7. Comparative bending strength properties of natural fibre and glass fibre-reinforced composites

Fibre
Bending Bending volume
strength modulus fraction
Fibre/matrix Sp. gr. (GPa) (GPa) (%)
Random wood/phenolic 1.2 0.110 8.0 65
Woven jute/polyester 1.2 0.090 8.0 50
Filtered jute/polyester 1.2 0.100 10.0 60
Parallel jute/epoxy 1.2 0.450 435 70
Cotton/epoxy 1.5 0.170 8.0 55
Parallel kanef/epoxy 1.2 0.450 58.5 70
Pulruded glass/epoxy 1.7 0.690 43.0 70
Random glass/epoxy 1.9 0.172 10.5 70
Note: The above data refer to commercial products (sheets) produced in developed countries.
Table 8. Properties of coir-polyester composites with 9% per wt. coir
Density (kg/m*) 1 160
Strength tensile (MN/m? flexural) 18.61
Strength flexural (MN/m? flexural) 38.51
Modulus of elasticity (GN/m?) 4.045
Impact resistance (kg/m?) 391.0
Water absorption (24 h) (%) 1.36
Dielectric strength (2.5 mm thick) 10 KV/min
Table 9. Properties of various fibre-polyester resin composites
Type of fibre used in composite
Cotton Banana
Glass fabric fabric Coir Banana cotton
Polyester % per wt. Polyester % per wt.
Property not known 8 14 18
Density (kg/m’®) 1 500-1 900 1 400 121§ 1 160 - - -
Strength
Tensile 241-689 34.5-689 35.92 18.61 25.86 30.96 29.50
Flexural 344-662 62.1-124 50.60 38.15 52.38 61.24 60.40
Modulus of elasticity (GN/m?) 6.9-41.4 2.76-4.2 333 4.05 1.36 2.03 1.80
Impact resistance (kg/m?) 3 116-8 475 257.3-428 748.5 391 - - -
Water absorption (%) 0.2-1.0 0.8 1.93 1.36 - - -
Source: International Encyclopedia of Composites, volume 4, Editor Stuart M. Lee, VCH, New York.
Table 10. Mechanical properties of jute-fibre-reinforced composites
Ultimate tensile Young’s Ultimate flexural Fracture
Resin used as Jute E-glass strength modulus strength strain
matrix (% per wt.) (% per wt.) (MN/m?*) (GN/m?) (MN/m?) (%)
Epoxy 329 - 104 15.04 150 0.69
Epoxy 18 40 157 25.41 445 0.62
Epoxy - 68 429 4430 938 1.04
Polyester 21.8 - 84 12.12 125 1.69
Polyester 10.1 38.5 200 18.15 229 1.10
Polyester - 69.14 391 38.77 816 1.01

Note: Strength of basic materials when tested individually shows quite low values.

EMERGING TECHNOLOGY SERIES




01

SINYIS ADOTONHIIL ONIDHIWH

Table 11. Basic data on fibre (natural) reinforced cement roofing sheets and tiles

Type of fibre and Fibre Type of compaction
Type of Dimensions Cement:sand length Produced volume in manual/mechanical
Country element (mm) ratio (mm) since (%) production
Africa
Mozambique Tile 240 x 500 x 7 1:2 Sisal 12 1985 1.7 Vibration
Zambia Sheet 670 x 1 000 x 6 1:1 Sisal 10-20 1984 1.1 Tamping
Tanzania Sheet 750 x 750 x 7.5 1:1 Sisal 20-50 1978 3.0 Vibration
Kenya (1) Tile Parry ITW tile 1:3 Sisal 12 1983 1.5 Vibration
Kenya (2) Tile " " 1:3 Sisal 12 1985 1.1 Vibration
Zimbabwe Sheet NA 1:1 Sisal 15-20 1979 0.9 Tamping
Ghana Tile 760 x 1 000 x 10-15 1:1 Elephant 20-50 1985 NA Vibration
Malawi Sheet Sisal 20-30 1980 NA Tamping
Asia
Bangladesh (1) Sheet 790 x 1 000 x 6.5 1:08 Jute 18-25 1983 1.1 Tamping
Bangladesh (2) Tile Parry ITW tile - Jute 10-20 1983 1.9 Tamping
India (1) Sheet 650 x 1 000 x 10 1:1 Coir 12 1982 1.9 Vibration + Pressure
India (2) Sheet 1 000 x 2000 x 7 1:0 Coir 100-200 1980 16 Tamping
Indonesia Sheet 920x 1 150x 7 1:067 Iuk 30 1983 34 Tamping
Sri Lanka Sheet 390 x 1 000 x 10-15 NA Coir 20-30 1984 NA Vibration
South America
Dominican Sheet 750 x 1 350 x 6.9 1:1 Sisal 25 1984 1.2 Tamping
Republic (1)
Dominican Sheet 1 000 x 1 450 x 10-15 1:1 Sisal 50-75 1982 1.27 Tamping
Republic (2)
Nicaragua Sheet 840 x 1 000 x 6.9 1:1 Sisal 25 1984 3.5 Tamping
Soloman Islands Tile Parry ITW tile 1:3 Coir 20 1984 1.1 Vibration
Haiti Tile Parry ITW tile 2:5 Sisal 20 1984 NA Vibration
Guatemala Sheet 770 x 990 x 6.9 NA Sisal 20-30 1981 NA Vibration
Colombia Sheet 610x 1140 x 10 1:2 Sisal 20-30 1982 0.6 Vibration

Source: SKAT, Switzerland publications.

Note:  The data of Table 11 are based on questionnaires and some personal contacts. This information needs updating.
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Manual mixing of raw
materials for production
of clay-fly ash bricks

Manual casting of fly
ash-lime-gypsum bricks
at a small-scale unit

Sand lime fly ash bricks
under autoclaving

House constructed with
sand lime fly ash bricks
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Table 12. Physio-mechanical properties of polyester-red mud-sisal fibre composites
Red Sisal Water Tensile Flexural
mud fibre Density absorption strength Elongation E strength

Material (%) (%) (kg/m?) (%) (MPa) (%) (GPa) (MPa)
Unsaturated polyester - 1118 0.13 26.40 2.38 1.11 61.26
(USP)
Red mud-USP 20 - 1130 0.23 17.30 1.49 0.97

58.79
Sisal polyester (SP) - 50 1110 8.03 45.10 233 311 85.03
Sisal polyester (USP) 20 38 1 086 4.71 23.50 7.69 0.64 40.02
Sisal fibre-polyester
(SP) (glass content 8%) 20 34 1240 3.65 45.20 8.10 5.95 98.10
Source. B. Singh, Personal Communication.
Table 13. Physical properties of jute fibre and glass fibre-reinforced polyester
composites before and after weathering for seven years
Unweathered jute Weathered jute Unweathered jute Weathered jute
fibre-reinforced fibre-reinforced fibre-reinforced fibre-reinforced

Property sheet sheet sheet sheet
Bulk density (kg/m’) 1160 1 025 1 300 1250
Fibre content (%) 12-15 - 28-32 30-35
Water absorption
(%) (24 h) 2.35 323 1.03 1.28
Flexural strength
(MN/m?)

Dry 23 11.60 107 103
7 days soaking 34 19.10 74.10

Tensile strength
(MN/m?) 24.20 9-20.6 76.00 63.00

Table 14. General properties of some commercial roofing sheets made from fibre-reinforced composites, in India

Using waste paper Pine shingle waste Red mud waste Cut steel wire

Property board and asphalt pulp and asphalt and PVC and ccement
Density (kg/m*) 700-1 100 900-1 100 200-400
Dimensions (mm) 1 200 x 750 x4 400 x 150 x 10 2000x 1000x3 1 500-1 800
Flexural strength (MPa) 80-85 15-20 50-60 1 200 x 750 x 10
Permeability of water Nil Nil Nil Trace
Water absorption (%) 8-10 8-10 0.2-025 5-10

12
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Rice husk-polymer/cement composites

As already stated, particle boards manufactured from
wood fibres are relatively costly, and much beyond the
reach of poor people. Also, wood particle boards show
poor performance when exposed to the atmosphere in
tropical climates. Asia and Africa produce about
100 million tons of rice husk per year. Rice husk as it
comes from the mill has a bulk density of about 120 kg/m’.
A whole range of rice husk boards with a density of
300 kg/m’ to 1,300 kg/m’ is now manufactured
commercially. The bonding resin is phenolformaldehyde or
a blend of phenolformaldehyde and cashew nut shell liquid
resin. Portland cement is also a compatible matrix material
for rice husk.

Rice husk contains about 18 per cent silica, which
makes the boards totally resistant to termites, wood-boring
insects and rodents. The boards can be used for wall
panelling, ceilings, partitioning etc. Rice husk boards can
be used in damp and humid locations such as bathrooms,
without a fear of crumbling by decay. Rice husk board
does not show flaming combustion but only smolders
slowly when ignited. It resists flame propagation and also
flame penetration. The board has very good water
resistance.

Rice husk-polymer composites (boards) are at present
manufactured with a density 500 kg/m’ to 900 kg/m’. They
show water absorption 3.5 to 10 per cent and swelling in
thickness 3 to 10 per cent. Lower-density rice husk boards
are easy to nail and screw; they have a better nail-holding
property and also show better thermal and acoustic
properties than wood particle boards.

Rice husk, although an agricultural product, is
available throughout the year. The cost of rice husk is
not expected to increase beyond the cost of fibre wood,
and this factor favours it for a variety of usesas wall

panels, door shutters, ceiling tiles and furniture. The
technology of the production of rice husk-polymer/cement
bonded boards, on a small or large scale, has been
developed at the Indian Plywood Industry Research and
Training Institute (IPIRTI), and is available through
the National Research Development Corporation of India,
20-22 Jamroodpur, Kailash Colony Extension, New Delhi-
110 049, India.

Rubber wood composites

Wood substitutes have a national priority in resource
mobilization in housing, as many Governments have totally
banned the use of traditional timber in housing and other
uses.

Rubber wood is the only sustainable supply of
plantation wood world-wide, and particularly in the tropical
zone countries of Asia, Africa and South America.
Seasoning and preservative treatment make rubber wood
free from some of its inherent defects. Further engineering
technologies in lamination of splint lumber, with a polymer
(PF type) make it an ideal substitute for wood lumber.
Some of the comparative properties are shown in tables 15
and 16.

The Building Materials and Technology Promotion
Council (BMTPC) of India has recently promoted this
innovative technology. The rubber wood laminated splint
lumber could be an excellent material for doors and
windows. The product has good market potential and can
be sold at a very attractive price.

The BMTPC has also promoted technological
processes for the utilization of yet another plantation timber
called “Poplar”. The technology includes densification,
fabrication and application as wood substitutes in buildings.
The properties of “Poplar” veneer lumber as compared to
those of teak wood are shown in table 17.

Table 15. Comparative engineering properties of rubber wood and teak

Source of rubber wood
India Malaysia Sri Lanka Comparative teak (India)
Moisture content (%) 12.0 17.20 12.0 12.0
B.D. (kg/m’) 624 690 582 696
Maximum crushing strength (kg/cm’
parallel to grain) 374 329 396 532
Screw withdrawal power (kg) 296 - - 399

Source: BMTPC, New Delhi, India, Internal Report, 1995.

Table 16. Mechanical and physical properties of laminated rubber splint lumber

Value for solid rubber
Property Average value for LSL wood
Sp. gr. 0.56 0.5 t0 0.66
Volumetric shrinkage (%) 5.21 N.A.
Modulus in rupture (kg/cm®) 720 570
Modulus of elasticity (kg/cm’) 70 800 72 000
Compressive strength parallel to glue line (kg/em®) 326 320
Compressive strength perpendicular to grain (kg/em?)
(parallel to glue line) 80 N.A.
Shear strength parallel to glue line (kg/cm®) 19 N.A.
Screw holding strength (kg)
(parallel to glue line) 165 176
Nail holding strength (kg)
(parallel to glue line) 98 93

Source: BMTPC, New Delhi, India, Internal Report, 1995.

EMERGING TECHNOLOGY SERIES
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Table 17. Mechanical properties of “poplar” wood veneer lumber and teak

Poplar wood Teak
Moisture content (%) 8.2 12
Sp. gr. 0.704 0.551
Compressive strength perpendicular to grain
(kg/em?) 183 83
Maximum shear strength (kg/cm?®) 176 92
Modulus of elasticity (kg/cm?) 870 665
Screw holding power (kg) 260 N.A.
Nail holding power (kg) 200 N.A.

Source: BMTPC, New Delhi, India, Internal Report, 1995.

Section B. Particulate composites (inorganic types)

Particulate composites are essentially the materials
which are formed by the aggregation of the particulates or
particles of two or more components. Concrete is an
excellent example of a particulate composite. Since
agglomeration or aggregation of the particles is the basic
feature, the resultant products are also called “aggregate”
composites.

The matrix in almost all inorganic particulate
composites is cement or lime-pozzolana. However, there
could not be a very rigid demarcation as even the cement
matrix-properties are modified, for better results, by the
incorporation of small inorganic as well as organic
admixtures. Surface modifier, setting time regulators,
workability aids, plasticiser and superplasticiser or
early/ultimate strength developing additives are often
organic materials. Nevertheless the bulk in the inorganic
particulate composites is the inorganic materials (see
table 18).

Stabilized-soil block 1s another classic example
of particulate composite in which soil and cement or
lime are the two major components. A small quantity
(1-2 per cent) of chopped fibres is also added which
contributes to the adhesive strength and durability of the
blocks.

Today, inexhaustible information is available on the
utilization of a variety of industrial wastes and by-products
for the manufacture of walling, partitioning, roofing and
flooring materials. Pulverized fuel ash (fly ash), blast
furnace slags, stone processing waste, laterites, ore
beneficiation tailings, gypsum by-products, lime sludges
have been considered as excellent alternative aggregate
materials which, combined with cement or lime-pozzolana
or another alternative matrix material, produce many new
aggregate composites.

Extensive data on the various physical, chemical,
mineralogical and mechanical properties of industrial
wastes and by-products have been compiled. These data
provide a high degree of confidence in designing tailor-
made composite materials suitable for highly cost-effective
construction technologies. Utilization of waste materials
effect savings in naturally occurring rocks and minerals, a
reduction in the use of cement, and pollution abatement
through profitable and safe disposal of the wastes.

B.1 Resources of waste materials for use in particulate
composites

Fly ash (pulverized fuel ash)

Fly ash is the residue from thermal power stations
using pulverized coal in the boilers. Fly ash is evaluated for
its chemical composition which is almost in the same range
as of calcined clay-pozzolana. The specific surface of many
fly ashes is about 4,000 cm®/g (Blaine’s) and residual
carbon contentis 0.5 to 5% per wt. Dry fly ash as collected
from the chimneys of boilers is highly reactive with lime
to produce a hydraulic (cementitious) binder composite
material. Hence the reactivity of fly ash towards lime is
very important. Fly ashes contain about 60 per cent silica
(8i0,), most of which is reactive.

Today the annual world consumption of coal in
thermal power stations is about 2,500 million tons which
on burning generate about 250-300 million tons of fly ash
per year. There are, however, only a few developing
countries which have enough coal to burn and produce fly
ash. China and India are major fly ash producing
developing countries. It is, therefore, natural that these two
countries are the most advanced in finding a number of
uses for fly ash as construction materials. The major uses
found are fly ash-blended cements, called Portland-fly ash
pozzolana cement, in mass concrete in the construction of
dams, precast concrete products, light weight sintered
aggregate and fly ash-lime (sand-lime type) bricks and
blocks.

China and India have so far carried out outstanding
research and development in the utilization of fly ash. Yet,
unfortunately, because of many logistic and administrative
bottlenecks not even 10 per cent of the 80 and SO million
tons of fly ashes, produced yearly in China and India
respectively, are actually utilized. Among African
countries, South Africa is the foremost in presenting fly
ash-based technologies for various composite materials.
When the production of fly ash in some of the developing
countries is likely to touch still higher figures by the end
of the century, huge efforts are required to accelerate the
utilization of fly ash. Perhaps it would be useful to obtain
information from the UNIDO assisted project on fly ash
utilization carried out in the Shanghai Research Institute of
Building Sciences, CPR.
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Table 18. Industrial, mining and mineral waste having potential for utilization in the production of composites

Appropriate
Type of particulate technology
Sl composites in which available
No. Type of waste Source utilized (country)
1. Fly ash/pulverized fuel Thermal power stations using Portland-pozzolana cement
ash pulverized coal as fuel (using up to 20% of fly ash)
cement concrete, lime-fly ash India
mortar, plaster, cellular China
concrete, brick and tiles, fly UK
ash-sand-lime bricks, Russia
stabilized soil bricks (using
lime or cement and fly ash)
2. Blast furnace slag Steel plants
(a) Air cooled type o As dense aggregate replacing
natural stone aggregate in
concrete.
" " . . . India
(b) Foamed type As light weight aggregate in China
concrete and concrete na .
South Africa
products UK
(c) Granulated type v As part replacement in Russia
Portland cement for Portland-
blast furnace slag cement; in
super sulphated cement

3. By-products gypsum Ammonium phosphate fertiliser, As replacement of natural India
hydrofluoric acid and boric acid gypsum in making fibrous UK
industries gypsum plaster boards, Russia

blocks, composite mortar etc.

4. Mine tailings Beneficiation of the zinc, copper, As part replacement in India
iron, gold, feldspar, fluorspar, composite mortar, concretes, China
bauxite ores and minerals masonry cement, cellular

concrete, sand-lime bricks, as Germapy
i ’ Russia
replacement of sand.

5.  By-product lime sludges Sugar, paper, acetylene, tannery After calcination used in India
fertilizer industries compositemortars, plasterand Indonesia

lime-pozzolana composites. n

6. Laterite wastes Cutting and dressing of laterite For stabilized laterite

blocks bricks/blocks using cement or Ghana
lime as stabiliser and a fibre India
as reinforcement.

7.  Red mud Aluminium industry For blended cement, bricks/ India
tiles compositions and fibre- Russia
reinforced panel products.

8. Basic or acidic Metals and alloys industries Masonrycementcompositions India

metallurgical slags and in cement-concrete China
replacing natural aggregates, UK
cementitious binders etc.

9. Broken glass and Glass and ceramic industries Insulating bricks and tiles, China

ceramics flooring tiles, decorative India
panels Russia

10.  Inorganic ashes of plants Incineration (in boilers) of rice Replacement of natural or India
husk type materials clay pozzolana in lime- Sri Lanka

pozzolana composites, Malaysia
pozzolana cement, bricks etc. Yy

11.  Wastes from mica, slate, In the mining of the respective Utilization after calcination in India

vermiculete etc. mineral lime-pozzolana
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In India, the emphasis is on the development of technolo-
gies for the stabilization of fly ashes in their collection ponds and
then to develop selective forming and forests which could provide
much needed cellulosic materials for reconstituted wood products.
Another promising way could be to manufacture fly ash-lime
bricks, either steam-cured or using cement for adequate com-
pressive strength of the bricks. A third major application could be
in road construction. It is almost certain that in India not more
than 5 per cent of fly ash produced could be absorbed in cement
and concrete products.

Table 19 shows the range of chemical composition and
mineralogical constituents of Indian fly ashes. Table 20 shows
some important uses of fly ash in inorganic composite materials.

Table 19. Chemical analysis and mineralogical
constituents of Indian fly ashes

Constituent % by wt.
SiO, 37.15-66.75
ALO, 18.30-28.90
Fe,O, 3.2-21.90
TiO, -

CaO 1.3-10.80
MgO 0.8-5.25
SO, 0.94-2.91
Na,O + K,O 0.04-1.30
Loss on ignition 0.05-16.60

Mineral composition

Quartz, mullite, glassy phase, ferrous oxide (FeO),
magnetite (Fe,0,), haematite (Fe,O,)

The table 19 shows the wide variability of fly ash
composition which does not have any control as the quality
of coal varies and power production parameters also vary.
The mineralogicalmake-up also differs considerably. These
factors restrict the general application of fly ash as a
building material.

By-products of blast furnace slags

The developing countries which have large steel plants
also produce slags. Slags, if air-cooled are suitable as dense
aggregates for cement-concrete; foamed-type slag finds use
in lightweight concrete products and granulated-type slag
for Portland blast furnace slag cement. These materials are
based on well-established technologies. However, recent
research and development work has shown that slags, fly
ash and by-product chemical gypsum (from ammonium
phosphate and fluorine industries) could be blended and
interground to produce a hydraulic binder for making
concrete blocks, bricks and as mortar and plaster. Again,
most of the developing countries do not have steel plants
and therefore no slags; and even if they have iron ores
suitable for steel production they do not have the fuel
resources to meet the demand of large steel plants. Hence
fly ash and slags are important resources only for a few
developing countries.

Table 21 shows the chemical composition of blast
furnace slags. Table 22 describes the constituents, factors
and suitability of slags for building materials. Blast furnace
slag produced in any country has similar characteristicsand
uses.

Thus, suitability and processing of slags are important
factors. Most of the technical aspects have, however, been
resolved. Slags are also used for making ceramic com-

posites for wall cladding; one name given for it is “Slag
Cital”.

Coal washery rejects

Depending upon the coal deposits and their quality,
many high ash coals need washing, in large washeries, pro-
ducing huge quantities of rejects. Coal washery reject is
usually silicious-argillaceousin composition with about 15-
20 per cent coal particles. The Indian experience is to
utilize the washery rejects for blending with clays, mould-
ing into bricks and then burning in small or large kilns.

Mine tailings

Unlike the limited scopes of availability and utilization
of fly ash and slags in the majority of developing countries,
there are enormous quantities of mining operation rejects
available for profitable utilization. Upgrading and bene-
ficiation of ores of copper, zinc, tin, gold, silver, nickel
etc., produce tailings which are either silicious or
calcareous-dolomitic depending upon the composition of
the parent rocks containing the ores. These tailings have
found applicationin several aggregate composites—such as
fine filler in concrete, admixture in mortar and plaster, for
blending with Portland cement to produce masonry cements
and in the production of lime-stabilized bricks, sand-lime
type autoclaved bricks and cellular concrete units. These
composites have been fully evaluated for their performance
and service life.

Table 23 shows the physical, chemical and
mineralogical properties of 10 types of mineral tailings
including coal washery rejects. The main uses of these
tailings in the production of alternative/new building
materials are also indicated. Mine and mineral tailings can
feed the requirements of large or small-scale manufacture
of sand-lime type calcium silicate bricks and cellular
concrete and thus contribute to the saving of precious
primary minerals and also energy.

Table 24 presents data of pilot-plant production of
sand-lime-type calcium silicate bricks and table 25 for
cellular concrete.

Table 26 gives results of masonry cement
produced by using tailings and Portland cement, by
intergrinding.

All the above-mentioned materials (calcium-silicate
bricks, cellular concrete and masonry cement based on the
utilization of mine-mineral tailings) conform to
international standard specifications.

Red mud

Red mud is the name given to the waste material
thrown in the manufacture of alumina from bauxite. Com-
position of red mud depends upon the overall chemical
constituents in bauxites. Red mud is red coloured slime
with a high iron oxide (Fe,O,) and titanium dioxide (TiO,)
content and small quantities of aluminium oxide (Al,0,)
and silica (SiO,). Red mud has been used in several cement
plants as flux material, in making bricks and tiles of high
strength, and in composites with a polymeric matrix re-
inforced with natural or man-made fibres, into shapes of
boards, roofing sheets, tiles, cladding materials and door
and window shutters. However, difficulties in the collec-
tion, washing, processing, drying and grinding are some of
the constraints in major consumption of red mud as com-
posite materials for housing. Some red muds were also
suspected to be mildly radioactive but this has not been
corroborated after detailed testing.
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Table 20.

General uses of fly ash in inorganic composites

Material

Description

Aggregates

(for concrete and concrete products)

Cement

(as Portland-fly ash pozzolana cement for

concrete and also as raw mix)

Cellular concrete and other concrete

Bricks

(Calcium-silicate sand-lime type—steam
cured, and clay-fly ash burnt brick type)

Production of light weight aggregate of sp. gr. <1 is carried out by palletization and sintering at
1,050°-1,100° C. The residual carbon content of fly ash on buming provides energy for sintering and
thus the process needs very little energy.

Fly ash finds a substitute for clay or other argillaceous material in cement manufacture; particularly
where high MgO containing limestone is used. In ordinary Portland cement, the blending proportion
again depends on the fineness, carbon content (low percentage preferred) and lime-reactivity. These
properties also govern fly ash application in roads and stabilized blocks.

Fly ash is an excellent material as the substitute for ground sand in the manufacture of sand-
cement/lime based light weight cellular concrete for structural as well as filler and insulation grades.
Fly ash is also a replacement for sand in concrete.

Fly ash-sand-lime bricks are as good as other sand-lime bricks, in the former fly ash replaces sand
up to 70 per cent. Fly ash is also blended with plastic clays for burnt-clay bricks where it works as
opening materials reducing drying shrinkage cracks and providing saving in coal for firing.

Table 21. Chemical composition (percentage) of blast furnace slag

Source Ca0 Sio, Al O, MgO Feo MnO S
British 48 31 10 3 1.0 0.5 1.5
German 45 35 12 4 0.5 0.5 20
Indian 40 35 18 5-8 05 1.0 1.5
Table 22. Constituents, factor and suitability of slags
Constituents Factor Suitability for

High Si0, or high Al,O,
High CaO and low Al,O,
High MgO or high MnO

Cools to glassy granulated form easily
Makes suitable composition but tends to dust

Makes unsuitable composition

Slag wood composites
Portland blast furnace slag cements but not aggregates

Not so good for slag cement

Table 23. Ore beneficiation tailings and their uses

Chemical analysis
constituents (%)

Zinc tailings

Copper tailings Gold tailings Iron tailings

Loss on ignition 14.75 2.24 5.31 358
Si0, 60.63 59.42 61.63 58.53
AL,O, 0.54 12.06 11.63 9.21
Fe.O, 3.02 19.82 9.85 21.08
CaO 12.68 2.11 10.36 4.08
MgO 7.27 1.86 232 2.76
NA,0+K,O - - - -
Physical properties

Fineness modulus 0.342 0.637 0.103 0416
Sp. gr. 2.85 295 2.85 3.04
Bulk density (kg/1) 1.51 1.45 1.56 1.60
Specific surface (Blaine’s)

(cm/g) 3500 3 500 4 000 3 500

Mineralogical constituents

Quartz and dolomite

Quartz and biotite Quartz and calcite Quartz and haematite

Recommend utilization in
building materials

Cellular concrete
Calcium silicate bricks
Masonry cement

Mortar

Fine filler in concrete
Filler in bitumen

mastics

Cellular concrete Cellular concrete -

Calcium silicate bricks Calcium silicate bricks Calcium silicate bricks
Masonry cement
Mortar

Fine filler in concrete

Masonry cement
Mortar
Fine filler in concrete

Masonry cement
Mortar
Fine filler in concrete

Filler in bitumen Filler in bitumen mastics -

mastics
As opening material in -
brick making

Bumt clay bricks

Filler in acid resistant -
cement

Filler in acid resistant
cement
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Table 23 (cont’d)

Chemical analysis

China clay waste

Coal washery tailings

constituents (%) Feldspar tailings Fluorspar tailings tailings — Fyar—
Loss on ignition 1.30 0.85 11.20 01.8 16.90
Sio, 63.84 73.00 50.30 57.60 60.40
ALO, 18.32 5.70 3270 31.30 18.10
Fe,O, 1.42 7.00 237 386 7.03
Ca0 1.45 1.30 0.07 0.36 0.66
MgO 0.50 - 035 0.92 0.44
Na,0+K.0 12.13 - 0.59 273 2.35
Ca,F, - 12.80 - - -
Physical properties
Fineness modulus - 0.4-08 0.56 - -
Sp. gr 2.53 275 285 2.66 2.40
Bulk density (kg/l) 1.45 1.8 2.63 1.32 1.25
Sp. surface (Blaine's)
(em’/g) 2 550 2500 2 800 2200 1 900
Mineralogical Calcium fluoride
constituents Feldspar quartz quartz Quartz feldspar Quartz, albite, feldspar
Recommended Bumt-clay brick, Calcium silicate Cerarnics tiles, Burnt clay bricks, sintered light-weight
utilization in building calcium silicate bricks aerated bricks, calcium aggregate, concrete blocks
materials bricks, ceramics concrete, concrete silicate bricks

concrete blocks

blocks

Table 24. Properties of calcium silicate bricks made by using

tailings 70-90 per cent, sand 10-20 per cent and
lime 7-10 per cent

Forming pressure

Steam autoclaving

Duration of autoclaving

Compressure strength of bricks

Drying shrinkage of bricks

Thermal conductivity of 11.5 cm thick wall

Water absorption

160-240 kg/em®

6, 8, 11 and 14 kg/cm® pressure

3-6 hours

115-140 kg/cm” based on variations in forming pressure and steam-curing parameters

0.01 to 0.055% of length

9.3 to 9.7 gram-cal/cm™/h/* C/cm

15-20% by weight

Table 25. Results of cellular concrete produced on pilot-plant using tailings 50-80 per cent, cement/lime
30-50 per cent, gypsum 5-1 per cent, aluminium powder 0.05 per cent

Process parameters

Autoclaving at 10 kg/cm” steam pressure for 10 hr

Compressive strength of cellular concrete blocks 36-60 kg/em®

Drying shrinkage (%)
Thermal conductivity
Fire resistance

0.05 to 0.08

0.35 gram-cal/cm’/h/° C/cm

Good
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Table 26. Results of masonry cement composite using
tailings 60 per cent + Portland cement 40 per cent
(pilot-plant data)

Fineness (cm’/g) (Blaine’s) 5,600
Setting time (minutes) Initial 150
Final 480
Compressive strength of 1:6 7 days 28
masonry cement-sand mix, (kg/cm®) 28 days 52
Water retention (%) 72
Soundness La’chatelier expansion 1 mm

Table 27 gives the chemical composition and table 28
gives the physical and mineralogical constituents of red
mud from different countnies.

From the chemical composition it is seen that in some
red mud samples precious titanium dioxide is wasted. Some
samples are rich in an iron oxide or have a very high
alkalinity (Na,0). Red mud has to be processed to remove
alkalies so as to render it suitable for making bricks and
tiles in combination with fly ash and/or fibres. Red mud is
causing serious pollution problems because it is being
stocked and its toxic soluble constituents are flowing into
ground water, lakes and rivers.

Red mud presents difficulties in settling and its
colloidal suspended particulates continue to float for a long
time. The particle-composition related properties of red
mud are given in table 28. Table 29 presents data on red
mud fly ash bricks.

The mineralogicalcomposition shows the suitability of
red mud from Russia for use in cement—raw meal compo-
sition as its iron oxide content is quite low. Other red muds
are more suitable for ceramics.

By-product gypsum

Substantial quantities (about 2.5 million tons per year
in India) of by-product high grade gypsum (chemically
99 per cent CaSO, 2H,0) are produced from ammonium
phosphate fertilizer, fluorine/hydrofluoric acid and boric
acid production plants; and accordingly they are designated
as “‘phosphogypsum”, “fluorogypsum”, and “borogypsum”.
This gypsum, after washing to remove its acidic impurities,
is calcined to produce gypsum plaster which, as a matrix,
in turn, is reinforced with vegetable fibres or glass fibres
to produce composites such as boards, blocks, tiles, door
shutters, etc. Extensive R&D and industrial production
experience have been acquired in several Indian
institutions.

Gypsum plaster is soluble in water and therefore it is
not suitable for outdoor applications. By-product gypsum,
after necessary neutralization of acidity, purification and
upgrading, is classified to determine its suitability for
various uses. In several countries, including India, by-
product phosphogypsum, fluorogypsum, and borogypsum
have now found use in the preparation of a water resistant
binder using fly ash, granulated blast furnace slag and
small quantity of lime or cement. Table 30 gives the
physical properties and table 31 gives the chemical
properties of this binder.

The binder referred to in tables 30 and 31 can be used
for plastering and also for building blocks—solid and
hollow—for load bearing and non-load bearing
applications.

Glass fibre-reinforced gypsum binder (water-resistant)
has been prepared, using an E-type glass fibre. This glass
fibre has a diameter (of the fibre filament) of 8-10 um; the
number of filaments in a strand is about 200, tensile
strength of the fibre is 17,500 kg/cm’ and its
Young’'s modulus is 68,900-76,000 kg/cm®. Composites
using the binder in a 67 per cent consistency and in a
thickness of 5 mm are made, using chopped glass fibre,
about 4% per wt. The typical properties of glass fibre-
reinforced gypsum binder-composite are given in table 32.

Miscellaneous lime-sludge wastes

Waste lime-sludge in large quantities is obtained from
sugar, paper, tanning, fertilizer and acetylene gas industries
which consume high grade lime in their production
processes. Most of the waste lime-sludges are in the form
of calcium carbonate (CaCO,). On briquetting and
calcination the sludge produces lime (CaO) which mixed
with calcined clay, or fly ash, or natural pozzolana, makes
low-cost mortar/plaster materials. This lime could also be
used for producing stabilized—soil bricks and sand-lime
type bricks or in road construction.

Lime sludge from calcium carbide-acetylene plant is
obtained as calcium hydroxide [Ca(OH),], which, if kept
protected from atmospheric carbonation by storage under
water, can be an excellent material for direct blending with
a natural or artificial pozzolana or rice husk ash for making
lime-pozzolana composite mixtures.

The lime-pozzolana mixtures must be protected from
atmospheric carbonation during storage, by packing in
waterproof bags. A summary of the lime-pozzolana
mixtures, using calcined lime sludge and a pozzolana, for
28 days (wet curing) compressive strength of 1:3 mortar
(ILP:3 sand), is given in table 33. These alternative binders
are, although in use for many years, one of the best locally
available alternatives to cement-binder. They, however,
need further technological support in standardization as
well as fiscal incentives like those given for the use of fly
ash or red mud or any other waste.

In addition to the major groups of industrial wastes
mentioned above, many others find use in composite
building materials. The major advantages in the utilization
of the waste materials are well known and hence the
empbhasis should be on future planning on the following
lines:

(a) Planned construction project: Large
public sector construction projects should be undertaken
in which the use of industrial wastes has an integral
component.

(b) Removal of logistic difficulties: Wastes
continue to be accumulated, in spite of all available
knowledge about the benefits of their utilization, because
of a lack of proper infrastructural facilities and roads as
well as unplanned storage systems. These difficulties must
be removed to have proper access to solid waste
management.

(c) Identification of well proven technologies and
their dissemination: Correct sources of technologies must
be identified and mutual cooperation among developing
nations should be encouraged, instead of looking towards
only import from the developed world.

(d) Standards, validation and certification: For
these regulatory measures there is a need to constitute one
central agency in each country for processes based on waste
materials.
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Table 27.

Chemical composition of red mud

Red mud samples from aluminium plants of
India
Hungary and
Constituent % Hindalco Indalco Alcorpon Australia Yugoslavia Jamaica Suriname
Loss on ignition 9-10 10-12 10-13 13-15 10 13 13
Si02 6.8-7.7 6-8 6-8 14-18 60 - 12
AL O, 18-20 25-29 24-26 24-28 20 15 19
Fe,O, 33-35 24-27 22-25 18-22 48 52 25
TiO, 18-20 22-25 18-21 6-8 5 5 12
Ca0O 4-45 - - 7-10 3 5 3
Na,O 5-5.75 4-5 - 8-10 5 - 10
Cr,0, - - - 0.1-0.2 0.3 - -
V,0; 0.24-0.26 - - 0.07-0.1 0.2 - -
P,O; 0.26-0.28 - - 0.08-0.1 0-2 - -
Hindalco: Hindustan Aluminium Co., Renukoot, (UP) India
Indalco: Indian Aluminium Co., Alwaye, Kerala, India
Alcorpon: Aluminium Corporation, Asansol, West Bengal, India
Table 28. Physical and mineralogical properties of red mud
Sp. gr 2.6-3.1
pH 11.7-12.3
Bulk density (g/cm?) 1.1-1.3
Initial solids in mud slurry (%) 7.8-35.9
Settling rate (cm/kg) 0.014-0.015
Mineralogical constituents of red mud
Indian European Russian
Quartz Natrolite Alkali-alumino silicates
Gibbsite Boehmite Kaolinite
Goethite Goethite Halloysite
Rutile Haematite Feldspar
Unatase Unatase Limonite
Table 29. Properties of red mud-fly ash bricks
Compressive strength Water absorption
range (kg/cm?) (%)
Composition Temp. of firing
1 000° C 1050° C 1000 °C 1050 °C
Fly ash-red mud (50:50) 175-210 240-275 18.5-19 16.5-17
Fly ash-red mud-clay (50:30:20) 185-225 380-425 17.5-18 16.0-17
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Table 30. Physical properties of water-resistant gypsum binder

Fineness (cm?/g) 3 200
Setting time (minutes) Initial 75
Final 155
Bulk density (kg/m’) 1200
Compressive strength (28 days) (kg/cm?) 350
Soundness (La’chatelier) (mm) 1.6
Water absorption (%) 6
pH 11.5

Table 31. Chemical properties of water resistant gypsum binder

Constituent % per wt.
Loss on ignition 4.11
S10, + insoluble in HCL 8.5
AlLO, 9.00
CaOo 37.30
MgO 1.80
SO, 39.65
P,O; 0.15

F 0.09

Table 32. Properties of glass fibre-reinforced gypsum
binder compeosite

Gypsum-binder Gypsum plaster
composite composite

Property (E glass 4%) (E glass 4%)
Bulk density 1.628 1.20
(kg/m’)
Consistency (%) 65 81
Flexural strength
(kg/cm?)

3 days 121.7 49.7

7 days 132.1 49.8

28 days 220.0 49.6
Tensile strength
(28 days)
(kg/cm®) 180 27.5
Impact strength
(28 days)
(kg/cm?) 186 102.0
Thermal
conductivity
(Kcal/mh°C) 0.09 0.12

Note: There is progressive increase in strength of the “binder”
as it is hydraulic due to its fly ash, slag and lime/cement content.
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Table 33. Recommended lime-pozzolana mixtures as alternative to cement binder

Cementitious material (%) Total

Blend OoPC Lime Pozzolana aggregate Recommended use
OPC-pozzolana 50 - 50 9-12 Low-strength concrete

50 - 50 4-8 Mortars and plasters

66 - 34 6-10 Medium-strength concrete and concrete blocks

75 - 25 6-8 Structural concrete
Lime-pozzolana - 34 66 6-8 Low-strength concrete and concrete blocks

- 34 66 3-6 Mortars, plasters and load bearing blocks
OPC-lime-pozzolana 20 - 60 6-9 Medium-strength concrete and concrete blocks

10 25 65 6-8 Low-strength concrete and concrete blocks

5 30 65 4.7 Mortars and plasters

Source: UNCHS, A Compendium of Information on Selected Low-Cost Building Materials, UNCHS (Habitat) Nairobi (Kenya) p.39

Concluding remarks

Aggregate composites, based on inorganic industrial
wastes, and natural fibre-reinforced composites are
materials for cost-reduction in housing and a possible
answer to meeting the requirements of building materials
for millions of shelters to be constructed in all developing
countries.

Some of the composites, like fly ash-lime, Portland-
slag cement, gypsum plaster fibre board, are now well
proven. So is the indicator in the manufacture of jute fibre-
polyester, red mud-PVC and rice husk-cement boards and
blocks (see annex I). Yet there are several gaps in the
scientific and technological developments of natural fibre
based composites, using polymer or cement
matrix—perhaps more problems with the latter matrix.

There could be some well-defined projects for the
collection and compilation of data on wastes and natural
fibres. There appears to be a need for improving manufac-
turing technologies in fly ash-lime bricks, laterite
blocks and phosphogypsum boards. Also, to improve the
performance of natural fibre composites, a database is
needed on the aspects of the technological properties,
improvements in lamination and sandwiching of fibres,
recycling processes, use of additives for improving bond

1. Red mud polymer composites for door/window shutters

2. Manufacture of risk husk boards

3. Laminated splint lumber from rubber wood for
manufacture of door/window shutters

strength of fibres in cement matrix and studies on the
durability of building products. These are the key areas for
future researchand development and engineering design of
the products.

Names of some organizations disseminating information
on composites ‘

GATE-—German Appropriate Technology Exchange,

Germany.

ITDG—IntermediateTechnology DevelopmentGroup,
UK

SKAT—Swiss Centre for Appropriate Technology,
Switzerland

CRATerre—International Centre for Earth
Construction, France

BMTPC—Building Materials and Technology

Promotion Council, India

NRDC-—National ResearchDevelopmentCorporation,
India

SRIBS——Shanghai Research Institute of Building
Science, Shanghai

UN-ESCAP, UN-ECLAC, UN-ECA, UNCHS, UN-
ESCWA, FAO, UNIDO

£
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Annex 1

COMMERCIAL PRODUCTS OF SOME COMPOSITES IN INDIA

S. No.

Name of the
composite

Composition of the
composite
% per wt.

Type of building
material

Name and address of the
manufacturer in India

ORGANIC COMPOSITES

1.

11.

Red mud-PVC jute
fibre

Jute fibre-polyester

Red mud-polyester-
sisal-glass fibres

Bitumen bonded paper
fibre or pulp

Bitumen-pine needle
fibre

Gypsum plaster-fibre
jute/sisal and glass

Borotik

Coir-oxychloride
composite

Rice husk board

Bagasse board

Cement bonded
particle board

Medium density fibre
board

Red mud, PVC fibre

Polyester, jute fibre

Red mud, polyester, sisal

Paper fibre, felt,
bitumen

Pine needle fibre, bitumen

Sisal/glass fibre, gypsum
plaster

Rubber wood

Coir fibres, magnesium
oxychloride cement

Rice husk, synthetic resin

Baggase, synthetic resin

Cement 62%
Wood (e.g.
eucalyptus

and

casurine) 28%

Cotton plant scantling, wood
fibre,
resin

Corrugated roofing sheet
panels

Panels

Panels, tiles, roofing sheet

Corrugated roofing sheet

Shingles for roofing

Partitions, door shutters

Door shutters, partitions

Ceilings, partitions, panels

Wall panelling, false
ceiling, partitioning,
door/window shutters,
roofing panels, flooring

Wall panelling, false
ceiling, partitioning,
door/window shutters,
flooring, furniture

Partitioning, wall lining,
false ceiling, roofing,
flooring, doors, panelling

Chaukhats, doors,
mouldings, furniture,
partitioning, panelling,
flooring, ceiling

Lotus Roofing Pvt. Ltd.
Sedurapet P.O.
Pondicherry 605 101

Jupiter Board Industries
93, Pilkhana Road
Berhampore,

Mushidabad 742 101 (WB)

Neolux India Ltd.

75, Altanta, 7th Floor
209, Nariman Point
Bombay 400 021

Light Roofing Ltd.

No. 2/87, GST Road
Chettipunniyam 603 200
Chengai, MGR, Dist Tamil
Nadu

Light Roofing Ltd.

No. 2/87, GST Road
Chettipunniyam 603 200
Chengai, MGR, Dist Tamil
Nadu

Ganesh Agro Industries
Pvt. Ltd.

636, Mundka,

Delhi 110 041

Borox Morarji Ltd.
Jolley Bhawan

No. 2, New Marine Lines
Bombay 400 020 (India)

Anutone Boards (P) Ltd.
Bangalore (India)

Padmavathy Panel Boards
Pvt. Ltd.

114, 4th Cross

1st, N Block

Rajaji Nagar

Bangalore 560 010 (India)

Western Bio system Ltd.
ECO HOUSE

65/1-A, Akarshak
Opp.Nal Stop

Karne Road

Pune 411 004

NCL Industries Ltd.

7th Floor, Raghava Ratna
Towers

Chirag Ali Lane

Abids

Hyderabad 500 001

NUCHEM Limited
E-46/12, Okhla Industrial
Area

Phase-1

New Delhi 110 020
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Composition of the

Name of the composite Type of building Name and address of the
S. No. composite % per wt. material manufacturer in India
13.  Stramit board Dry unpulped straw and False ceiling, doors, Ballarpur Industries Ltd.
paper partitions, non-load-bearing  Thapar House
walls, flooring, roofing, 124, Janpath
wall cladding New Delhi 110 001
INORGANIC COMPOSITES
14.  Elatomation bonding Technology for Roofing sheet, partition, Synergy International
plant cement/polymer bonded panelling, door shutter and  B-17, Defence Colony
boards frames New Delhi 110 024(India)
15.  Fly ash-red mud Fly ash, red mud and Door shutter Dual Build Tech (P) Ltd.
polymer composite polyester Madras (India)
16.  Clay fly ash bricks Fly ash 30-40% General-purpose building Calcutta Mech. Brick (P)
Clay 60-70% bricks Ltd.
Calcutta 700 020 (India)
17.  Fly ash-sand-lime Fly ash 70% General-purpose bricks Damodar Valley
bricks Sand 20% Corporation
Lime 10% DVC Power Plant
Baria, Durgapur
West Bengal (India)
18.  Fly ash-sand-lime Fly ash 70% General-purpose bricks Pulver Ash Ltd.
bricks Sand 10-20% Bundel
Lime 7-10% West Bengal (India)
19.  Fly ash cellular Fly ash cement/lime gypsum  Light-weight blocks and Ballarpur Industries Ltd.
concrete Aluminium powder slabs Palval
Haryana (India)
20.  Fibre-reinforced Purified phosphogypsum Walling, roofing panels and IDL Salzbau
phosphogypsum plaster and glass fibre or coir  blocks Visakhapatnam
composite Andhra Pradesh (India)
21. Sand-lime bricks and Sand 90% General-purpose, white and  Sand Plast India Ltd.
fly ash-lime brick Lime 10% coloured bricks, hollow Behroor, Alwar
Fly ash 10-90% blocks Rajasthan (India)
Lime 35-40%
22, Clay-fly ash bricks Clay 60-65% General-purpose bricks Kolaghat Power Station
Fly ash 35-40% Kolaghat
West Bengal (India)
23, Fly ash-lime gypsum Fly ash 60% Bricks of medium-range Bhadrachalam Paper Board
brick (Fal-G) Lime 10-20% strength Ltd.
Gypsum 10-20% Bhadrachalam
Andhra Pradesh (India)
24.  Fly ash cement Fly ash 60-80% Walling, foundation etc. Gujarat Electricity Board
brick/blocks Lime/Cement 10-20% Fly ash Company
Ahmedabad
Gujarat (India)
25, Fibre-fly ash cement Agro waste Roofing, partition and Everest Roofing ““Eternit”
boards (E Board fibres panels Ltd.
classic) Cement 65% Bombay (India)
Fly ash 30%
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Production of fly ash-
sand-lime bricks

Production of phospho-
gypsum panels

Phosphogypsum panels
for walling and
partitioning

Production of fly ash-
lime-gypsum-cement-
concrete hollow blocks.
The coloured blocks are
manufactured by adding
red-oxide pigment
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Door-shutters  from
agro-industrial wastes

Medium-density fibre
(MDF) door shutters

Red mud-polymer
(RMP) door shutters

Bagasse boards for false
ceiling, panelling, etc.
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Production of red mud-
polymer (RMP) roofing
sheets

Red mud-polymer
roofing sheets

R

Production of rice husk
boards

Laminated splintlumber
from rubber wood
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B. COMPOSITES FROM LOCAL RAW MATERIALS —
OVERVIEW

COMPOSITE MATERIALS FROM LOCAL RAW MATERIAL RESOURCES

By Pradeep Rohatgi

1. Science and technology of polymer natural
fibre composites: an example of composites
from local raw materials
There has been unprecedented growth in polymer

matrix composites containing fibres. These composites
provide unique combinations of properties, including high
specific strengths and moduli and can therefore substitute
for other conventional materials. The fibres that can be
incorporated in polymers include: glass, carbon and boron
which are man-made, or natural fibres such as jute, cotton,
ramie, sisal, banana, sunn hemp and coir, which are
renewable and inexpensive.

Natural fibres like jute, coir, banana, sisal and others,
are abundantly available in developing countries such as
India, Sri Lanka, Thailand, Indonesia, the Philippines and
African countries, but are not optimally utilized. At present,
these fibres are used for conventional uses such as for the
production of yarns, ropes, mats and mattings, as well as in
making fancy articles like wall hangings, table mats,
handbags and purses. Fibres like banana and pineapple are
also used in making cloth in addition to their use in the
paper industry. However, in recent years, many of these
conventional uses for natural fibres are threatened by
plastics and synthetic fibres, like glass and nylon fibres.
Hence, there is a need to develop new uses for these fibres.
In addition, natural fibres have recently attracted the
attention of scientists and technologists recently in view of
the following advantages:

(i)  These fibres, despite their low strength, can lead
to composites with high specific strengths due to
their low density. For example, wood flour, used
as 50 per cent filler in thermosetting phenolic
resin, is found to improve the specific strength
and impact resistance of the resin.

(il) They are an abundantly available renewable
resource, and in recent years several simple
techniques have been used to extract these fibres
and fabricate composite materials using these
resources.

(ii1)  Natural fibres are non-toxic.

(iv)  Scientific data on the chemical composition,
structure and properties of some of these fibres
is now more readily available.

Natural fibres are generally ligno-cellulosic, consisting
of helically wound cellulose microfibrils in a matrix of
lignin and hemicellulose. These fibres consist of several
fibrils which run along the length of the fibre; the cellulose
content and the microfibril angle determines their
mechanical properties.

Preparation and properties of selected polymer-natural
fibre composites

1.  Sisal-epoxy composites

One of the earliest natural fibre-polymer composites
was attempted by incorporating sisal fibres in an epoxy
matrix. The fabrication process used included winding and

lamination. The winding of cylinders with longitudinal or
helical and hoop reinforcements was successfully carried
out. It was found that the fabrication of these composites
was easy and the cost of the production of samples was
quite low. Tensile strength of the sisal-epoxy composites
was found to be 250 MN/m’to 300 MN/m* which is
nearly half the strength of fibreglass-epoxy composites of
the same amount of glass. However, due to low density of
sisal fibre, the specific strength of sisal composites was
comparable to that of glass composites. The unidirectional
modulus of sisal-epoxy composites was found to be about
8.5 GN/m’. This study indicated the feasibility of
developing composites from one of the abundantly
available natural fibres to be used for consumer goods,
low-cost housing and civil structures.

2.  Cotton-phenolic resin composites

Phenolic resin composites with cotton fabric
incorporated into their matrices have been used as bearings,
substituting for phosphor bronze bearings in the roll necks
of steel and non-ferrous rolling mills. This substitution
resulted in energy savings of up to 25 per cent.

3.  Jute-epoxy-polyester phenol formaldehyde

composites

In view of the better strength properties of jute fibre
and its compatibility with polymers, research has been
carried out to fabricate jute-epoxy, jute-polyester and jute-
phenol-formaldehyde composites/laminatesfor uses such as
low cost housing materials, silos for grain storage and
small fishing boats.

Recently an attempt has been made to overcome the
high resin consumption, absorption and desorption of
moisture in jute-polymer composites by coating the fibre
with lignin and ethylene diamine (EDA) respectively before
incorporation into the matrix. Lignin treatment was given
by soaking the fibres in 10% per wt. lignin solution for 30
minutes, followed first by drying for 24 hours at ambient
temperature and then at 80° C for two hours.

It was reported that the resin wastage during
fabrication of treated fibre incorporated composite was
considerably reduced, whereby the resin consumption was
found to be half of that required for untreated fibres.
Similarly, EDA treatment of fibres reduced moisture
absorption by composites. Unidirectional composites were
then fabricated by winding lignin treated EDA coated fibres
on a flat plate using a general purpose polyester resin, and
curing the composite between flat plates at a pressure of 0-
28 MN/m® (40 1b/sq. in.). The EDA treatment seems to
bring down the moisture absorption of the fibres in the
composites without significantly affecting the tensile
strength and modulus of the jute polyester composites.
Now, acetylation treatment is being developed for natural
fibres to improve their properties.

Attempts have also been made to prepare hybrid
composites using jute and glass fibres in polyester resin.
Up to 20 per cent of jute fibres and up to 40 per cent of
glass fibres have been used to prepare hybrids. It was
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found that both the tensile strength and the modulus of the
hybrids were higher than the jute containing composites
due to the higher modulus of glass fibres. The hybrids
containing a small amount of glass fibres seem to fail as a
result of the rupture of jute fibres, followed by the failure
of the glass fibres. However, during compression testing,
the failure of the hybrids seemed to be by delamination.
The tensile strength and modulus of the hybrids after
accelerated weathering decreased by 5-23 per cent and 10-
15 per cent respectively, while with polyester resin the
percentage reduction is insignificant (0.5 to 1.1 per cent).
It was therefore concluded that jute fibre could be used as
low cost filler where the strength and modulus
requirements of the components were not very high. It was
also concluded that the longitudinal compressive strength
of the hybrid composites depends on the ratio between the
thickness of core (jute) reinforcement and the thickness of
the shell (glass) reinforcement.

4. Bagasse-phenol formaldehyde composites

Bagasse fibres (80-90 per cent by volume) have been
incorporated in phenol formaldehyde (pf) resin and the
composites were prepared by varying moulding pressures.
In one of the studies carried out, the specimens were
prepared by: (a) random orientation of short bagasse fibres
of 61% per wt. of fibre in 30 per cent pf resin and
remaining other constituents resulting in flat specimens,
while in method (b) corrugated sheets were prepared with
about 78% per wt. of fibre with 4.14 per cent pf and
17 per cent other constituents. The values of strength and
modulus for these two types of specimens were found to be
28.4 MN/m?® and 4.89 GN/m?, or random orientation, and
7.78 MN/m* and 1.72 GN/m? for corrugated sheets at right
angles to the direction which contained 10 per cent bagasse
fibre in one direction and 90 per cent randomly oriented
fibres. It was also found that both the tensile modulus and
strength increased with the density of the composite. A
linear relationship was found to exist between the modulus
and tensile strength for boards of varying fibre-to-binder
ratios. Applied pressure was found to control the end
properties of these composites. The increase in strength
properties was attributed to fibres acting as crack arresters
as well as to reinforcement of pf resin. These studies have
clearly shown the possibility of fabricating newer
composites using natural fibres like bagasse with polymers
for applications such as roofing materials.

5.  Coir-polyester composites

Attempts have been made to incorporate retted coir
fibres with general purpose polyester resin to prepare
laminates and some consumer articles by a manual lay-up
process. In one study, up to 9% per wt. coir could be
incorporated into polyester in the form of laminates.
Mechanical properties, including UTS modulus, flexural
and impact strengths, and selected electrical properties of
these composites have been listed. Single fibre pull-out
tests carried out on coir fibres embedded in polyester resin
showed very low pull-out stresses, suggesting poor bonding
between the fibre and the matrix.

Articles like helmets, post-boxes and equipment
housings were made from polyester coir composites using
the manual lay-up technique. These components showed no
measurable degradation when they were subjected to indoor
and outdoor weathering over a one-year period.

Further studies of fibre surfaces were carried out using
a scanning electron microscope, to understand the causes
for poor bonding between coir fibre and polyester. It was
found that the surface of the fibre has a non-polar waxy
coating, called “cuticle” of an aliphatic origin, which is

likely to be non-compatible with polyester, thus resulting
in the poor bonding of coir fibre surface with the polyester.
This suggested that the surface of the fibre should be
modified by either coatings (including multiple coatings
with materials which have compatibility with polyester
resin), or leaching out the cuticle layer to improve the
compatibility between the fibre and polyester.

In one such attempt, 1.5 to 5.0 um thick continuous
coatings of copper were deposited over the fibre by
electrolytic coating process. The properties of the coated
fibres, and of composites containing equal amounts of both
uncoated and coated fibres were evaluated. It was found
that composites containing coated fibres (up to 0.23 v.f. by
volume) showed a considerable increase in tensile and
flexural strength, as well as in electrical conductivity over
those containing the same amount of uncoated fibre. The
increase in electrical conductivity of composites containing
copper coir fibre could lead to applications in electro-
magnetic interference shielding.

Other approaches to achieve compatibility between
coir fibre and polyester resin include soaking or leaching
the fibres in various concentrations of an alkali solution
similar to the mercerization of cotton. Coir-polyester
composites using alkali-treated fibres showed a 90 per cent
increase in pull-out stress, and a 40 per cent increase in
mechanical properties when alkali-treated coir fibres were
incorporated with polyester resin. This was probably due to
improved bonding between the fibre and polyester resin.

Further, longitudinal ultrasonic velocity and sound
attenuation measurements were carried out on these
composites containing alkali-treated coir fibres. It was
observed that longitudinal ultrasonic velocity decreased
with an increase in the fibre content for both untreated and
alkali-treated fibres containing composites, with a
predominant decrease in composites containing untreated
fibres. This is an indirect indication of a better bonding
between alkali-treated coir and polyester. Similarly,
ultrasonic attenuation (o) values increased with a fibre
content for both treated and untreated fibre containing
composites. Higher values of o in composites containing
treated fibres, for the same volume fraction of fibres as
untreated fibres, indicate higher porosity in untreated fibres.
This study also indicated the potential of these inexpensive
composites for sound absorption applications.

Preliminary studies on coir-glass fibre hybrid
composites have also been conducted. A 3.5 m® size
roofing was fabricated by a manual lay-up process using
hybrid composites. This roofing withstood natural
weathering for several years without showing any
degradation.

Studies with jute and coir fibre with surface
maoadifications or hybridization with high modulus inorganic
fibres (glass fibres) suggest that: (a) it is possible to
increase the volume fraction of natural fibres in
composites, particularly with jute fibres; and (b) it is
feasible to utilize natural fibres to fabricate useful
composites.

6. Banana-cotton-polyester composites

Banana-cotton fabric, with banana in the weft
direction and cotton in the warp direction, has been
incorporated with polyester resin in various proportions
from 9% per wt. to 25% per wt. fibre. A simple manual
lay-up technique was used in fabricating both laminates and
simple consumer articles, using banana-cotton fabric and
polyester resin. It was found that up to 14% per wt. fabric
could be incorporated by the process without applying any
load. Mechanical properties like Young’s modulus, tensile
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strength, impact and flexural strengths of these composites
have been evaluated. A decrease in UTS and flexural
strength of the composite, as compared to the polyester
matrix, has been attributed to the poor bonding between the
fabric and the matrix and confirmed by optical and SEM
studies. '

Laminates and consumer articles like castings for
voltage stabilizers, 16 mm projector covers, mirror casings
and scooter boxes have been fabricated and exposed to
indoor weathering conditions. No degradation has been
observed in these components on exposure to weathering.
Periodic testing of laminates for strength properties and
non-destructive testing of laminates and consumer articles
showed no degradation even after a year of indoor
exposure.

7.  Wheat straw-polyester composites

Recently work on wheat straw-polyester composites
has been reported on. Here, a composite for potential use
as a building material has been developed. It was found
that up to 50% per wt. straw fibre could be incorporated
into polyester resin. The process involved in making the
composite is: (i) combining straw fibre and resin with a
catalyst in an open mould and a close-fitting plunger;
(ii) alternate layers of fibre and resin built in the mould
and subjected to a pressure of 1 MN/m’ for about 18 hours
and (iii) postcuring for about two hours at 8§0° C before
removing the mould. A higher amount of fibre (50% per
wt.) caused difficulties in removing the composite from the
mould. It was also found that a pretreatment of the straw
fibre was necessary to remove the silica-rich layer on the
epidermis of the straw fibres in order to obtain a good
bonding with the polyester resin.

A mechanical method was adopted wherein the fibres
were split longitudinally and rolled flat before mixing with
resin. This treatment was found to result in a better
bonding between the fibres and the resin used. It was found
that as the fibre content increased up to 0.21 per cent
volume fraction, values of flexural strength and flexural
modulus decreased from 32 MN/m? to 25 MN/m’, and
4.4 GN/m’ to 2.7 GN/m?; the flexural properties steadily
increased to a maximum of 0.61 per cent v.f. to flexural
strength of 40 to 56 MN/m? and flexural modulus of 4.7 to
6.2 GN/m®. However, the tensile modulus was found to
steadily increase with an increase in volume fraction of
fibre up to 0.61 per cent from 3.3 GN/m’* to 8 GN/m’. The
stiffness of the composite containing 0.61 per cent v.f. of
fibres was found to be 0.99 m x 10° which is 2.5 times
greater than that of pure matrix in contrast to 2 m x 10° for
soft wood and glass fibre-reinforced plastics and
2.7 m x 10° for high-tensile steel. The value of work of
fracture (10 kJm™ for 0.7 per cent volume fraction) of the
composite indicates that this material is quite tough.

8. Sunn hemp fibre-polyester composites

Unidirectionally aligned continuous sunn hemp-
polyester composites with varying fibre volume fractions
have been prepared using a modified manual lay-up
technique for low-volume fractions, and a pultrusion
technique for high-volume fraction composites.

The tensile strength and Young’s modulus of sunn
hemp fibre were 389 MPa and 35.4 GPa respectively.
Tensile strength and linear elastic modulus of composites
were found to increase linearly with the volume fraction of
fibres (up to 0.4 volume fraction) in accordance with the
rule of mixtures. The work of fracture, as measured by the
Izod test, also increased linearly with the volume fraction
of fibres, and was 21 KJm™ at 0.24 v.f,, indicating high
toughness in these composites. The high toughness of these

natural fibre composites is attributable mainly to the fibre
pull-out work, and the creation of a new surface as the
fibre-matrix interface.

In summary, considerable work has been done on
structure and properties of abundant and renewable natural
fibres and polymer-based composites made using these
fibres. The strength of particular fibres depends upon their
cellulose content and microfibril angle of cellulose fibres.
The properties of polymer natural fibre composites depends
upon the properties of the particular fibre, its volume
percentage and distribution in the composite, and the
surface treatment of the fibre which effects bonding. These
polymer natural fibre composites have great potential in
lightweight applicationsrequiring high toughness and sound
absorption.

2. Barriers in the commercialization of
composites utilizing local resources

One of the major barriers to the commercialization of
natural composites is the limitations on individual scientists
and policies in developing countries, with regard to
working in an area, which is required, but not yet
commercialized in developed countries. Most of the
scientists in developing countries follow the lead of the
scientists in developed countries and work in these areas.
In all likelihood, these scientists may not have worked on
local resources, and no developed country would have
generally commercialized products based on the local
resources of developing countries. As a result, these areas
remain neglected in terms of research, development and
commercialization, even in developed countries.

The scientific and industrial community in developing
countries have not allocated major resources and deployed
their best brains to work on composites from local
resources. Even in countries like India, with a well-
developed scientific infrastructure, the resources devoted to
composites required by defence, space technology and
consumer requirements are greater than the resources
devoted to composites made from local resources to meet
the basic needs of the people. A new value system needs to
be inculcated in the scientists, industrialists and policy
makers of developing countries, whereby they take pride in
working on composites based on local resources. They
should realize that developing composites from local
resources represents a greater challenge in scientific
innovation and creativity than merely reproducing the work
on synthetic composites which has already been done in
developed countries several years ago. The reward and peer
recognition system in the developing countries should
recognize the work done on composites made from local
raw material resources, especially if they find applications
in meeting the basic needs of people, such as housing.

A major barrier is the misconception that work on
developing composite materials from local resources is a
low-level science and technology. This misconception
prevents the best trained scientists and technologists from
working in these areas of greater relevance to developing
countries, and thus reduces Government support for these
activities. Even in a country like India, which recognizes
the imperative for technologies to meet the basic needs of
people, at one time the Government considered closing
down the regional research laboratories working on
composites from local resources, while research funds for
defence research were being increased.

Another major barrier in the development of new
composite materials from local resources is the fact that
frequently the availability of these local resources and their
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properties have not been adequately characterized.
Considerably more data on the characteristics of much
smaller resources for composites manufactured in
developed countries are available in developing countries,
than the data on the much larger resources of developing
countries, which can have a larger impact on living
standards in these countries.

In addition to the attitude problem, some of the other
barriers in the large-scale manufacture of composites using
local resources, especially natural fibres, include the
following:

(a) These are scattered resources which have widely
variable properties from one location to the other;

(b) These fibres are generally low in moduls and
strength compared to synthetic fibres like carbon;

(c) These fibres have a tendency to absorb moisture
and change their shape, and they tend to decay under attack
by bacteria and pests;

(d) The natural fibres and the polymer-based
composites made from these fibres are flammable; this is
a problem in housing applications;

(e) There is no comprehensive database on either the
properties of fibres or composites, suitable for design,
especially using computers;

(f) There are no obvious industries making
composites from natural fibres to emulate;

(g) There are very few project reports, if any at all,
on setting up industries in the organized sector using these
resources;

(h) Financing is not readily available to set up
industries to manufacture composites from natural fibres,
since it is not an established industry, and therefore it
represents a high risk.

3. Implications of the new and emerging field of
biomimetics on synthesis of composites
using local materials
There is considerable interest in the new and emerging

field of biomimetics, which is trying to create and
synthesize new materials which have a hierarchical
architecturesimilar to biological materials. This will greatly
increase the knowledge base on the structural property
relationship of materials with structures similar to
biological materials, including biological renewable
resources for composites. This new knowledge base,
including cellular materials, must be applied to understand
and improve the properties of local resources like natural
fibres to make them more suitable for use in the synthesis
of composites, and to improve the properties of composites
made from these resources.

Natural fibres for plastic reinforcement

Plant fibres have a strength per unit weight similar to
those of man-made fibres. Although plant fibres are
successfully used in a limited number of composite
products at the moment, the advantages of plant fibres, and
the diverse fibre properties provided by nature, are such
that plant fibres are likely to become more important in
lower-cost composites in the future.

In recent years there has been mounting interest in the
use of natural fibres for the reinforcement of plastics.
Figure 1 shows the tensile strength of a number of
prototype materials, as well as that of two products that
have a well-established market: Tufnol 6F/45 (an
epoxy/cotton made in the UK) and Trespa (a
phenolic/wood fibre made in Holland). The comparatively

poor strength of the prototype products suggests that some
product optimization is still required.
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Figure 1. Tensile strengths of some prototype and commercial
plant fibre-reinforced composite materials. (a) Sawdust/
polystrene composite (30% fibre volume fraction and matrix
tensile strength = 36 MPa). (b) Sisal/polyester composite
(40% fibre volume fraction). (c) Masterwood wood flour
thermoplastic composite (50% wood flour volume fraction).
(d) Jute/phenolic composite (fibre volume fraction not given).
(e) Aspen pulp/polyethylene composite (30% fibre volume
fraction and matrix tensile strength = 16 MPa). (f) Tufnol:
Commercial woven cotton/epoxy (fibre volume 35%).
(g) Trespa: Commercial wood fibre/phenolic (fibre volume
fraction not given) [7,9,23-25].

In table 1 below, the bending strength and modulus of
the same two commercial products are compared with some
experimental materials, as well as with data for
conventional glass epoxy composites. Here, some of the
experimental materials show performance several-fold
better than those of Tufnol and Trespa. Further, on a
weight-for-weight basis, the performance of the best plant-
reinforced systems is comparable with that of the
conventional glass epoxy composites.

Already, the range of commercial applications for
products reinforced with plant fibres is extensive. With
thermosetting matrix materials, the list includes electrical
insulation (Tufnol Ltd.), semistructural applications
(Hoechst Holland NV), and wear parts (Tenmat Ltd.). The
first pultruder was sold to India in 1994 for use with a
jute/phenolic system. With thermoplastics, the list includes
well-established sheet moulding compound materials such
as Woodstock and Lignotoc. BASF AG has recently
launched a sisal-reinforced equivalent, whereas Mitsubishi
in Japan has introduced Papia on the market, a
polypropylene compounded with 50 per cent reclaimed
newspaper fibre for use in injection moulding and the
thermoforming of vehicle components. Following
retrenchment in aerospace/defence expenditures, it is
interesting to note that some multinational companies are
reducing their commitment to the highest cost and
performance composites, and showing great interest in
more environmentally friendly, lower cost, plant fibre-
reinforced materials.

With this background, the present article reviews
the kinds of plant fibres that are available for composite
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Table 1. Bending strength properties of natural and glass fibre-reinforced composites

Bending strength

Bending modulus Fibre volume

Fibre matrix Specific gravity (GPA) (GPA) fraction
Random wood/phenolic’ 1.2 0.11 8.0 65%
Woven jute/polyester 1.2 0.09 8.0 50%
Felted jute/polyester 1.2 0.10 10.0 60%
Cotton/epoxy” 1.36 0.17 8.0 35%
Parallel jute/epoxy 1.2 0.45 435 70%
Parallel kenaf/epoxy 1.2 0.42 39.0 70%
Pultruded glass/epoxy 1.7 0.69 42.0 70%
Random glass SMC/epoxy 1.9 0.17 10.3 770.0

" Commercially available materials.

production, looks at their advantages and disadvantages
relative to synthetic fibres, and examines the potential for
the development of novel materials reinforced with plant
fibres.

The fibre types available

Definitions

Although animals produce fibre, there has been only
limited interest in the use of such fibres in composites.
This possibility should perhaps be explored further in view
of the present glut of wool on the market.

Plant fibres vary widely in chemical composition,
structure, and dimensions, and originate from different
parts of the plant. There is considerable confusion in
nomenclature: the plant anatomist refers to certain specific
cell types as fibres; the industrialist (such as a paper
maker) refers to any cell, or part of a cell, in a process as
a fibre (although operations such as depithing may exclude
short cells from a raw material stream entering the
process); bundles of cells extracted largely intact from
some plants are referred to as fibres in the textile and
cordage industries. In the present discussion, the term
“fibre” is used to describe a single cell, or part of a cell,
whether or not it is a true fibre in the botanical sense. The
term “fibre bundle” is used to describe intact groups of
fibres.

Sources

The largest fibre resource is wood, although at least
65 per cent of this is used as fuel or in a solid form. Most
of the remainder is used in the production of
particleboards, fibreboards, pulp and paper. Many end-users
of these products will not be aware of the fibrous character
of the materials composing them. As with bamboo, most of
the material is presently used in cane form rather than as
fibres or fibre bundles.

In contrast, many of the other commercially important
fibres and fibre bundles are well known to consumers in
the fibrous form of textiles, cordage, matting, etc. (e.g.,
cotton, flax, jute, hemp, coir, sisal), even if the origin of
the material is not fully appreciated. In some cases the
markets are shrinking and depressed (jute, coir, sisal),
whereas in others the land area under cultivation is
increasing (flax, hemp) in anticipation of increased
utilization in composites and other industrial applications.

To reduce costs for non-textile applications, novel ways of
extracting fibre bundles from these plants are being
developed.

To this list must be added many other potential
sources of useful fibre. Banana fibre (Musa cavendishi, M.
sapientum) is already produced in small quantities, but
there is potential for annual production in excess of
200,000 tons. The fibre quality is similar, though slightly
inferior, to abaca. Many species of palm could provide
fibre derived from the stem, leaves or fruit; there are
prototype products being made from the fibrous residue of
oil palm fruit in Malaysia. Members of the Asclepiadaceae
family also show potential: milkweed floss (Calatropois
procera) was used as an alternative to kapok to provide
buoyancy in life jackets during the Second World War.
Other established sources of plant fibre include urena
(Urena labata), henequen (Agave fourcroydes), New
Zealand flax (Phormium tenax), and pineapple (Ananas
comosus).

In Europe, there is much interest in elephant grass
(Miscanthus sp.), nettles (Urtica sp.) and broom (Cytisus
sp.). The first of these is seen primarily as a high producer
of biomass; however, the mean cell length may be too short
for use in composites. Nettles may yield a longer, stronger
fibre. Broom fibres have been used commercially in the
past, and have already been incorporated into a prototype
composite car part.

At the same time, there is a growing awareness of the
fibre content of waste streams. Examples of these are the
straw residues derived from grain, linseed and oilseed rape
production. Linseed fibres (Linum usitatissimum) are as
long and strong as those of flax; only the fibre bundle
length (crucial mainly in textile manufacture, but not in
composite production) is lower.

In summary, the plant kingdom offers a wealth of
potential candidates for composite production. One author
suggests that there may be as many as 1,000 types to
choose from, excluding wood and bamboo. It is unlikely
that the volume available will act as a constraint to their
use in composite production.

If anything, one of the present problems is an
embarrassment of choice: the properties of fibres from
different species are so diverse that it is difficult to be
certain that we are focusing on the most promising.
Research effort to date has tended to concentrate on those
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that have traditionally been produced for other end-users
(e.g. textiles: flax, jute, cotton) or that are available as a
by-product of another major crop (coir), or that have been
selected on the basis of biomass production (Miscanthus).
These criteria may not lead to the selection of the most
cost-effective plant fibres for the reinforcement of the
various grades of plastic products.

Strength properties

Strength data allowing selection of other fibre types
for plastic reinforcement on a more quantitative basis are
available for only a few species. Average values are shown
below in table 2. In comparing these with data for synthetic
fibres, the much lower specific gravity of plant fibres
should be remembered. Plant fibres are tubular structures.
The wall specific gravity is about 1.5. Depending on the
ratio of wall thickness to fibre diameter, the effective fibre
specific gravity is typically in the range of 0.15
(e.g., balsa) to 1.2 (e.g., lignum vitae,- the timber used to
make bowls). On processing, thinner walled cells can
collapse, giving an effective density in industry much
higher than that in the plant. In the context of composite
product, the issue is further complicated by uncertainty as
to whether all the voids within individual fibres will be
accessible to matrix, and whether, if they are not, such
contained voids will reduce composite properties.

For these reasons, although it can be said with
certainty that plant fibres will in most cases have an
effective specific gravity in the range of 0.6-1.2, the
benefits of this in terms of improved strength per unit
weight (specific strength) will be less certain. If specific
strengths are calculated, plant fibres and plant fibre bundles

come out with values not dissimilar to those of synthetic
fibres. It should be noted that the work to fracture of solid
wood is approximately 10*J/m?, which is comparable to that
for many man-made composites. Eachindividual plant fibre
is itself a composite. The implication of this is that plant
fibres should be less susceptible than some man-made
fibres to length reduction on compounding or recycling.

Dimensions

Fibre dimensions are of key interest to the composite
manufacturer. The diameter of individual fibres is usually
in the range of 15-35 um. The length of fibre bundies is
dictated largely by the part of the plant from which they
are derived. Thus, coir (originating from a fruit) has
bundles only 0.15-0.28 m long; sisal (originating from a
leaf) has bundles 0.6-1.0 m long; jute (originating from a
stem) has bundles 1.5-3.6 m long. In terms of aspect ratios,
most individual fibres have values in the range of 100-200.
Notable exceptions are hemp (550), flax (1,500), cotton
(2,000), and ramie (4,000). The aspect ratio of fibre
bundles varies from about 100 to in excess of 4,000,
depending to some extent on the damage inflicted on them
during extraction from the plant. By careful selection of the
fibre type, it should therefore be possible to find both short
plant fibre for reinforcement of moulding compounds and
injection mouldings, and longer fibres for use when
anisotropy is desired in the product. Because chemical
modification offers a route for the creation of a desired
density of strong covalent bonds between plant fibre and
matrix, it is possible that the aspect ratios deemed essential
in reinforcement of plastics with synthetic fibres may not
be required with plant fibres.

Table 2. Typical strength data for plant fibres and fibre bundles

Tensile strength

Tensile modulus

(GPa) (GPa)
Single fibres
Cotton 3.54 5.0
Straw 4.43 17.0
Wood 7.48 21.6
Hemp 8.95 25.1
Kenaf 11.91 60.0
Flax 20.00 85.1
Fibre bundles
Sunn hemp 1.52
Coir 1.52 5.2
Jute 5.38 8.0
Sisal 6.14 12.7
Abaca 6.41 234
Pineapple 10.00 60.0

Note: Hemp and flax are available as fibre bundles as well as single fibres. Conversely, single fibre strength data could be
obtained for the materials listed as fibre bundles. The values of single fibres tend to be for cells carefully separated out from the
plant in the laboratory. Industrial separation processes can significantly reduce strength properties: industrial flax fibres can have
only 55 per cent of the tensile strength of laboratory extracted fibres, and their tensile modulus may be reduced by as much as

two thirds. [Sources: The BioComposites Centre].
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Advantages and disadvantages of plant fibres in

composites

The advantages of plant fibres as reinforcements for
composites are: acceptable specific strength properties, low
cost, low density, high toughness, good thermal properties,
reduced tool wear (cf. glass fibres), reduced dermal and
respiratory irritation (cf. glass fibre), low energy content,
energy recovery possible, and biodegradability. Of these,
the density and environmental issues merit further
comment. Because of the low density of plant fibre, a plant
fibre-reinforced product will always be thicker than one
reinforced with the same mass of glass fibre. (The same
mass will generally be required because the specific
strength properties, not the real strength properties, are
comparable for the two fibre types.) When the product
design is stiffness-limited, as is frequently the case, rather
than failing stress-limited, a thicker product could be stiffer
and still acceptably strong for the same mass. This can
make cheaperand/or stiffer products possible, provided that
the design can tolerate the increase in thickness.

The environmental issues are sometimes more political
than logical. However, the attractiveness of using materials
provided by nature cannot be denied. Plant fibres are
carbon dioxide neutral in their production and require only
small energy inputs for processing. The possibility of
recovering some of the Sun’s energy stored in the plant
fibre at the end of product life is appealing. The glass
fibre-reinforced product cannot be burned at the end of
product life to recover energy, and must therefore be sent
to landfill unless otherwise reused. The superior toughness
of plant fibre suggests that the number of cycles possible
in the re-utilization of reinforced thermoplastics may be
greater than with glass fibre.

The dermal and respiratory irritation issuc is more
controversial. The question of whether fibreglass is linked
to lung disease remains open. What is clear is that plant
fibres are more pleasant to work with than glass, and
because their diameter is much higher than the 1-5 um
threshold regarded as the hazard limit for carcinogenicity,
it seems that they will be safer to work with as well.

The disadvantages of plant fibres are their water
reactivity, polarity, finite length and large diameter and
variability.

The potential for new plant fibre-reinforced

products

It is noteworthy that, of the existing commercial plant
fibre-reinforced products, one of the strongest (Tufnol) is
made with the weakest and most expensive fibre (cotton).
Some of the potential for the improvement of plant fibre
composites is evident. Still greater advances can be
expected following further improvement of fibre/matrix

compatibility. We can therefore anticipate greater use of
plant fibres in products ranging from dough mouldings, to
injection mouldings and resin transfer mouldings, and to
pultrusions. In some cases, this will be driven by cost
advantages; in others, it will be by environmental benefits.

With thermoplastic matrix materials, the polarity of
the plant fibre has often presented problems. The poor
wetting of the fibre surface leads to limited specific
adhesion, with the result that the fibre acts as a nonreactive
filler rather than a reinforcement. It is possible that these
difficulties can be overcome through the use of a fibre
coating or sizing.

In many cases, however, the water reactivity of the
composite remains a problem. Even if the product does not
immediately fail on exposure to water or a humid
environment, the resultant swelling or “movement” may be
unacceptable in the product. Where the encapsulation
approach is unsuccessful or deemed too risky, the best
solution is chemical modification. This involves
replacement of a significant proportion of the hydroxyl
groups in the plant cell wall by other groups less attractive
to water. Although considerable research has been carried
out in fibre modification in the textile industry over the
past 50 years, much of this is not applicable to composites
for a variety of reasons.

Firstly, if the modifying group reacting with the
hydroxyl is only monofunctional, there is a risk that it will
be subsequently difficult to form a strong adhesive bond
with the modified surface. This difficulty has arisen, for
example, in the acetylation of wood and fibre. Secondly, it
is not desirable that the modification reaction should be
dependent on the presence of free radical initiators, since
the continued generation of free radicals after product
manufacture will cause product degradation and aging.
Much of the work on the formation of graft copolymers
with cellulose is not readily applicable to plant fibres
containing lignin because the lignin scavenges the free
radicals, thereby inhibiting the reaction. The lignin
concerned can then act as a free radical buffer, causing
product degradation and aging. Thirdly, it is important that
the modifying reaction does not depend on the presence of,
or lead to production of|, strong acids or alkalis, since these
can degrade plant cell wall polymers after product
manufacture. Finally, to give modifying groups access to
the hydroxyl groups readily accessible to water in the cell
wall, it is important to react the plant material in a
partially swollen condition. Pre-swelling can have so large
an effect on the rate of reaction that it can effectively be
considered to be part of the catalysis system. However, too
much penetration of the wall can damage its structure;
careful control of the degree of swelling is therefore
necessary.
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C. COMPOSITES FOR BUILDING MATERIALS

Promotion of composite building materials

by N. Biering, Chemical Industries Branch, Industrial
Sectors and Environment Division, United Nations
Industrial Development Organization (UNIDO), for the
Advanced Workshop on Industrial Composites Design
and Application, Trieste, Italy, 30 October-
4 November 1994

Abstract

The paper focuses on the role of UNIDO in promoting
the manufacture and use of composite materials in the
housing and construction sector in developing countries and
on the methodologies employed to ensure the widest
possible application of the technologies in question.

In order to place the topic of the paper in a broader
perspective, an overview is presented of UNIDO’s building
materials programme in general and of the policy elements
which determine the strategy adopted, including basic
priority issues such as environmental sustainability, local
raw material utilization, employment generationand private
entrepreneurship development.

A presentation will be made of the range of composite
building materials which are being promoted by UNIDO in
the context of its technical assistance activities. Particular
focus will be placed on the efforts to introduce cement
stabilized soil blocks and fibro cement roofing tiles to a
number of African countries and on the promotion of fly
ash use in lightweight concrete and other structural
applications.

Through selected case stories the various approaches
employed in order to achieve an effective transfer of R&D
results and technologies made available through other
channels will be illustrated with emphasis on the adaptation
of the products to the market demands and the achievement
of financial viability of the manufacturing operations. In
this context reference will also be made to UNIDO’s
potential role as technology broker thanks to its close
contacts to holders of advanced composite technologies as
well as to the potential users of these technologies in the
developing countries.

Finally a case will be made for the important role to
be played by the composite building materials as means for
achieving a higher level of ecological sustainability—
through the reduction of energy consumption in the
production process and increased utilization of agricultural
and industrial wastes.

The building materials programme
The main characteristicof the building materials sector
of the majority of developing countries is its overwhelming
dependence on high priced, imported products and products
manufactured from imported raw materials. This has a
number of negative effects on the national economy:
*+ A major drain on the scarce foreign exchange
reserves;
*  High construction costs in the formal and semi-formal
sectors;
. Underutilization of domestic raw material resources;
* A loss of the potential contribution of the sector to
job creation and increased economic activity.
Most severely affected by the lack of appropriately
priced building materials is the housing sector, where

this problem is compounded with a very limited
availability of resources and mechanisms for housing
financing. The cumulative effect is that, currently, a
large and growing proportion of the population and
especially the rural families and the urban poor are
living under unsatisfactory and deteriorating shelter
conditions.

By providing these materials locally, the countries
increase their self-reliance and reduce their dependence on
imports. Furthermore, by constructing cheap housing, local
authorities can absorb the growing population pressures that
will build up in urban and rural areas after the turn of the
century.

Developing the local production of building materials
and prefabricated components is likely to encourage
investment in the building industry.

The building industry is not the final destination.
Upstream and downstream, it generates a host of small and
medium-sized enterprises (SMEs), whose activities overlap
with the informal sector and lend strength and vitality to
the fabric of national and regional economies. These
businesses ensure workers stable and substantial sources of
income and serve as schools in which vocational skills are
acquired and knowledge is passed on, thus contributing to
diversify and further the human resource development
process.

Through their economic and social functions, the
industrial enterprises of the building materials and
construction sector lend full effect and meaning to the
policy of UNIDO for the promotion and development of
human resources, particularly the integration of women
into the industrial development process at all levels
of responsibility. In this context, it must be
emphasized that the sector offers a wealth of
opportunities for the employment of women, to which the
achievements of the Organization’s field projects bear
evident witness.

The practical experience of UNIDO’s technical
assistance activities also clearly demonstrates how
the enterprises in the private sector concerned with
construction and housing are excellent entry points for new
technologies and techniques that are easy to master and
thus, in turn, easy to disseminate to a wider range of end-
users.

Objective and target areas of the programme

The development objective of the programme is to
permit the needs of a country for housing but also, since
the sectors are closely interlinked, for other types of
buildings and engineering structures to be satisfied without
undue delay and at a cost/quality ratio which represents the
optimum for each specific country.

Although the programme addresses the needs of the
overall building materials and construction industry sector,
it focuses particularly on the housing needs of the lower to
middle segments of the urban population and is based on
the belief that any meaningful strategy for the provision of
low-cost shelter must include a resolute shifting of present
housing production methods to a more intensive use of
indigenous resources and to a more labour-intensive basis
without ignoring minimum standards of durability and
comfort of dwellings.
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The overall objective of the programme is, thus, on a
country-by-country basis to ensure the adequate availability
in terms of quality, quantity and cost of a full range of
locally-produced building materials suited for application
in the local construction sector and of compatible
construction techniques and appropriate public policies,
regulations and support mechanisms.

The programme contributes to the achievement of
ecologically, financially and technologically sustainable
shelter development through the promotion of the following
priorities, which can be considered at three distinct target
levels of policies and strategies, institutional support and
enterprise operation.

Composite building materials

In conventional terminology, composite materials
evoke the concepts of high technology and use of
specialized components satisfying strict quality require-
ments. Products such as carbon fibre products, special
polymers and advanced ceramic products come to mind.

However, strictly speaking even such basic products as
mud-bricks improved through the addition of straw and
cow dung qualify as composite materials, and a wide range
of building materials in daily use in the developing
countries can be said to belong to the group.

In the context of this paper, composite building
materials are defined as products which in their
manufacture incorporate more than one raw material which
typically are of different origin. The raw materials can
roughly be divided into three basic categories:

+  Non-metallic minerals and mineral products such as
clay, sand lime, cement, natural stone, etc.;

= Materials of plant origin including wooden particles,
straw, vegetable fibres, agricultural wastes (husks and
shells), etc.;

*  Manufactured materials such as artificial aggregates
(expanded clay and fly ash pellets), polymers, mineral
fibres (glass, ceramics, carbon) and metallic
components.

The possibilities for combinations of such basic raw
materials, whereby their physical and chemical
characteristics supplement or reinforce each other, are only
limited by the imagination of the technologists. And while
some of the composite building materials (CBMs) which
result are considered traditional and hardly recognized as
CBMs, such as the above-mentioned mud blocks and
standard concrete blocks and elements, others have only
very recently appeared on the market despite their basic
and easily accessible ingredients.

Some CBM technologies are still at the level of
laboratory research but hold great potential for the housing
sector of the developing countries. They include new and
sometime sophisticated products, based on basic local raw
materials and linked to appropriate structural systems,
which eventually are expected to play an important role,
due to their excellent performance characteristics and low
cost, as well as their contribution to environmental
sustainability.

UNIDO is in touch with R&D institutions and/or
commercial enterprises involved in this research and is
actively encouraging the work carried out. The
Organization also keeps a close eye on new developments
regularly presented at congresses and symposia and other
scientific gatherings in keeping with its mandate to
monitor and promote a global process of technology
transfer.

Fly ash cement composites

Paper presented by S.S. Rehsi (Chandigarh, India) at:
Advanced Workshop on Industrial Composites Design and
Application, October/November 1994, International Centre
for Science and High Technology (ICS), Trieste, Italy

Abstract
Fly ash cement composites have been a subject of

considerable interest with R&D scientists in various

countries, where fly ash is available. In India, R&D work
on these materials was taken up in the 1960s and was
continued over the next two decades. Fly ash samples
collected from different thermal power plants in the
country and ordinary Portland cement (OPC) were used to
produce fly ash cement composites. The materials were
subjected to different physico-chemical tests, X-ray
diffraction and microscopic (SEM) examination. Various
aspects, such as:

(1) Fly ash characteristics and their influence on the

properties of fly ash cement composites;
(1) Mechanism and kinetics of hydration reactions;
(ii1) Morphology of reaction products on curing at
normal and elevated temperatures;

(iv) Performance and durability under
environmental conditions;

(v) Use of locally available pozzolanic materials such as

calcined clay and rice husk ash, in place of fly ash;

(vi) Fibre-reinforced fly ash cement composites; and

(vil) Appropriate/intermediate technologies for the
production of fly ash cement composites and allied
materials, were investigated. The important findings
are summarized below:

1. There is a wide variation, from sample to sample, in
the physical properties, chemical and mineralogical
compositions of fly ash. As compared to fly ashes
produced elsewhere, Indian fly ashes containrelatively
high amounts of SiO, and Al,O,, unburnt carbon and
lower amounts of Fe,O, and SO,. In mineralogical
composition, they contain 45-80 per cent spheroidal
silicious, aluminous and ferruginous glassy particles,
the rest being irregularly shaped, angular as well as
rounded black particles of unbumnt carbon, and
crystalline phases consisting of quartz, mullite,
haematite and magnetite.

2. Lime reactivity, also called pozzolanic activity, which
determines the suitability of fly ash for use as
pozzolana in fly ash cement composites, is greatly
influenced by the physico-chemical properties and
mineralogical composition of the fly ash. It increases
with an increase in the: (i) fineness of fly ash as
determined by the per cent passing through a 45-
micron sieve; (ii) content of Si0,+ ALQ,; and (iii)
content of spheroidal glassy particles.

3. The kinetics of pozzolanic reactions between silicious
and aluminous constituents in the fly ash and lime
produced by hydration of cement in fly ash cement
composites are slow at normal temperatures.
Consequently, the rate of strength development in fly
ash cement composites is slower than corresponding
OPC composites, at early stages in particular. The
pozzolanic reactions produce calcium silicate hydrate
(CSH) and hydrated calcium alumino-silicate
(C,ASH), which add to the strength of fly ash cement
composites. On continued hydration, the fly ash
cementcompositesand corresponding OPC composites
have, more or less, similar strength later.

different
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4. The kinetics of pozzolanic reaction and cement
hydration are acceleratedat elevated temperatures. The
morphology of the hydration products changes from a
poor crystalline form at normal temperature to a good
crystalline form at an elevated temperature of 100° C
and above. The conversion of poor crystalline
hydration products into a good crystalline form
reduces the volume changes in fly ash cement
composites on wetting and drying. The fly ash cement
composites also develop higher strength vis-a-vis OPC
composites on curing at elevated temperatures.

5. The fixation of lime by pozzolanic reactions and
incorporation of the additional CSH so formed renders
the fly ash cement composites more water
impermeable, more heat resistant and more resistant to
sulphate attack. These reactions also impart soundness,
i.e., volume stability in fly ash cement composites
prepared with high magnesia Portland cement (MgO
content: 10 per cent).

6. Fine powders of locally available clay, calcined at
an optimum temperature suiting its clay mineral,
and rice husk ash obtained by incinerating rice husk
at 600-700° C, possess high pozzolanic activity.
These reactive pozzolanic materials are suitable
for use, in place of fly ash, in fly ash cement
composites.

Appropriate/intermediate  technology packages
have been developed for the production of the
following construction materials for use of the building
industry:

(1) Natural fibre reinforced fly ash cement bonded
roofing sheets;

(i1) Fly ash cement concrete walling, roofing and
flooring units;

(ii1) Reactive pozzolanic materials from locally available
clay and rice husk;

(iv) Small-scale production of cement in a mini cement
plant of capacity ranging from 20 to 200 tons per
day;

(v) Hydraulic binder from industrial, mining and
agricultural wastes.

Fly ash characteristics
(a) Physico-chemical characteristics

Fly ash is a finely divided powder thrown out at
thermal power plants using pulverized coal for raising
steam in the boilers. It contains spheroidal glassy particles
(solid or hollow particles called cenospheres), irregularly
shaped (angular as well as rounded) black particles of
unburnt carbon, and crystalline phases.

The fly ash is lighter than OPC. Its specific gravity
generally ranges between 2.05 to 2.45, the higher value
being associated with higher Fe,O, content in the fly ash.
The specific gravity of OPC ranges between 3.1 to 3.15.
(b) Mineralogical composition

The mineralogical composition of fly ash varies
according to the quality and fineness of the pulverized coal,
the type and amount of mineral matter associated with it,
the method of buming, flame temperature, oxidation
conditions and control of the combustion systems. The
principal groups of minerals present in the coal are
(1) hydrated aluminium silicate group, e.g., kaolinite,
montmorillonite, illite; (ii) carbonate group, e.g., calcite,
siderite; (iii) sulphide group, e.g., pyrite, marcasite; and
(1v) accessoryminerals group, e.g., quartz, feldspar, apatite,
etc. On instantaneous combustion at high temperature in the
boiler, these minerals undergo thermal changes to produce

crystalline phases like mullite, magnetite, haematite, quartz,
tridymite and an amorphous phase consisting of silicious,
aluminous and ferruginous glasses.

(c) Lime reactivity

The level of lime reactivity, also called pozzolanic
activity, forms the basic criterion to judge the suitability of
fly ash for use as pozzolana in fly ash cement composites.
It is determined by lime reactivity and compressive strength
and Fratini tests. According to 1S:3812-1981, fly ash is
considered suitable for use as pozzolana if its lime
reactivity is not less than 4 N/mm®, and the compressive
strength of the fly ash cement mortar is not less than
80 per cent of the strength of the corresponding plain
cement mortar. In the Fratini test, the point representing
concentration of lime vs. alkalinity should fall below the
solubility isotherm at 40° C for Ca(OH), in the presence of
alkalis.

The reactivity of fly ash with lime can be enhanced by
treatment with acid, addition of alkalis or some trace
chemicals. Other methods found effective are grinding,
sieving, recalcination, and addition of certain chemical
admixtures along with plasticizers.

Mechanism and kinetics of hydration reactions

Hydration of fly ash cement composites leading to
strength development consists of (i) hydration of Portland
cement and (ii) pozzolanic reactions between silicious and
aluminous constituents in fly ash and the lime released by
hydration of the Portland cement. While the mechanism of
hydration of Portland cement is well established, the
mechanism of pozzolanic reactions is still not fully
resolved. Microscopic studies show that the pozzolanic
reactions involve the following stages:

(i) Migration of ions from aqueous phase to reaction
sites at the surface of the particles;

(ii) Precipitation of Ca(OH),;

(iii) Reactionbetween Ca(OH), and vitreous phase of fly
ash particles leading to the formation of CSH,
C,AH,; and C,ASH;.

The viterous phase shows heavy etching and many
particles up to 1 to 2 micrometers are consumed within 28
days. The crystalline phases in fly ashes remain inert and
do not take part in pozzolanic reactions.

The kinetics of pozzolanic reactions between silicious
and aluminous constituents in fly ash and the lime released
by cement hydration in fly ash cement composites are slow
at normal temperatures. Fly ash also retards the hydration
of C,S, which is the main cement compound contributing
to strength in early stages. Consequently, the rate of
strength development in fly ash cement composites is
slower than corresponding OPC composites, at early stages,
in particular. The pozzolanic reactions produce calcium
silicate hydrate (CSH), which add to the strength of fly ash
cement composites. On continued hydration, the fly ash
cement composites and the corresponding OPC composites
have, more or less, similar strength at later stages. The fly
ash cement composites, therefore, require extra measures
such as an extended period of wet curing and/or use of a
slightly richer mix, to obtain a satisfactory and comparable
level of strength development, particularly under low
ambient temperature conditions (about 10° C). There is no
problem in strength development under tropical conditions
with temperatures of 30° C and above. However, under hot
and dry conditions with an ambient temperature above
40° C, problems like a rapid evaporation of water,
accelerated setting, and increased tendency to crack, may
arise.
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Morphology of reaction products at normal and

elevated temperature

The calcium silicate hydrate, which is the main
cementing product formed by hydration of C,S and B-C,S
in Portland cement and by the pozzolanic reactions in fly
ash cement composites is in the form of a poorly
crystalline, near-amorphous gel, at normal temperature. It
is subdivided into CSH(I) and CSH(II). The CSH(I) has a
crumpled foil type structure. Its Ca/Si molar ratio is
below 1.5 (0.8-1.5 to be more specific). The CSH(II)
looks like fibres, or as fibres having a distinctly
corrugated or fibrous texture. Its Ca/Si molar ratio is 1.5-
2.0.

The gel has an inherent tendency to shrink and give
off some of its water. On drying the set cement for the first
time, 1t undergoes irreversible shrinkage and reduction in
water content and changes into a more stable form. On
subsequent wetting and drying, the volume changes become
reversible.

The fixation of lime by pozzolanic reactions and
incorporation of additional CSH so formed renders the fly
ash cement composites more water impermeable, more heat
resistant and more resistant to sulphate attack. These
reactions also impart soundness, i.e. volume stability, in
fly ash cement composites when prepared using OPC
having high MgO content (up to 10 per cent). It is well
known that the presence of MgO beyond a certain amount
in OPC causes unsoundness, i.e. volume instability. The
standard specifications on OPC all over the world have,
therefore, placed a maximum limit on its content which
ranges from 4 to 6 per cent.

Reactive pozzolanic materials for use in place of

fly ash

Under situations where fly ash is not available, other
pozzolanic materials such as (i) fine power from a locally
available clay, calcined at optimum temperature suiting its
clay mineral, and (11) rice husk ash obtained by incinerating
rice husk at 600-700°, can be used.

Calcined clay pozzolana

Raw clays are essentially a group of hydrated
aluminium silicates. On heating, they first give off their
surface and inter-layer water. Further heating brings about
the loss of the hydroxyl ions in the structure; later the
collapse of the structure occurs, yielding a very intimate
mixture of the amorphous oxides (SiO,, Al,O, and Fe,0,),
which is highly reactive with lime. Further heating results
in the interaction of these oxides to form non-reactive
crystalline mullite, spinels, etc.

The optimum temperature of calcining raw clay to
produce reactive pozzolana, is presumed to be that
temperature at which the crystal structure of the clay
mineral just collapses and the oxides of silicon, aluminium
and iron are in reactive amorphous form. The optimum
temperatures of calcining different clays for maximum
reactivity have been found to be:

For montmorillonite type of clay

For kaolinite type of clay

For illite type of clay
Rice husk ash

Rice husk ash contains 90-95 per cent silica, the rest
being minor amounts of calcium, magnesium, potassium,
sodium, phosphorous and sulphur, along with trace amounts
of aluminium, manganese and iron which vary according to
the soil and manures used. The silica in rice husk is
mostly present in an amorphous state. Microscopic (SEM)

600 to 800" C
700 to 800" C
900 to 1,000° C

examination and X-ray diffraction of the rice husk ash
obtained under different conditions of heat treatment show
that while the amorphous state of silica is predominantly
retained in thermally treated samples up to 700° C, samples
obtained above 800" C show an increased crystallinity of
silica (mostly present as cristobalite and tridymite). Crystal
growth gradually increases with a rise in time and
temperature of the thermal treatment. In fact, crystallization
of silica occurs in samples if retained at 700° C for more
than 1% hours. Rice husk ash obtained from rice husk fired
boilers contain a high proportion of crystalline silica. As
stated earlier, only amorphous silica is pozzolanic.
Therefore, rice husk ash obtained at 600-700°C or less is
suitable for use as pozzolana.

Appropriate/intermediate technology packages

Appropriate/intermediate technology packages have
been developed for the production of construction materials
for use by the construction industry. A brief account of the
technology packages is given below.

1. Natural fibre reinforcedfly ash cement bonded roofing
sheets

Fly ash cement is suitable for use in all situations
where OPC is usable under normal conditions. In addition,
the alkalinity of the fly ash cement matrix is lower (pH
about 12.0) than that of OPC matrix (pH about 12.5 or
more). Natural fibres of vegetable origin such as coconut
coir, sisal, jute, sugar-cane bagasse, banana, palms, flax,
akwara, elephant grass, etc., which get embrittled and lose
strength due to an alkali attack in the OPC matrix over a
period of time, suffer comparatively less damage in fly ash
cement matrix.

An appropriate technology package has been
developed to manufacture fly ash cement bonded
corrugated coir fibre roofing sheets. In the manufacturing
process, coir fibre is first soaked in mineralized water for
one to two hours. The free water is drained off the fibre,
which is then mixed with dry cement in the ratio of 1:5 by
weight. The corrugated roofing sheet is made from this wet
matrix of cement-coated fibres either by a manual process
or a semi-mechanizedprocess. In the manual process, a mat
of suitable thickness is formed on a corrugated mould and
pressed under a uniformly distributed load to exert a
pressure of 1.5 to 2 kg/cm’. It is held under pressure for
four to eight hours, then demoulded and cured in the shade
and dried. In the semi-mechanised process, the cement-
coated fibre matrix i1s uniformly spread on the drag (or
bottom part) mould. The cope (or top part) mould is placed
in position on the loaded drag mould. The assembled
mould is pressed down hydraulically to press the raw
materials to the required pressure. Wedges are then inserted
in the slotted pins of the drag mould to hold the cope
mould in position so that the formed sheet is kept pressed
during its setting period. The wedged mould assembly is
then rolled out of the press and transported on a trolley to
the curing yard. After three to four hours, the sheet is
demoulded, removed from the mould and kept in the shade
for natural curing in vertical stacks for a period of about
eight days. After curing, a cement-wash is applied on both
sides of the sheet. A coat of waterproofing paint is finally
applied on top side of the sheet and the painted sheet is
ready for use. The sheet can be nailed and used like an
asbestos cement sheet. It can be produced in the size
2 m x 1 m and of 6 to 8 mm thickness. Its breaking load
at a span of 60 cm is similar to that of asbestos sheet at a
span of 100 cm.
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2. Fly ash cement concrete walling, roofing and flooring
units

Fly ash cement can be used in place of OPC to
produce a variety of precast construction materials, such as
building blocks (dense/lightweight concrete blocks (solid or
hollow), stone masonry blocks for walling, RCC lintels and
sills for brickwall, RCC frames for doors and windows,
RCC planks, RC ribbed slabs, L-pan units, channel units,
cored units and waffle units for roofing/flooring, and
autoclaved cellular (foamed) concrete products for walling,
roofing and flooring. Some of these construction materials
have been in use in building construction in India for many
years.

The use of these construction materials ensures quality
control, reduces wastage of resources and speeds up
construction.

3. Reactive pozzolanic materials from locally available
clay and rice husk

(i)  Reactive pozzolana from locally available clay

For the production of a reactive clay pozzolana,
locally available raw clay is calcined in an oil-fired rotary
kiln at the optimum temperature suiting its clay mineral.
The capacity of the rotary kiln could vary from 5 to 20
tons per day or more depending upon requirements.
Various operational parameters, such as size of feed, rate
of feed, inclination of the rotary kiln, speed of kiln
rotation, contro] of flame temperature, retention time in the
calcination zone, etc., need to be adjusted and fixed to suit
the particular kiln installed. The calcination of raw clay can
also be done in a down-draught kiln. The controls are, of
course, better in rotary kilns.

The calcined clay is ground in a ball mill to the
desired fineness to obtain a highly reactive pozzolanic
material, conforming to 1S:1344-1981 “Specification for
calcined clay pozzolana”.

(ii) Reactive rice husk ash

A highly reactive rice husk ash is produced by
incinerating rice husk at 600-700° C in a specially designed
incinerator. A 2-4 tons per day unit is considered to be
economically viable in areas where there are rice husk
hulling units with potentials of processing about 10,000
tons of paddy per annum.

As an alternative to specially designed incinerators, an
open clamp can be used to incinerate rice husk. For this
purpose, a mixture of rice husk and clay in the proportion
of 1:1 by weight is prepared. It is moistened with water
and shaped into balls or cakes which are dried in the sun
and then fired in an open clamp kiln or a trench made from
burnt clay bricks. Any clay or soil with a clay fraction of
more than 20 per cent is suitable for use. The fired product
is soft and brittle and then ground in a ball mill to obtain
a highly reactive pozzolana.

4. Small-scale production of cement

Small-scale cement plants based on vertical shaft kiln
technology have been developed. The capacity of these
plants range from 20 to 200 tons per day.

The process of cement manufacture by the vertical
shaft kiln technology involves the grinding of raw
materials, consisting of limestone, clay, coke breeze and
corrective materials (if any), to a fineness of at least
90 per cent passing through a 90-micron sieve. The ground
raw meal, prepared by mixing raw materials in the required
proportions, is homogenized in a silo with compressed air.
The homogenized raw meal is then nodulized in a pan
nodulizer with the help of a fine spray of water.
The nodules (6-10 mm diameter, with a moisture content

of 10-12 per cent) are then fed into the vertical shaft kiln
at a uniform rate for firing. In their downward fall in the
kiln, the green nodules counter hot flue gases of increasing
temperature flowing counter-current to the nodules. In the
process, the nodules are dried, dehydrated, decarbonated,
and finally clinkered with the formation of cement
minerals. The cement clinker comes out of the kiln at the
bottom through the periphery of a rotary discharge grate.
On cooling, the clinker is ground in a ball mill with about
4 per cent gypsum, by weight, to a fineness of not less than
2,250 cm?g (Blaine’s) to obtain Portland cement
conforming to 1S:269-1989 “Specification for ordinary
Portland cement (4th revision), 33 Grade”.

The raw materials to be used in the manufacture of
cement in vertical shaft kilns need to conform to the
following specifications.

(a) Limestone
Sio, 12 per cent, max.
Al O, 4 per cent, max.
Fe,O, 2-4 per cent, max.
Ca0O 45 per cent, min.

MgO 2.5 per cent, max.
(b) Clay/shale/fly ash

Si0, 60-66 per cent

AlLO, 12-18 per cent

Fe,O, 5-9 per cent

(c) Coke breeze
Calorific value
Ash content
Volatile matter

6,000 kcal/kg, min.
30 per cent, max.
8 per cent, max.

(d) Gypsum

CaS0,.2H,0 content 80 per cent, min.

5. Hydraulic binder from
agricultural wastes
Hydraulic binder conforming to 1S:3466-1988

“Specification for masonry cement (2nd revision)” and
suitable for use in masonry work can be produced from
non-conventional materials such as waste lime sludge from
acetylene generators, paper and sugar mills, fly ash, blast
furnace slag, phosphogypsum, tailings from gold, copper
and zinc mines, and rice husk, as described below.

(a) A raw mix is prepared by mixing together
13.6 kg dry lime sludge from an acetylene generator and
5 kg fly ash per batch, and then pelletized in a pan
pelletizer. The pellets are sintered at about 1,150 C in a
sintering hearth. No additional fuel is required for sintering
if the fly ash contains about 7 per cent unburnt carbon, as
determined by loss on ignition. After sintering and
subsequent cooling, the sintered material is crushed and
ground in a ball mill to a fineness of 15 per cent maximum
retained on a 45-micron sieve.

(b) An intimate mixture of dried and powdered lime
sludge and rice husk in the proportion 1:1 by weight is
prepared. It is wetted with water and shaped into balls
which, after drying in the sun, are fired in open
trench/clamp kilns. The fired material, after cooling, is
ground in a ball mill to a fine powder to obtain the
hydraulic binder.

industrial, mining and
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(c) Binder conforming to IS:3466-1988 and suitable
for masonry work can be produced by intergrinding the
following mixtures:

(1) 2 parts of fly ash, 2 parts of lime and 1 part of
OPC, by weight.

(i1) 2 parts of fly ash, 3 parts of OPC and 5 parts of
granulated blast furnace slag with a suitable quantity
of gypsum and an air entraining admixture.

(i11) 40 parts of gold mine tailings and 60 parts of OPC
by weight. Tailings from copper and zinc mines can
be used, in place of gold mine tailings, with suitable
adjustment in the mix proportions.

(iv) 75 parts of phosphogypsum hemihydrate, 15 parts of
granulated blast furnace slag or fly ash, 10 parts of
OPC and suitable amounts of a retarder.

(v) 50 parts of phosphogypsum anhydrite, and 50 parts
of granulated blast furnace slag with suitable
amounts of OPC and an accelerator.

Laterites as construction materials for rural
housing

Paper presented by A. Ayensu, Department of Physics,
University of Cape Coast, Cape Coast, Ghana, at the
Advanced Workshop on Industrial Composites Design and
Application, October/November 1994, International Centre
for Science and High Technology (ICS), Trieste, Italy

Abstract

Laterites and other lateritic materials have been used
as building materials since pre-historic  times.
Unfortunately, the performance and reliability of lateritic
structures have not been satisfactory from the point of view
of durability and the high cost of maintenance. These
drawbacks are primarily due to human factors such as poor
design and/or lack of proper building codes coupled with
environmental factors such as rainfall erosivity, soil
erodibility and excessive ponding. In this paper, the
chemical and mechanical properties of laterites have been
evaluated to determine the appropriate standards or criteria
for selection of lateritic materials for housing construction
in rural communities where laterites are abundant and can
be excavated cheaply. There is an acute demand for cheap
and affordable houses and rational use must be made of
laterites as building materials.

To classify and differentiate lateritic materials as
wormhole, pellet, soft-doughy type or latosol, the processes
of laterization and induration which determine the quality
of laterites are explained in detail. A ternary phase diagram
of Si0,, AL,0, and Fe,O, system is presented, from which
the parameter, K,, is calculated:

§i0,/60
1" AL,0,/102+Fe,0,/160

K, distinguishes laterites and non-laterite materials.

Laterite behaviour in relation to moisture content is
discussed with special reference to the Atterberg limits. To
be used as a building material, the liquid limit of selected
laterite should be within the range of 30-40 per cent, the
plastic limit must be 10-20 per cent and the volumetric
shrinkage must be < 20 per cent. The factors which control
the strength and compaction such as grain size distribution
in relation to the composition of gravels, sand and clay
minerals are also discussed.

It is recommended that laterites must be processed at
minimal cost with minimum energy input into products
such as latcrete and bricks. Appropriate building codes are
required for rural laterite housing schemes. Since the major
defects of laterite buildings are crack formation due to
shrinkage and erosion, precautionary measures such as
water-proofing by plastering walls, extended eaves on roofs
to cover foundations, gutters and platforms around the
buildings have become essential requirements. When
reinforced with cement, the compressive strength of the
latcrete must be >1.38 MPa when wet, and ~2.76 MPa
when dry.

1. Introduction

Even though laterites often possess less than desired
properties compared to other civil engineering materials
such as granite, concrete and steel, they are often used as
construction materials because they are economical. For
most applications, laterites must be stabilized, reinforced or
modified to improve their engineering properties.

1.1 Terminology

The generic name “laterite” is applied to describe
naturally occurring “materials” possessing certain chemical
characteristicswhich, after desiccation, harden irreversibly;
or residual soil produced in situ by weathering of igneous
rocks in the humid tropics. Laterite is a porous, indurated
and concretionary material which is usually red to reddish
brown in colour, and commonly referred to as “brick
earth”. The three types of laterites found in the tropics and
characterizedby their physical appearance are wormhole or
hardpan (crust), pellet (gravel) and “soft-doughy” laterite.
Wormbhole is a massive concretionary formation with an
iron-rich matrix and of slaggy appearance. Pellet laterite
consists of fine grains which are cemented by iron oxide
into pellet-shaped grains which may be loosely consolidated
or not. All three laterite types harden irreversibly upon
exposure to alternate wetting and drying. Laterites are
widely distributed in tropical regions lying between 35° N
and 35° S.

Laterite is often confused with lateritic soil (latosol)
simply because their physical appearance and chemical
properties are similar. Latosols vary in type from poorly
graded sands to highly plastic clays, in colour from red to
reddish brown and exhibit some secondary iron cementation
between the mineral grains. Although lateritic soils harden
upon drying, they soften readily upon wetting. An
important physical difference between laterite and lateritic
soil is that a laterite has a gravel component. The
differences in behaviour of laterites and lateritic soils are
significantand erroneous classificationcould lead to serious
construction failures. Latosols are typically found either
above laterite deposits or alone on younger and moderately
dissected terrain.

1.2 Laterization

The production of laterite by weathering is referred to
as laterization. Physico-mechanical weathering by tempera-
ture changes and erosion cause disintegration of rocks; and
chemical weathering decomposes rock minerals by
oxidation, reduction and carbonation. Colloidal and other
soluble products are leached to lower horizons or removed
altogether, but hydrated oxides of aluminium and iron are
concentrated by evaporation. Laterization of kaolinite can
be represented by chemical equation of the form:

ALO,28i0,2H,0+H,0-Al,0,3H,0+2Si0,+0,

t t *
(Kaolinite) (Gibbisite) (Quartz)
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Such a chemical reaction causes a continual rifting of silica
from the sesquioxides leaving alumina available for
concentration at the site of deposition. The placement,
concentration and type of chemical compounds determine
the physical properties of the primary concretion, and the
ultimate product of laterization is either haematite or
bauxite. Laterites in a residual soil are identified by the
relative amounts of SiO,, Al,O,, and Fe,0, as shown in
table 1.

Table 1. Identification of laterite, lateritic
soil and non-lateritic material
by the parameter, K,

‘- %Si0,/60
" %AL,0,/102+%Fe,0,/160

Material K,
Non-lateritic >2.00
Lateritic soil 1.33 - 2.00

Laterite <1.33

1.3 Induration

Laterite may harden in situ or may later harden when
exposed to air. Induration is the most significant property
of laterite, and understanding of this process is essential for
selection and use of laterite. Laterite material will indurate
irreversibly when the water of hydration is mechanically
removed from the sesquioxides, changing them from
compounds lacking an affinity for water to material which
might be induced at a later time.

A high concentration of silica inhibits induration.
Fe,O, is a superior, cementing agent and its presence in
concentrations exceeding 25 per cent is conducive to
induration. In addition, the removal of CO, during
desiccation could produce the necessary valency change to
catalyse hardening. The factor most responsible for
hardening is generally thought to be the degree of iron-salt
concentration at the point of desiccation.

2. Properties of laterites as building materials
2.1 Composition and chemical properties

The range of the chemical composition is shown in
table 2.

Table 2. Major chemical composition of laterite

Average
Chemical comp. (%) Low (%)  High (%)
Sio, 16.6 0.6 49.8
Al O, 20.1 27 38.7
Fe,O, 47.5 20.7 81.9

In general, laterite has a lower base-exchange capacity
and higher pH than lateritic soil. Kaolinite is the
predominant clay mineral in laterite as compared to a
latosol where all three clay minerals, kaolinite, illite and
montmorillite are present.

2.2 Mechanical properties

The mechanical properties and degree of laterization
serve to determine the suitability of laterites as construction
materials. The experimental methods and standards used to
differentiate permanently indurated materials from those
which soften under load and/or moisture conditions are
sieve analyses, Atterberg limits, Proctor’s compaction test,
California Bearing Ratio test, slaking test, submergence
test, abrasion test, shrinkage and swelling tests. The
percentage of components of laterite and their gradation are
shown in table 3.

Table 3. Components of laterite and their gradation

Gravel Sand Fines Clay
Laterite (%) (%) (%) (%)
Wormbhole 40 30 <30 -
Pellet 40 10 50 -
Latosol - 40-50 30-40 20-30

It must be emphasized that the strength of laterite at
a location is a function of density and moisture content.
Table 4 below gives values of some mechanical data for
laterite, and materials of low liquid limit (LL <50 per
cent), low plastic limit (PL <25 per cent) and low per cent
swelling can be considered to be suitable for building.

Table 4. Mechanical data for lateritic materials

Hardness Dry Optimum Liquid Plastic Plastic
Laterite Specific (MOH density x moisture limit limit index
type gravity _scale) 10° kgm™  content (%) (%) (%) (%)
Wormbhole 2.76-3.50 3 2.08-2.40 8-12 30-50 10-20 20-30
Pellet 2.76-3.50 3 2.08 10-14 30-50 25-35 5-25
Latosols 2.73-3.12 - 1.76-1.92 12-16 40-70 25-50 15-20
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2.3 Design considerations

To design structures made of laterites, a major
consideration must be to prevent local ponding, structural
softening and erosion during heavy storms, and buildings
must therefore be elevated from the ground. In addition,
adequate drainage ditches, culverts and interceptor ditches
must be provided to handle the intense run-off. This is a
key factor in ensuring the long-term use of the structures.
The annual values of rainfall erosivity indices are high in
the tropics, and the estimates for Ghana are 935 Jm'h”' on
the EI,, index, and 1.38 x 10* Jm? on KE >25 index.
2.3.1 Grain size distribution and texture

The engineering properties of laterites are strongly
dependent on grain sizes, shapes and distribution. Laterite
particles range from boulders, cobbles or gravels to sand.
2.3.2 Atterberg limit

The presence of water in the voids is probably the
most important factor affecting the behaviour of laterite.
Atterberg limits indicate different boundaries of mechanical
response in terms of water content, and it is possible for
laterite to exhibit mechanical behaviour ranging all the way
from a brittle solid to a liquid depending on the water
content w, When w >LL, laterite can support no static
shear stress. When PL < w < LL, laterite behaves as plastic
or Bingham solid; and this range is called the plastic index
(PI=LL - PL). At w <PL, laterite behaves as a semi-solid
or even brittle material. Below the shrinkage limit (SL),
no further decrease in volume occurs as drying continues.

3. Stabilization and compaction of laterites

Since the engineering properties of laterites are usually
poor, their economic uses in fills and buildings require
some form of modification or stabilization to increase the
strength, preserve homogeneity, provide water-proofing and
prevent dusting.

3.1 Mechanical stabilization

During mechanical stabilization or compaction,
densification and particle rearrangement occur because air
is expelled from the voids without a significant change in
the water content. The strength is increased and the
detrimental effects of shrinkage and swelling can be
ameliorated. Compaction of laterites reduces permeability
from 2 x 10* - 2 x 107 cm/s to a range of 1 x 107 -
I x 10 cm/s; and compressibility from 100 x 107 to 3 x
10° sq. ft/ton.

Compaction is a function of density, water content,
laterite type and applied mechanical energy. In Proctor
tests, samples of the same laterite and of different water
contents are compacted with the same compactive effort. A
plot of the bulk dry density against water content shows a
characteristic parabolic curve. The water content
corresponding to the maximum dry density (MDD) is
called the optimum water content (OMC). Typical values
of MDD are within the range 1.6 - 2.4 x 10° kgm™, while
the OMC ranges between 10 and 20 per cent. Even at very
high water content and high compaction energy, the
compaction curve never reaches the 100 per cent saturation
line; however, more energy will increase the MDD and
decrease the OMC.

3.2 Stabilizing with cement

Chemical stabilization of laterite is best done with
about 4 to 8 per cent dry weight of cement. Stabilization of
lateritic soil is best accomplished with 4 to 10 per cent of
quick lime. The curing period for laterite-cement is one to
three days, while a minimum of seven days is required for
lime. The cement or lime is mixed with the dry material,

water is added and the mixture is immediately compacted
to obtain high dry density.

Cementstabilizedlaterite with unconfined compressive
strength of 0.8 to 1.4 MPa and good resistance to wetting-
drying cycles have been produced. Only the specified
amount of cement must be used, since the free lime of the
cement is used up in secondary reactions with the laterite
or absorbed by the primary hydration phases, and the pH
of the water phase is reduced by expansive clay so that
hardening is inhibited.

3.3 Surface protection with plaster

Sand-cement mortar of density 2.07 x 10° kgm®,
compressive strength 9.21 MPa, wetting expansion 0.10 per
cent, and drying shrinkage of 0.07 per cent can be used to
plaster the exterior and interior walls of laterite buildings
to minimize water penetration and abrasion wear of the
background material. A 2 cm thick plaster can be used to
ensure compatibility of thermal shrinkage of laterite and
mortar, since any differential movement between them will
cause cracking. Weakly prepared plasters have greater
flexibility and can accommodate shrinkage of laterite better
than strong mortars.

4. Lateritic materials for rural housing in Ghana

In Ghana, the inhabitants have been building with
laterite since historic times. Unfortunately, the effects of
rainfall erosivity and soil erodibility have reduced the
prospects of building with laterites, as the structures tend
to collapse during heavy storms. However, the adoption of
cement as a substitute building material is becoming very
expensive, and therefore, the traditional knowledge of using
laterite must be improved to make laterite more
competitive and acceptable.
4.1 Availability of laterites

Up to 1960, 94 per cent of all rural houses and 53 per
cent of all urban houses were built of lateritic materials,
and only 8 per cent of all houses in the country were built
of cement blocks. Present estimates indicate that of all the
houses built in the rural areas, about 30 per cent are built
from raw lateritic materials, 50 per cent of laterite bricks,
and 20 per cent of sandcrete blocks.
4.2 Indigenous building techniques

In the rural areas, there are no building codes or
zoning requirements. The building site is usually located at
the outskirts of the town, or an area which served as a
garbage dump, and only the barest minimum site
preparation is done. A traditional compound house is a
“swish, mud or Atakpame” building of six to ten rooms,
with a patio, kitchen and toilet facilities, all enclosing a
central open yard for natural ventilation.
4.2.1 Monolithic swish house

A swish house is constructed from latsols or laterites
which are placed in monolithic position when in plastic
state. Dug out laterite is mixed with water, rammed with
the feet, cured for two to three days and made into glo-
bules of 15 to 20 cm in diameter. The foundation which is
required to establish a relatively solid non-moving contact
between the structure and the ground is poorly constructed.

The builder normally judges the texture of the laterite
by “feel” and prefers highly plastic materials which contain
a large amount of clay that can be worked easily, but
which unfortunately exhibit large volume shrinkage. The
walls are built up in courses and each course is allowed to
dry before the next course is built. The wall thickness
varies from 20 to 30 cm and each course is about 30 to
45 cm high.
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4.2.2 Failure categories

Principal non-performance or failure categories of
laterite walls are water penetration, inadequate structural
behaviour and crack development due to high ambient
temperatures and changes in the moisture content of the
building materials. In addition to the difficulties of
alignment, bonding and compaction of adjacent layers, the
major defects associated with the traditional building
methods are:

(a) Rain or water penetration of the walls, causing
cracking as a result of cyclic wetting and drying
accompanied by expansion and shrinkage of the laterite.
The moisture cycling leads to structural instability, ultimate
failure as evidenced by shorter life spans of most houses
(typically under 100 years).

(b) Erosion of the building foundation as a result of
poor design, site selection and excessive ponding. Animals
rub their bodies against the unprotected walls, fragment the
laterites and open up cracks. This reduces the thickness and
strength of the base walls which causes the heavier upper
course walls to tumble.

These defects can be overcome if appropriate building
methods are adopted. The artisans or builders must be
trained in site preparation, foundation work, materials
selection and methods of stabilizing latsols. The swish
houses can also be plastered to provide additional
protection. The doors and window frames must be installed
during construction. The floors must be filled with rammed
earth, topped with concrete and screed finished with
cement.

4.3 Application of appropriate technology

Appropriate methods have been developed to process
and stabilize laterites into resistant and durable building
materials:

(a) Sun-dried bricks, produced by the *soft-mud
process” is the moulding of wet laterites into bricks of
various dimensions. The laterite is made up into a softer
plastic material by adding 1-2 per cent water above the
OMC. The bricks are formed by ramming the soft laterite
into wooden moulds and sun-drying for up to 14 days. The
method produces bricks of compressive strength of 0.62 -
1.03 MPa, with random distribution of crystalline phases
and pores without laminations. In buildings, the bricks
show least tendency of cracking, have aesthetic value, and
correct vertical and horizontal alignment can be achieved.
The door and window frames are fitted during construction
and mortar of 1 cm thickness can be used to give strong
bonding to adjacent layers. The walls can be plastered
easily without adding a subgrade.

(b) Latcrete blocks produced by “press and extrusion
method” of a mixture of cement, sand and low-grade
laterites. A cement content of <5 per cent dry weight is
recommended and after casting, the blocks are air-dried
under shade for 24 hours to cure, and are ready for use
after 21 days. The minimum compressive strength obtained
1s >1.38 MPa when wet and >2.76 MPa when dry. Large-
scale and low-cost rural housing schemes, such as the
Habitat Programmes, use latcrete and laterite bricks in
building construction.

(c) Burnt bricks are made from latosols of very high
clay content which is processed with cement and fired at
high temperatures. Burnt brick buildings are much more
durable and require minimum maintenance and protection,
but the high cost of production makes these bricks
unpopular.

Binders for cellulose materials and their
derivatives: clean fuels and building materials for
the future

Paper presented by E. LaMont-Gregory, School of
Anthropology, Oxford University, United Kingdom, at the
Advanced Workshop on Industrial Composites Design and
Application, October/November 1994, International Centre
for Science and High Technology (ICS), Trieste, Italy

Abstract

It is part of conventional wisdom that the next major
advance in the standard of living in the so-called
“developing world” will come about as a result of improve-
ments in social and economic conditions. Sustainable
sources of clean fuel for cooking and heating and locally
produced building materials that are not derived from forest
resources may play an important part in this effort.

Wood is a vital source of energy for most of the popu-
lation in many countries. Wood is also an important source
of building material, household furnishings, and fuel for
brick drying and bakeries. Forest resources are increasingly
cleared to grow more food for expanding populations. As
more food is grown, more crop residues are accumulated.
It is these materials, crop residues, that present an oppor-
tunity to meet fuel and building material needs in the
future.

To use crop residues for building materials—panel
boards—requires binding technology. The use of straw for
panel boards has become feasible, but due to the high cost
of current binders, straw panels cannot successfully
compete with other residue panel board products.

A binder derived from cellulose materials may help to
overcome the limitations of straw board production.
However, in the opinion of the author, the best use of the
cellulose derived binder may be in the production of
smokeless cooking and heating fuels. Clearly, one fourth of
the world’s population is dependent on wood and other
biomass residues for cooking and heating purposes.

When wood, crop residues or dung are burned in their
natural state, respirable particulates and other pollutants ar