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- Pref ace 

In the past tvo to three decades, significant progress and considerable 

research results have been registered in the field of low-cost building 

.aterials utilizing locally available rav .. terials. 

The transfer of technology, however, has been rather slow in spite of 

a high dellmlcl ! ... ::: lov-cost housing construction progra..es in llBDY d.nreloping 

countries. Technical literature on the subject is numerous but scattered, 

and one great difficulty, it see11S, is the dis&ellination of technical know

how from one country to another through publications such as manuals, mono

graphs, proceedings, technical papers etc. 

This study on .,,egetable-fibre cement board, which was carried out by 

the Institute for Materials and EovirOD11eDtal Research and Consulting (Ill'filOR) 

and financed by the Ministry of Housing, Physical Planning and F.nviroument (VR<M) 

of the Netherlands, vas .. de available, free of charge, to the United Rations 

Industrial Development Organization (UHIDO). It is being issued as a mfIDO 

docdlellt as part of the Organization's effort to facilitate the trau~fer of 

technol,.,gy in this important industrial field. It is hoped that it will 

contribute to the develop11ent of a DE.tural-fibre-reinforced concrete boards 

industry in those developing countries where vegetable fibres and other suitable 

raw materials are in abundance • 
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SUMMARY 

This investigation into vegetable-fibre cement b~rd aias especially at 

the replacement of asbestos fibres in asbestos cement by native 

.fibres of veKetable origin in developing countries. 
Arguments to substitute asbestos by vegetable fibres are: 

- health problems relating to asbestos; 
- asbestos fibres have to be imported; 
- appropriate vegetable fibres are mostly abundantly available in deve-

loping countries and can be produced also froa waste vegetables products, 

such as rice straw, bagasse or waste wood:; 

- vegetable fibres are confor11able to existing asbestos cement 11achines. 

Vegetable fibrous material can be used in two ways: 

- as bundles or strands 

- as pulp. 

Bundles or strands 

Fibre bundles or strands are made froa fibre-carrying leaves, basts or 

seeds by retting, decortication, carding, coabing, etc. 
"lbese fibres still contain most of the original lignin an~ heai.cellulose. 
"lbe fibres are mostly long and are appliP.d as continuous fibres or in 

chopped form. 
"lbei-e are a variety of fibres available. Mostly used in the world at the 
llOllent are sisal, abac.a or 11anila hap, and jute. In case the fibres are 
applied in a contin~ous form, a laye~ of continuous fibres or prefabricatet' 

mats of COllti.naous fibres are embedded in a layer of mortar. 
Subsequently a new layer of mortar is applied, followed by another layer 
of continuous fibre~ and so on. When chopped fibres are used a premix is 
made of chopped f ibrea and mortar which is subsequently poured in a 
mould. "lbe continuous fibre sheets show higher strength and especially 

higher (pseudo) ductility • 

Pulp is made by chopping the raw material, whi.ch could be wood, bamboo, 

rice straw or bagasse etc., to pieces (chips) of some mm's or em's. 

The chips or pieces are subsequently pulped. The pulping processes applied 

vary from chemical to purely mechanical and thermomechanical. 
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fo obtain a good quality of pulp for pulp cement board it has been 

ascertained that lignin and heaicellulose have to be removed to avoid 
negative effects of these constituents nn the bonding of the f ibr~ mortar 
and to iaprove the durability. Further it was found that collapsed 
fibres shoving internal and external fibrillations in general have the 
best properties. 1be veil-known kraft process appears to be in g~neral 
suitable for producing these opt:U:awa quality pulps. 

1be pulp can be used in existing asbestos cement 11anufacture plants 
without aajor aoclifications. 'Ille aost widely used machine in asbestos cement 
llBDufacture is the llatsch~k apparatus, which preferably has to be a 
retrofitted to a so-called flov-on machine. 1bis can be done with only 
Iii.nor costs. Even with the best pulp, pulp cement board made in the S8l!le 

way as ordinary asbestos cement, shows les~ good properties. Notably 
bending strength and es~ially the drying shrinkage vetting expansion 
behaviour are less favourable. 
However, it has been shown that this can be improved by pressing the 
board and by autoclaving. fQr autocl~ving grcund quartz sand (silica 
flower) is used as rav material. In pressing, the board is compacted while 

water is removed. 1bis leads to increased matrix strengths but, ciore 
important, substantially reduces the drying shrinkage/vetting expansion 
110vements. Further it decreases the alkalinity and free lime content of 
the matrix. 1l.e latter appears to be important regarding durability. 

Reinforcing mechanisms and durability 

1beoretical models concerning the reinforcing mechanisas are discussed 
and phenomena influencing the durability of vegetable fibre cement board 
are considered. 
For autoclaved pulp cement board it appears to be likely.that Romualdi's 
fibre space fracture model can explain at least partially the reinforcing 
mechani&11. For non-autoclaved pulp cement board the theory of Phan-Thien 
and Goh is useful, whereas for continuous fibre strands or bun~les the 
Aveston-Cooper-lelly theory can also be applied. Because of the changing 
conditions at the fibre interface in time the most likely models can also 
change in time. 
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Phen011ena affecting durability are the alkaline degradation of lignin and 
hemicellulose in case of fibre strand~ or bundles and of the cellulose 
chains in non-autoclaved pulp ceiaent board. For the latter material how
ever, the rate of degradation appears to be lover than for the foI1:1er. 
Also disposal of liae at the fibre-matrix interface (lli.neralization) has 
been observed and has been related to loss of iapact strength. 

Fibre treataent and 11atrix aodif ication 

A number oi special treatments of fibres or aodif ications of fibres 

and 11e>rtars have been investigated. One of the most successful modifica
tions of the matrix appears to be the use of a highly rear.tive silica 
powder such as silica fuaae and probably also rice husk ash. 1bis silica 
reacts with (be lime, which reduces alkalinity and the presence of lime. It 
has been shown to improve the long-term mechanical properties considerably. 

Special additives are developed to enhance the processability of pulp 
fibres on existing asbestos cement machines. 

Cost pri~ 

Cost prices have been indicatively calculated for three plant sizes: 
· village scale: applying a premix of chopped fibre mo.rtars using very 

simple manufacturing tools, fully produced by hand; 
- small-scale home industries: using pulp and pressing the sheets; 
- laige-scale industries: ful~.y mechanised plants using flow-on machines, 

pressing and autoclaving. 

1be table below shows an over,·iew of investments required, labour costs 
and rroduction costs. Althoug~ the figures presented are ~nly indicative 
and will differ from country to country and from area to area it is 
obvious that in general the totdi ccst price will be similar for all 
three alternatives. However, it has to be stated that the quality of the 
product i.n general will bu the hig'.a~3t for the large-scale inftustry and 
the lowest for the village scale '.ndusr.-:y • 

The most striking difference r'!garding the production ic the very much 
Mgher labour inpuc required for· the small-scale inuu:otr ,· in ~1>1npa1 ii..,•r. 

with the fully mechadsed larae-ocale induatr_,. This of course is of 

major ·importance for developing countries where unemploy1116nt is often 
high and labour costs are low. 
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I Unit Village scale Small-scale Large scale 
I 
I home industry 
I 
I 
t 

Production I m2/a 10,000 100.000 4,000,000 

Capital investment us $ 10,000 250,'.;v...1 10,000,000 

jCapital per unit 

!of output 
t 

US $/m2/a 1 2.5 2.5 

I 
I 

IJobs* : person 15 25 90 : 

jJobs per thousand ! . 
f•2 produced annually : 1.5 0.25 

,0.022 ' 

. 
I ' I 103 us $ !Jobs per I 

• i 
·invested r 1.5 0.10 0.009 

per m2 
! 

:Cost price ! 

·of 5 am US $/m2 2.75 2.27 2.17 
' 

Training and quality 

To manufacture vegetable fibres cement board on village scale and on 
small-scale home-industry level the skill of lo~al people is of paramount 
interest. In general the quality of products made on village scale are 
lower than on industrial scale. Failures on large size, village made, 
vegetable fibre cement boards have made clear that production of small 
size prooucts such as roofing tiles have to be preferred. Further a 
simple manufacturing manual and a standard for quality control based on 
simple tests can be h~lpful. Regarding :he latter the report includes a 

s~e~ish recommendation. 

• 
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I. INTRODUCTION 

Fibres of vegetable origin as a reinforcement for building materials have 

a very long history. The use of straw for instance. to stren~then mud walls 

is probably as old as the use of clay for building. 
The use of fibres to reinforce cement is of a much more recent date simply 
because cement has only been produced since last century~ Fibrous Cement 

Board production started in the begir.ning of this century. 
The fibre applied was asbestos. a natural mineral fibre. The production of 
asbestos cement has grown steadily. In the last twenty-five years it has 

become a major building material in many countries, notably in developing 

countries. 

Efforts to replace asbestos fibres ha~e increased in the last decades. The 

reasons are: 
- Health problems relating to asbestos. Diseases such as asbesto~is and the 

cancer type mesothelioma could be due to respiring of asbestos fibres 
(lit. I) 

- Asbestos fibres have to be imported from Canada. USSR or South Africa. 

which is especially unfavourable for developing countries with often 

negative trade balances and less hard currencies 

- A shortage of asbestos fibres, which was likely in case the asbestos 

demand should continue to grow. 

Attention was drawn to oan-made fibres and to other natural fibres. 

Man-made fibres however are: 

- In general much more expensive than natural fibres (see table 1, lit. 2). 

Asbestos fibres costs in general amount to 30% of the production costs and 

costs for asbesto~ cement roofings in developing countries can account for 

up to 40% of the total costs. A substantial increase in fibre costs will 

~heref ore greatly increa~e fibre board costs 

- Mostly not produced in developing countries 

- Sometimes not durable, such as alk~line resistant glass fibres, or durable 
but then very expensive, such as polyaramide and carbon fib~es 

- Not applicable on the most common asbestos cement manufacturing machines, 

the Hatschek and Magnani machines, because of bad dispersability in water 

and poor felt forming properties. 
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Natural fibres of veget·!ble origin on the other hand: 
are mostly ahundantly available in developing countries 
can often be produced froa waste products such as ricestrav. bagasse or 
waste wood 
_can be used. in particular when pulped. on asbe~tos cement machines. 

Fike OispersalllilitJ Felt Allrali lutoclawe Flenral f.....--
in wter form.as resistance t_,eratlll'e reiaforc-t c-tl'illutiOll 
alllilitJ 

. 
resistmice 
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unmc 
E-a1us - • • - • • 
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S.0-1 • • • - • • 
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filllres 
Rip 
-'•l• • • - ... - -a-
... 1 .. .. .. - - .. -
PINtic 
Polypro-
pyleae .. • ... • • • 
la yon .. • - • • .. 
Polyester .. • • • • • 
•rlon .. • - • • • 
lnlar .. "'* ... . .. - ... 
CeJlulOH 

Vooll pulpl - - - ••• - ... 
llechuical 
pulp - - ... ... .. • 
.._print .. ... ... - •• • 
tleul 
sc .. 1 • • - - • • 
Aalllntos ••• ... ... ... • •• • 
•poor •• reasonable ... po4 .... ••rJ aood {approxmted pric••· nrly 19ftl) 
l) kraft 

Costs 
(US Sit°") 

11100 
4000 

5200 

22000 

3700 

2000 

1800 
llJOO 

l IJOO 

11000 

400 

250 
75 
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750 

Costs 
(US $/al) 

4500 

UJIJOO 
14200 

"4'500 

6'500 

llJOO 

2300 
2700 
2200 

16200 

550 

350 

100 

14600 

2300 
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In the meantime the pulp cetlh?nt board appeared to be most successful in 

asbestos cement substitution in the developing world, while other alter

natilr.?S often make use of pulp fibres as one of the fibrous constituents. 

The present report SUllD8rizes knowledge on cement board reinforced with 
natural fibres of vegetable origin with the emphasis on those developments 

that are of interest for developing countries. After a discussion of vege

table fibre coaposition and the various types of vegetable fibre the ~ein

forcing mechanisms as far as specific for vegetable fibres will be des

cribed. Subsequently the pulp cement board will be considered, followed by 

the board 11ade with continuous fibres. Fina'ly a nuaber of special 11atrix 

aoclifications and fibre treatments will be discussed. 



2. FIBRE CCltPOSITION AND STRUC'I1JRE 

Bundles of fibres, bound together by ~atural resins, gums and waxes, extend 
through the roots, stems and leaves of plants. They constitute the skeleton 
of the plant. 
Some of these fibres a1e very rigid while others are flexible and very 
resilient. .ae thing they have all in c0111DOn: they are based on cellulose. 
lbe natural polymer cellulose is f~rmed by the plant from water and carbon
dioxide. It is a chain of anhydro-6-glucose units as shown in figure 1 

(lit. 3). The number of these units can be a few thousand up tc a few hundred 
thousands. 

en.on ---ii . • • • • 

Figure 1. Anhydro- a-glucose units in cellulose polymer (lit. 3). 

Although not completely established, it is thought that the cellulose polymer 
materials have a structure verr much similar to some of the main artificial 
polymers e.g. crystalline areas alternated with amorphous areas, as shown in 
figure 2 (lit. 2). 

Figure 2. Chain structure of cellulose sho~ing long chains forming 
crystalline and amorphous regions (lit. 3). 

The cellular polymer appears t~ be helically wound around an open space: 
the lumen as shown in figure 3 for sisal fibres (lit. 4). 
1'he fibre cell consists of a number of walls built up : iibrillae. In the 
outer wall (primary wall) the fibrillae have a reticulated structure. In the 
outer secondary wall S1, which is located inside the primary wall, the 
fibrillae are arranged in ~he form of a spiral with a spiral angle of 40° in 
relation to the longitudinal axis of the cell. The fibrillae in the inner 

secondary wall (Sz) have a sharper slope, 18°. The innermost wall (the 

tertiary wall) is thin and has a reticulated arr~ngement of fibrillae. 
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The fibrillae are, in turn, built up of llicro-fibrillae vith a thickness of 
about 20 um. The llicrCl-fribrillae are c011posed of cellulose molecular chain ... 

with a thickness of 0.7 ua and a len&th of a few ua. 

1r---lumen • 11 JI" 
-----Tertiary wall 

Figure 3. Schematic sketch of a fibre cell with the approximate dimensions 

indicated (lit. 4). 

This structure gives the fibre its typical 'stress-strain' behaviour under 

axial tensile loads as shown in figure 4 (lit. 5). The fibre buckles 
(figure 5, lit. 5) at a certain load and after buckling initially shows 

a more elastic behaviour, followed by a renewed stiffer behaviour. 

IJ ,.... 
N 

' e " .. • 
~. 
~ 

°O 
- t .. ..... 
~ . 
~ 

I 
I f t f II IJ H ~ d 

Strain (I) 

Figure 4. Stress-strain curves 
of sprucewood fibres. 
1, a fibre that does not buckle 

2, a fibre that buckles at 

the point indicated (lit. 5). 

Figure 5. Left, spirally wound tube 
fhich, according to theory, 
buckles under axial tensile 

strain to the form indicated 

on right (lit. 5). 
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Figure 6. SEH-foto shoving buckling under axial tensile strain of collapsed 

wood fibres. 

Fibre cells vhic~ have been collapsed by beating or chemical treatments show 
a 11e>re ribbon-like structure without luaen and have a substaut;ally linear 

stress-strain relation. 
'11le fibre cells are linked together by aeans of middle laaellae, which are 
built up of he.icellulose, lignin and pectin. Figure 1 presents a schematic 

sketch of a fibre cell (lit. 6). 
Hemicellulose (about 12%) consists of polysaccharides, mainly xylose. 1be 
degree of polymerization of hemicellulose lies between 50 and 200. The 
heaicellulose mainly occurs in the outer layer of the fibre wall, in other 

words the primary wall, and in the middle lamellae (lit. 4). 

Figure 7. Cros~-section through a sisal fibre (lit. 6). 
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'lbe pectin (lli.nor perc~ntage) occurs in the lli.ddle laaellae and probably has 
a cohesive function. 
'lbe lignin 11ainly occurs in the aiddle laaellae. 'lbe ai.ddle la11ellae contain 
up to 80% lignin which varies strongly froa plant to plant. In plants cellu
lose is further found closely associated with fats and waxes of various kinds. 

Pectin, lignin and hemicellulose influence the ceaent-vater reaction and are 
known to affect the bonding of the fibre with the cement matrix negatively. 
Moreover these coapounds are not alkaline resistant and degradation occurs 
in aoist-hardened cement. see figure 8 (lit. 6). 
lbe aromatic three-diaensional structure of lignin is easilv broken down. 
Heaicellulose is also decoaposed by the alkaline environment. End groups 
react and are unhooked froa the aolecular chain. The aacroaolecule is peeled 
off in this way. Because the polymerization degree of heaicellclose is 
rather low (50 to 200) in relation to the cellulose this peeling-off mecha
nise has a substantial effect on the characteristics of hemicellulose. Also 
the long cellulose aolecules can be affected ty the alkaline environaent of 
the cement matrix. However this appears to occur only to a minor degree. 

Unreinforced fibres of which the lignin and hemicellulose have not been 
removed therefore change their characteristics in a cement matrix, which 
is not the case. or hardly. with refined fibres such as pulp from the 
kraft process ·:here lignin and hemicellulose have been removed. 

Figure 8. Schematic sketch of the decomposition of sisal fibres in concrete. 

The middle lamellae are dissolved by the alkaline pore water in 
the concrete (lit. 6). 
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3. FIBRE CLASSIFICATION 

3.1. General 

The cellulose fibres can be subc.'ivided according to the part of the plant 
fr<>11 which they originate (lit. 2,7,8,9). 1bere are four 11ain groups. 
1) The bast or stea fibres, which fora the fibrous ~undles in the inner bark 

(bast) of the steas of dicotyledenous plants. 
2) The leaf fibres which run lengthwise th1ough the leaves of mor.ocotylede

nous plants. 
3) The fibres of seeds and fruits including the true seed-hairs and the 

flosses. 
4) Woodfibres ude fr<>11 the trunks of trees. 

3.2. Bast or stem fibres 

The bast fibres form bundles or strands that act as hawsers in the fibrous 

layer beneath the bark of dicotyledenous plants. They help to hold the plant 
erect. 

On a tonnage basis jute is the most important of all the bast fibres, followed 
by'flax and kenaf or hamp. 
An overview of fibres with some properties is given in appendix 1. All of 
these fibres have been investigated for cement reinforcement, mostly in the 
form of strands of fibres. Host fibres lose some of their strength if embedded 
in a cement matrix, notably jute, which shows a loss of about 70% (lit. l2). 

Host bast fibres are processed in a similar way: after harvesting they are 
submerged in water or kept wet, resulting in retting of the stalks. 
The fermentation process frees the fibres from woody matter and cellulose 
tissue. Sometimes this process is accelerated by a chemical treatment. 

After the retting process has been completed the fibre bundles are washed 
and dried and sent to the spinning mill. Sometimes the fibres are treated 
further, e.g. bleached. 

Ramie stalks are processed in a different way. The fibres are removed from 
the stalks by the process of decortication. Mostly this is carried out by 
hand. Figure 9 shows a sketch of a decortication machine (lit. 13). The 
process consists in peeling and beating the bark and bast material from the 

stalk soon after harvesting. 
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The fibres are subsequently freed by soaking the bark in water and scarving 

with kni~es. The long strands of raaie fibre are then dried and bleached ~n 

the sun. ).lthough ramie fibres are very strong and durable. large-scale 

production ha5 never Deen put in practice due to Jitficulties to mech«lnize 

the fibre processing. 

Other fibres in~estigated as cement reinfcrcement are rP.ed and grass fibres. 

Elephant grass for instance and fibres derived from bagasse, the residual 

stalk of the sugar cane, and rice straw. 

Rice straw and bagasse are waste products from the rice and sugar cane 

rultivation. Although there are various ap~li~dtions such as the use as a 

fuel or the production of boards (alternative for wood woolcement boards) 

there is still a large surplus in aany countries. 

Figure 9. Faure raspador for decortication (lit. 13). 

3.3. Leaf FibrPs 
., 

The leafs of monocotyledenous plants are supported by fibres which run 

through the length of the leaf. In general leaf fibres are coarser than 

the fibres which come from the basr of dicotyledenous plants, but some 

leaf fibres are on the contrary softer. 

Properties of leaf fibres are given in appendix 1. Host important in ter111S 

of tonnage is sisal follo··~d by another species of the agave family, Henequen. 

Both originate from Central America. 
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Quite a different plant is the ausaceae l •ily of vhich the species Musa 
textilis is the source of the abaca fibre o~ Manila Hemp. The fibrous lea•es 
are arranged around the stea vhich ~hey pr~tect. It is grown •inly in the 
Philippines. Abaca is a high quality fibre vhick is used for ropes and 

cordage. 
The fibres are extracted by decortication p'focesses. The pulpy material is 
scraped avay. Subsequently the fibres an dried or washed and dried in the 

sun. 

Host of the leaf_ fibres bet-.awe rather well in ce11ent •trices. All of thea 
bowewer. ha.e to be ewaluatecl for durability aspects. Sisal fibre reinforced 
cement, the llOSt thoroughly inwestigated wegetable fibre cement board shows 

degradation in a hot vet enYironment. 

3.4. Seed and Fruit Fibres 

Hairs or fibres are often attached to seeds and fruits of plants. Cotton 
is the most iaportant textile cellulose fibre in the world. It has also 

been used in experi.9ents with cement reinforcement. 
After harwesting the cotton fibres have to be separated fre>11 the seeds, 
vhich is done mechanically. Subsequently the cotton is subjected to various 
processes prelillinary to spinning. such as baling. carding, drawing and 
ce>11bing. Cotton can also be treated (bleached etc.). 
Coir is obtained f rOll the coconut husk. The fibres are ?roduced by soaking 
the husks in water for several days. crushing the vetted husk and combing it 
with spikes to separate out the larger coarse fibres. In this process short 
and long fibres are produced. The latter are used 110stly for the production 
of cordage and ropes. but of course can also be used for reinforcement of 
cement. 

3.5. Wood fibres 

Cellulose fibre 11ade f rOll wood is in teraa of quantity the lllOSt i•portant in 
the world. The bulk of wood fibres is used for paper11aking. But also produc
tion of viscose fibres is substantial. Fibres can be 11ade of all kinds of 

wood. Hostly however pine treas are used. The process to produce fibres fro• 

wood will be described in section 4.2. 
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4. ~ 

4.1. General 

Wood pulp fibres so far have been aost successful in replacement of asbestos. 
Pulp is used as: 
- the !:ingle fibre in pulp cement board. The lower quality of the fibres. as 

compared vi.th asbestos fibres. is enhanced by pressing the "green" sheets 
llBllufactured on the Hatsch~k or Magnani 11achines. autoclaving and/or 
11atrix llOdif ication 

- a carrier fibre together vi.th 11&11-11ade fibres such as polymer and (artifi
cial) lli.neral fibres or vi.th higher quality natural fibres of vegetable 
origin. 

In this section the various pulping processes will be briefly discussed. 

4.2. Pul~inc Processes 

1be method of reaoval of the cellulose fibres from wood. the pulping process. 
has a profound effect on the reinforcing properties of the fibres. Pulping 
processes vary froa chemical to purely mechanical and thermomechanical. 

Hostly applied in pulp cement board 11&nufacture are fibres produced by the 
alkaline kraft or sulphate process. About eighty percent of the world produc
tion of pulp is kraft pulp. Pulp of the acid sulphite process :f_s less 

used. 
In the fully chemical kraft process lignine and hemicellulose are separated 
from the fibre cells by cooking chips in a solution of sodium hydroxide and 
sodium sulphide. 1be kraft process has a low yield (less than 50%) and 
11e>stly produces collapsed ribbon like delignified fib1es. Collapsed means 
that the lumen has been broken open~ The ribbon form is well suitable for 
papermaking and also for use on Hatschek machines to produce fibre cement 
board. Figure 10 and 11 show Indonesian rice straw before and after pulping 
this rice straw using the kraft process. 
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Figure 10. Indonesian rice straw 

before r-ulping. 

Figure 11. Indonesia11 rice straw 

after pulping. 

Another alkaline process is the soda pulping process. 
Alkaline processes are also appropriate to pulp seed and grass fibres, such 

as rice straw, bagasse, elephant grass, etc. whereas acid processes are not. 
Figure 12 shows a flow sheet of a pilot plant of such a process at the 

Institute for Research and Development 01 Cellulose Industries in Bandung, 
Indonesia. 'Ibis pilot plant is specially s~t up to produce pulp from agro

wastes like rice straw and bagasse. 
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Figure 12. Flow-sheet diagram of pilot plant pulp making process. Institute 
for Research and Development of Cellulose Industries, Bandung, 

Indonesia. 
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An additional process step to reduce the lignin content of the fibres is 

bleaching. 
Another process of which the pulp has been investigated for pulp cement 
board manufacture is high-temperature thermomechanical pulping (lit. 14,16). 

In this process the ~emperature is kept above the melting temperature of the 

lignin. The resulting fibre is lignin-coated and uncollapsed. The yield of 

the process is higher than for the chemical processes. These fibres appear 

to be less comformable on asbestos cement machines and their bonding 

behaviour to cement is inferior to that of kraft fibres. 
Thermomechanically proc~ssed pulp can be improved regarding comformability 

by further refining e.g. Bauer disc refining etc., which yields pulp with 

a partially collapsed fibres. 
Beating of fibres up to a certain degree improves properties of pulp and 

board, but beyond that degree the properties are reduced again (see figure 

13, lit. 15). 
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Figure 13. Effect of fibre content on flexural strength at various 

freeness values e.g. levels of beating (lit. 15). 

The process of beating {or refining) cellulose fibres has three important 

effects: 
- the fibres are shortened; 

external fibrillation occurs, causing partial or sometimes total removal 

of the primary wall and causing fibrils to form on the surface of the 

fibre; and 
- internal fibrillation occurs, causing the fibre to become more confor-

mable. 
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In teras of the Canadian Standard Freeness test in genera~ opti•wa proper
ties appear to be available at a freeness of about 500 CSF (ISO/DIS 5267/ 
11). Further beating to a lower freeness value of the cellulose fibres is 

detrimental (lit. 15). 

Typical fibre lengths applied are 0.5-3 li1ll for soft wood and 2.0-4.5 .. for 

hard wood. 

Figure 14. Uncollapsed Indonesian rice-straw pulp. 

Figure 15. Collapsed Dutch woad-fibre pulp. 

The pulp is usually converted to paperboard and transported to the pulp 
cement board plant where the pulp board iti repulped again. 

For cement board manufacture pulp has been investigated manufactured from 
various typep of woods, rice straw, bamboo, abaca, sisal, New Zealand flax 

and flax (lit. 17,18,33). 
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5. PULP Ct'MF.NT BOARi> MANUFAcnJRE 

The success of pulp of vegetable origin in substituting asbestos fibres in 
asbestos cement is to a 11&jor part due to its confor.ability to the orthodox 
asbestos cement .anufacturing processes. 

The main asbestos cement process is the Hatsche!': process; figure 11 shows 
the Hatschek 11achine sche11atically. A typical sh~t llBflufacturing proceciure 
for pulp cement board involves the following sequence of operations: 
- 'lbe fibres, e.g. voodpulp, rice straw pulp or cotton ore processed as far 

as necessary by pulping, beating and refining (in general to a freeness of 
18-23°SR ISO 5267/1). 

- 'lbe other ccnstituents of the batch, i.e. cement, silica flower, other 
fibres if desired, and flocculating agents when required are aixed with 
the pulp to an aquous slurry of 5 to 10% solids by weight. 

- 'lbe water of the slurry, including SOiie of the solids is drawn through the 
rotating permeable felt of the cilinder, as shown in figure 11. A 
film is formed on the surface of the screen which is taken over by a 

moving take off felt. 
Cellulose fibres allow higher film thickness than asbestos cement. 

- 'lbe film is wound around a rotating drum (calender) and when the desired 
thickness of the sheet has been built up it is removed by cutting in the 
form of a flat sheet with a length of 1 to 4 metres. 

- When desired the sheet is subsequently corrugated. 

'lbe film forming properties of the pulp are very important. In case of 
mixtures of fibres the cellulose fibres are of ten used as a carrier fibre 
(filter aid fibres or Prozess Faser), e.g. the cement particles adhere to 
the cellulose fibres and are not drawn off in the vacuum treatments on the 
rotating cylinder and on the moving felt belt. 

Cellulose fibres are in general less appropriate for use on rotating screen 
cylinder machines such as the Hatschek than asbestos. Hore suital: 1.e an the 
so-called flow-on-machines such as the Magnani machine in which the pulp/ 
cement mixture is brought directly on the felt band. Host Hatsctiek 111achines 
can be retrofitted easily and without much costs to a flow-on-machine 

(lit. 19). 
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Despite certain limitations the Magnani process is known for its siaplicity 
and its ability to incorporate non-asbestos fibres and imposes fewer require
ments on cellulose pulp. Because the fibres are less well orientated in the 
felt plane, the strength of the "green" sheet and hardened product in general 
is somewhat less than for the Hatschek machine. 

In case only cellulose fibres are used the quality of the hardened pulp 
cement board is less than of asbestos cement e.g. the modulus of ru~ture is 
not very auch higher than that of neat cement paste and the drying 
shrinkage/wetting expansion is much higher. In general the quality for outside 
application for roofing can be regarded as too low. 

To compensate for this loss in properties the fibre cetBtnt board has to 
be pressed and/or autoclaved. 
Conventionally pressing occurs in high hydraulic presses with many sheets 
stacked together. A typical pressing operation covers 5 minutes at 30 HPa. 
1be compression has to be built up slowly to prevent any damage. Giant 
presses are c011DOn, e.g. lCX>.000 kN. 

1be stackpresses are not appropriate for corrugated sheets manufacture. 
However to aeet the quality of corrugat~d sheets of asbestos ceaent pulp 
cement board has to be pressed. lberefore a special single sheet press with 
a very short pressing time of only 14 s has been developed in the Federal 
Republic of Germany. The pressures applied are between 15 and 18 Ml'a. ~ieve 

sheets are used for dewatering during pressing (lit. 19}. 

Typical autoclaving is effected at 0.85 MPa steampressure and with varying 
periods, but usually longer than 6 hours, mostly 8 to 10 hours. Before auto
claving the sheets need a dormant period otherwise the strength dev£ ment 
will be affected negatively. 
The temperature during autoclaving is usually higher than 150°C, the tempe
rature above which cellulose is known to decompose quickly. 1be reason why 
this does not happen in cement is not clear at the momen~ (lit. 2). 

In case ~f use of a second fibre of high quality there is a possibility to 
leave out the pressing or aut~claving operation. 
Man-made fibres used in West European countries are DolanitCR) a polyacryl
nitril fibre, Kuralon an acetalized polyvinyl alcohol fibre, or mineral 
fibrP,S especially the Zr02-containing glass fibre (Cem-Fi1(R)). 
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Further processing after the manufacture of the hardened basis sheets such 

as sawing etc., is not different from ordinary asbestos ceaent aanufac

turing. 

A aodif ied Hatschek process is known from patent literature in which iL is 
claimed that a variety of fibres can be applied (lit. 20). The process has 
a aodif ied screen cylinder tank and the slur~y has been modified by adding 
a clay ant/or water-soluble polyaer e.g. polyethyleneoxide hOllOpolymer which 

improves the cement retention on the cylinder (see section 8.2.). 

1: Mixer, agitator 

2: Screen cylinder 
3: Felt band 

4: Ply of asbestoscement 
5: Dewatering 

6: Calender 

7: Cutter 

8: Beater 
9: Sprayer 

Figure 16. The fabrication of asbestoscement sheets by the Hatschek process. 
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6. PULP CF.MENT BOARD PROPERTIES 

6 .1. General 

In this sect~nn reinforcing mechanisms and properties of pulp cement board 
will be discussed. Only those aspects will be regarded which are specific 
for pulp board. Concerning the reinforcing mechanisms reference is made to 
general theories such as the rule of mixtures of Hooke, the Aveston Cooper 
Kelly (ACK) Multiple Cracking theory, and Romualdi's and Balson's fibre 
spacing fracture aechanism approach, which are discussed in literature 21. 

6.2. Behaviour in tensile loading 

In the development of pulp cement board the tensile strength and modulus of 
rupture of the board have been gradually improved. Major steps forward have 
been the pressing and autoclaving of the boards. Without these improvements 
the tensile strength and the modulus of rupture achieved would not be very 

much better than for neat cement paste. 

Figure 17 (lit. 22) shows typical bending load - deflection curves for pulp 
cement board. Autoclaved pulp cement board is stronger than non-autoclaved 
board, but the latter has a higher fracture energy. Boards made with fibres 
which are collapsed and are fibrillated show in general higher strength than 
uncollapsed fibres without fibrillation. 
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Figure 17. Typical load deflection curves for wood pulp ce~ent composites 
(lit. 22). 
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Pressing and autoclaving increases the modulus of rupture considerably. 
Figure 18 (lit. 15) shows the modulus of rupture (flexural strength) as a 
function of fibre content for autoclaved pressed pulp ceaent board following 
various preconditioning treatments. The vet material is less strong but 
shows a higher fracture energy (figure 19) 40 
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Figure 18. Effect of fibre content on 

flexural strength of auto
claved pulp cement board 
following various precondi
tfoning treatments (lit. 15). 
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Figure 19. Effect of fibre content 

on f r~cture thoughness 
f olloVing various pre
conditioning treatments 
(lit. 15). 

It has been observed that in dry pulp cement board mostly fracture of the 
fibres occurs, especially in the autoclaved pressed boards, while in wet 
board pull out of fibres prevails. Figure 20 shows some photographs of 
pullout and fracture. Fibre pull out in wet board is most likely to happen 
in the fibre itself. The outer part of the fibre remains in place but the 
inner core is pulled out. The cause is probably water which renders the 
inter cellulose polymer chains bondins weaker. This interchain bonding is 
based mainly on hydrogen bonding (lit. 22). 

Figure 20. (a) SEM showing Fibre pullout on wet board 

(b) Fracture of the fibre in dry pulp cement hoard. 



- 22 -

6.3. Reinforcing aechanisas 

Man! llOdels have been proposed to explain the behaviour of pulp cement board 
in aechanical loading. Obviously the stress transfer between fibre and 
cement and the way this is changed during loading is crucial in the tensile 
load behaviour. 
It has been shown that the theory of Phan Thien and Goh (lit. 23) is useful 
to describe the stress transfer between fibre and matrix in pulp cement 
board (lit. 24). An expression is provided for the force required to displace 
an embedded unifora fibre frOll an elastic matrix and for the corresponding 
interfacial shear stress in case the fibre is long and slender and its 
Young's llOdulus is not much higher than that of the matrix. 1bese are condi
tions likely to be present in pulp cement board. 

'lbe formula given by Phan 1bien and Goh for the interfacial shear stress in 
a fibre pull out test is: 

1.5 ] 
(1 + x 2 I R2) 

Where "! (x) = interfacial shear stress a location x from the surface 
P = the load 
U' = poisson ratio uf the matrix 

x = distance from surface 
R = fibre radius 

Figure 21 shows for a wood pulp fibre with a fibre radius R of 20 um the 
shear stress as a function of the distance from the surface. After a maxiaum 
at a distance from the surface of about 0.7 of the fibre radius the shear 
stress drops rapidly. 

When the force P equals the debonding or fibre fracture force (Pm) debonding 
or fracture occurs. 

t m • f!. [2 (2-~] 5/2 
irR' r 5 

or for U' • 0.2 "(m • 0.44 Pm 
"'R, 

In case the fibre is longer than the distance at which the maximum shear 

stress should occur, the occurrence of fibre fracture or fibre pull out will 

totally depend on the strength of the fibre. 
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INTERFACIAL SHEAR STRESS 
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Figure 21. Interfacial shear stress along fibre in a fibre pull out -test 
according to the Phan Thien and Goh model (lit. 21}. 
assuming U'= 0,2 (poisson ratio} P = 0,0285 N (force) 

R = 20 um (fibre ratio} x = 0 is &~rface 

Another similar formula is given in literature 25. 

'fm=[ 1 Gm-1! l-PmJ-
2 ln p Ef • . wR 2 

In which p = the ratio of inter-fibre distance to f ibrP radius 
Gm = shear modulus of the matrix 
Ef = fibre modulus of elasticity 

This formula deviates from the previous one only by the constant. It also 
shows that by decreasing p, l m increases. An estimate of t"m based on the 
above formula and pull out test results is of the order of 10 HPa. 
Higher values are unlikely for reinforcement of a neat cement paste, because 
the shear strength of the matrix will then be lover. 
It has to be noticed that a measurement of fibre-matrix bond strength in the 
case of wood pulp fibres is rather difficult to make as fibre dimensions 

render pull-out tests extremely difficult. 

In consequence of above, it therefore appears to be unlikely that improve

ments of the bond e.g. by coupling agents will bring very much improvement. 

Test results with coupling agents indeed do not show a significant increase 
in strength. 
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However it is likely that improvements in bond together vith iaproveaents of 
the 1111trix vill be advantageous regarding strength. 
Autoclaving and pressing iaprove the fibre-matrix bond and 11&trix strength. 
Modification of the 11atrix vith silica fuae shows si~i~~r improvements. as 
vill be discussed in section 8.4. 

Further it has been shown by Hannant et al (26.27) that the reinforcing 
11eehanisa of pulp cement board could be explained by ROllU8ldi's fibre space 
fracture mechanism approach. In principle this aeans that in case the inter 
fibre distance is decreased and becoaes Sllaller than the largest fault in 
the neat aatrix, the aatrix strength is increased. which leads to a higher 
bending over point e.g. the first failure of the 11atrix recognizable by the 
deviation in the tensile-strain curve of linear elastic behaviour. 
In this concept higher fibre content and finer fibres therefore lead to an 

increased_strength, regardless of the quality of the fibres as long as they 
are well bonded (only required in case of two- or three-dimensional arranJte
ment of the fibres) and stronger than the matrix. 

In fact both the Phan '11lien - Goh and the fibre space fracture mechanisa 
theories appear to be applicable to dry autoclaved pressed pulp ceaent 
board. 'lliis material shows an almost linear elastic behaviour which cannot 
be explained by the ACI multiple cracking or other theories. 'lliis brittle 
behaviour suggests that the cement matrix and the fibre are failing at 
almost the same moment. 

For non-autoclaved pressed boards and wet boards the fibre pull out is 
a phenomenon which is of much more importance. Typical fibre puil out 
behaviour is shown in figure 22 (lit. 24). 

As shown by Horissey et al (lit. 24) it is likely that this behaviour can 
be explained by the Phan 'lliien and Goh model combined with the fact that 
cellulose fibres, especially the refined collapsed chemically treated ones, 
are of a non uniform,but on the contrary, highly irregular form. 

After initial debonding, the fibre is pulled out partially but it gets grip 
again on the matrix due to a mechanical anchorage. 

Eventually the fibre can be loaded to an even higher level than before 
initial debonding (case b in figure 22) which can lead to fibre fracture 
instead of debonding or to a renewed debonding. 
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Figure 22. Load-ex.:.ension diagraas of eabedded sisal slivers that 
pulled out of the matrix (lit. 24) 
!_apparent conventional ,ull-out (P01) 
~pull-out after force fluctuation (JIOi) 

6.4. Durability 

The durability of fibre cement boards replacing aslw.stos 'ement is a main 
topic in research. Five potential ageing aechanisms for cellulose-fibre 

reinforced cement are described in literature. These are: 

- Alkaline degradation of the fibre 
- Increase in f ibre-eatrix bond due to fibre nineralization and precipita-

tion of lime around the fibre 
- Moisture stressing of the cellulose f ihces 

- Carbonation 
- Micro biological attack. 
Results regarding pulp cement board are rather confusing. 
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Non-autoclaved boards 

For a pressed kraft pulp ceeent board Gram reported a considerable loss in 
llOdulus of rupture and fracture energy upon exposure in his clilililte cubicle. 
The strencth ranges frOll initially 21.5 HPa to not nore than about 10 HPa 
after 60 cycles; fracture energy reduced even aore (lit 4.28). 
Gr.a but also Davies et al (lit. 4,16,28) suggest that the cellulose fibre 
i$ aineralized by precipitation of li::1e coapounds at the fibre surface and 
in the fibre luaen. The bo~ndary layer between cement paste and the fibre 
1ets denser with tiae. This results in an iaproved bond between the a;atrix 
and the Bi.neralized less flexible cellulose fibre. Although this phenomenon 
is known to decrease tensile strength, eoclulus of rupture and strain capa
city for glass fibre reinforced ceraent it is not clear why in the case of 
pulp cement board strength should be affected. 
It is known that pulp cement board roofing shingles which have been produced 
in Germany during the World Vars have lasted a very Ions period without major 

damage. Asbestos cellulose cement board produced in Australia does not show 
any sign of deterioration of the cellulose fibre after 13 years in service. 
However a saw dust cement floor did show aineralization only after 30 years 
(lit. 14). 

Autoclaved boards 

For autoclaved pressed pulp ceillent board a rather stable behaviour is repor

ted froa accelerated ageing tests (lit. 2,29). During i111e1ersion in water of 
so•c, which exposure is used for predicting the durability of glass fibre 
reinfo~ced Celilent, it does not show significant loss in strength after 350 

days. 

Also severe vetting - drying - freezing tests were survived without signifi
cant d8118ge. Carbonation does not negatively effect mechanical properties 
but on the contrary shows some imprcvement in tensile strength. However 

11e>isture movement is increased by carbonation where asbestos cement shows a 
decrease. This can lead to aaoisture moveaent of pressed autoclaved pulp 
cement board of a factor two time~ higher than for non-autoclaved non-pressed 

asbestos ceiaent (lit. 19). Table 2 shows results presented in literature 29. 
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Table 2. SUlll!l8ry of results shoving trends deterained by linear resression 

analysis (lit. 29). 

Fike Acc .. leral .... 

lJ .. le'Sl _l .... 

M...a -t-<lry-

frtr'l!'U 

cydiaa 

"iO•c: ...... 

c;;ariw..ati-

bW!llUS o;o•c s.-
I • 

car-llua;n ioa 

0 • nn 1·hanar 

+ • inc I' e-aSfl' 

- • d.crease-

fltt.._ical ........ 
l.Sl _l .... ef r•pllll'e 

.. r •• 0 

para 0 

pa-rp. 0 

para. 0 

...... 0 

para. (•) 

perp. 0 

........ 0 

pe'l"p. • 
parll. + 

(): !li~airicaar ar ~')% l•••I of cnafid.ac• 

Te1aSile 

su-atla 

0 

0 

0 

(•) 

<•> 
(•) 

0 

0 

• 
• 

ao br;ee·krl!•: s1anilic-t at '»">% l•••I of coafi~• 

later.al .... l .... str-ath 

streaath 

0 (-) 

0 

0 0 

0 

• (+) 

(-) 

0 0 

0 

0 0 

0 

,... .. ,. • te,.r lta;eot applird perpc'lldicular to prhicipal fibre di reel ioa 

p;ara. • tr,.t loa.I "Ppli..t parall•I tn priac ipal fibre direct ion 

lloiSlllft .... ... 
-t of el--

ticilY 

0 0 

0 0 

0 0 

0 0 

• (•) 

• J 

(-) 0 

(-) 0 

- 0 

- 0 

Biological degradation appears to be prevented by the alkaline environment 

and the dense matrix. After neutralization by carbonation, however.exposure 

in a so-called fungal cellar does show decrease in mechanical properties. 

although no biol~gical degradation of the fibre was observed. 

At exposure in wheatherometers.autoclaved pressed pulp cement board is 

reporterl to behave stably. Maybe the relatively good behaviour in exposure 

tests ~f autoclaved pulp cement board in comparison with non-autoclaved 

product could be explained by the fact that after autoclaving the matrix is 

much less alkaline than when hardened at ambient temperature. The lime etc. 

has reacted with the added silica. Therefore there will be less alkaline 

attack. Because of the reduced availability of free lime there will also be 

a reduced precipitation of alkaline subatan<'es i:at the fibre surface. 
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7. UNREFINED FIBRE CafENT BOARD 

7.1. General 

Pulp is used in general for large-scale production although saall-scale 
production is not excluded. 
Pulp hovever has to be produced in rather sophisticated factories which • 
are difficult to iaplement in 1!18ny developing countries. especially in 

rural areas. 
For those areas attention has therefore been drawn to the use of non-pulped 
fibres of vegetable origin for small-scale (village-scale) production. 

7.2. Production 

In general there are two ways of production. lbese are hand lay up using 
continuous fibre strands, and premix casting, applying chopped strands. 

For small-scale production in case of continuous fibres an usual procedure 
is to lay down alternating layers of mortar and fibres in a mould. After each 
fibre layer the composite is compacted with the aid of handrollers. Finally 
a thin layer of mortar is placed on top of the laminate and the upper surf ace 
is made even and smooth by means of handtools. The fibre strands should not 
be twisted into twine but applied individually. 
Instead of laying strands also networks can be prepared which are applied as 
mats. 
Figure 23 shows the various process steps (lit. 30). 

fibre 
.......... 

llixiag - casting - curing - cutting (option) - storing 

Figure 23. Material flow with continuous fibres (lit. 30). 
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When chopped fibres (10-50 RD) are used the various constituents are mixed. 
A number of aixing sequences have been developed. Mostly the dry consti
tuents - celilent, sand and fibre - are aixed first, subsequently water and 
additives are added. After thorough mixing the fibrous mortar is poured into 
a eould and compacted by rclling. taaping and/or vibration. Figure 24 (lit. 
30) shows the process steps involved. 'llte quantity of chopped fibres which 
can be incorporated in the mortar is rather low (up to 3% by volume) because 
at increasing fibres percentages: 
- the tendency to ball up of the fibres increa~es; see figure 25 (lit. 30) 
- the workability decreases faster in time. 'llte fibres, when dry, absorb 

water; this stiffens the mix, consequently illOre water is needed to main
tain the required workability; see figure 25 (lit. 30). 

sand Iii xi ng - casting - curing -
Cemell7-t 

'ofllb!r cutting (option) - storing 

sisal 

Figure 24. Material flow with chopped fibres (lit. 30) • 
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Figure 25. Extra water needed (6 W) to keep a constant workability and 
tendency to ball as visually examined (lit. 30). 

In a more advanced way of production the green fibre cement boards are 
covered with a scrim or filter cloth placed on top of the board. Mould
bottom, green board and filter cloth are subsequently pressed. A pressure 

of a few MPa is maintained for some minutes to some hours. 
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The figures 26 to 30 do shov photographs of the various process steps in

cluding filter pressing in a small-scale factory in Malang, Indonesia. This 
plant manufactures flat ceiling sheets. In the press fifty sheets are pressed 
together. The filter pressing·iaproves the quality of the fibre cement board 
substantially. 

Figure 26. Hand spreading and compaction. 

fi~ure 27. ~urlap. 
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Figure 28. Transport of SO sheets to press. 

Fig.!re 29. Filter pressing. 
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Figure 30. Endproduct. 

After production of the green boards che buards have co b~ cur~J well. 11.is 
can be done by covering the board with wet burlap, plastic foil or by 
keeping the sheecs in a waterbasin after preliminary hardening. Alternati
vely the sheets can be stacked beLveen the botton moulds or between carrying 
plates. The required time of curing depends on many fa~tors but has to be at 
least 7 days. 

7.3. ?roperties 

In case of continuous fibres the tensile strength reinforcement is much more 
effective than for chopped fibres; see figure 31 (lit. 30). Mainly because 
of the more efficient fibre orientation but ~lso h~cause of the larger 
aspect ratio. The latter is especially important at young ages when t~e 
bonding is very small due to retarding effect of lignin at the fibre surface 
on cement hydration but also because the individual fibres in the strands 
are not completely surrounded by the matrix. Later the importance of the 
aspect ratio decreases. Also short chopped iibres then mostly have lengths 
larger than the critical length. 
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Figure 31. Typical stress-strain curves for concrete with different 
types of sisal-fibre reinforcement (lit. 30). 

Regarding durability the test results are conflicting. In accelerated tests 
110stly a strong_ decrease in fracture energy and strain capacity is reported 
and a smaller decrease for strength; see e.g. figure 32 (lit. 6). 

fT. N.t.a' 

1 

, 
Figure 32. Stress-strain curves for specimens of sisal fibre 

concrete aged 0, 4, 8 and 120 cycles in a climate 
cubicle (lit. 6). 

In practice deterioration appears to be inore moderate. Although in tropical 
areas natural weathering results are in line with the accelerated weathering 
test£. 

Gram (lit. 4) explains the deterioration as the result of lignin and hemi
cellulose dissolution and the break-down of cellulose chains. 
But also the improv~d fibre-matrix bond (mineralization) will contribute to 
the loss in the energy ~f fracture and strain capacity. 



- 34-

An appraise! by Appropriate Technology In~ernational (lit. 34) of vegetable 

fibre cement roofings produced with village scale techniques since the late 

1970's showed that up to 47% of the roofing sheets suffer visible cracking 

within a few years. The cracking was due to: 

- deterioration of the fibres 

- difficulties in achieving the reconunended water/cement ratio and curing 
, 

regime 

- loss of rigidly ~f the wooden moulds applied. 

Based on these finding it was concluded that these roofing sheets are not 

suitable for rural housing and facil~ty construction (lit. 34). 

7.4. Standard reGuirements 

In literature 34 ~ draft standard has been prepared for corrugated sheets of 

fibre cement board for use in developing countries. 

The standard comprises requirements and test methods on dimensions, strength 

and water tightness. It is attached as apperadix 2 to this report. 
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8. SPECIAL TREATMENTS/MODIFICATIONS 

8.1. General 

Various attempts have been made to improve manufacture and properties of 
vegetable fibre cement board. Those concern: 
- the retenti~n of cement and filler on the Hatschek machine, including too 

rapid waterdrainage; 
- the bond between fibre and matrix; 
- the durability oi the fibre cement board by means of fibre treatment 

and/or modification; 
the modification of the matrix in such a way that autoclaving and/or 

pressing is not necessary; 
- improvements of the matrix. 
In this section the above subjects will be discussed briefly. 

8.2. Retention of cement and filler 

It has been reported that the affinity of cellulose fibres for cement and 

silica filler is less good than for asbestos fibres. On the Hatschek 
screen cylinder too much cement and silica flower is drawn through the 

screen. Furthermore water sometimes is drained too rapidly, preventing 
the right settlement of fibres and cement. 

It is cl&imed (lit. 20) that these problems can be overcome by applying 
water soluble polymers in the suspension, such as polyethylene oxide with 
large molecular weights (up to s.106). 
It is further claimed that especially a combination of a swelling clay 
and such a water soluble polymer is advantageous. Also the addition of a 

flocculating ag~nt can improve felt formation. Figure 33 (lit. 20) shows 
a flow sheet of a process with these additives. These additives not only 
improve the retention of the solid particles but also decrease the speed 
of water drainage. 

In developing countries there could be an opportunity to realize this kind 

of water retention improvements by using native natural water soluble poly
mers such as arabic gum. 
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Figure 33. Flow-sheet of patented fibre cement board process applying soluble 
polyethylene oxide polymer (Polyox), clay and flocculating agent 

(keten) (lit. 20). 

8.3. The bond between fibre and matrix 

In the early days of pulp cement board development the modulus of rupture 
attained was fairly low, not very much higher than of neat cement pas~e. One 
of the possibilities to increase the strength looked for was the improvement 

of the bond between fibre and matrix. 
The use of coupling agents was investigated. Coupling agents are well known 

from glass fibre reinforced plastics. 
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For pulp cerilent board research has been done with silanes and organometal 
compounds like cyclopentadienyl halides. Figure 29 shows an example of such 
a coupling (lit. 32). 

Figure 34. Possible coupling mechaniSiD with organoaetal coupling agents 
(lit. 32). 

The results with those coupling agents however were rather poor. 
The reasons why these bond improving agents do not very much contri~ute to 
strength are likely to be those described in section 6.3. 
Another cause could be that during loading the fibre is contracted gore than 
the matrix after the latter has been cracked, so that stress transfer from 
matrix to fibre and vice versa is reduced. This could be especially the case 
when fibres are applied with open lugen, i.e. uncollapsed. 
For polyalkyl fibres, e.g. of polyethylene and polypropylene, experiments 
with coupling agents do not show improvements either. 
Better results than with coupling agents regarding the stress transfer from 
matrix to fibre have been obtained by using collapsed fibres showing micro
f ibrillation. These fibres have a lower effective contraction, a higher 
aspect ratio and better mechanical bonding (see section 6.3.). 

8.4. Improvements regarding durability 

Fibre impregnation 

Gram (lit. 6) has carried out experiments with sisal fibres impregnated 
with formine, stearic acid, potassiumnitrates, sodium chromate, borax, 

chromium stearate and fluorine-carbon-hydrogen-stearate. Table 3 shows 

results. The durability is in general improved, but the initial modulus 

of rupture decreases, probably because of poor bonding. 
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lbese iapregnating compounds are water repellent and soaetiaes interfere 
negatively vi.th the cement hydration. therefore bonding is reduced and the 

rate of mineralization is decreased. 

Table 3. Values for 03 after a different nuaber of cycles in the climate 
box for specimens reinforced with sisal fibres which have been 
iapregnated (lit. 6). 

J Impregnating agent Nt111ber of cycles and u 3 (N/-2) 

' 0 12 60 120 

Unimpregnated sisal 32.8 2.8 0.9 0.4 
Boric acid and PVC2 

I 0 . . 
i - - -

I Borax and chromium stearate 16.1 ! - - 3.3 

I Formine and stearic acid 16.7 ' 7.7 4.2;6.3 -
I Formine and stearic acid I 17.4 i 3.8 7.2 5.3 

I Formine and stearic acid 13.6 I 9.7 9.5 5.6 
I I 

Potassium nitrate and I 

stearic acid I 14.0 - 6.4 3.0;4.l 
Magnesium sulphate and PVC2 i 4.8 - 0.8 0.6 
s~dium chromate and fluorine- ! I 

carbon-hydrogen-steara~e 18.2 I - I 3.9 I 3.7 

03 =maximum stress in pseudo-ductile area or 1% strain stress whatever 
is the laraest 

Matrix modification 

Gram (lit. 6) did experiments with wax beads. These beads are mixed into the 
matrix. After hardening the fibre cement board is heated. The wax melts and 
blocks the pores so that transport of water and ions is reduced. 

A more practical matrix modification is the use of silicafume or other 
reactive pozzolans. Gram (lit. 4) obtained a substantial improvement by 
adding silica fume with a percentage of more than 20% of the binder mass, as 
shown in figure 35. 
Silica fume is a waste product of the silicon and ferrochrome production. It 
consists of fairly pure silici11m dioxide. It has a spherical shape with dia
meters between 90 and 1000 nm. It is very reactive with lime and because of 

its fineness and rounded shape it fills up well the interstices between the 

relatively coarse cement particles (average about 30 um). 
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According to Craa the i•prowecl durability is due to the decrease of the pH 

which can go dovn from l3 to as far as 12. Hovewer. also the lime bonding 

capacity and the consequently lover deposit of lime around the fibre can 

contribute. 
For developing countries it could be interesting to inwestigate rice husk 

ash as an alternatiwe for silica fUlle. Rice husk burnt under controlled 

conditions can giwe a wery reactiwe silica. 

CJl.M'9J .. 
• • 

JD 

20 

1D 

11.1 1Z.I 12.0 .... 

Figure 35. The stress a 3 (mean val·Je for three specim:ns reinfc.rcecl 
with sisal fibres) after 0 and 120 cycles in the clim:ate 

box as a function of the percentage silica fUlle of the 

binder weight (lit. 4). 
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9. PIODOCTIOll COSTS 

9 .1. General 

The production costs of •egetable fibre cement boards vill vary f roe country 

to country and fr011 process to process. 
E•en 110re Yaryins is the capital required for tte Yarious processes. 
Village scale production by pre:aix of chopped fibre strands vill demand 
auch less capital than highly autOllllted pulp ce11ent board aanufacturing. 
Regarding the costs for labour it is just the opposite. Lov-cost labour 
is abundantly a•ailable in deYelopin: countries. In de•eloping countries 
capital in general is scarce and expensiYe. 
Although these facts should make a decision regarding the kind of process 
to be illplemeated in a particular country rather siaple. in reality this 
is not so. This is because for pulp cement board ve have to deal in •ny 
countries vith an already existing asbestos cement industry. 
In soae developing countries such as Indonesia there is large-scale 
asbestoscement production while also the share of fibre cement board aanu
factured by S11Bll-scale holle industries is suhstantial. 

To cover the range of scales of existing plants. three processes vill be 

discussed in this section. Those are: 
- premix of chopped fibre strands on village scale 
- pulp ceaent board .. nufacture on a semi-aechanical scale 
- large-scale pulp ceeent board manufacture using Hatschek machines with 

pressing and autoclaving. 

It is assUlled that all plants are producing sheets with an average thickness 
of 5 11:1 and that all use the S8lle percentage of fibre e.g. 7 % by mass. 
Investments and production costs vill be assessed. 

The figures aentioned should only be used in an indicative sense. In any 
actual situation a feasibility study has to be made taking into conside
rations differences: 
- in quality of the product manufactured 

- in costs for transport 
- in requireaents on the substructure for the boards 

etc. 
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9.2. SOiie ley Items in Plant Set-Up 

Village scale 

1be set-up of the plant is shown in figure 36 (lit 30~. 1be inwestaent3 
without land are lov and are estillatecl at US $ 10.000.- for a production of 
10.000 a.2 per. annun. 1be fibre content (strands) is 7% ml• and the rest of 
the dry -terial consists of cement and filler in a ratio of l to 2. 1be 
filler consists of fine sand. 1be apparent dry density of the board is 1400 
kg/al. 1be factory eaploys on awerage 15 persons. 

() \ 
.... A_ 

'~ 
-

Figure 36. Production at the village level vhen ch·'lpped fibres are used 
{lit. 30). 

SGlall-scale home industry 

The plant consists of: 
- a mixer to repulp the fibres supplied by a pulp manufacturer 
- a roll mixer 
- moulds of plywood 
- handtools for compacting. cutting, etc. 
- a hydraulic press of 150 tons 
The capacity is 100,000 m2 per annum. The factory employs 25 persons. 
The board contains 7% by mass of fibres (pulp) and the cement to filler 

ratio is 1 to 2. The filler is a ground limestone. The apparent dry density 

of the board is 1600 kg/m • The total investment without land is put at 

us $ 250,000.-. 
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Large-scale production 

A factory is est:illated to produce 4 million a2 per annum. The sheets are 

pressed and autoclaved. 
1be plant consists of: 
- slurry preparation 

storage tanks, repulping mixer, various mixers, etc 

- green sheet production 
llatschek machine: three vat cylinders, 120 to 180 tons a day 

- hydraulic press ~f 10,000 tons 

- autoclave. 15 • long 
- cutting devices 

- moulds 
- handling and transport devices 
The boards contain 7% a/a of fibre (pulp) and cement and filler in a ratio 
of l to 2. 1be filler is ground quartz sand. The apparent dry density is 
1600 kg/a3. 1be plant employs 90 persons. The total investments without land 

required are estimated at US $ 10 million. 
1be key items of these plants are sUllDBrized in table 4. 

Table 4. Investments and Labour in vegetable fibre board manufacture (prices 

1987) 

Unit Village scale Small scale Large scale 

home industrv 

Production m2/a 10,000 100,000 .+,000,000 

Capital investment us $ 10,000 250,000 l0,000,000 

Capital per unit 
of output US $/(m2/a) 1 2.5 2.5 

Jobs* person 15 25 90 

Jobs per thousand person/ 
m2 produced annually (m2/a) 1.5 0.25 0.022 

Jobs per 103 US $ person/ 

invested 103 us $ 1.5 0.10 0.009 

Fibre price us $/kg 1.0 1.5 1.5 

Cement price US $/ton 90** 80 60 

Filler US $/ton 1 5 10 

* including sales office, etc. 

** prices cheaper fer plants close to cement plants than in rural areas. 
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9.3. Costs estimate 

On the basis of the plants described in the previous paragraph a rough cost 

estimate has bt?en made. 
Further assumptions made for the estimate are given in table 5. 'lbe results 

are as follows: 

Village scale 
2.75 US $/m2 

Small-scale home industry 
2.27 US $/m2 

Large industry 
2.17 US $/m2 

'lbe differences are rather marginal. It has however to be emphasized that 
this calculation is only valid under the assumptions made. When the figures 
are compared the difference in the quality of the boards has to be taken 
into account. Obviously the quality of the large industries boards is higher 
than the village scale boards. 'lbe small scale home industry product quality 
will be somewhere between. On a price-quality basis the board of the large 
industry will therefore be cheapest. But, costs for lbnd have been left out 
but will apparently be higher for. large-scale industry in an industrial area 

than in rural areas for village-scale production. Further transport costs 
will be in average higher for products of the large-industries than of 

village scale manufacture. 1be cost price for the village-scale production 
and small-scale production is very sensitive regarding labour costs. An 

increase in labour costs of 25% for instancP. increases the production costs 
as follows: 

Village scale 
13 ~ 

Small-scale home industry 
2.5 % 

Large industry 
0.8 % 

Heierli and Stulz (lit. 35) calculated a costprice of US $ 4.90/m 2 for a 

unit of 24 workers in a plant in Peru with a production capacity per worker 
of 82.5 m2 per month. At a productivity per worker of 150 m2 per month the 
costs reduce to US $ 2.90. 
For a village scale production in Peru they came to a.o. the following 
conclusions: 

- The main cost factor is labour not capital. 

- The cost of equipment is not imporlant. 

- The main capital investment is for building and land. 

- To compete with other roofing products the productivity must be increased. 

- Investments in machinery and equipment could increase 5 to 10 fold without 

affecting the cost price negatively. 
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Table 5. Assumptions for production costs estimate 

Unit Village Small scale 
seal'? home i.ndustry 

Depreciation period years 
•in ifl8chinery 5 10 

moulds and tools 3 3 
Working capital % of 

investment 60 40 
Interest % 10 10 

F.nergy requirements 
Electricity kWh/m2 - 0.15 
Steam 10-3 tons/m2 - -

Energy costs 
Electricity 
(0.07 us $/kWh) US $/m2 0.01 

Steam 
(0.15 us $/kWh) US $/m2 - I -

Labour costs us $/ 
person/a 1000 1000 

Maintenance costs** % of 
investment 20 15 

* higher qualified personnel required in industrial areas 
** excluding labour e.g. comprised in labour costs 

Large scale 

10 
3 

20 
10 

1.5 
24 

0.11 

0.26 

3000* 

6 
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Appendix 2 

DUFT ST.,.. FOi CllllUliATO W£TS OF FI• aJmlOt USIK 
1EST ll£TllJOS SUila£ FOi USE II DOQJIPlllli GMllllHS {_lit. 28) 

DllEISIONS 

Tllis studard relates to carT11PtM sMets of fillwe 

concrete for l"ODf coweriat. •11 claddi119. etc. Tile 

shape of Ue sheet is s._. ia FIS.A. 

FIG.A. Tiie s8'1pe of corrugations 

L pitch of 
w corrugations 

tllicbess 

RequirelW!ftt Peniissible dilleftSional deYiation in •: 

Testing 

length ... 5 

-10 

w1dth •10 

- 5 

thickness + no li•it 
-0.5 

The requiraents relating to length and widtllil apply 
only to sheets produced on an industrial basts. 

For each sheet. the length and width s8'111 •Kil be 

deteniined at t..o points to the nearest whole 

•illi•tre. 

For each sheet. the thickness shall be cletenrined at 
six points to the nearest tenth atlli•tre. llltasure
•nts shall be !Ude at t..o crests, wo troughs and 

wo transition points. 
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De results sMll t. 9iwee as t• .. lagt9' and 

wi•th of the sl9fft to the nearest •le •illi•tre. 
ne _. thictness of t• sheet shit 11 be 9iwen to 

the -.rest teat• 11i11i•tre. 1"is w•lue shill not. 
IDie.er. elleftd the lent llHSured walue bJ •re 
Uu 0.5 -· 

ll!quiremnt The teftl streftfll' refers to the la.dbffri1t9 c-...city 

of the sheets •t the li11it of propertionality. Md 

is eiqwessed as • load per •tre width of the shftt. 

Testing 

The lOld at the li•it of proportionality shall be at 

least 150 kgf /•. 

ne sheets should be stored in • closed .,,. for , 

uys prior to the test. 

Owing the test. the sheets are to be pl• a on t"'1 

flat rigid horizontal supports of 50 • width and at 
least the s.-e length as the width of the sheeti. 
The clear spAn between supports shall be 1100 •· 

The sheets shall be lo•ed at the •idsection. per

pwsclicubr to the corrugations. with• rigid spr~a.ter 

bo~rd of e.5 • ..ood. of 50 • thickness. The width of 

the board shall be 2lC • and its length at lent the 
SIU IS the width of t!'le Sheet. The edges of the 

spreader board shill be rounded. 

Between support anc! sheet and betwert sheet ancs 
spre•der board, there shill be placed • .,.d of POrous 

•terial, for instance ..ood fibre board, of about 

10 .. thickness. See flG.B. 

.. 
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Fl&.B. Equi.-nt for bending test. 

' 

.................. 
......... 

50 -
Applic1tion of lo1d shall continue until fail~re 
occurs. 

Res~lts: The loadbearing c1~1city at the li•it of 
por,iortion&lity. to the nHrest whole kgf (N). shall 
be divided by the width of the sheet in • to thrtt 
deci•l figures. The 101d at the li•it of porpor
tion&lity shall be given to the nearest -'tole kgf 
(N) per metre. 

With reg1rd to c1lcul1tion of the 101d at the li•it 
of proportionality. see FIG.C. 
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Ft6.C. Schellatic load.-flectian diagr• 

load, /initial tangent 
I 

! I 
'...- t------r---::_ .... __ 

i 
',r~·~-...-

i 
I 

0.4 '...-
I 

0.1 .... 

DeflectiOft y 

The limit of proportionality ;s that point on the 
load·deflection di1sr111 at which the deflection. 
measured fro11 the initial tangent. is 0.1 times the 
total deflection at the s1111e point (point A in FIG.C.) 

The initial tangent is the straigtn line drawr. thr~u-;Jh 

the pe;1nts 0.1 a~ 0.4 times the ulti~ate load Pbr· 

WATEP.nGtrrNESS 

Requirement The tel"lll watertightness refers to the ability of the 
sheets to resist the action of 250 a:: high water 

colUlllft for 24 hours. 

Testing 

At the end of the 24 hours, there shall be no water 
drops on the bOttom face of the sheet. Moist patd~s 

.,Y however occur. 

Testing shall be carried out in a r<.IOlll in which the 

movtt11ent of air is li•ited. 

.. 
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A tube of 35 • internal di.-ter. about 30 ca long. 
shall be used for the test. One end of the tube shall 
be shaped so as to fit into a corrugation trough. 
The sheets shall be placed on horizontal supports in 
such 1 way that the bottm face can be inspected. 
The tube shall be placed in a trough. The joint 
betwen tube and sheet shall be sealed with a suit
able sealing CCJllPOUftcl. Water to 1 height of ZSO .. 
above the bottom of the trough shall be poured into 
the tube. The bottom face of the sheet shall be 

subjected to visual inspection after Z4 hours. 

FIG.D. Equip1ent for watertightness test. 

35 -H 
I 




