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Abstract

The primary concern for vegetable fibre reinforced mortar composites (VFRMC) is the durability of the fibres in the alkaline

environment of cement. The composites may undergo a reduction in strength and toughness as a result of weakening of the fibres by

a combination of alkali attack and mineralisation through the migration of hydration products to lumens and spaces. This paper

presents several approaches used to improve the durability performance of VFRMCs incorporating sisal and coconut fibres. These

include carbonation of the matrix in a CO2-rich environment; the immersion of fibres in slurried silica fume prior to incorporation in

the ordinary Portland cement (OPC) matrix; partial replacement of OPC matrix by undensified silica fume or blast-furnace slag and

a combination of fibre immersion in slurried silica fume and cement replacement. The durability of the modified VFRMC was

studied by determining the effects of ageing in water, exposure to cycles of wetting and drying and open air weathering on the

microstructures and flexural behaviour of the composites. Immersion of natural fibres in a silica fume slurry before their addition to

cement-based composites was found to be an effective means of reducing embrittlement of the composite in the environments

studied. Early cure of composites in a CO2-rich environment and the partial replacement of OPC by undensified silica fume were

also efficient approaches in obtaining a composite of improved durability. The use of slag as a partial cement replacement had no

effect on reducing the embrittlement of the composite.

� 2002 Published by Elsevier Science Ltd.
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1. Introduction

Cement pastes and mortars can be reinforced with

vegetable fibres for manufacturing thin-walled building

components with variable shapes. However, vegetable

fibre cement composites undergo an ageing process in

humid environments in which they may suffer a reduc-

tion in strength and toughness. This durability problem
is associated with an increase in fibre fracture and de-

crease in fibre pull-out due to a combination of weak-

ening of the fibres by alkali attack, fibre mineralisation

due to migration of hydration products to lumens and

spaces and volume variation in these fibres due to their

high water absorption [1–4]. To enhance the durability

performance of vegetable fibre reinforced cement-based

composites several approaches have been studied in-

cluding fibre impregnation with blocking agents and
water-repellent agents, either singly or in tandem, seal-

ing of the matrix pore system, reduction of matrix al-

kalinity and combinations of fibre impregnation and

matrix modification [2,3].

Treatments of sisal fibres with blocking agents such

as sodium silicate, sodium sulphite, magnesium sul-

phate, iron or copper compounds and barium and
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sulphite salts have been studied by Gram [2] but none of

them have improved the durability of the fibre in a ce-

ment matrix. Fibre impregnation with water repellent

agents was also studied but apart from formine and
stearic acid, which led to a retardation of the embrit-

tlement tendency of the composites, all other treatments

(polyvinyl acetate, amide wax, silicon oil, tar, rubber

latex, asphalt, etc.) failed to prevent the fibre from being

mineralized [2]. Impregnation of sisal fibres with organic

compounds derived from timber, such as tannins, col-

ophony and vegetable oils, were studied by Canovas

[3]. Their results indicated a slight slow down in the
embrittlement process, but it was not avoided com-

pletely.

Sealing the matrix pores, admixing small beads of

wax or zinc stearate powder in the fresh mortar, or im-

pregnating the hardened product with sulphur showed

promising results [2]. Pore sealing with colophony,

tannin or montan wax reduced the water absorption

and relative porosity of sisal fibre–mortar compos-
ites, slowing, but not halting, the embrittlement process

[3].

Reduction of matrix alkalinity through the use of

pozzolanic materials has been studied by several authors

[2,4–6]. Materials studied have included high alumina

cement and modified OPC-based materials containing

silica fume, slag, fly ash or natural pozzolanas such as

rice husk ash, pumice and diatomite. Replacing 45%
of the cement with silica fume eliminated the loss in

toughness of the composite. A marked improvement

was also observed when using high alumina cement and

natural pozzolanas. With partial replacement of OPC by

fly ash or slag, however, no significant improvement was

obtained.

The approaches used in this research to improve the

durability performance of VFRMCs incorporating sisal
and coconut fibres included carbonation of the matrix

in a CO2-rich environment, immersion of long fibres in

slurried silica fume prior to their incorporation in an

OPC mortar matrix and partial replacement of OPC by

undensified silica fume and blast-furnace slag. A com-

bination of fibre immersion in slurried silica fume and

partial replacement of OPC by blast-furnace slag was

also studied.

In this paper the results of tests on samples which

have been aged under water or exposed to cycles of
wetting and drying or to the natural weather are pre-

sented. The durability of the composites is discussed

using the results of flexural tests carried out before and

after 6 and 12 months ageing, and observations of fibres

in a scanning electron microscope (SEM).

Reducing the embrittlement of vegetable fibre–ce-

ment composites is of great interest since an under-

standing of the means of doing so is needed to improve
our ability to develop durable composites. The use of

vegetable fibres in concrete provides an exciting chal-

lenge to the housing construction industry, particularly

in non-industrialised countries, since they are a cheap

and readily available form of reinforcement, require

only a low degree of industrialisation for their process-

ing and, in comparison with an equivalent weight of the

most common synthetic reinforcing fibres, the energy
required for their production is small and hence the cost

of fabricating these composites is also low. In addition,

the use of a random mixture of vegetable fibres in ce-

ment matrices leads to a technique that requires only a

small number of trained personnel in the construction

industry. Vegetable fibre cement composites thus pose

the challenge and the solution for combining uncon-

ventional building materials with conventional con-
struction methods.

2. Experimental study

2.1. Materials

The natural sisal and coconut fibres used in this in-

vestigation were of Brazilian production. The upper,

lower, mean and coefficient of variation (CV) of the
physical and mechanical properties of these fibres based

on a minimum of twenty tests are given in Table 1

[4,7,8]. The Thames Valley sand used in this investiga-

tion had a fineness modulus of 2.81, specific gravity of

Table 1

Physical and mechanical properties of sisal and coconut fibres [4,7,8]

Property Sisal fibre Coconut fibre

Lower–Upper Mean–CV(%) Lower–Upper Mean–CV(%)

Diameter (mm) 0.08–0.30 0.12–23.8 0.11–0.53 0.25–27.30

Density (g/cm3) 0.75–10.70 0.90–8.90 0.67–10.00 0.80–7.60

Natural moisture content (%) 10.97–14.44 13.30–8.80 11.44–15.85 13.5–10.00

Water absorption after 5 min under water (%) 67.00–92.00 82.00–14.50 22.00–38.00 28.00–16.00

Water absorption to saturation (%) 190.00–250.00 230.00–16.00 85.00–135.00 100.0–19.50

Tensile strength (MPa) 227.80-1002.30 577.50–42.66 108.26–251.90 174.00–24.20

Modulus of elasticity (GPa) 10.94–26.70 19.00–29.50 2.50–4.50 3.50–27.00

Strain at failure (%) 2.08–4.18 3.00–29.15 13.70–41.00 25.00–29.10
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2.65 and total moisture content of 0.35%, determined

using the procedures specified in British Standard 812

[9]. Chemical and physical properties of the OPC,

ground granulated blast-furnace slag (GGBS), unden-
sified silica fume and slurry silica fume used are pre-

sented in Table 2. Tap water was used in all mixes.

A range of VFRMCs were prepared from these ma-

terials based on variations to the composition and cur-

ing of control composites as follows:

(i) control: OPC mortar matrix, reinforced with ran-

domly distributed short (25 mm), untreated sisal
or coconut fibres and aligned long (375 mm), un-

treated sisal fibres, cured 28 days;

(ii) carbonation of the matrix in a CO2 incubator: com-

mencing one day after casting, specimens were con-

ditioned in a CO2 incubator (CO2 ¼ 9:8%, T ¼ 26:7
�C and RH ¼ 64:3%) for 109 days;

(iii) slurried silica fume immersed fibres: prior to their

incorporation in the matrix, the aligned long sisal
fibres were immersed in slurried silica fume for 10

min then air dried for 15 min;

(iv) undensified silica fume substitution in the matrix:

10% by weight of the OPC matrix replaced with un-

densified silica fume;

(v) blast furnace slag substitution in the matrix: 40%
by weight of the OPC matrix replaced with blast

furnace slag;

(vi) blast furnace slag substitution in the matrix and

slurried silica fume immersed fibres: 40% by weight

of the OPC matrix replaced with blast furnace slag,

aligned long sisal fibres immersed in slurried silica

fume.

Table 3 presents the summary of the mixes studied. In

this Table, the following abbreviations are used to rep-

resent OPC mortar mix, fibre type, fibre arrangement,

fibre volume fraction and treatment:

M1––mortar mix (1:1:0.4––cement:sand:water by

weight);

M1ms––mortar mix M1 with 10% by weight of ce-
ment replaced by silica fume;

M1slag––mortar mix M1 with 40% by weight of ce-

ment replaced by slag;

S––sisal fibre;

C––coconut fibre;

Number after the fibre type––volume fraction of fibre

(%);

S2S1––2% of randomly distributed short sisal fibre
(25 mm) plus 1% of aligned continuous sisal fibre

(375 mm);

C2S1––2% of randomly distributed short coconut fi-

bre (25 mm) plus 1% of aligned continuous sisal fibre

(375 mm);

i––aligned 375 mm long sisal fibres immersed in slur-

ried silica fume prior to being added to the mix;

cab––specimens conditioned in a CO2 incubator.

2.2. Composite production

Composites incorporating both random short fibre
and aligned long fibre reinforcement were produced

using the following procedure. The mortar matrix and

short fibres were first mixed in a pan mixer. 40% of the

total water required was added to the sand in the run-

ning mixer. In order to avoid clumping of fibres and to

keep the mix wet enough, the fibres and a further 35% of

the water were slowly added. After placing all the fibres

and the cement, the remaining water was added to the
running mixer which was allowed to continue for about

5 min to enhance fibre dispersion.

Test specimens, each measuring 400� 100� 15 mm,

were cast in wooden moulds made in such a way that

seven specimens could be fabricated at the same time.

To prepare an asymmetric reinforcing configuration,

with the aligned fibres in the tension zone during flexure,

first the homogeneously prepared mix was placed in a

Table 2

Chemical and physical properties of the cementing materials

Property OPC Silica fume

grade 940

GGBS Slurry silica

fume

Chemical properties

SiO2 (%) 20.7 91.7 34.4 92

Fe2O3 (%) 3.0 0.51 1.43 1.0

Al2O3 (%) 4.6 1.11 11.7 1.0

CaO (%) 64.7 0.23 41.2 0.3

MgO (%) 1.0 0.70 8.81 0.6

SO3 (%) 3.0 0.26 – 0.3

Na2O (%) 0.13 0.25 0.29 0.3

K2O (%) 0.65 1.11 0.31 0.8

P2O5 (%) – 0.07 – –

TiO2 (%) – 0.011 0.58 –

MnO (%) – 0.033 – –

Mn2O3 (%) – – 0.30 –

Loss on

ignition (%)

1.3 2.34 – –

Soluble

residue (%)

0.38 – – –

pH 6.9 – 5.0–7.0

Physical properties

Fineness

(m2/kg)

353 15000–20000 417 –

Setting time-

initial (min)

134 – – –

Compressive strength (MPa) at:

2 days 26.63 – – –

7 days 47.2 – –

14 days 59.2 – –

Bulk density

(kN/m3)

– 3.24 – 13.50–14.10

Dry solids

(by weight)

– – – 50% (�2%)
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layer about 3.5 mm thick in the wooden mould and then

the long fibres were laid along the length of the speci-

men. Following compaction on a vibrating table the

mould was filled completely with the randomly rein-
forced mortar mix and again vibrated as recommended

by ACI 544.2R [10].

The specimens were covered in their moulds with a

damp cloth and polythene sheet for 24 h. After this time,

they were demoulded and either cured for 28 days in a

curing box at 18 �C and 97% relative humidity or placed

directly in the CO2 incubator.

2.3. Microstructural analysis

Microstructural studies were carried out in a JOEL

35CF scanning electron microscope using secondary

electron (se) imaging. The fibres examined were ob-

tained from the failed bending test specimens. Fibres

which had been pulled out from one fractured surface

were cut out from the other, mounted on SEM stubs and
gold coated prior to examination.

2.4. Evaluation of composite durability

The durability of the VFRMC was evaluated on the

basis of the flexural properties of the specimens before

and after exposure to various environments. Twenty-
one test specimens were cast for each mix. Three speci-

mens were tested either after 28 days of curing or, in the

case of the carbonated samples, after 109 days of car-

bonation, to provide a reference. The other 18 specimens

were subjected to the three different ageing conditions

which were: (a) immersion in water at a temperature of

about 18 �C, (b) controlled cycles of wetting and drying

and (c) London open air weathering which started from
the month of December 1994. In all conditions three

specimens were tested after six months (the RH and

outside temperature was registered to be between 30%

and 45% and 15–20 �C respectively). The remainder tests

were carried out after 10–12 months (the RH and out-
side temperature was registered to be between 55% and

74% and 5–15 �C respectively). Based on a series of

controlled experiments the period of wetting and drying

of VFRMC, was established to be seven days. During

this period the specimens were kept under water at 18 �C
for one day and dried for six days in the laboratory at 23

�C and 40% relative humidity [1].

The bending tests were carried out on a 2500 kN
Mayes testing machine using a four point configuration,

300 mm span and cross-head rate of 0.1 mm/min. The

tests were ended when the displacement at mid-span

reached 4–5 mm. Immersed specimens were surface dried

before testing. Tests on specimens subjected to con-

trolled cyclic wetting and drying were carried out at the

end of the drying period. Specimens subjected to out-

door weathering were tested in the ambient condition
following surface wiping if wet. Deflections at mid-span

were measured using three electrical transducers placed

along the width of the specimen. Loads and correspond-

ing deflections were continuously recorded using a 16

bit data acquisition system taking two readings/second.

Fig. 1 shows the experimental set-up for the bending

test.

From the load–deflection curves three parameters
were calculated to evaluate the reinforcing effect of the

fibre and consequently its durability or embrittlement

with time for the cases studied:

(i) The post-crack flexural strength of the composite

(rb)––determined from the maximum load carried

out by the composite after the first crack event us-

ing the bending formula given by Eq. (1):

rb ¼ 6M=bd2 ð1Þ

Table 3

Matrix and composite mix proportions

Mix Mortar mix proportions

(by weight)

Applied treatments Fibre type Volume fraction

Vf (%)

Orientation

M1S2S1 1:1:0.4 Untreated Sisal 3 ¼ S2S1 Randomþ aligned

M1C2S1 1:1:0.4 Untreated Coconutþ Sisal 3 ¼ C2S1 Randomþ aligned

M1slagS2S1 (0:6OPCþ 0:4slag):1:0.4 Replacement (40% w/w) of OPC

with slag

Sisal 3 ¼ S2S1 Randomþ aligned

M1msS2S1 (0:9OPCþ 0:1MS):1:0.46 Replacement (10% w/w) of OPC

with silica fume

Sisal 3 ¼ S2S1 Randomþ aligned

M1S2S1i 1:1:0.4 Aligned fibre immersed in slurry

silica fume

Sisal 3 ¼ S2S1 Randomþ aligned

M1slagS2S1i (0:6OPCþ 0:4slag):1:0.4 Replacement of OPC by slag

ð40% w/wÞ þ immersion of

aligned fibre in slurry silica fume

Sisal 3 ¼ S2S1 Randomþ aligned

M1S2S1cab 1:1:0.4 Carbonation for 109 days Sisal 3 ¼ S2S1 Randomþ aligned

M1C2S1cab 1:1:0.4 Carbonation for 109 days Coconutþ Sisal 3 ¼ C2S1 Randomþ aligned
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where M is the failure moment of the test specimen
and d and b are the depth and width of the speci-

men, respectively.

(ii) The Japanese toughness index (TJCI) [11]––defined

as the energy required to deflect the VFRMC beam

to a midpoint deflection of L/150 of its free span (L)

which in this study correspond to a deflection of

2 mm.

(iii) The French and Belgian load ratios P � ¼ Pn=Pf . The
applied load at deflections of 0.5, 1.0, 1.4, 2.0 and

2.8 mm is defined as Pn and that at the first visible

crack is defined is Pf [12,13].

3. Results and discussion

It has been shown that VFRMCs undergo a reduc-

tion in strength and toughness as a result of weakening

of the fibres by a combination of alkali attack and min-

eralisation through the migration of hydration products

to lumens and spaces [1]. In the following the experi-
mental results of several approaches used to improve the

durability performance of VFRMCs incorporating sisal

and coconut fibres are analysed. For the purpose of

comparison with the present results data from reference

[1] for aged untreated specimens reinforced with short

and long fibres are also presented.

3.1. Effect of carbonation of the matrix in a CO2 rich

environment

The pH value for the pore water in ordinary concrete

or mortar normally exceeds 13. This high alkalinity

occurs due to the formation of calcium hydroxide,

Ca(OH)2, during cement hydration. However, Ca(OH)2
may gradually disappear by combining with carbon di-

oxide (CO2) to form calcium carbonate (CaCO3) in
the process known as carbonation. Once the concrete

is car- bonated it becomes less alkaline and the pH value

of the pore water can be reduced to a value less than 9

[14].

Results from Fattuhi [15] indicated that there is a
relationship between the length of an initial water curing

period and the rate of carbonation of concrete. In that

author’s work, concrete prisms of 50� 50� 285 mm

were water-cured for 1, 3, 7, 21 and 28 days and then

carbonated in a chamber filled continuously with CO2

gas. The results indicated that an increase in the initial

water curing period led to a considerable decrease in the

depth of carbonation.
Considering that a short initial curing period can

increase the depth of carbonation, the VFRMCs to be

carbonated were demoulded one day after casting and

then immediately conditioned in a CO2 incubator in

order to accelerate and achieve a high depth of car-

bonation. The chamber was maintained at conditions of

26.5 �C, 60% relative humidity and 9.8% CO2 concen-

tration using sodium dichromate. The relative humidity
and temperature in the chamber rose for a brief period

immediately after placing the specimens inside. The in-

crease in relative humidity was the result of water lib-

eration in the carbonation process of the damp one day

old specimens. The carbonation was carried out over

109 days.

Typical examples of bending load–deflection curves

obtained from untreated control specimens cured for
28 days, reference specimens carbonated for 109 days

and specimens subjected to various ageing regimes after

carbonation beside the result from the aged untreated

composite M1S2S1 are presented in Fig. 2. A post-

cracking ductility behaviour is observed both for the

control and reference specimens. The carbonation of the

specimens reinforced with sisal fibres had a reduction of

9.2%, 8.8% and 6% for the first crack strength (FCS),
post-crack flexural strength and toughness index TJCI
whereas the load ratios P � ranged from 2.1% to 10.2%

(Table 4). The post-crack flexural strength and tough-

ness index of the specimens reinforced with short co-

conut fibres had the same trend observed for M1S2S1cab
however the FCS had an increase of about 23% and

the P � a decrease up to 40%. The average recorded data

based on three specimens with their CV is presented in
Table 4.

Aged specimens of the mixes M1S2S1cab and

M1C2S1cab retained about 70–93.5% of their rb and TJCI
values. The load–deflection curves of the specimens

weathered outside indicate that the post-cracking

ductility behaviour was retained. A second drop in

load was observed for most of the carbonated speci-

mens at a deflection of about 2.5 mm due to the onset
of a second crack. The subsequent increase in load in-

dicates that the fibres, at this stage of deflection, were

still effective in redistributing the stresses into the ma-

trix.

Fig. 1. Experimental set-up for the bending test.
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Although the bending tests on the carbonated sam-

ples were not realised up to 46 cycles after 322 days

immersed in water or exposed to outdoor weather, the
results indicated that carbonation of the specimens

for 109 days is a promising alternative for increasing

the durability of VFRMC. For example (see Table 4

and Fig. 2) the Japanese toughness, TJCI, of the

M1S2S1cab and M1C2S1cab exposed to 25 and 36 cycles

increased 64.4%, 107.5% and 28.7%, 42.2% respectively

in relation to the M1S2S1 and M1C2S1 exposed to
46 cycles. The same trend can be observed for the P �

parameters which have increased with the extending

exposure from 25 to 36 cycles. Further research is nee-

ded to confirm the obtained data. This finding is very

(a)

(b)

(c)

Fig. 2. Typical load–deflection curves for the mixes M1S2S1cab and M1C2S1cab aged in different conditions beside aged untreated M1S2S1 and

M1C2S1: (a) Specimens stored in water after carbonation, (b) specimens aged outdoors after carbonation and (c) specimens submitted to cycles of

wetting and drying after carbonation.
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important at the present time when the cement industry

has grown drastically and is contributing to the pollu-

tion of the world through the emission of the CO2 which

can be transferred to the VFRMC production factory.

Table 4

FCS, rb, TJCI, and P � for specimens after various periods of time conditioned in water, outdoors and alternately wet and dry

Mix Ageing

condition

Ageing

time (days)

FCS(CV)

(MPa) (%)

rb (CV)

(MPa) (%)

TJCI (CV)
kNmm (%)

P �
0:5 P �

1:0 P �
1:4 P �

2:0 P �
2:8

M1S2S1 Controla 28 6.11(3) 7.51(4) 0.99(4) 0.88 0.89 0.94 1.02 1.08

M1S2S1 Watera 322 6.68(4) 7.15(8) 0.82(9) 0.43 0.60 0.69 0.87 0.78

M1S2S1 Outdoorsb 322 5.20(16) 5.60(3) 0.86(17) 0.59 0.70 0.95 0.79 0.67

M1S2S1 Wet/dryc 46 cycles 6.03(12) 3.06(14) 0.49(10) 0.46 0.39 0.39 0.46 0.47

M1S2S1cab Referencea 109 5.55(11) 6.85(16) 0.93(11) 0.79 0.86 0.96 1.15 1.00

’’ Watera 180 4.22(14) 5.03(11) 0.74(10) 0.81 0.88 1.00 1.17 0.90

’’ Watera 250 4.93(8) 6.32(12) 0.79(3) 0.71 0.84 1.00 1.17 0.90

’’ Outdoorsb 180 6.12(9) 5.93(3) 0.84(12) 0.60 0.76 0.88 0.72 0.67

’’ Outdoorsb 250 7.34(13) 6.27(14) 0.81(11) 0.54 0.64 0.69 0.76 0.50

’’ Wet/dryc 25 cycles 5.05(8) 5.03(10) 0.66(10) 0.62 0.68 0.73 0.76 0.88

’’ Wet/dryc 36 cycles 6.34(14) 6.35(10) 0.87(8) 0.86 0.91 0.85 0.83 0.95

M1C2S1 Controla 28 5.69(12) 7.43(8) 0.99(15) 0.99 0.99 1.04 1.02 1.11

M1C2S1 Watera 322 6.78(10) 7.52(12) 0.73(9) 0.42 0.57 0.69 0.88 1.08

M1C2S1 Outdoorsb 322 6.05(5) 5.00(11) 0.66(12) 0.62 0.49 0.56 0.63 0.65

M1C2S1 Wet/dryc 46 cycles 6.31(8) 3.79(13) 0.57(15) 0.58 0.39 0.39 0.51 0.56

M1C2S1cab Referencea 109 6.99(12) 7.17(7) 0.91(14) 0.67 0.75 0.82 0.61 0.73

’’ Watera 180 7.65(13) 5.57(15) 0.75(12) 0.45 0.54 0.66 0.63 0.69

’’ Watera 250 6.18(12) 5.04(9) 0.68(3) 0.56 0.61 0.67 0.59 0.64

’’ Outdoorsb 180 6.60(8) 4.62(11) 0.60(7) 0.46 0.49 0.53 0.58 0.55

’’ Outdoorsb 250 6.72(12) 5.73(13) 0.69(14) 0.55 0.63 0.70 0.72 0.70

’’ Wet/dryc 25 cycles 5.72(11) 4.88(12) 0.61(15) 0.57 0.55 0.67 0.70 0.75

’’ Wet/dryc 36 cycles 6.06(7) 5.39(14) 0.83(14) 0.83 0.63 0.70 0.78

M1S2S1i Referencea 28 3.53(9) 4.10(11) 0.59(7) 0.73 0.85 0.96 1.01 1.10

’’ Watera 180 5.97(10) 6.16(13) 0.92(3) 0.54 0.78 0.78 0.80 0.87

’’ Watera 322 5.71(9) 5.87(13) 0.91(9) 0.72 0.85 0.85 0.97 0.96

’’ Outdoorsb 180 4.50(6) 5.61(15) 0.71(10) 0.76 0.79 0.90 1.06 1.19

’’ Outdoorsb 322 5.49(11) 5.81(4) 0.93(3) 0.78 0.93 1.03 1.03 0.87

’’ Wet/dryc 25 cycles 4.87(3) 5.06(3) 0.62(7) 0.71 0.70 0.67 0.81 0.87

’’ Wet/dryc 46 cycles 5.21(13) 5.52(15) 0.84(10) 1.01 0.88 0.87 0.87 0.91

M1msS2S1 Referencea 28 3.67(10) 4.86(8) 0.72(6) 0.75 1.04 1.22 1.13 1.31

’’ Watera 180 5.17(2) 5.51(13) 0.72(13) 0.51 0.67 0.80 0.87 0.76

’’ Watera 322 5.27(5) 5.07(7) 0.67(7) 0.51 0.70 0.83 0.71 0.81

’’ Outdoorsb 180 4.18(6) 4.74(4) 0.82(4) 1.00 0.97 1.06 0.98 0.84

’’ Outdoorsb 322 4.15(12) 4.32(13) 0.77(9) 0.99 0.91 0.83 0.92 0.99

’’ Wet/dryc 25 cycles 4.13(11) 5.05(11) 0.73(13) 0.99 0.88 1.00 1.05 1.11

’’ Wet/dryc 46 cycles 4.46(8) 4.44(11) 0.83(9) 0.99 0.97 0.80 0.85 0.97

M1slagS2S1 Referencea 28 5.15(14) 5.42(7) 0.86(3) 0.74 0.95 0.94 0.87 0.96

’’ Watera 180 5.98(8) 5.30(14) 0.71(13) 0.60 0.61 0.55 0.79 0.74

’’ Watera 322 5.30(11) 6.56(13) 0.93(10) 0.80 0.99 1.12 1.20 1.20

’’ Outdoorsb 180 4.66(9) 3.67(7) 0.56(10) 0.59 0.66 0.56 0.54 0.70

’’ Outdoorsb 322 5.25(12) 2.82(14) 0.61(2) 0.83 0.59 0.58 0.56 0.49

’’ Wet/dryc 25 cycles 5.73(5) 4.14(7) 0.80(8) 0.84 0.67 0.67 0.65 0.69

’’ Wet/dryc 46 cycles 4.57(12) 2.90(15) 0.55(12) 0.92 0.59 0.52 0.52 0.55

M1slagS2S1i Referencea 28 4.28(4) 4.94(7) 0.65(5) 0.69 0.81 0.80 0.89 1.01

’’ Watera 180 4.83(12) 6.23(13) 0.79(11) 0.61 0.83 1.03 1.25 1.21

’’ Watera 322 5.30(11) 6.56(13) 0.93(10) 0.80 0.99 1.12 1.20 1.20

’’ Outdoorsb 180 4.37(3) 6.10(10) 0.72(12) 0.77 0.87 0.95 1.03 1.24

’’ Outdoorsb 322 4.42(13) 4.95(12) 0.64(7) 0.67 0.74 0.83 1.01 1.12

’’ Wet/dryc 25 cycles 4.09(9) 5.13(14) 0.60(10) 0.62 0.74 0.79 1.01 1.12

’’ Wet/dryc 46 cycles 3.95(4) 5.12(11) 0.74(11) 1.13 1.26 1.30 1.23 1.39

Mean values determined from three specimens.
aMoisture content of the specimen at the time of test: (a) saturated.
bMoisture content of the specimen at the time of test: (b) intermediate.
cMoisture content of the specimen at the time of test: (c) dry.
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3.2. Effect of treatment of aligned long sisal fibre with

slurried silica fume

An alternative approach used by Bentur andDiamond
[16] to improve the durability of glass fibre strand rein-

forced concrete was considered in this study. They trea-

ted the glass strands by immersing them in a silica fume

slurry prior to their being incorporated in a Portland

cement matrix. Using this treatment, they meant to re-

solve the two mechanisms which cause fibre degradation:

chemical attack on the glass fibre by the highly alkaline

cementitious matrix and growth of dense hydration
products, mainly calcium hydroxide, around the fila-

ments in the strands. During the immersion period the

spaces between the glass filaments are filled with micro-

silica particles. By this procedure, the microsilica parti-

cles are placed exactly at the location where their ability

to eliminate efficiently the growth of calcium hydroxide

is most needed.

As the two main mechanisms that produce fibre
degradation in VFRMC are alkaline attack and fibre

mineralisation caused by the migration of hydration

products into the fibre lumen and walls, long sisal fibres

were immersed in silica fume slurry prior to being in-

corporated in the OPC matrix to create a zone of low pH

around the fibres in order to avoid or reduce alkaline

attack and the transport of calcium products to the

vegetable fibres.
Typical examples of load–deflection curves for the

unaged and aged VFRMCs incorporating silica treated

fibres are presented in Fig. 3 and the derived parameters,

rb, TJCI and P �, in Table 4. A comparison of the values

of FCS, flexural strength and toughness of the untreated

and treated sisal fibre–mortar at 28 days shows that the

treatment resulted in reductions of 30–40%. Decreases

in these properties occurred because the immersion of
fibres in slurry silica fume led to reduced bonding be-

tween the fibres and matrix at this age. Visual observa-

tions of the fracture surface indicated that the slurry

silica fume around the fibres was still slightly soft at this

age. After 180 days of ageing the treated specimens

presented higher FCS, flexural strength and toughness

than those at the age of 28 days. For example, the

specimens cured in water presented an increase of, re-
spectively, 50% and 38% in the values of rb and TJCI
when compared with those measured at 28 days (see

Table 4). The load ratio indices indicate a post-cracking

ductility behaviour which is confirmed in Fig. 5. Visual

observations of the fracture surface indicated that the

silica fume around the fibres was significantly harder

than at 28 days.

Flexural strength and toughness were further im-
proved after 322 days of ageing. For example, TJCI val-
ues for the aged treated specimens ranged from 85% to

94% of the control specimen. A similar trend was ob-

served for the flexural strength. Visual observations of

fibres extending from the failure surfaces of composites

tested after 46 cycles of wetting and drying indicated

that the pull out length of the fibres could amount to

50–70 mm and that they could be regarded as being

as flexible and strong as fibres in control specimens.
Scanning electron micrograph of long sisal fibres

showing the changes in the fibre surface with ageing are

(a)

(b)

(c)

Fig. 3. Typical load–deflection curves for the mix M1S2S1i aged in

different conditions beside aged untreated M1S2S1 and M1C2S1: (a)

specimens stored in water, (b) specimens aged outdoors and (c) spec-

imens submitted to 25 and 46 cycles of wetting and drying.
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presented in Fig. 4. From these micrographs it can be

seen that the surface of the immersed sisal fibre does not

present signs of significant damage up to 322 days of

ageing.

The results presented show that the immersion of

sisal fibres in slurried silica fume prior to their inco-

poration in a mortar matrix represents an effective

method to improve the strength and toughness of the
composites with time. The presence of silica fume at the

fibre–matrix interface appears to create a zone of low

alkalinity around the fibre which can delay or prevent

degradation of the fibre by alkaline attack or minerali-

sation through the migration of calcium products.

3.3. Effect of silica fume and slag substitution in the

matrix

The use of pozzolanic fillers, such as silica fume and

slag, can reduce the alkalinity of the matrix as well as the

content of calcium hydroxide, and thus slow down the

processes which lead to degradation in the properties of

VFRMC. The replacement of 10% and 40% by weight of

the OPC with, respectively, undensified silica fume and

blast-furnace slag were treatments used in this investi-

gation to reduce the alkalinity of the matrix.

Typical examples of bending load–deflection curves of

aged specimens, and those of the control and reference

specimens are presented in Fig. 5. The parameters rb, TJCI
and P � are recorded in Table 4. For the mix with un-

densified silica fume, the results show that the specimens

stored for 322 days in water, aged outdoors or submitted

to 46 cycles of wetting and drying presented nearly the

same properties as those observed for the treated speci-

men tested at 28 days. Again a post-cracking ductility

behaviour was observed both at 28 days and after ageing.

The addition of silica fume reduced by about 40% the
value of the FCS of the reference specimen as compared

with the control specimen. However the ageing of the

specimens in time led to an increase of 12–43% in the FCS

values in relation to reference specimen.

Fig. 4. Scanning electron micrographs of sisal fibre surfaces before and after ageing: (a) Before ageing, (b) fibre extracted from a specimen aged for

322 days in tap water, (c) fibre extracted from a specimen aged for 322 days outdoors and (d) fibre extracted from a specimen submitted to 46 cycles

of wetting and drying.
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Partial replacement of OPC by blast-furnace slag did

not lead to reduced embrittlement with ageing under

conditions of cyclic wetting and drying. This is most

probably due to the limited effect of the replacement on

alkalinity, the pH of the pore water not being sufficiently

reduced to prevent fibre degradation. Replacement of

70% of OPC by slag was used by Gram [2] to reduce the

alkalinity of the matrix but the results of that work in-

(a)

(b)

(c)

Fig. 5. Typical load–deflection curves for the mixes M1msS2S1 and M1slagS2S1 aged in different conditions: (a) Specimens stored in water,

(b) specimens aged outdoors and (c) specimens submitted to 25 and 46 cycles of wetting and drying.
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dicated that the pH of the pore water was reduced only

from 13.2 to 13.0 and that no improvement in the du-

rability of sisal–mortar composites was achieved.

The specimens aged in water presented a better be-
haviour. For example, the parameters rb and TJCI for

specimens stored in water for 322 days are, respectively,

about 20% and 8% higher than the values observed

before ageing. In contrast to the specimens exposed

outdoors, specimens stored in water also present a post-

cracking ductility behaviour after ageing, with the load

at a deflection of 2.8 mm reaching a value 20% higher

than the first crack load.
The results obtained indicate that the treatment of

the matrix with undensified silica fume was an effective

means of slowing down the strength loss and embrit-

tlement of the VFRMC. The specimens incorporating

slag were quite sensitive to the cycles of wet and dry and

presented a strong deterioration with time.

3.4. Effect of slag substitution in the matrix with silica

fume slurry immersed fibres

The effect of the immersion of the aligned long sisal

fibres in a silica fume slurry prior to their addition to a
matrix in which 40% by weight of the OPC was replaced

with blast-furnace slag was also studied. Typical load–

deflection curves at 28 days and after ageing are pre-

sented in Fig. 6. The derived parameters, rb, TJCI, and
P �, are presented in Table 4.

As already observed for the mix M1S2S1i, the im-

mersion of fibres in slurried silica fume led to a reduction,

at the age of 28 days, in the values of FCS, post-crack
flexural strength and toughness compared to those of

specimens reinforced with untreated sisal fibre (mix

M1S2S1). However, as was the case with mix M1S2S1i,

they underwent a significant increase with time. For ex-

ample, the specimens stored in water for 180 days pre-

sented values of rb and TJCI, respectively, 27.5% and

21.5% higher than the values observed at the age of 28

days. After 322 days in water, the toughness of the mix
Mslag1S2S1i reached 91% of the toughness of the con-

trol specimens.

The specimens weathered outdoors for 322 days or

submitted to cycles of wetting and drying presented

nearly the same property values as those observed for

the reference specimens. All load–deflection curves in-

dicated a post-cracking ductility behaviour after 322

days of ageing. These results show that the immersion
of fibres in slurried silica fume led to a retention of

composite flexural toughness and strength with age. As

the results of the tests carried out with slag-cement as

a binder indicated that this treatment did not reduce

the tendency of embrittlement with ageing of the mix

(Mslag1S2S1, Fig. 5), the enhancement in the durability

observed for the mix Mslag1S2S1i can be attributed to

the treatment of the fibres with silica fume slurry. These

results confirm those observed for the mix M1S2S1i,

demonstrating the effectiveness of the treatment using

slurried silica fume in preventing vegetable fibre em-

brittlement.

4. Conclusions

Based on the results presented in this paper it can be

concluded that long-term embrittlement of VFRMC

(a)

(b)

(c)

Fig. 6. Typical load–deflection curves for mix M1slagS2S1i aged in

different conditions: (a) Specimens stored in water, (b) specimens aged

outdoors and (c) specimens submitted to 25 and 46 cycles of wetting

and drying.
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incorporating sisal fibre can be markedly reduced by

immersion of the fibre in a silica fume slurry before

adding it to the mix. Long-term properties of the treated

specimens were found to be very close to those of the 28
days untreated control specimens. Early cure of VFRMC

in a CO2-rich environment is a promising alternative for

increasing the durability of the material with ageing.

Further research is needed to confirm the obtained data.

The durability of the VFRMCs studied was also im-

proved by reducing the alkalinity of the mortar pore

water through addition of undensified silica fume. The

replacement of 40% by mass of the OPC matrix with slag
did not reduce the embrittlement of the composite. In

this case the toughness of the composite was reduced by

wet/dry cycling both outdoors and in the laboratory.
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