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Selected mechanical properties of sisal aggregates
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The effects of gauge length and test speed on the tenacity and strain of sisal aggregates (Agava
sisalana) were determined. Tenacity was generally higher with shorter gauge lengths and
slower test speeds. Strain was higher with shorter gauge lengths. However, the effect of test
speed on both tenacity and strain was not the same at every gauge length. The mode of fibre
failure appeared to differ with the test conditions. Longer specimens and those tested at faster
speeds were prone to higher levels of longitudinal splitting. The effects of different ageing
regimes on tenacity and strain of sisal aggregates were also determined. Tenacity was affected
by elevated temperature and UV; strain by UV and simulated natural ageing.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
True sisal is obtained from Agava sisalana, a monocotyle-
don plant endemic to Central America [1, 2]. The scle-
renchyma ultimate fibres (single cells) of A. sisalana are
long (1–5 mm long, ∼20 µm in ‘diameter’), with thick
secondary walls, and occur in bundles with ultimate fi-
bre ends overlapping [1–3]. It is this sclerenchyma fibre
bundle or aggregate that is produced commercially and is
often referred to as the fibre in studies, in this work the
phrase sisal aggregate will be used. Sisal aggregates are
off-white in colour, between 600–1500 mm in length, and
100–400 µm in ‘diameter’ [1, 2, 4], however, it has been
reported that the cross-section of sisal aggregates varies
with species [5]. The chemical composition reportedly
varies according to age (cellulose 43–88%, lignin ∼9%,
hemicellulose ∼10% [2]).

Commercial interest in sisal has increased since the
1880s, with cultivation predominately in Florida, the
Bahamas, and later in Tanzania [2, 6]. During 1998–2000,
0.386 million tonnes of sisal were produced per year,
1.50% of the total natural fibre production [7]. Interest
in natural cellulose fibres, such as sisal, for use in
thermoplastic reinforced composites has increased since
the late 1980s [e.g., 8–11]. The structure and properties
of sisal fibres and aggregates has been reported [e.g., 12,
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13]. Some evidence of changing failure mechanisms with
different test speeds has been observed [4]. Degradation
of tensile strength after various treatments has also been
reported e.g. after exposure in glacial acetic acid [14], ele-
vated temperatures [13], and acidic and alkaline solutions
[15]. Because the different test parameters used in these
studies varied (gauge lengths, test speeds, environmental
conditions), comparisons among published tensile data
are difficult. Test data is generally expressed as stress (Pa)
(the assumption being the fibre aggregates are circular in
cross-section), or as load at failure (N) in published work.

The aim of the current work was to determine the in-
fluence of test methods and conditions (gauge length, test
speed, and artificial ageing) have on the tenacity and strain
of sisal aggregates.

2. Methods
Specimen pre-conditioning (minimum of 24 h) and all
measurements were undertaken in environmental condi-
tions of 20±2◦C and 65±2% R.H. [16]. The linear density
of each sisal aggregate was measured.

Tensile properties of sisal aggregates were measured
using a bench-mounted 4464 Instron fitted with a 100 N
load cell and smooth-faced, mechanically operated grips.
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Specimens were pre-loaded (0.82 g clipped to the bottom
of the specimen) before the lower jaw was tightened. The
load-extension response of the specimen was recorded and
the tenacity (N/tex) and strain (%) calculated. The effect
of gauge length (50, 100, 200, 500 mm) and crosshead
speed (10, 100, 1000 mm/ min) on the tenacity and strain
of sisal aggregates was determined. For each of the 12
gauge length/test speed combinations, blocks of 15 spec-
imens were tested in a randomised order (n = 30 for each
combination, n = 24 blocks). Polyamide monofilament
was tested as a reference material before and after each
test block to determine if any differences occurred dur-
ing testing attributable to the machine, environment, or
operator.

The effect of artificial ageing on tenacity and strain of
sisal aggregates was also determined. Specimens were ex-
posed to one of three artificial ageing regimes and tenacity
and strain data compared to that for not-aged specimens (n
= 30, gauge length = 200 mm, test speed = 10 mm/min).
The regimes were:

1. Thermal ageing. Specimens were exposed to
90±0.5◦C and 60±5% R.H. with all light excluded for
102, 204, 306, 408, or 504 h.

2. UV ageing. Specimens were exposed in a UV cabi-
net under environmental conditions of 65±2% R.H. and
20±2◦C for 132, 267, or 364 h.

3. Simulated natural exposure. Specimens were placed
on soil, watered once a day (250×10−6 m3 tap water)
and exposed in a glasshouse to 24-hour light (natural and
simulated daylight) for 168, 336, 504, or 672 h.

Mean, standard deviation (s.d.) and coefficient of variation
(CV) data were calculated. The effects of gauge length,
test speed, and ageing regime on the tenacity and strain of
sisal aggregates were determined using univariate analy-
sis of variance (ANOVA) [17]. Differences in the rate of
change of tenacity and strain over time attributable to the
ageing regime were determined using parallel regression
[18]. Tukey’s multiple comparison tests were used to iden-
tify where differences among means and slopes occurred

Figure 1 Typical cross-section of sisal aggregate ×300.

at the 5% level of significance [19]. For all analyses, the
assumptions of homogeneity of variance and normality of
the residuals were confirmed.

Selected sisal aggregates were examined after failure
using a Cambridge 360 scanning electron microscope
(SEM). Specimens were mounted on 10 mm aluminium
stubs with carbon tape, sputter coated with gold, and ob-
served using an accelerating voltage of 10 kV and a fila-
ment current of 2.49 A.

3. Results
No significant difference in tenacity or strain was found
for the polyamide monofilament reference material.

The mean linear density of the sisal aggregates was
33 tex (n = 810, s.d. = 10 tex). The cross-section of
the ultimate fibres in the sisal aggregates was typically
irregular in shape (Fig. 1).

The effects of gauge length and test speed on the tenac-
ity and strain of sisal aggregates is summarised in Table I.
While the mean data suggested several trends, overlap-
ping standard deviations meant advanced statistical meth-

T AB L E I Effect of test conditions on tenacity and ultimate strain of sisal aggregates (n=360)

Tenacity Ultimate strain

Gauge length (mm) Test speed (mm/min) Mean (N/tex) s.d (N/tex) CV(%) Mean (%) s.d.(%) CV (%)

50 10 0.45 0.13 30.00 5.1 1.1 22.20
100 0.46 0.12 26.42 5.09 0.92 18.02

1000 0.46 0.17 36.92 5.4 1.2 22.19
100 10 0.60 0.31 51.43 4.08 0.68 18.80

100 0.50 0.12 24.90 3.96 0.75 18.93
1000 0.31 0.12 38.23 3.58 0.98 27.39

200 10 0.39 0.12 29.74 2.78 0.53 19.07
100 0.35 0.19 53.56 2.73 0.85 31.01

1000 0.39 0.12 30.69 2.99 0.43 14.50
500 10 0.297 0.082 27.61 2.24 0.46 20.38

100 0.304 0.086 28.29 2.39 0.57 23.82
1000 0.30 0.11 37.17 2.22 0.53 24.08
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ods were essential to determine the significance of differ-
ences in tenacity and strain attributable to gauge length
and test speed. Tenacity was higher at short gauge lengths
and at slow test speeds (F3,348 = 23.331, p ≤ 0.001; F2,348

= 6.367, p ≤ 0.005), but the effect of test speed was not
the same at each gauge length (F6,348 = 7.708, p ≤ 0.001).
Strain was higher at short gauge lengths, but was not af-
fected by test speed (F3,348 = 236.336, p ≤ 0.001; F2,348 =
0.007, p ≤ NS). The effect of test speed on strain was not
the same at every gauge length (F6,348 = 2.143, p ≤ 0.05).

The mode of failure appeared to vary with the test
parameters considered. At smaller gauge lengths (50–
100 mm) and faster speeds (1000 mm/min), longitudinal
splitting was observed (Fig. 2a). At smaller gauge lengths
(50–100 mm) and slower speeds (10 mm/min), minimal
fibre pullout was evident (Fig. 2b). At test speeds between
these two extremes, mixed modes of failure were observed
(Fig. 2c). Longitudinal splitting was prominent at longer
gauge lengths, irrespective of test speed.

Results from the ageing study are presented in
Table II and Figs 3 and 4. Tenacity was significantly lower
after thermal ageing (F5,174 = 3.447, p ≤ 0.001), however,
exposure at 90◦C for 504 h did not affect strain (F5,174 =
1.965, p = NS). More longitudinal splitting between ulti-
mate fibres was observed in specimens that had been sub-
jected to greater exposure. Lower tenacity and strain were
observed as exposure time to UV light increased (F3,116 =
39.576, p ≤ 0.001; F3,116 = 24.445, p ≤ 0.001) with more
longitudinal splitting between fibres observed in speci-
mens subjected to longer exposure times. The tenacity of
sisal aggregates was not significantly affected by natural
degradation (F4,145 = 1.846, p = NS). Strain was lower
after greater exposure times (F4,145 = 12.046, p ≤ 0.001).
No identifiable differences in failure mode were observed
between not-aged and naturally aged sisal aggregates.

The ageing regime also affected the rate of change of
tenacity and strain for sisal aggregates (F2,444 = 15.88,
p ≤ 0.001; F2,444 = 9.50, p ≤ 0.001) (Figs 3 and 4). For
tenacity results from UV ageing differed from those of
thermal and simulated natural ageing, and for strain rates
for thermal ageing differed from those for UV and simu-
lated natural ageing.

4. Discussion
The tenacity of sisal cells (ultimate fibres) has been re-
ported as 47 gf/tex (0.46 N/tex), and that of sisal fila-
ments (aggregates) as 42 gf/tex (0.41 N/tex) [12]. These
values are comparable to the tenacity measured for sisal
aggregates in the current work (0.30–0.46 N/tex). Pre-
vious work reported higher tensile strength with shorter
gauge lengths for one test speed (15–65 mm, 10 mm/min)
[4]. The current work supports and extends this find-
ing (50–500 mm, 10–1000 mm/min). A strain rate ef-
fect was observed for tenacity, i.e. tenacity was generally
higher at slow test speeds (10–1000 mm/min). Previous
work reported higher tensile strengths with increasing test

Figure 2 Failure of sisal aggregates. (a) Short gauge length, fast test speed
150×. (b) Short gauge length, slow test speed 150×. (c) Mixed mode
failure 300×.

speed (1–50 mm/min), and then a lower tensile strength
at 500 mm/min [4].

Elongation measurements for sisal previously reported
include 3.16–8.15% [4], 2–3% [13], and 3–9% [2]. These
can be compared favourably to the mean values for
strain obtained in this study (2.22–5.44%). Differences in
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T AB L E I I Effect of ageing on the tenacity and ultimate strain

Tenacity Ultimate strain

Treatment time (hours) Mean (N/tex) s.d. (N/tex) CV (%) Mean (%) s.d. (%) CV (%)

(a) Thermal ageing (n=180)
0 0.39 0.11 28.93 2.69 0.65 24.28
102 0.413 0.091 22.03 2.78 0.69 24.71
204 0.35 0.10 28.81 2.58 0.69 26.67
306 0.339 0.078 23.01 2.35 0.42 17.80
408 0.332 0.097 29.22 2.54 0.52 20.58
504 0.359 0.073 20.33 2.69 0.51 19.04

(b) UV ageing (n=120)
0 0.52 0.12 23.52 2.27 0.40 17.41
132 0.340 0.060 17.65 1.89 0.33 17.71
267 0.323 0.088 27.24 1.73 0.28 16.39
364 0.283 0.090 31.80 1.55 0.33 21.50

(c) Simulated natural ageing (n=150)
0 0.30 0.17 56.04 2.45 0.45 18.35
168 0.40 0.21 54.16 2.42 0.56 22.96
336 0.39 0.17 43.65 2.09 0.44 20.92
504 0.33 0.20 60.24 1.99 0.67 33.87
671 0.28 0.15 51.94 1.61 0.59 36.61

Figure 3 Effect of ageing regimes on tenacity (a: thermal, b: UV, c: natural).

measured strain may reflect differences in processing or
in the age of plants from which the aggregates had been
extracted. That higher strain was generally measured at
shorter gauge lengths and that test speed did not affect
strain of sisal aggregates is in agreement with and extends
previous work [4].

Depolymerisation of cellulose is known to lead to
a reduction in tensile properties [20], and the results
of the present study are consistent with this, how-
ever, the three ageing regimes included in this work
affected the mechanical properties of sisal aggregates
differently. The tenacity of thermally aged sisal ag-
gregates decreased with exposure time, although strain
was not affected. Changes in crystallinity probably ac-
count for the differences in tensile properties. Cellulose
is relatively stable at moderate temperatures over short
periods of time, however, breakage of hydrogen bonds,
loss of water and crystallinity changes lead to a reduction
in mechanical properties [20]. Heat treatment at 150◦C
(for 4 h) reportedly increased the crystallinity of sisal
aggregates [21].

Sisal aggregates were particularly susceptible to degra-
dation by UV light, both tenacity and strain decreasing
with exposure time. Photolysis (caused by UV light) leads
to direct rupture of glucosidic bonds, resulting in depoly-
merisation and loss of tensile properties [20], as observed
in the current work.

The strain of sisal aggregates which had been exposed
to simulated natural ageing decreased with increasing
time, although tenacity was not affected. Simulated
natural ageing combined several potential degradation
mechanisms and their interactions, e.g., pH of the
soil, elevated temperature, water, UV and sunlight.
Glucosidic bond scission did not apparently occur to
a level that significantly affected tenacity. Reduction
in strain might be attributable to the greater moisture
content of the aggregates leading to plasticisation of the
hemi-cellulose/lignin matrix.

The rate of deterioration of tenacity was greater when
sisal aggregates were exposed to UV than thermal or nat-
ural ageing. For strain, the rate of degradation was greater
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Figure 4 Effect of ageing regimes on strain (a: thermal, b: UV, c: natural).

for UV and simulated natural ageing than thermal ageing.
The different response between laboratory environments
(thermal and UV) and a simulated natural environment
demonstrated the need for careful consideration in choos-
ing a degradation environment to match the objective of
a study.

5. Conclusions
There are two conclusions from this work:

1. The test conditions investigated (gauge length, strain
rate, ageing environment) affected tenacity, strain, and
apparent mode of failure of sisal aggregates. This finding
has implications for the manufacture of items containing
sisal aggregates e.g. composites, non-wovens.

2. Care is required in selecting ageing environments for
degradation studies to ensure that the conditions match
the objective. This work on sisal aggregates suggested

that for tenacity thermal ageing more closely matched
simulated natural ageing whilst for strain exposure to UV
more closely simulated natural ageing.
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