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Abstract. The effect of the addition of 0.5% of randomly distributed polypropylene fibres in a round
grained sand, composed mainly of silica, is presented on laboratory scale. The samples were compacted
with two void ratios (0.75 and 0.63), corresponding to values of relative density of 50% and 90%
respectively. 24 monotonic triaxial tests were performed, with initial effective mean pressures of 20, 100
and 200 kPa. Half of samples were tested in drained conditions, and the other half in undrained conditions.
For the samples subjected to drained conditions, the effect of the fibres was identified at the post-failure
stage, by showing sustained increase of strength. The positive effect of fibres could also be observed through

the increase of material friction angle. In the samples subjected to undrained tests, the addition of fibres
reduced the contractive behaviour, mainly for those more compacted.

1 Introduction

Soil reinforcing technique with randomly distributed
fibres has been consolidated as an innovative solution for
several engineering problems.

Numerous studies have shown how fibres addition
improves the mechanical behaviour of sands. One of the
most important contributions is the increase of strength,
observed mostly at post-peak conditions. Such effects
have been evaluated in several studies, either with natural
[1], [2] or synthetic fibres [3—12]. The use of natural fibres
is commonly questioned because of their durability, and
physical and mechanical heterogeneity [14].

For the stress-strain behaviour, it was found that fibres
promote dilating response [3], decreasing thereby the
tendency of pore pressure generation.

This work presents experimental results of
polypropylene fibres reinforced quartzitic sand, subjected
to drained and undrained triaxial tests, with three different
levels of confining pressure, considering two relative
densities (50% and 90%).

2 Experimental programme

Triaxial tests were conducted on fully saturated sand
specimens, by applying effective confining pressures
from 20 to 200 kPa. Two different relative densities were
considered (50% and 90%). The specimens were
compacted with no fibres and with 0.5% of fibres by dry
weight of sand. The same number of drained as undrained
triaxial tests were conducted, totalling 24 tests.

2.1 Materials
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Uniform quarzitic sand (Osorio sand) from southern
Brazil was used in this experimental programme. The
Osorio sand was samples from the region of Osorio, near
Porto Alegre (Fig 1). The soil is classified as non-plastic
uniform fine sand (SP) with a specific gravity of solid of
2.62. The grain size distribution is entirely fine sand
(0.075 mm — 0.42 mm), with an effective diameter of 0.11
mm, mean diameter of 0.20 mm, and uniformity and
curvature coefficient of 2.0 and 1.1, respectively.
Mineralogical analysis indicated that the sand particles
are predominantly quartz. The minimum and maximum
void ratios are 0.6 and 0.9, respectively [13].

Monofilament polypropylene fibres were used to soil
reinforcing (Fig 2). The dimensions were: length 50 mm,
and diameter 0.1 mm. The fibres have a specific gravity
0f 0.91, tensile strength of 120 MPa, elastic modulus of 3
GPa, and linear strain at failure of 80%. The fibre content
used was maintained constant in 0.5% by dry weight of
soil.

2.2 Sample preparation

The compacted sand and fibre-reinforced specimens were
prepared by hand-mixing following this order: dry soil,
water and polypropylene fibres (when used). The
specimens compaction technique was moist tamping in all
cases. Undercompaction technique [15] was used in order
to achieve more consistent results.

The specimens were statically compacted in three
layers into a split mould 100 mm in diameter by 200 mm
high, to a moisture content of 10% and void ratio of 0.75
and 0.63, respectively consistent to a relative density of
50% and 90%. The tolerances in dimensions of the
prepared specimens ware: 1.0 mm diameter, £2.0 mm in
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height and +1.0% in water content.
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Fig 1. Grain size distribution of Osorio sand

Fig 2. Polypropylene fibres used

2.3 Triaxial tests

Both drained and undrained tests were carried out
following the same procedure until the consolidation
process was finished. Firstly, carbon dioxide (CO;) was
flushed through the specimen during approximately 30
minutes. Then, distilled water was percolated until the
volume collected was twice the volume of voids. During
the saturation process by back pressuring, control was
made through the Skempton “B” parameter, being
accepted a minimum value of 0.95.

The specimens were isotropically consolidated at
effective confining pressure presented in Table 1. During
the shearing stage, the strain rate was maintained in
1.8%/hour (3.6 mm/h) for every test. Most tests were
continued up to 15% axial strain. Axial and radial strains
were monitored inside the triaxial cell through Hall-effect
sensor-type local strain transducers. Outside the cell a
standard displacement transducer was used. The
volumetric strain was measured by an Imperial College
type volume gauge.

Table 1. Summary of programme triaxial tests

Void Fibre Condition Confining
ratio (e) content (%) of test pressure (kPa)

0 CD®™ 50, 100 e 200
075 CU* 20, 100 e 200
05 CD® 20, 100 e 200
CU 20, 100 e 200
0 CD®™ 20, 100 e 200
0.63 CU* 20, 100 e 200
0.5 CD® 20, 100 e 200
) CU 20, 100 e 200

(Tests performed by [16], [17]

3 Results and analysis

The results of triaxial tests are presented in Fig.3. The
parts (a) and (b) consist of the loose specimens and their
results under drained and undrained conditions. Parts (c)
and (d) correspond to dense, at the same test conditions
than loose specimens.

For every situation, the first set of curves represent the
behaviour of specimens until a maximum axial strain of
15%. The second set of curves represents the same
components, but up to a strain level of 2%. The third set
of curves represents the evolution of volumetric strain or
the excess of pore pressure, depending on the type of test.

3.1 Loose samples

For drained tests, fibres addition generated two different
situations: an unclear behaviour for strain levels lower
than 1% (greater and smaller stiffness), and the
transformation from strain-softening response into strain-
hardening response for the rest of tests, starting from the
same level of strain.

A similar effect of fibres inclusion is observed in these

specimens. Despite the level of effective confining
pressure, the slope of the stress-strain curves is about the
same. There was no significant effect of fibres on the
volumetric strain response due to fibres addition,
preserving not only the tendency of the curves, but also
the maximum values.
For the undrained tests, it was very clear how fibres tend
to increase the dilative tendency. In all cases, the
compressive phase ends at lower strain levels and with
lower values of positive pore pressure. The inversion of
the sign of the excess of pore pressure brought an
important increase in the effective stress for all reinforced
specimens, resulting in significative gain of deviatoric
stress for the same strain level, when compared with the
no fibre condition. Similar behaviour was observed by [3]
and [16].

3.2 Dense samples

Under drained conditions, a maximum strength peak was
well defined for unreinforced samples, followed by a
softening-strain behaviour, with tendency to stabilization
for large strains.
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Fig 3. Drained and undrained response of unreinforced and reinforced sand at several confining pressure (a) Drained test at eo = 0.75;
(b) Undrained test at eo = 0.75; (c) Drained test at eo = 0.63 and, (d) Undrained test at eo = 0.63.

The addition of fibres brought a strain-hardening
behaviour for the composite, with stabilization at the end

of tests, in accordance with the results presented by [16].

Nevertheless, for initial strains, the contribution of
fibres was only observed from a certain value of strain,
where the curves had a strong variation of their slopes.
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In this type of tests, it was not observed any significant

difference of volumetric strains, with an “overlap” of the
curves for most specimens.
For undrained tests, in this case, despite the increase in the
slope of two of the three curves, the effect of the addition
of the fibres was not so important when compared to the
loose sand. This situation is confirmed by the excess of
pore pressure curves, where there is no appreciable
difference with one exception (effective confining
pressure 20 kPa — 0.5% fibre). For the 20 kPa test,
possibly some experimental issue could have caused low
pore pressure levels.

3.3 Effect of fibres on the shear strength
parameters

For the determination of the shear strength parameters, the
deviatoric stress of 10% axial strain was considered. In
the cases where a peak was present, the respective value
was adopted.

All obtained envelopes present a cohesion intercept of
zero. The values of friction angle are presented in Table
2. The eight shear strengths envelopes obtained from
triaxial tests are presented in Fig 4. The effect of the
compaction is remarkable.

Table 2. Shear strength parameters for Osorio sand: no fibre
and fibre reinforced conditions

Void Fibre Friction angle, ¢’ (°)
ratio (e) content (%) Undrained Drained
0 36.2 37.00)
0.75 0.5 37.2 4830
0 45.2 39.8)
0.63 0.5 43.3 53.50)

*Values previously obtained [16], [17]

That effect is also very clear in drained test for the
fibre reinforced sand. The friction angle increase was
greater than 10°. For undrained tests, this effect was not
so clear.
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Fig 4. Shear strength envelopes for Osorio sand under drained

and undrained conditions, no fibre and fibre reinforced, and
e0=0.75 and 0.63.

4 Conclusions

A series of triaxial tests was performed under
consolidated-drained and consolidated-undrained
conditions to study the effect of polypropylene fibres
addition on the behaviour of a sand with two different
conditions of compaction. The observations can be
summarised as follows:

e The addition of fibres affects the behaviour of sand,
mainly in post-peak conditions by modifying the
strain-softening tendency into strain-hardening, until
the completion of test.

e Fibre addition tends to reduce the contractive
behaviour of sand, mostly in loose conditions.

e In most of cases, fibres increased the shearing
strength parameters of sand. This situation can be
better identified for drained tests.

The authors wish to express their gratitude to the Brazilian
Ministry of Science and Technology/Brazilian Research
Council (MCT/CNPq) for their financial support of the research

group.
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