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Behavior of a fiber-reinforced sand under large shear strains 
Comportement d'un sable renforcé avec des fibres soumis à des deformation larges 
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ABSTRACT
Previous studies of fiber soil-reinforcement have shown significant improvement of the mechanical properties of soils, such as 
increased peak and post-peak strength, ductility and tenacity. However, studies of such materials have thus far been restricted to shear
strains of approximately 20%, due to the restrictions of the standard equipment used (e.g. triaxial and direct shear tests). The objective 
of the present research was to study the behavior of fiber-reinforced sand submitted to very large displacements, to determine whether
the improved strength would eventually deteriorate. Ring shear tests were carried out in order to investigate the effect of fiber micro-
reinforcement of homogeneous sand over a wide range of strains and displacements. Polypropylene fibers (0.5% by weight, 12 mm in
length, 0.023 and 1.394 mm thick) were randomly inserted in sand considering different relative densities. The results show the great 
potential of this kind of fiber when used as soil reinforcement, even at very large horizontal displacements. 

RÉSUMÉ
Des études antérieures ont montré que le renforcement des sols avec des fibres améliore les propriétés mécaniques du sol telles que les 
résistances de cisaillement du pic et après pic, la ductilité et le tenacité du sol de manière significante.  Cependant, les études des sols
renforcés avec des fibres ont été jusqu’à maintenant limités par les appareils d’essai (appareils triaxial et de cisaillement direct) à des
déformations moyennes du 20%. Cet article présente les résultats d’essais sur des sols renforcé avec des fibres soumis à des
déplacements larges, afin de déterminer si le résistance gagnée se détériore. Des essais dans l’anneau de cisaillement ont été faits afin
d’étudier l’effet du renforcement d’un sable homogène avec des micro-fibres pour une large gamme de déformation et déplacements.
Des fibres de polypropylène (0.5% du poids, longueur de 12mm et épaisseur de 0.023 et 1.394mm) ont été inserrées en désordre dans
du sable, avec des densités différents. Les résultats montrent le grand potential d’utiliser de telles fibres pour renforcer les sols, même
après large déplacements.  

1 INTRODUCTION 

Experimental results indicate that short fibers mixed into soils 
can have a noticeable reinforcing effect (e.g. Gray and Ohashi 
1983, Gray and Al Refeai 1986, Maher and Gray 1990, Al 
Refeai 1991, Maher and Ho 1994, Ranjan et al. 1994, 
Michalowski and Zhao 1996, Morel and Gourc 1997, Consoli et 
al. 1998, 2002, 2003, Heineck 2002, Zornberg 2002, 
Michalowski and Cermák 2003 and Heineck and Consoli 2004).  

The study of soil-fiber composite materials has been based 
mainly on triaxial and direct shear tests, and studies of such 
materials are therefore generally restricted to shear strain 
magnitudes of around 20% due to the restrictions of standard 
equipment.

The point still to be clarified is the behavior of fiber-
reinforced soils at very large strains, higher than those attainable 
with standard equipment. Among tests that can be used to 
define the shear strength at very large strains, the ring shear 
apparatus is the one that offers the most unambiguous method 
of measuring strength (Lupini et al, 1981). Recent work 
conducted by Lemos and Vaughan (2000) used the ring shear 
apparatus not only to investigate the residual strength of soils, 
but also to study the ultimate shear strength at the interface 
between soils and solid materials. 

In order to investigate the influence of fiber micro-
reinforcement of homogeneous sand over a wide range of 
strains and displacements, a series of ring shear tests conducted 
on sand reinforced with polypropylene fibers are presented in 
this work, demonstrating the value of the ring shear apparatus 
for evaluating the effect of fiber reinforcement at very large 
displacements.

2 EXPERIMENTAL PROGRAM 

2.1 Materials 

2.1.1 Osorio Sand 
The Osorio Sand was sampled from the region of Osorio near 
Porto Alegre. The soil is classified as non-plastic uniform fine 
sand (SP) and the specific gravity of the solids is 2.63. The 
grain size is entirely fine sand with an effective diameter of 
0.16 mm, and uniformity and curvature coefficients of 1.9 and 
1.2, respectively. Mineralogical analysis showed that sand 
particles are predominantly quartz. The minimum and 
maximum void ratios are 0.6 and 0.9, respectively. 

2.1.2 Fibers 
Polypropylene fibers were used throughout this investigation to 
reinforce the soil. Their average dimensions were 12 mm in 
length and 0.023 and 1.394 mm in diameter, with a specific 
density of 0.91, a tensile strength and elastic modulus of 
120 MPa and 3 GPa, respectively, and a linear strain at failure 
of 80%.

2.2 Sample Preparation 

The specimens tested in the ring shear apparatus were prepared 
by hand-mixing dry soil, water, and polypropylene fibers when 
used. During the mixing process, it was found to be important to 
add the fibers prior to adding the water, to prevent floating of 
the fibers. Visual examination of exhumed specimens proved 
the mixtures to be satisfactorily uniform. After mixing, each 
sample was compacted directly into the confining rings by 
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applying a manual load, until reaching the proposed relative
density. The final height of the sample was controlled to ensure
the correct initial compaction density.

2.3 Ring Shear Tests

The general procedures adopted for the sample preparation and
test execution were based on Bishop et al (1971). The tests were 
carried out in the Soil Mechanics Laboratory at Imperial
College, London, in the original ring shear apparatus developed
by Bishop et al (1971).

After compacting the sample between pairs of lower and
upper confining rings, it was then loaded by a dead-load lever
system in order to apply the desired normal pressure and the 
sample was saturated.

In this apparatus, the lower half of the sample is carried on a
rotating table driven by a worm gear, while the upper half of the 
sample reacts via a torque arm against a pair of fixed load cells
that measure tangential force. The gap between the upper and
lower confining rings and the side friction can be measured by
means of a guided linking yoke and a proving ring connected by
a screw to the rigid crosshead.

Figure 1. Comparison between ring shear tests on non-reinforced and 
fiber-reinforced sand.

Soon after the deformations caused by the consolidation had
ceased, the locking screws were removed, the gap between the
upper and lower pairs of confining rings was opened to between
0.3 and 0.35 mm, and the sample was sheared at a constant rate
of displacement of 1.5 mm/min until horizontal displacements
of about 700 mm were reached.

3 RESULTS AND ANALYSIS 

Figure 1 illustrates the results of ring shear tests conducted on 
non-reinforced and fiber-reinforced homogeneous samples of
sand (0.5% fiber by weight, 12 mm in length and 0.023 mm 
thick), under a normal stress of 200 kPa. 

It can be observed that the fiber-reinforcement causes a
significant increase in shear strength, when compared to non-
reinforced sand. There is no tendency for major strength
reduction even at very large displacements, and the shear stress
was constant when the test was terminated. The fiber
reinforcement increases the sand strength by around 50 kPa. 

After completing the fiber-reinforced sand tests, the fibers
found in the shear zone of the tested specimens were exhumed
and it was found that fibers had both elongated and broken,
meaning that the fibers tended to suffer a large plastic
deformation before breaking.
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Figure 2. Comparison between ring shear tests on non-reinforced and 
fiber-reinforced sand, with different thicknesses of polypropylene
fibers.It was also observed that the shearing mechanism for this

kind of reinforced material could be described by the existence
of a shear zone of a certain thickness, rather than a discrete 
shear surface. For the turbulent shear mechanism, identified for
these samples, the fibers may act as a mesh inside the soil
matrix, working as reinforcement within the shear zone.

Figures 3 and 4 illustrate, respectively, the results of ring
shear tests conducted on non-reinforced and fiber-reinforced
homogeneous samples sand (0.5% fiber by weight, 12 mm in
length and 0.023 mm thick), for relative densities of 50 and
80%, under a normal stress of 100 kPa.

There was no tendency to lose strength and fiber reinforced
soils would therefore be unlikely to suffer from brittle failure in
field applications even in cases where the strains tend to
localize, as they do in a ring shear apparatus.

As expected, the ultimate strength of the non-reinforced
sand is independent of the initial density. In contrast, the
comparison between non-reinforced and fiber-reinforced sand
shows that the effect of fiber inclusion was found to be more
pronounced for dense samples, perhaps because the fibers may 
act as a mesh inside the sand, working better as reinforcement
when the void ratio is lower (Figure 5).

Figure 2 shows the results of ring shear tests conducted on
non-reinforced and fiber-reinforced homogeneous samples sand 
(0.5% fiber by weight, 12 mm in length, 0.023 and 1.394 mm 
thick) under normal stresses of 100 and 400 kPa. It can be 
observed that the influence of fiber inclusion on the shear
strength depends on the fiber characteristics. The effect of fiber
inclusion was found to be more pronounced for thinner fibers
and under higher normal stresses.

The overall analysis of the results allowed the identification
of changes due to the random inclusion of polypropylene fibers
in the soil studied. The fiber reinforcement of the sand caused a
large change in the strength parameters at large shear strains,
with the enhancement of both the friction angle and the
cohesion intercept.
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These results show the great potential of this kind of fiber
when used as soil reinforcement, for example at the base of
shallow foundations or in cover liners. 

These results show the great potential of this kind of fiber
when used as soil reinforcement, for example at the base of
shallow foundations or in cover liners. 
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4 CONCLUSIONS4 CONCLUSIONS

The following observations and conclusions can be made 
regarding the ring shear behavior of polypropylene fiber-
reinforced/non-reinforced samples of a sandy soil. The fiber
reinforcement increases the shear strength significantly, with no 
loss even at very large horizontal displacements. The fibers may
act as a mesh inside the soil matrix, working as reinforcement
within the shear zone. The effect of fibers was found to be more 
pronounced for thinner fibers at higher normal stresses and for
dense samples. 

The following observations and conclusions can be made 
regarding the ring shear behavior of polypropylene fiber-
reinforced/non-reinforced samples of a sandy soil. The fiber
reinforcement increases the shear strength significantly, with no 
loss even at very large horizontal displacements. The fibers may
act as a mesh inside the soil matrix, working as reinforcement
within the shear zone. The effect of fibers was found to be more 
pronounced for thinner fibers at higher normal stresses and for
dense samples. 
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Figure 3. Ring shear tests on sand samples with different relative 
.densities
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