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Strength and deformation characteristics of a silty sand
Caractéristiques de résistance et de déformation d’un limon sableux

J.E.Hellings - Dames & Moore, UK
J. B.Burland - Imperial College of Science, Technology and Medicine, London, UK

ABSTRACT: 122 triaxial tests were performed on specimens of silty sand. These were prepared covering a range of densities from very
loose to very dense and were tested at confining pressures from around 1 kPa to almost 1000 kPa. Compression and extension tests were
performed in both drained and undrained conditions. An attempt is made to find a state boundary surface which fits the results. The
stiffness of the sand is examined through measurements of shear modulus with local small strain axial measurement. Results show a
dependency of strength and stiffness on stress level. Dilation effects, also dependent on strain levels, are discussed.

RESUME.: 122 test triaxiaux ont été réalisés sur des échantillons de silt argileux. Ils ont été éffectués en couvrant une fourchette de
densités de treés faible a trés élevée a des pressions s’étallant de 1kPa a prés de 1000 kPa. Les tests de compression et extension ont été
réalisés en utlisant la méthode de drainage et de non-drainage. Les conditions limites compatibles avec les résultats des tests ont été
recherchées. La rigidité du sable a été examinée 2 partir des mesures de coefficient a la transversale avec une légére déformation axiale.
Les résultats ont montré une dépendance de la résistance et de la rigidité du sable par rapport au niveau de pression. Les effets de la
dilatation sont également dépendants des niveaux de déformation comme indiqué plus bas.

1 INTRODUCTION

122 triaxial tests were performed on specimens of silty sand. The
sand used was a mixture of two grades of industrial silica silt and
sand in the proportion 1 part silt to 9 parts sand. The sand
fraction consisted of at least 97% SiO, and the silt fraction 98.5%
Si0,. The specimens measured 76 mm high by 38 mm diameter
and were formed by rodding a slightly moist sand and then
applying a back pressure for saturation. All measuring
instruments were carefully calibrated - especially important due to
the small effective stresses used for some of the triaxial tests. In
addition, a correction was applied for the effects of the confining
rubber membrane according to Duncan and Seed (1965).
Specimens were prepared covering a range of densities, from very
loose to very dense and were tested at confining pressures from
around 1 kPa to almost 1000 kPa. Compression and extension
tests were performed both drained and also undrained. The
stiffness of the sand was obtained through local axial strain
measurement. The maximum density of the sand was 2064 kg/m’
and the minimum density 1865 kg/m’, corresponding to maximum
and minimum void ratios of 0.92 and 0.56 respectively. An angle
of repose of the dry heap of 33° was obtained following Cornforth
(1973) recommended methods.

2 TRIAXIAL COMPRESSION AND EXTENSION TESTS

Figures 1 and 2 show plots of ¢’ versus p’ for all drained
compression and extension tests. The points are shown with the
void ratio at peak of q/p’. Despite the scatter of points it is clear
that ¢’ increases with decreasing p’, especially for lower e values.
¢' appears to remain approximately constant for p' between
100 kPa and 1000 kPa.

For the dense specimens, there is an increase in ¢’ of almost
40% between 100 kPa and 10 kPa. For the loosest specimens, ie
e of 0.85, increases are around 15%. Extension tests give longer
values of ¢’, for the same p' and e, than do the compression tests.
This has been found to be generally the case for many of the
commonly tested sands (Ladd er al, 1977). It is interesting to
note a mobilised friction angle of about 60° ir extension for the
dense sand at low confining pressure. Tne ¢’ values are
summarised graphically (Figure 3) for various e values for tests
at p’ of 10 kPa and also for p’ of 100 kPa. At 10 kPa extension
tests consistently give ¢' values about 7° greater than for
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compression tests. At 100 kPa the difference is about 4°. The
increased mobilised strength with decreasing stress levels is well
known for sand and has been reported by many researchers.

A feature of the tests was a varying rate of dilatancy depending
on void ratio and stress level; the denser the sample the more
strongly dilatant the behaviour. Figures 4 and 5 show the rates of
volumetric and axial strain to failure plotted against stress level
with e values at q/p’ ‘maximum’ and at the end of the test (q/p’
ultimate) shown alongside each point. Despite the scatter of data
there is an obvious trend and rough approximate contours of
constant e values are shown. It is interesting to note that, for the
denser sand, the dilatancy for the same stress level and void ratio
appears to be greater for compression than for extension, despite
the mobilised friction angle for extension being greater than for
compression.

For undrained tests in compression ¢' at peak q/p’ was
essentially constant for a particular void ratio, varying between
about 35° for e = 0.7 up to 38° for ¢ = 0.6. For undrained
extension tests ¢’ was also found to be essentially constant for
constant void ratio varying between 36° for e = 0.7 and 42° for
e = 0.6. As for the drained tests it is seen that ¢’ at a particular
e is up to 4° less in the stress level range 100 - 1000 kPa for
compression tests than for extension tests. As expected, the rate
of change of porewater pressure to axial strain varied more
markedly with stress level for the more dense specimens.

3 STATE BOUNDARY SURFACE

Many researchers have attempted to model the behaviour of sands.
Ovando-Shelley (1986) lists factors which determine the behaviour
of granular materials: void ratio, relative density, grading and
grain size, particle shape, interparticle friction, fabric, anisotropy,
and stress history. No attempt has been made to put the results of
the testing programme described in this paper into a critical state
framework, however the plots of Figures 1 and 2 do define the
boundary surfaces in terms of q, p’ and e for the sand at failure.

4 THE EFFECT OF DILATION

Figures 4 and 5 appear to show a relation between mobilised
friction angle and dilation rate. Many researchers have attempted
to establish this relationship, for example Taylor (1948) whose
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Figure 1. Sand: drained compression tests. ¢’ versus p’ at peak (q/p’)
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Figure 2. Sand: drained extension tests. ¢’ versus p’ at peak (q/p")
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Figure 3. Sand: ¢' versus e at both p’ = 10 kPa and at p’ = 100 kPa (for maximum q/p’)
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Figure 4. Sand: drained compression tests. de,/de, versus p’ at both q/p’ peak and also q/p’ ultimate
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Figure 5. Sand: drained extension tests. de,/de, versus p’ at both q/p’ maximum and also q/p’ ultimate

model was modified by Bishop (1954) for use with triaxial
testing, and Rowe (1962). Atkinson and Bransby (1978) describe
the relation in terms of critical state theory. Bolton (1986)
proposed expressions, based on Rowe’s theories, for the friction
angle of sand or the maximum dilatancy rate, as a function of
relative density, p’ and a critical friction angle. Schandz and
Vermeer (1996) also consider the relation between friction and
dilatancy of sand. Rowe’s model appears to be more commonly
used, see for example Ponce and Bell (1971).

Some confirmation was found in the research described in this
paper for Rowe’s model. Some drained tests which were
corrected for dilation coincided closely with results from the
undrained extension tests. In general however, the results do not
appear to fit well with Bolton’s model.

5 STIFFNESS

Several of the triaxial specimens were instrumented with local
strain measuring devices in order to obtain the stiffness at small
strain. For dense sands at 0.02 percent axial strain the normalised
secant shear modulus (G/p’) varied between 400 and 800 at 0.02%
strain for dense sands, decreasing to between 200 and 300 at 0.1%
strain. For loose sands the modulus was between 200 and 500 at
0.02% strain decreasing to about 100 - 250 at 0.1% strain.

6 CONCLUSIONS

The comprehensive testing programme has confirmed a
remarkable increase in mobilised shear strength as the confining
pressure decreases for drained conditions. Extension tests yielded
somewhat higher friction angles than did compression tests,
however the difference in the mobilised friction angle was greater
in compression tests than for extension tests at similar void ratios.
It was possible to correlate undrained triaxial tests with drained
triaxial tests by correcting for the effects of dilation using the
energy correction theory of Rowe (1962). A marked non-linear
relationship between shear modulus and strain level was found, for
both dense and loose sand.
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