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ABSTRACT

The strength and deformation behaviour of dense and loose samples of Leighton Buzzard sand
were examined by means of cyclic biaxial loading tests in which the stress orthogonal to the plane

of strain was initially applied at different magnitudes of 5,=20, 50 and 80 kPa. The experimental
results showed that the general trend of volume change during cyclic stressing is 1o cause
densification and build of structure (fabric force). Also it was revealed that after many cyeles the
values of @, are independent of their initial values and settle very close to the mean principal
biaxial stress.

INTRODUCTION

The tendency of granular material to densify under cyelic loading with 90° changes in the
principal stress direction, has been recognized as the primary reason of the build-up in pore water
pressure which leads to liquefaction. Therefore a better understanding of soil response subjected
to cyclic loading is essential. However, undrained cyclic tests, to assgss pore pressure and
resistance of soils to liquefaction do not reveal the stress-strain behaviour of sands in drained
cyclic conditions [1]. In addition, there are many situations where granular soil is subjected to
slow cyclic stress changes under drained conditions. Two examples, the filter bed problem and the
abutment wall, have been investigated [2]. This paper describes the investigation into the strength
and deformation behavior of dense and loose sands when subjected to cyclic stressing in which
the peak stress ratio was sequentially increased when a repeating state was observed over many
cycles.

MATERIAL
Standard Leighton Buzzard sand (BS sieve sizes 18-25; 850-600 pm) with a speeific gravity of

7 66 was used for the present investigation. Two different methods of preparing sand samples,
slow raining through air and releasing a large quantity of sand from a height of 750 mm above the
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ground level, resulted in dense and loose
sand samples with initial voids ratio of e;=
0.52£0.01 and e;=0.72+0.01 respectively.
The sand samples were formed in a cubic
rubber membrane, supported by a perspex
box. All samples were deposited along a
direction, namely Z, that would
subsequently be orthogonal to the plane of
strain. Thus, samples were always isotropic
in the planc of strain. The samples were 100
mm cubes confined in thin rubber membrane
which were then sea.sd and the air in the
voids evacuated to give the sample strength
and enable the removal the sample from the
preparation box and the positioning of it in _ .
the apparatus. This was achieved by Figure-1: [sometric representation of the Biaxial
applying a negative pressure to the sample, 1 eSter.

an 1solfopic. Siress OF. around 50 kPa. Sand 1) Latex rubber pressure bag, the front of which forms the
samples to be considered were dry and flexible loading boundary.

subsequently all stresses were effective 2} Pressure bag packing plate.

stress. For convenience, therefore, the small 3} Comer retaining guide block.

dashed notation for effective stress has been  4) Rigid adjustable screw of make and break contact,

ot 5) Holes for supply and measurement of pressure to the
' loading face,

6) Steel bars used to couple movement of backing plates

APPARATUS with adjacent comer retaining guide blacks.

The Biaxial Tester, Figure 1, which has been fully described elsewhere [3] and [4] shears soil
under plane strain conditions. The principal stresses in the plane of strain are applied to the cubic
soil samples through flexible boundaries with no trace of shear stress. The Biaxial Tester was
developed to accommodate large sample deformations whilst maintaining uniform boundaries
stresses. [t employs a concept in which any incremental sample deformation resulting from smal]
changes in applied stresses, is matched with a corresponding apparatus boundary adjustment
perpendicular to the applied load direction. This provides for uniform stress and strain throughout
the sample. In addition to 90° jump rotations of the principal stress direction, the Biaxial Tester

offers the ability to apply/record .

STRESS PATHS

The stresses applied to the sample through pressure rubber bags in the plane of strain are called &,
and G,. The stress orthogonal to the plane of strain is named T,. The corresponding strains are
denoted by €,, €, and g, Cyclic stress-controlled tests were performed under plane strain
condition (i.e. £,=0). After positioning in the Biaxial Tester, the specimen was biaxially loaded

with &F,=0,=50 kPa. The stress orthogonal to the plane of strain, <, was initially applied at 20, 50
or 80 kPa via the water filled plane strain boundary. At this stage the tap of the top plane strain
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boundary was closed in onder to record the

varation of &, during the test. The negative
pressure on the sample was then released and

the test commenced by increasing o, and
decreasing G, whilst the mean biaxial stress,

(g, +0,.)2, was held constant at 50 kPa
through the test .

stresses,  varying  between
principal stress ratios R, ,=0,/0, and R,
=g./0, (where R Ripa—Rama) were
imposed until a repeating state of strain was
achieved. At this time the peak stress ratio
was increased and the cyelic stressing
repeated. After imposing many cycles of
stressing and when a state of no further
significant change of &, was observed the
samples were monotonically sheared to
failure. Typical stress path for this kind of test
are shown in Figure 2,
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Figure-2: Stress path for cyclic stress-controlled

tests,

It stould be mentioned that the entire loading and unloading loop considered here, starts from 8

includes the stress
paths BC, €0, DC and
CB. The stress path AB 15
the

and

initial  monotonic
loading, The general form
of these stress controlled
tests in which eyeles of
stress

amplitudes were imposed

fluctuating

&, =R, (sequentially varying)

at  various  deviatoric
is illustrated in
At D the
principal  stress  ratio,
Rimax=F /Oy Was the
same that B,
Rimax=0/ 0 where

R Imnx=R2:nax.

siresses
Figure 3.

as at

Imax
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Figure-3: Schematic representation of tests described by Figure 2



STRESS-STRAIN RESPONSE

In the course of cyclic stress loading during the first few cycles sand exhibits significant plastic
deformation accompanied by open hysteresis loops, Subsequent cycles give less plastie strain and
the loops appear necarly closed. Eventually after many cycles the sand attains a form of
equilibrium so that the induced shear strain during cach cyele remains approximately constant.
When the sample is subsequently subjected to a higher peak stress ratio, plastic strain again
develops and larger hysteresis loops are generated which again reduce in amplitude with number
of cyeles.
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Figure-4: Hysteresis loops for different cycles for loose sand.

The variation of shear strain, ¥,, with stress ratio, /s=(T,-C,)/(0,-G ), for test CL5-6 (loose sand)
is illustrated in Figure 4. During the first cycle of unloading and reloading significant plastic strain
develops. The stress-strain loop is at its largest in the first cycle and then becomes much smaller
after a few cycles, i.e. the shear strain amplitude decreases gradually as the number of cycles
proceeds, indicating that stiffening due to the creating structure was taking place. The Figure
clearly shows that at any stage of increasing peak stress ratio plastic strain develops and again
reduces with number of cycles. It is thought that after a large number of stressing cycles the sand
behaves elastically,

YOLUMETRIC STRAIN RESPONSE

Figure 5 illustrates the volumelric strain, ¥, against velumetric strain, £,, during different cycles
whose stress-strain response 15 shown in Figure 4. Forms of non-closed butterfly loops developed
from the first or second cycle of the dense sand whilst no butterfly shape was observed for loose
sand samples in the first few cycles. This is due to the extreme tendency of loose specimens o
densify, which is apparent in the Figure. The volume change in loose media during the first few
cycles is irrecoverable densification. The results show in subsequent cycles there is no significant
averall volume change over a cycle but significant rate of volume change within a cycle i.e. the
densification and dilation within a cycle balance each other. The butterfly shape of volume
change, Figure 5, within a typical eycle has also been illustrated by Wood and Budhu [5].
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The overall magnitude of volume change during a cycle decreases as the number of cycles is
increased, nevertheless the butterfly shape of volume change remains. It appears that a steady state
of no significant further volume change occurs after many cycles for both dense and loose sands
even though the strain amplitude decreases.

y :: T T T RI"‘"=.:3
0.4 4 ¢
I |
0.8 ﬁl_
1' ra_
1. ]
I E 13.2
cyvele 1] |
1 d —+34
1.8 |
Sl 13.6
2 cycle 1 L |
4 B 438
24 1 -! r— _:4
] cyele 10 4 cyele 20 | :)-clejw ]
28 i ] N [N S N A P R TN iy | 1 1 | | |_ ....... | EEADP [T | 342
T SRR, BT (T R T RO (e IO e i 0 L G el TRETE R DT T Sy S e S,
o, Y, e

Figure-5: Variation of volumetric strain during different cycles for loose sand.

EFFECT OF INCREASING PEAK STRESS RATO ON VOLUME CHANGE RESPONSE

When conducting cyclic stressing tests with 90° changes in the principal stress direction and with
a maximum principal stress ralio constant, a hardening phenomena develops and causes the
magnitude of the resultant shear strain amplitude to decrease gradually as the number of cycles
proceeds. Eventually after many cycles the sand attains a form of equilibrium so that the induced
shear strain during each cycle remains approximately constant. When the sample is subsequently
subjected to a higher peak stress ratio, plastic strain again develops and larger hysteresis loops are
generated which again reduces in amplitude with number of cycles.
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Figure-6: Effects of increasing peak stress ratio on dense sand.
Figure 6 illustrates the results of a test performed on a dense sand which included increasing the
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peak stress ratio at different stages. The dense sample, prepared by pluviation method, was
thought to be close to the densest state for Leighton Buzzard sand and it was not expected to
densify much during the test. A slight expansion in volume was observed when the peak stress
ratio was increased and followed by no significant overall volume change, accompanying the
hardening behaviour.

In a loose media after an increase of stress ratio, Figure 7, considerable shear strain resulted,
indicating the previously induced structure was broken down. A new structure soon developed to
resist the new stress level. The voids ratio reduced with number of cycles and the material
eventually reached a voids ratio of 0.63, The number of cycles required for the sample to attain a
form of equilibrium was dependent on the magnitude of the new applied stress ratie. Figure 7
shows that when a higher stress ratio was imposed on the sample, a greater number of cycles was
required to reach a repeating shear strain state.
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Figure-7: Effects of increasing peak stress ratio on loose sand.
G, BEHAVIOUR IN CYCLIC TESTS

The variation of the principal stress orthogonal to the plane of strain, @, was recorded during the

tests performed on both dense and loose sand samples. The measurement of O, was made for all
cycles at the isotropic stress state and at the maximum principal stress ratio. This helped to

highlight the general trend of O, variation during the test. More detailed records were taken for
selected cycles.

Figure 8 illustrates the variation of &, from the start of shearing the sample for Tests CDS-9 and
CDS-1, performed under different initial magnitudes of =80 and 20 kPa respectively. The value

of G, cither drops sharply from G,=80 kPa, to about 55 kPa or rises from the initial value, G,=20
kPa, to about 40 kPa after the initial monotonic shear loading before commencing the first cycle.

After many stress cycles o, eventually settles at 49 and 44 kPa in Tests CDS-9 and CDS-1
respectively (Figure 8).

In order to study the variation of &, with number of cycles and its final value after a number of
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siressing eycles, cyclic tests were performed on dense and loose sands in which o, was initially

applied at @,=20, 50 & B0 kPa [4]. The results are given in Figure 9 for dense and loose sands.
[ v R P A o Al :

L e D= B il e e R TR TR T Sy

0.4
—
h { t'.'lh
{:'-:" 1 I.H:
'I:I.‘ xp = R =
| e pptyerta RS
03 Test ng. : CTS-4 | ti‘.l
. Cyele 1 { Ux
A4 —h— Cycedg |4
—— ey |
b iy RS T ARPY SR SIS MU Y i OO S PR S O ST UL SUAPe S PO R et At CO MOV S . m o s o
42 50 52 54 56 58 &0 G2 JiE iy GR 70 72 L] 76 78 il
Ut{kl’u]
tf—r————r __.i
0.dy -
] t‘.\h
02 L
ko
=
L P
o]
=0, +
—ale—  Cyele 1 3 b"‘
-0.4;' —l—  Cycle 10 s
; | —il—  Cuele 25
| T T — L NI L L L L L i i i 3 i e ol
20 2 24 26 28 30 32 34 36 I8 40 a2 a4 46

O_ (kPr)
5
Figure-8: Development of G, during the test and its final value for test on dense and loose sands.
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Figure-9: Development of &, during cyclic tests with different initial magnitudes of G

The results on dense sand in which R, =4 was held constant, Figure 9(a), show that after a few
cycles, say 5, the values of O, span between 40 and 50 kPa. After 5 cycles, however, a very slow
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trend of building up of &, was observed. An average of G,=46.1 kPa was achieved when the tests
terminated.

Figure 9(b) summarizes the results of tests performed on loose sand in which R, was changed
after a number of cycles. The Figure shows a similar trend to that of dense sand. On termination of
tests an average of ©,=46.7 kPa was achieved. It seems that afier a large number of cycles the

variation of ©, settles very close to the mean principal biaxial stress D’=%{Gx* T, )=50 kPa,

irrespective of its initial value and initial voids ratio.
CONCLUSIONS

This paper presented the results of cyclic behaviour of dense and loose sands when subjected 10 a
limited number of stress cycles under different initial magnitudes of g, In summary it can be
concluded that the general trend of volume change during cyclic stressing is lo cause overall
densification and a reduction in the associated cyclic shear strain. However, a change of peak
stress ratio to a higher value results in a softening behaviour and slight expansion in volume. After
many cycles the sand particles re-arrange themselves to sustain the new stress state and a new
anisotropic structure develops. The variations of &, and rate of volume change during a single
cycle have a similar pattern and correlate to each other, The long term (i.e. after many cycles)
values of @, (which was initially applied at 20, 50 and 20 kPa) are independent of their initial
values and settle very close to the mean principal biaxial stress, i.e. 0,=(0,+0,)/2=50 kPa.
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