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SYNOPSIS A number of undrained cyclic load triaxial and simple shear tests were conducted on Norwegian Drammen

clay each involving the introduction of drainage periods at suitable intervals.

The behaviour of the clay

following this precycling and drainage sequence was compared with that of samples which had not been precycled.

Various overconsolidation ratios from 1 to 50 were involved.

Normally consolidated samples were found to

increase their undrained shear strength significantly, unless subjected to high cyclic strains, to offer better
resistance to cyclic loading and to develop lower plastic strains as a result of precycling and drainage.
Overconsolidated samples did not exhibit significant change in shear strength, neither did the effective stress

failure envelope change but lower resistance to cyclic loading was noted.

The relationship between cyclic

stress and resilient strain in triaxial testing was significantly non-linear.

INTRODUCTION

Considerable interest in the behaviour of soils under
cyclic loading has been stimulated by the foundation
design problems associated with off-shore gravity
structures for oil exploitation, particularly those
in the European North Sea because of the severe
weather experienced there. An insight into the
short term effects of individual storms on the
behaviour of clay can be obtained by suitable cyclic
undrained triaxial or simple shear tests and many of
these have been carried out. However, the long term
behaviour of the structure will be influenced by the
effects of drainage which can occur during quiet
periods between storms.

Very little previous work has been reported on the
effect of such drainage periods. However, Bishop
and Henkel (1953) indicated, from a few slow repeated
applications of load on Weald clay that this material
(wp, = 40%, Wy = 17%) certainly softened when heavily
overconsolidated and strengthened when normally
consolidated. This was caused by the moisture
content changes resulting from the build up of nega-
tive and positive pore pressures respectively for the
two stress histories. Brown et al (1975) measured
significant positive and negative pore pressures in a
silty clay (wL = 32%, w_ = 18%) for overconsolidation
ratios of 2 and 20 respgctively when subjected to 106
cycles of deviator stress at 10 Hz. No drainage
periods were allowed but clearly the potential for
stiffening and seoftening existed.

The tests described herein formed part of a substan-
tial programme of cyclic loading on Norwegian Drammen
clay (wp, = 55%, Wy = 28%) the results of which have
been summarised by Andersen (1976) and Andersen et al
(1976). This material was chosen as having similar
properties to many of the North Sea clays and because
it was readily available in relatively homogenous
deposits. Its properties have been described in
detail by Bjerrum (1967).

TEST METHODS

The programme consisted of 14 cyclic load simple shear
tests and the same number of cyclic triaxial com-
pression tests. The NGI simple shear apparatus
described by Bierrum and Landva (1966) was modified to
apply a cyclic shear stress. Undrained conditions
were simulated by adjusting the effective vertical
stress to maintain constant volume. Pore pressure
changes were determined as changes in effective vert-
ical stress. A trapezoidal wave-form having a fre-~
quency of 0.1 Hz was used for the shear stress (Fig.
1a). The test samples were 80mm dia. x 16mm thick.

The triaxial tests were carried out in the apparatus
used by Brown et al (1975) although the sample size
was reduced to 75 mm dia. x 150 mm long. A servo-
-hydraulic system was used to apply the sinusoidal
variation in deviator stress at 0.1 Hz (Fig. 1b).

The soil samples were trimmed to size after extrusion
from 100 mm dia. sample tubes. All samples were
consolidated in the test apparatus to produce over-
consolidation ratios of 1, 4, 10, 25 and 50 based on
the applied vertical stress. The stress paths
during consolidation of the triaxial samples are
shown in Fig. 2 in terms of mean normal effective
stress, p’ = 3(g) + 203), deviator stress, q = 0, - Oy
and specific volume, V = 1 + e where e = void ratio.
It will be noted that the normally consolidated
samples were subjected to isotropic stress while the
others were preconsolidated under K, conditions and
then brought to isotropic stress during swell-back.

For the simple shear samples the stress paths can
only be expressed in terms of the fundamental para-
meters p’ and q if the K_ values are known for all
overconsolidation ratios. Berre (1975) obtained
such values for OCR's up to 10 and his figures have
been used in arriving at the stress path shown in
Fig. 2. For OCR's of 25 and 50, K, values were
extrapolated. Fig. 2 shows that the initial stress
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Fig. 3 shows the V - lnp' plot for the triaxial
samples with the rather wide scatter of results
indicated. The virgin consolidation curve for ani-
sotropic conditions differed slightly from the iso-
tropic one though they were both embraced by the
mutual spread of specific volumes. The slope of the
virgin curves (A) was 0.177 and the average slope of
the swell-back line (1) was 0.021.
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Preliminary standard undrained tests to failure were
carried out in both test modes covering the range of
stress histories in order to establish failure 1 T 1
envelopes. In terms of effective stresses these . 2 5
were defined by o' = 30.7°, ¢’ = 0 for all the ~ “\—-}— R
norma11£ consolidated samples, and ¢’ = 30.7°, ¢’ = > y | b
1.4 t/m* for all the overconsolidated samples.

I
Triaxial tests {

These involved the compression mode only and three 12
total stress levels were used for OCR's 1, 4 and 10. Y
These were defined as qp/qp where q_ = repeated
deviator stress (Fig. 1b) and gy = deviator stress at
failure in the static test. The levels used were
35%, 50% and 65%. For the two highest OCR's of 25

w

Consolidation information for all
triaxial samples
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and 50 only the 50% level was used. Most of the
tests involved four periods of 1,000 cycles, each of
which was followed by an overnight drainage period
during which any accumulated pore pressures were able
to dissipate. This process will be referred to as
"precycling and drainage'. None of the samples
failed during cyclic loading and hence each was sub-
jected to a static undrained test to failure in
conclusion.

In addition to those outlined above, three special
tests were conducted in order to establgsh the effect
of large cyclic stresses following the usual sequence
at the 35% stress level. Hence, for OCR's 1, 4 and
10 one sample in each case was subjected to an
additional 2,500 cycles at the 65% level. This was
again followed by an undrained strength test but
without allowing any drainage after the final cyclic
load period.

Simple shear tests

The basic approach to the simple shear testing was
similar to that used for triaxial testing. However,
in view of the shorter drainage paths in this test
configuration, fewer cycles of load were applied (100)
with shorter drainage periods (15 min.). Most tests
involved ten such periods of undrained cyclic loading
and drainage followed by an undrained strength test.
Several samples "failed" during cyclic loading, the
definition of failure being a cyclic shear strain of
t3%. However, in all cases it was possible to carry
out the final undrained strength test. The total
stress levels were defined as T./T¢ where T. = ampli-
tude of cyclic shear stress (Fig. la) and T¢ = shear
stress at failure in the undrained static test.
Details of the actual stress levels are given in Table
I. Those tests which involved a final period of
cyclic loading at an elevated stress level are ident-
ified; the precycling in each case was carried out
at the same value of T. = #1 t/m®. T, and T¢ refer
to the horizontal stress applied to the sample.

Table I Cyclic stress levels for simple shear tests

OCR Cyclic stress level : T./Tg
1 *0.11 10.11 & $0.64° 19,58
4 *0.14 £0.14 & 10.47° 10,14 & $0.57° £0.4, | 0.5
10 £0.18 | t0.18 & $0.37° 0.4
25 10.35
50 10.35

* These tests involved a final period of cyclic
loading at the higher stress level.

TEST RESULTS

Pore pressures and volume changes

In general, the pore pressures generated during
cyclic loading periods were low and the consequent
volume changes low also. Qualitatively, the results
were compatible; positive pore pressures leading to
consolidation and vice versa.

The pore pressure data was used to predict volumetric
strains in the triaxial tests on the assumption that
during drainage the samples move on lines in Fig. 3
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parallel with the mean swell-back line (Schofield and
Wroth, 1968). This produced a good prediction for
OCR = 50, indifferent ones for other overconsolidated
samples and a very low value for OCR = 1 (0.07% volu-
metric strain compared with the measured value of
0.7%) . Clearly in this latter case the soil is
moving along a much steeper line than the swell-back;
a line in fact almost parallel with that for virgin
consolidation.

The maximum volumetric strain recorded during drain-
age was only 1.4% which would represent a change in
specific volume of about 0.03 for the normally
consolidated triaxial samples. Reference to Fig. 3
indicates that this might be expected to result in a
modest change in material response since it is equiv-
alent to producing an overconsolidation ratio of
about 1.4. However, the majority of volumetric
strains were very small and the potential for change
in material behaviour was, therefore, low.

Shear strength

All tests were subjected to a conventional undrained
test to failure following precycling and drainage
although in some cases no drainage period was per-—
mitted immediately prior to the static test. The
results have been compared with the strengths deter-
mined on samples not having this loading history.
Table II shows the triaxial results indicating a sig-
nificant strengthening for normally consolidated
samples and a decreasing effect with increasing OCR.
It will be noted that the cyclic stress level did not
have a consistent effect on strength. Table III
summarises the influence of precycling and drainage
for the simple shear tests which have been divided
between those which nominally failed under cyclic
loading (y = %*3%) and those which did not. The lat-
ter were generally weakened by this high strain level,
as noted by Andersen et <. (1976) for tests without
drainage although the deterioration was generally less
marked. The overall findings are the same as for the
triaxial tests

Effective stress failure envelopes

Typical effective stress paths to failure for the
final static undrained tests on triaxial samples are
shown in Fig. 4 with the failure envelopes from
standard tests on the soil superimposed. The failure
points for all tests are shown and it is clear that
there is no substantial departure from the basic fail-
ure conditions. The only significant factor is that
the normally consolidated samples tend to be failing
near the '"overconsolidated'" line. This is in keeping
with the apparent overconsolidation they achieve
during precycling and drainage. The simple shear
tests showed similar behaviour.

Failure under cyclic loading

Failure during cyclic loading only occurred in some of
the simple shear tests and not at all in the triaxial
tests. It was defined as a cyclic shear strain of
+£3%.

In Fig. 5 the number of cycles to failure for sangles

previously subjected to the precycling (at 1 t/m")
and drainage sequence is compared with lines
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Table ITI Effect of precycling and drainage on undrained shear strength - triaxial testing

S, without S after 4x1000 cycles (t/u°) Mean increase | S after 4x1000 cycles at
. . u Mean S, 3
OCR |cyclic lgadlng (/) in S, qr/qg = 0.35 and 2500
(t/n) qr/qf = 0.35 qr/qf = 0.5 qr/qf = 0.65 (%) cycles at qr/qf = 0.65
1 9.2 13.1 14.2 13.8 13.7 49 12.5
4 8.9 8.6 9.9 9.2 9.2 3 9.6
10 7.5 7.5 8.0 7.5 7.7 3 7.6
25 6.6 - 6.0 - 6.0 -9 For the above results no
drainage was allowed be-
50 5.6 - 5.8 - 5.8 4 tween the end of cyclic
loading and the static
test.
Table III Effect of precycling and drainage
on undrained shear strength - simple shear tests
Symbal | OCR - j s &
o I A 3
5 a ] 5
Values of S  (t/u) Increase in a | w0
OCR s T
Without cyclic With cyclic (i3 ¢ | S0
loading loading o
1 8.6 10.1 17
20
4 7.0 7.3 3 a
w0 i £
10 5.7 5.4 -5 £ 7?’
o
74

(a)

Tests with drainage between cyclic loading and
the static test.

Increase in 5 (%)
| e e | other samaes
1 =7 25
4 -12 0
10 -9 -
25 1 -
50 10 =

(b)
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Tests without drainage between cyclic loading
and the static test.

wn

0 5 0 20 % 30 3% 46
p'n/ln7]

Fig. 4 Stress paths and terminal states for
samples after precycling and drainage

OCR | Syméor Frroeing  onois
\ o
¢ & VX0 cples o) Te vt ) Himd
08 &5 0 <]
3 4 - WD cyeies of Te ot 35 1AW
v - 7400 Cpivs ol Tee 123 Wl
07 %, [j{:;? N IWES  ARE FOR FAILLSS Wit M PREDYVCLND
<
\ \ °
06 <1 S
Q. I~
b \
\ & \
==y — —
a8
\ \ Tsts with

-1 peecycing

04 - A

a

-/

10 20 50 X0 20 =00 000
N° of cycles

Fig. 5 Cycles to failure (y = £3%) in simple
shear after precycling and drainage




established by Andersen (1976) in tests with no pre-
cycling. There is a substantial increase in "life"
for OCR = 1 and a similar decrease in life for the
OCR = 10 sample, with the intermediate OCR of 4
showing a slight decrease.

This data gives an indication of the likely behaviour
of clay under relatively high cyclic stress following
precycling at a low stress. In addition, the results
for two samples which were precycled at higher cyclic
shear stresses are included in Fig. 5. Failure in
these cases occurred at the same stress level as that
during precycling. In both cases the effect was
similar to that noted above for a lower precycling
stress level.

Shear strains

For the cyclic triaxial compression test it is poss-
ible to distinguish between the plastic shear strain,
which gradually accumulates during a test, and the
resilient or elastic strain, which is recovered during
each cycle. In the simple shear tests, when the
shear stress is reversed, as in this project, such
distinction is not possible as the sample is being
sheared in each direction alternately and no elastic
recovery can be measured. The shear strains in the
two test configurations cannot, therefore, be directly
compared.

The resilient strain in a particular test did not vary
much with the number of cycles, a relatively constant
value being obtained after the first few.

In Fig. 6 the plastic and resilient strains at the end
of the final period of cyclic loading are compared
with those at the end of the first period to ascertain
the effect of the precycling and drainage sequence.
For plastic strains there is no consistent pattern
except that normally consolidated samples exhibit
lower strains after precycling, the level of precyc-
ling stress not having much influence. Resilient
strains were relatively unaffected by precycling and
drainage, although the 50% stress level caused a
slight decrease. It is interesting to note that all
stress histories were affected in the same way.

Values of resilient modulus Er defined as
B i 2E L R
r €p
where G = shear modulus
and e _ = resilient shear strain after precycling and

drainage

have been related to stress in Fig. 7. The stress
function used is q_ /6, where G = initial effective
confining stress. This was shown by Brown et al
(1975) to correlate resilient modulus values over a
range of stress histories and applied stresses.

The relationship of Fig. 7 is characteristic of the
elastic non-linearity of fine grained soils derived
from tests without drainage periods and approximates
to a straight line using logarithmic scales. In this
case there is a difference between the normally con-
solidated samples and the others, possibly caused by
their different consolidation conditions. The impli-
cation is that anisotropic consolidation produces
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stiffer soil at a given stress level. The slope of
the line is similar to that obtained by Brown et al
(1975) for a silty clay,

DISCUSSION

The evidence from these tests suggests that highly
overconsolidated samples do not soften significantly
as a result of precycling and drainage and the effec-
tive stress failure envelopes established by standard
static tests are relevant to soil that has been cycled
and drained. Normally consolidated samples did, how-
ever, increase their undrained shear strengths signi-
ficantly. This latter finding agrees with the
results of Bishop and Henkel (1953) for Weald clay.

A possible explanation for the absence of softening in
the heavily overconsolidated samples may be found in
the slope of the swellback consolidation line for
Drammen clay (0.021) which is lower than that for
Weald clay (0.035). The potential for softening
certainly exists and could occur .under higher cyclic
stresses and on other soils.

Of some importance in design is the soil behaviour
under high cyclic stresses following lower stresses
and drainage periods since this simulates the incid-
ence of large waves following a series of average
storms. Under reversed simple shear, failure was
achieved earlier for overconsolidated samples but
normally consolidated ones increased their "lives".
Under triaxial compression, however, no failures were
experienced.

The nonlinearity of stress-resilient strain response
for the soil was apparent and of the same pattern as
reported by Brown et al (1975) for a silty clay.

The fact that resilient strain did not change signif-
icantly with the number of stress cycles is a useful
finding for the purposes of analysis even if non-
linearity has to be taken into account.

CONCLUSIONS

1. Precycling and drainage caused an increase in the
resistance of normally consolidated samples to
subsequent cyclic loading at a high stress level
and a decrease for overconsolidated samples.

2. Precycling and drainage increased the undrained
shear strength of normally consolidated samples,
but had little or no effect on overconsolidated
ones for the stress levels which were used.

3. The decrease in shear strength following high
cyclic strains was similar to that observed in
tests without drainage periods.

4. The same effective stress failure envelope (¢’ =
1.4 t/nf, o’ = 30.7°) for overconsolidated samples
applied both with and without precycling and
drainage. Normally consolidated samples which
had beenprecycled tended to fail on the same
envelope as for overconsolidated samples.

5. The mean pore pressures generated during cyclic
loading periods were generally small but gave rise
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to volume changes during subsequent drainage
which were qualitatively compatible with them.

6. Precycling and drainage caused a decrease in
plastic strain for normally consolidated samples
in the triaxial tests.

7. Resilient strains were not significantly affected
by precycling and drainage.

8. The resilient modulus values from triaxial tests
on overconsolidated samples were related to the
stress function qrﬁ5;. Normally consolidated
samples were relatively less stiff due possibly
to isotropic stress conditions during consolida-
tion.
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