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Response of lightly overconsolidated clay under irregular cyclic loading
and comparison with predictions from the strain accumulation procedure

KRISTOFFER S. SKAU*, BIRGITTE MIDSUND DAHL*, HANS PETTER JOSTAD*, YUSUKE SUZUKI*,
JEROME DE SORDIf and OLE HAVMOLLER}

Offshore wind turbine foundations are designed to withstand environmental loads from the wind
and waves, both of which are cyclic in nature. The current design methods consider site-specific cyclic
load histories and typically require these to be translated from a time-load history with irregular
characteristics to an idealised history of parcels of cycles with uniform amplitude and constant average
load. The Rainflow counting method is typically used for this translation. The idealised history is then
applied in a design method, for example the strain accumulation method. These methods assume that
the idealised load history will give approximately the same effect on the soil as the irregular time history.
This paper investigates this assumption by a laboratory test programme where the soil response under
realistic irregular loading is compared with the response under idealised loading. The laboratory
programme consists of cyclic direct simple shear tests on lightly overconsolidated North Sea clay. For
most problems, the test results suggest that the assumption is reasonable and represents a convenient
simplification for practical design. However, for load histories with large average load, prediction of
permanent strain based on idealised histories may underestimate the strain observed in tests with
irregular time histories.
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INTRODUCTION

Offshore foundations supporting wind turbines are designed
to withstand environmental loads with cyclic nature from
the wind and waves. During extreme storm events, the
foundation may be subjected to thousands of cycles, and
reliable methods to predict cyclic strain and cyclic stiffness
are critical for an optimal and reliable foundation design.
Cyclic loading may significantly affect the behaviour of soil
and foundations, and thus the subject has been an important
part of geotechnical research since early studies in the
late 1960s — for example, Seed & Lee (1966), Seed (1968),
Ishihara et al. (1975) and Andersen (1976).

A significant part of this research has focused on
developing models and methods for the design of offshore
foundations. Many of these models describe the response on
an incremental stress—strain basis. Such models are some-
times referred to as implicit (or intrinsic) models. The models
proposed by Mréz et al. (1981), Taiebat & Dafalias (2008)
and Liu ez al. (2019) are examples of such implicit models.
Another category of models has been developed to capture
the effect of a very large number of cycles. These models have
typically been referred to as explicit (or extrinsic) models.
The models describe the response not by considering a stress
increment but through a cyclic history where the response is
computed by an explicit function of number of cycles, cyclic
stress amplitude and average stress. The high cyclic accumu-
lation model for sand described in the papers by Niemunis
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et al. (2005) and Wichtmann et al. (2009), and the numerical
procedure for monopiles proposed by Achmus ez al. (2009),
are examples of such explicit models. For a large number of
cycles, the explicit models are efficient and generally con-
sidered to be more accurate than implicit (or intrinsic) models.
To apply the explicit models, it is necessary to translate the
irregular time history to an idealised history with groups
of cycles with similar load amplitudes and a representative
average load and load frequency. Rainflow counting
(Matsuishi & Endo, 1968) is typically used to translate the
irregular time history to the idealised representation. The
idealised history is then evaluated by a design method that
includes the soil’s resistance to cyclic loading. Most methods
used in design practice are based upon the same idealised
description of the load history — for example, the Norwegian
Geotechnical Institute (NGI) procedure explained in the
papers by Andersen (2015) and Skau & Jostad (2014), the
models proposed by Achmus et al. (2009) and Leblanc et al.
(2009) specifically for monopiles, and the models based on
experimental testing on sand by Wichtmann (2005). All the
methods rely on the assumption that an irregular time history
and the equivalent idealised history will have the same effect
on the soil stiffness and strength. However, the literature
lacks experimental evidence to support the assumption.
Andersen et al. (1992) studied the effect of the order of the
cyclic groups by an experimental laboratory programme on
normal and overconsolidated clay. The study showed that the
order of the groups influenced the final strain level. However,
the influence was moderate and conservative in design if the
history was organised with the amplitudes of the groups in
ascending order. This approach has been adapted in practical
design and considered to be sufficiently accurate. The
challenges related to the translation of irregular load histories
were considered by Norén-Cosgriff et al. (2015); they showed
that the method used for load history translation could affect
the degradation predicted by the accumulation procedure
(Andersen, 2015). The paper considered translation by the
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Rainflow counting procedure and a new procedure intro-
duced in the paper. Based on the observed difference between
the two methods of translation, the paper recommends
that laboratory testing using true time histories should be
performed to evolve the empirical basis for comparison of
different translation methods.

Zografou et al. (2019) recently published results from
a laboratory test programme on normally consolidated
kaolin clay focusing on the organisation of histories after
the translation to idealised histories has been performed. The
study specifically focused on how the total strain depends
on the order of groups of cyclic loads in idealised histories.
The results give experimental evidence for the assumption
in current design practice where the groups of cyclic loads are
organised based on ascending amplitude. The study con-
cludes in agreement with Andersen et al. (1992), who also
observe the total strain to be larger at the end of history when
the group of cycles with the largest amplitude is applied at the
end of the history.

These studies provide experimental evidence of the
reliability of design methods and how load representation
affects soil behaviour. The study documented in this paper
applies physical testing for considering the effect of load
history representation and focuses on the translation of load
histories from how they originally occur, as irregular time
histories, to idealised histories required in most design
methods.

Physical testing on lightly overconsolidated clay comp-
lements the theoretical study in the work of Norén-Cosgriff
et al. (2015). The focus on translation of irregular time
histories complements earlier studies by examining the
assumption in the design step before any re-ordering of
cyclic groups addressed in the papers by Andersen et al.
(1992) and Zografou ez al. (2019). It is vital to understand the
translation from irregular time histories to idealised histories
since the assumption is used in most design methods.

In this paper the term ‘irregular loading’ is used in a
different way compared to existing papers. In the papers by
Andersen et al. (1992) and Zografou et al. (2019), each group
with constant cyclic amplitude is fixed but re-arranged
according to each other. In this paper, irregular loading
refers to load histories that are truly irregular time histories as
they appear in nature from wind and waves. The authors are
not aware of any experimental study that compares the cyclic
degradation caused by a truly irregular time history with the
cyclic degradation caused by its idealised representation.

The paper presents the results from the cyclic test pro-
gramme of direct simple shear (DSS) tests (Bjerrum & Landva,
1966) of overconsolidated clay. The results from these tests have
been used further to: (a) evaluate the assumption of translation
of irregular load histories to idealised load histories; (b)
evaluate the reliability of the accumulation procedure including
the counting methodology; and (c) give recommendations to
design practice based on the findings in the study.

THE NGI PROCEDURE ACCOUNTING FOR
CYCLIC LOADING

This study evaluates the laboratory results in the frame-
work of the NGI procedure for cyclic loading. The procedure
is based on cyclic laboratory element testing along relevant
stress paths. The applied stress and resulting strain and pore
pressure are divided into cyclic and average parts as
illustrated in Fig. 1. After several tests with different shear
stress levels and cyclic-to-average shear stress ratios, the
results are interpreted and presented in contour diagrams as
described by Andersen (2015). The diagrams then contain
information about the relationship between cyclic shear stress
(ty), average shear stress (z,), cyclic shear strain (y.y), average
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Fig. 1. Definition of cyclic and average: (a) shear stress; (b) strain
(after Andersen, 2015)

DSS
7,185

Fig. 2. Direct simple shear (DSS) contour diagram with cyclic (z.y)
and average shear strain (z,) in a 3D space of cyclic shear stress (zy).
Average shear stress (z,) and number of cycles NV (after Andersen,
2015)

shear strain (y,), average pore pressure (#,) and number of
applied cycles (N). The diagrams are based on triaxial
compression tests, triaxial extension tests (Lade, 2016) and
DSS tests (Bjerrum & Landva, 1966). Fig. 2 shows an
example of a full three-dimensional (3D) DSS contour
diagram where the cyclic and average shear strain (y., and
y.) are given as functions of cyclic and average shear stress
(ey and 7,) and number of cycles (V). The contour diagrams
can then be used to account for the effect of a cyclic shear
stress history, which must first be idealised into groups with
shear stress cycles of similar amplitude and average shear
stress. Please note that a cross-section of the diagram in Fig. 2
can be extracted and plotted as a 3D diagram. Fig. 4 later
in the paper is an example of such a two-dimensional
(2D) cross-section of the diagram. The history can then be
applied to or followed in contour diagrams according to the
accumulation procedure proposed by Andersen (2015), and
the number of equivalent cycles, Neq, can be determined. The
physical meaning of N¢q is that a full irregular shear stress
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history can be represented by a number of consecutive
equivalent cycles (N.q) of a constant cyclic and average shear
stress. In practice, the accumulation procedure is normally
performed in a 2D cross-section of a contour diagram.
Examples of strain accumulation are shown later in the
paper. The accumulation procedure explained herein was
used to predict the final strain in all the laboratory tests
presented in this paper.

LABORATORY PROGRAMME AND TEST
APPROACH
Test material

The test material is clay from the Utsira High area in the
North Sea, sampled between 10 and 25 m below the seabed.
The clay is ‘lightly’ overconsolidated as the result of glacial
compaction. Based on the current geological model and
laboratory test results, the depositional context of the clay
seems to correspond to a transitional period between a
glacial maximum (approximately 22-27 000 years ago) and
the start of a deglaciation period when the area was very close
to sea level. The clay has a water content, w =~ 21%,
plasticity index, I, =~ 18%, liquid limit, wy, =~ 35%, fines
content around 75% and medium to high undrained shear
strength (undrained shear strength in triaxial compression,
suc between 50 and 165 kPa). All samples considered in this
paper are taken from the same borehole. Soil material was
collected using a 3 in. (7-62 cm) thin-walled hydraulic piston
lowered inside a borehole drilled with a heave-compensated
rotary system, a seabed guide base and American Petroleum
Institute (API) drill pipes. The specific samples tested in the
laboratory programme reported herein had an overconsoli-
dation ratio (OCR) value of 2:6 (interpreted based on
oedometer results not included in this paper) and a
strength-to-vertical stress ratio (sP55/ayy) = 0-70 with in
situ effective stress conditions, ayy, calculated based on an
average effective soil unit weight, y’ = 10-3 kN/m®.

Test equipment and procedures

The laboratory test programme includes both monotonic
and cyclic constant-volume DSS testing. The DSS tests were
conducted in an electro-mechanical dynamic DSS device
manufactured by GDS Instruments Ltd. Fig. 3 shows a
principle sketch of the DSS device. The device consists of two
electro-mechanical actuators, one for vertical loading and
one for horizontal loading. The actuators are capable of
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Fig. 3. DSS test set-up (LVDT, linear variable differential
transducer)
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Fig. 4. Contour diagram for (z,/s?>5 = 0) representing cyclic response

at a loading frequency of 0-25 Hz. The crosses indicate the test results
from 11-B

measuring forces up to 5 kN with operating frequency of
5 Hz. The top cap and base pedestal have been modified by
the NGI laboratory such that a reinforced-wire membrane
can be used for the lateral confinement of the specimen. Two
drainage tubes in the top cap and two in the base pedestal
allow for flushing of the system and the specimen, consolida-
tion of the specimen and indication of volume change during
constant-volume shearing. The device is equipped with a
height control system to keep the specimen height constant
during either monotonic or cyclic shearing. This keeps the
volume of the specimen constant and simulates undrained
conditions.

A test specimen was prepared from the waxed sample by
using a cutting ring, a wire saw and a knife to the test the
specimen geometry of 16 mm x 66:7 mm (height x diam-
eter). After sample preparation, all specimens were con-
solidated to 80% of the pre-consolidation vertical stress and
then unloaded to the in situ vertical stress level (6%g). The in
situ stress conditions were calculated based on an average
effective soil unit weight, 3 = 10-3 kN/m?>. For the monotonic
loading, constant-volume DSS tests were conducted with
displacement control at about 80 min/mm - that is, a shear
strain rate of about 4-5%/h. The idealised cyclic load history
was applied using load-controlled sinuous wave function with
predefined average and cyclic stresses. For the irregular cyclic
loading histories, a user-defined wave function was used
to import loading histories into the software. The load
frequencies in the cyclic tests are elaborated later in the paper.

Laboratory test programme

The laboratory programme consisted of two parts. The tests
in part 1 were standard monotonic and cyclic tests. These tests
served as a basis for defining a contour diagram that was used
to determine the stress levels to be applied in the tests with
irregular load in part 2. In addition, the contour diagram was
used to assess the reliability of the accumulation procedure.
Table 1 summarises the tests in part 1. Note that all but two of
these tests were performed independently and approximately 1
year prior to the test programme on irregular cyclic loading.
The purpose of the two tests, which were executed approxi-
mately at the same time as the irregular testing, was to evaluate
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Table 1. Summary of tests in part 1 used as basis for establishing the contour diagram for interpretation of the irregular cyclic testing in part 2

Identifier Sample depth: m Monotonic testing Cyclic testing
sDSS; kPa sS85t T/sPSS 1'03,/5'11DSS N
Monotonic tests 14-B-2 13-40 717 0-53
11-C* 15-85 1135 0-70
12-D-1 17-17 113-7 0-65
20-C-1 18-92 153-0 0-80
Cyclic tests 11-Bt 15-68 0 0-80 54-0
12-D-2 17-21 0-4 0-71 111-8
12-D-3 17-25 0 0-55 681-5
12-D-4 17-29 0-4 0-89 5-8
20-C-2 18-96 0 0-79 24-2
20-C-3 19-00 0 1-10 1-8
20-C-4 19-04 0 0-68 27-4

*Performed 1 year later than the others to assess possible effect of storage.
FPerformed 1 year later than the others and at a higher rate to adjust the contour diagram to relevant test frequency.

whether the material had changed with time (storage effects)
and to adjust the contour diagram to the test frequency
relevant for the irregular test programme in part 2. The load
frequency in the standard cyclic tests in part 1 was 0-1 Hz,
while 0-25 Hz was relevant for part 2. The background for
choosing this load frequency will be explained later in the
paper. A scaling factor of 1-11 (11% increase) was applied to
the cyclic shear stress in the contour diagram to account for
the increased frequency (i.e. rate effects). This is consistent
with the rate effect given in the paper by Andersen (2015).
Fig. 4 shows the contour diagram established in part 1 for the
assessment of the irregular tests programme in part 2. The
figure shows that the cyclic test 11-B does not show equally
good agreement with the contour diagram for all strain levels.
However, scaling of the cyclic shear stress (vertical axis) is a
convenient method for adjusting contour diagrams to different
loading frequencies (Andersen, 2015), and it was chosen not
to modify the contours beyond scaling of cyclic shear stress
since the original contour diagram was based on several cyclic
tests at standard loading frequency and existing contour
diagrams from NGI’s in-house database. Table 1 also shows a
variation in the normalised shear strength from 0-53 to 0-8. In
addition to these tests, index testing and cone penetration
testing (CPT) were performed at the site and formed the basis
for the determination of the best estimate shear strength
profile, which was defined to be (s255/a(y) = 0-70 for the
depth of the samples used in this study. There is no reason to
disregard any of the test results and the variations in shear
strength are caused by inherited variations in the naturally
deposited material. Research on such materials adds uncer-
tainty to the results compared to synthetic clays consolidated
in laboratories (e.g. Zografou et al., 2019). These principal
differences in research methodology must be considered when
comparing results from different studies.

Part 2 comprises the tests investigating the effect of irregular
cyclic loading. The tests were organised by defining test pairs
such that one test pair includes an irregular time history and its
corresponding idealised history. To evaluate the effect of the
two different histories in each test pair, three reference cycles
were added at the end of the histories. These reference cycles
had the same stress level within a test pair and were equal to
the maximum stress cycle in the history. The effect of the
irregular history as opposed to the idealised history could then
be compared by the similarity of these cycles. Fig. 5 illustrates
such a test pair. Other ways of comparison were also discussed
prior to the tests as there are no standardised ways of
comparing the effect of a cyclic history. One alternative was
to reduce the stress cycles to minimise their influence on the

response. However, that would have brought the soil closer to a
linear behaviour and reduced the differences that the study
wanted to identify. Monotonic post-cyclic stress was also
considered but rejected since bringing the sample to failure
most likely would have wiped out (or hidden) the effect of
the earlier history dominated by much smaller strains. The
approach with reference cycles was therefore chosen as the best
solution for the objective of the study. This method of
evaluation is different compared to that of Zografou et al.
(2019), which had an objective different from the present
paper. Zografou et al. (2019) compared the strain at the end of
the history without any reference cycles and, since the cyclic
strain in the last cycle is a function of the cyclic stress applied
in that specific stress cycle, it is difficult to isolate the effect of
the history upfront, which is the main objective in the present
study. This makes direct comparison of the results difficult.

Load histories

All load histories applied in part 2 of the test programme
were based on two different irregular load histories. Both are
relevant for an ultimate limit state (ULS) load situation and
represent the moment load at the mudline. The moment load
was extracted from two different global time domain analyses
of an offshore wind turbine and includes wind, waves and
rotor dynamics.

Load history 1 (Fig. 6(a)) is based on analyses of a 10 MW
wind turbine under idling condition and wind speed and sea
state conditions with a 50 year recurrence period. The wind
turbine foundation is a 9 m dia. monopile and the water
depth is 30 m. The selected period represents a 3 h peak
period within a 36 h design storm with a wind speed of
38-5 m/s, significant wave height (Hs) of 9-5 m and a spectral
peak period (7}) of 12-3. The situation reflects design load
case (DLC) 6-1 but does not include any yaw misalignment
(IEC 61400-3; IEC, 2009).

Load history 2 (Fig. 6(b)) is based on analyses of a 6 MW
wind turbine under idling condition and wind speed and sea
state conditions with a 50 year recurrence period. This is
combined with a loss of the electrical network connection
causing a yaw error increasing the thrust load. The wind
turbine foundation is a 6 m dia. monopile and the water depth
is 23-5 m. The selected period represents a 3 h peak period
within a 36 h design storm with a wind speed of 42-0 m/s, Hg
of 69m and T, of 12-5s. The situation corresponds to
DLC 6-2 (IEC 61400-3 (IEC, 2009)). This load history has a
significant average load throughout the 3 h. This is different
to load history 1, which has almost no average load.
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Fig. 6. (a) Load history 1 (negligible average); (b) load history 2 (significant average)

Since the irregular histories contain load cycles with
different frequencies, it was necessary to define a representa-
tive frequency that was to be applied in the testing
programme with idealised load histories. The representative
frequency was identified by the peak values in the power
spectral densities (PSDs) shown in Fig. 7. Based on Fig. 7,
0-25 Hz was identified as the most representative frequency
for both histories. The contour diagram established in part 1
was also scaled to reflect the same load frequency.

Laboratory tests programme — part 2

The moment load at the mudline was scaled to the
appropriate shear stress level assuming proportionality
between loads and shear stresses in the soil. Since soil
elements around a monopile experience different levels of

mobilisation, it was reasonable to perform the testing at
different mobilisation levels. If the applied shear stress was
too small, it would have been difficult to detect differences in
strain within a test pair. If the applied shear stress was too
large, it would have led to failure, hence comparing strain
values would have been of little value. Therefore, stress levels
were determined by predicting the strain at the end of test by
the accumulation procedure and using trial and error until
the preferred strain level was obtained. Fig. 8 shows the
trajectory of the accumulation procedure for load history 1,
which was scaled to reach a final strain level y., = 3%. The
procedure predicts that to reach this cyclic strain, the history
should be scaled such that the maximum stress amplitude is
(tey/sD5%) = 0-88. Table 2 summarises all tests and their
respective maximum cyclic shear stress and the average shear
stress of the full history (average of all time stamps). The
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Power spectral density: kPaZ/Hz

Load history 1 (negligible average)

Load history 2 (significant average)

Frequency: Hz
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Fig. 8. The stress trajectory from cyclic accumulation of load history
1 scaled to obtain 3% cyclic shear strain in the DSS contour diagram
at the end of the history including three reference cycles

table shows that the tests in each pair have the same scaling
factor, such that the final strain level can be compared.
Within each of the test pairs, the two tests are performed on
specimens from similar depth. This reduces the uncertainty
related to material variability within the test pairs.

Test pairs 2, 3, 5 and 6 consisted of an idealised and an
irregular representation of the same history, as illustrated in
Fig. 5. Test pair 4 was executed differently than the others as
it did not compare an irregular history with an idealised
history, but two idealised histories. The two histories were
only different by the ordering of the groups with similar stress
amplitudes. The purpose of this test pair was to compare two
histories which were not influenced by the load frequency or
the counting procedure. The aim of this comparison was to
reveal whether the results from the other test pairs were
biased by the fact that the small amplitude groups had higher
load frequency, which was ignored in the idealised histories
(since these had a constant load frequency throughout).

TEST RESULTS
To structure the test results from the tests shown in Table 2,
the following sections are organised by first showing raw

data from most of the tests and then several interpretations.
Figs 9-11 show the data as measured in the lab tests.
Figs 12-17 offer insight in the same test results by plotting
and comparing specific parameters into different
frameworks.

All ten tests in part 2 of the test programme showed a
reasonable behaviour under testing. Figs 9-11 show the
results from three of the test pairs. Fig. 9 shows the results
from test pair 4 with load histories with low average load
and idealised cyclic groups in ascending and pyramid-
shaped order. The value of the reference cycles in this
comparative study are clearly shown in this figure as the
cyclic shear strain response reduces significantly after the
peak in the pyramid-shaped load history. To evaluate
whether cyclic degradation has taken place, stress cycles
equal to those at the end of the history with cyclic groups
in ascending order are applied (reference cycles). Fig. 10
shows the results from test pair 2 with load histories with
low average load and irregular and idealised representation.
Please note that both histories, also the irregular time
history, generate insignificant permanent strain, thus it can
be considered as a symmetric load history despite its
irregular nature. Fig. 11 shows the results from test pair 5
with load histories with high average load and irregular
and idealised representation. Note that the strain mainly
evolves under the large stress cycles. This is observed in all
test pairs, including test pair 4 with a pyramid-shaped order
of the cyclic groups. The results suggest (in particular test
pair 4) that for practical purposes, small cycles may be
ignored in design. However, the number of small cycles can
also vary for different problems and limit states being
considered. Care should therefore be taken in attempts to
define a threshold value for which cycles can be ignored.
For the test pair 5 with irregular loading and high average
level (Fig. 11), it is also clear that the larger cycles, and in
particular those with high stress peaks, cause significant
strain accumulation.

Reference cycle comparison

The three reference cycles applied at the end of each
history are compared for a systematic assessment of the tests
results. Fig. 12 shows the first of the three reference cycles in
the test pairs considering the load history with negligible
average load. The reference cycles from the same test pair
are plotted together. The agreement is encouraging, and the
deviations are considered to reflect inherent variation in
the natural material. The observed cyclic strains at the end of
the tests are in reasonable agreement with the predicted cyclic
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Table 2. Summary of tests in part 2 of the laboratory tests programme with the purpose of assessing effect of irregular loading

Test pair Load history ID Depth: m Load history Max. cyclic shear Average of all time
stress rcy/slfss stamps, /5555
2 1 3A 15-75-15-95 Irregular 0-84 0-08
3E 15-75-15-95 Idealised 0-84 0-04
3 3G 15-75-15-95 Irregular 0-88 0-09
3F 15-75-15-95 Idealised 0-88 0-04
4 3H 15:70-15-74 Idealised (pyramid) 0-88 0-04
3F 15:75-15-95 Idealised 0-88 0-04
5 2 4C 16-88-16-92 Irregular 0-56 0-39
4B 16-84-16-88 Idealised 0-56 0-37
6 4E 16:93-16-95 Irregular 0-56 0-39
4D 16:91-1693 Idealised 0-56 0-37
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Fig. 9. Test pair 4 summary. The four figures on top show the stress history and the response as a function of time for the two tests in this
test pair, which consider two idealised load histories with cyclic stress groups in pyramid shape and in ascending order. The two bottom figures
show the stress—strain response for the same two tests. (Cyclic groups in pyramid-shaped order to the left and groups in ascending order to the
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Fig. 10. Test pair 2 summary. The four figures on top show the stress history and the response as a function of time for the two tests in this test pair,
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time history to the left and groups in ascending order to the right)

strain. This is also the conclusion from the comparison in
Zografou et al. (2019). Fig. 13 shows the first of the three
reference cycles in the test pairs considering the load history
with large average load. The comparison shows that the
cyclic strains in the reference cycles are very similar, while
the average strain in the reference cycles following the
irregular load history is somewhat larger than the average
strain in the reference cycles following the idealised load
history. Note that the average strain developed in the test is
considerable, hence very sensitive to small variations in stress
level. Fig. 14 gives an overview of the strain level in all
reference tests. The cyclic strain dominates the response in the
histories with low average stress, while the average strain
dominates the response in the histories with low cyclic stress.
Please note that even if only the first out of the three reference
cycles is included in these figures, similar relative differences
are given.

Comparison of equivalent strength

The tests, performed as they are, give no direct information
about the cyclic shear strength at the end of the cyclic test
history. However, by utilising the contour diagram, Neq can
be determined for each test based on the strain and stress
level in the reference cycles. The cyclic shear strength at this
Neq can then be used for comparison. (The cyclic shear
strength is defined at the 15% cyclic shear strain contour.)
Fig. 15 illustrates this procedure for test pair 2. The crosses in
the figure give the degradation or state at the end of history in
tests 3A and 3E. The vertical arrows relate this degradation
to the equivalent cyclic shear strength defined by the failure
line for this Nq. In addition to the relative difference between
the tests, the procedure also gives a comparison between the
test results and the cyclic accumulation procedure. The strain
level and N4 were predicted prior to the testing to find the
appropriate stress level in the tests. The strain level predicted
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focusing on cyclic strain

for test pair 2 is indicated in Fig. 15 and can be compared
with the test results. The strain accumulation was performed
in a 2D cross-section which reflects a cyclic-to-average stress
ratio of the largest load. The same comparison as shown in
Fig. 15 was performed for all test pairs. For test pairs 2, 3
and 4, the cyclic shear strain, y.,, was used as the state or
memory parameter in the accumulation procedure. For test
pairs 5 and 6, the average shear strain, y,, was used as the
state or memory parameter in the accumulation procedure.
Table 3 summarises the interpreted cyclic shear strength
determined by this procedure for all the test results. The
cyclic shear strength is given by the relevant component ¢y ¢
for test pairs 2, 3 and 4 and . for test pairs 5 and 6. The
agreement between the irregular and idealised tests, and the
agreement between the predictions and the tests, are
acceptable and do not exceed 10% for any of the test pairs.
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Fig. 16. Illustration of two representations of the average load

Discussion on the difference in average strain

The test results from test pairs 4 and 5 (large average load)
show that the accumulation of average strain is more sensitive
to the representation of the history than the magnitude of the
cyclic strain. This may appear to disagree with the finding
from Zografou et al. (2019), which finds the strain accumu-
lation procedure to overestimate the predicted strain through
the assumption that the amplitude should be arranged in
ascending order. However, this paper is rather complemen-
tary, as it considers the strain generated under ‘true’ irregular
time histories. The higher strain developed under non-
symmetric irregular loading in this paper is caused by the
transformation of the original history, not by the ordering of
cyclic groups as studied by Zografou et al. (2019). A closer
look at Fig. 16 shows one possible explanation for the
deviation in test pairs 4 and 5. When the Rainflow counting
method is used in the translation of the irregular histories, the
average load of a group of cycles is commonly calculated
by averaging all average values of the cycles in the group. The
idealised history translated by this procedure is shown
in Fig. 16(a). A more refined representation is shown in
Fig. 16(b) where the history is sorted not only by the cyclic
amplitude but also by the average load.

By comparing the two histories, it becomes clear that the
history in Fig. 16(a) is missing some of the high average or
peak loads from the irregular history. This may reduce the
accumulation of average (and permanent) strain since
the cycles with high peak loads particularly influence the
development of average strain. Even if this observation is
reasonable based on existing knowledge, it has been some-
what neglected in design, where histories typically are
translated by averaging all cycles within an amplitude
group (Fig. 16(a)). This may lead to an under-prediction of
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Fig. 17. Illustration of extracted strain—strain curves based on different cyclic-to-average ratios
Table 3. Predicted and interpreted cyclic shear strength through N,
Test pair with negligible average load
Test pair Load history ID Neg Interpreted cyclic shear strength, rcyf/sﬁ) sS
Test pair 2 Load history 1 3A 50 1-09
3E 4-5 113
Predicted 54 111
Test pair 3 3F 11-0 0-99
3G 13-0 097
Predicted 6-8 1-07
Test pair 4 3H 7-0 1-07
3F 11-0 0-99
Predicted 6-8 1-08

Test pair with large average load

Test pair Load history 1D Neg Interpreted average shear strength 7, #sD55
Test pair 5 Load history 2 4C 220 0-59

4B 13-0 0-61

Predicted 7-8 0-63
Test pair 6 4E 230 0-58

4D 10-0 0-62

Predicted 7-8 0-63

average and permanent strain. It should not, however, be
forgotten that the difference in cyclic shear strength, as given
in Table 3, is minor. This is because strain contours are
closely spaced near the failure line, and the prediction of
strain close to failure becomes more difficult than prediction
of the cyclic shear strength.

DESIGN RECOMMENDATIONS FOR HISTORIES
WITH LARGE AVERAGE LOADS

An average shear strain of approximately 6% was predicted
for test pairs 5 and 6. The final average strain observed in the
tests with idealised load histories deviated no more than 15%
from the predictions. This agreement is sufficient from a

design perspective. However, compared to the final average
strain in the test with the irregular load history, the
predictions under-estimate the accumulated average strain
by approximately 40%. This indicates that some information
is lost in the translation to an idealised history. When strain
accumulation is applied in design, it is common to assume
a constant cyclic-to-average stress ratio for the entire history.
The accumulation can then be performed by extracting
the relevant 2D cross-section from the 3D contour
diagram. This is the approach taken in the current paper.
However, a constant ratio may fail to represent the whole
history, since the cyclic-to-average stress ratio varies through-
out the irregular history. A possible improvement to the
method would be to include the variable average stress in the
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accumulation procedure. That would mean that the strain
accumulation must be performed in a full 3D diagram. There
is, however, no straightforward way to update the memory
parameter (e.g. y,) when the average stress reduces. In
addition, performing strain accumulation in a full 3D space
becomes extremely complex and the procedure loses some of
its attractive simplicity.

An alternative is to keep the strain accumulation procedure
as is, but address the uncertainty in the cyclic-to-average
stress ratio by considering a range of this ratio that captures
this uncertainty. The strain accumulation for test pairs 5 and
6 was performed in cross-section of the contour diagram
where 7./, = 0-56/0-57 = 0-98. This corresponds to the ratio
of the final applied amplitude group including the reference
cycles and reflects the most common way to define the
governing cyclic-to-average load ratio. However, to address
variation in cyclic-to-average load throughout the history, the
cyclic accumulation procedure was also carried out for two
different cyclic-to-average load ratios. Thus, three 2D cross-
sections (r.,—N) with different cyclic-to-average ratios were
extracted from the full 3D diagram

(a) cyclic-to-average load ratio corresponding to the final
(and largest) amplitude group, 7./, =0-98

(b) average of all cyclic-to-average load ratios, 7./, = 0-70

(¢) the minimum cyclic-to-average load ratio of all cyclic
groups, 7ey/t, = 0-09.

The accumulation method was performed with the same
history and all three 2D diagrams (z.,—N), giving three
average stress plotted against average strain curves up to
failure (y, = 15%). Each ratio gave a number of equivalent
cycles, Ny, close to 10. Fig. 17(a) shows the 2D cross-section
of the contour diagram at N =10 representative for all the
three ratios. Fig. 17(b) shows the stress—strain curves
obtained from the strain accumulation. The average strain
at the end of the history can be estimated by combining the
final average stress and the corresponding curve in Fig. 17(b).
Note that the final average stress must reflect the assumed
cyclic-to-average ratio of the curve. Thus, three horizontal
lines are shown in Fig. 17(b) indicating the three relevant
average stress levels. In this paper, the average stress levels are
referred to as the updated average stress (ra,u). This average
stress is determined by keeping the peak load constant
(tcy + 7o = constant) and includes the cyclic-to-average stress
ratio under consideration (rcy/7.) . The updated average
stress can be found by the simple formula

_ o Toy + 7a
1 + (Tcy/ra>u

Figure 17 shows that for a low cyclic-to-average stress
ratio, the average stress—average strain curve is stiffer and
has a higher average shear strength. However, the ratio
considered gives a consistently higher average shear stress
at peak ((tcy/7a), = 1:04) and overestimates the average
strain by predicting failure. The two other ratios lead to an
average strain, y,, prediction of 4:3% and 5-6% found by the
intersection of the vertical lines with the horizontal axis.
This compares with approximately y, = 6% in the tests with
idealised load histories and approximately y, =10% in the
tests with irregular load histories. This exercise highlights
the importance of the sensitivity assumed when specifying
the cyclic-to-average load ratio. When similar load histories
are driving the design, the authors recommend applying a
high and a low estimate of the cyclic-to-average load ratio.
These considerations are also relevant for problems where the
cyclic load dominates but significant average strain can occur
with relatively small average load (i.e. lateral spreading in

(1)

Tau

liquefaction). The contour diagrams for the relevant
material give an indication of when this can happen as the
average contours are moving closer to the vertical axis when
the cyclic stress increase. Based on the 2D cross-section
in Fig. 17 (left), average failure may occur at only 40% of the
monotonic capacity. The dominating strain (cyclic or
average) should also affect the choice of memory parameter
used in the accumulation procedure, as investigated by
Andersen et al. (1992).

CONCLUSIONS

The cyclic DSS tests presented here have given new
insight regarding the response of clay subjected to irregular
cycling loading. Overall, the results suggest that the trans-
lation of irregular time histories to idealised histories by
the Rainflow counting method is a reasonable engineering
approach to account for the effect of cyclic loading in design.
The uncertainty introduced by the translation appears to be
limited. However, these results are based on one clay and a
limited amount of possible loading conditions, and more
testing should be performed to extend the empirical basis.
The laboratory test programme compared the soil response
in reference cycles applied after the idealised and irregular
cyclic histories and the comparison showed that

(a) the cyclic strain in the reference cycles applied after the
test history were very similar, suggesting that the
degradation was the same at the end of the history

(b) the test subjected to irregular loading with high average
load accumulated somewhat more average strain than
the tests subjected to the idealised loading

(¢) the interpreted equivalent cyclic shear strength at the
end of the cyclic tests was compared with the cyclic
shear strength predicted by the strain accumulation
procedure. The agreement was satisfactory with a
maximum deviation of 10%.

The comparison revealed that the development of average
strain is most sensitive to the representation of the
loading. This is especially predominant for load histories
with a large average load. The reason for this discrepancy is
likely not to be explained by the order of load cycles itself. A
more reasonable explanation is that the Rainflow counting
procedure erases the load cycles with the highest average load
due to averaging of the average load within the cyclic group.
This will remove peak stresses from within the idealised
history.

The sensitivity in the prediction of average and permanent
strain developed under cyclic loading with high average load
should influence design practice if permanent strains are
driving the design. The authors recommend examining the
sensitivity of the assumed cyclic-to-average load ratio in such
cases, and a procedure is proposed in this paper.

Similar studies available in the public domain have focused
mainly on the reliability of the accumulation method to
idealised histories with cyclic groups in various orders.
This study adds complementary knowledge to the existing
studies and together they suggest that the commonly used
design assumptions consisting of translation of irregular time
histories and then ordering of cyclic groups by ascending
amplitude is reasonable and has sufficient accuracy.
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NOTATION
Hg significant wave height
M  overturing moment applied to the monopile at mudline
N number of cycles
Nq equivalent number of cycles
Ny number of cycles to failure
undrained direct shear strain (DSS) shear strength
T, spectral peak period
u, average pore pressure
ucy cyclic pore pressure
ya average shear strain
yar average shear strain at failure
Yoy cyclic shear strain
Yeyr cyclic shear strain at failure
y'  effective unit weight
oy axial consolidation stress
7, average shear stress
7au  updated average stress
7oy  cyclic shear stress
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