
Effect of the ordering of cyclic loading on the response of
suction caissons in sand

L. LUO*{, C. D. O’LOUGHLIN{, B. BIENEN{, Y. WANG*, M. J. CASSIDY{ and N. MORGAN§

Wind and wave action on offshore wind turbines causes irregular cyclic loading on the foundation
that can lead to rotation accumulation of the structure. Such loading is generally considered in design
using ‘counting methods’ that decompose the time history of irregular cyclic loads into a series of
cyclic load parcels of uniform amplitude. These parcels are ordered in magnitude, with the rotation
due to previous cyclic load parcels accounted for by including an equivalent number of cycles of
the current cyclic load parcel. Hence, this superposition approach adopts Miner’s rule, as the
accumulated rotation is considered to be independent of the ordering of the cyclic load parcels.
This paper examines the validity of this assumption for moment cyclic loading of suction caissons
in sand, through a series of model tests involving both constant and varying amplitude cyclic loads,
with each test involving at least one million cycles. In the varying amplitude cyclic tests, the
accumulated rotation approximately doubled when the load ordering changed from ascending to
descending. This is considered to be due to changes in grain contacts and beneficial densification
effects from lower amplitude cyclic loads that are absent when the cyclic loads are arranged in
descending order.
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NOTATION
Cc coefficient of curvature
Cu coefficient of uniformity
D caisson diameter
Dr relative density
d50 mean particle size
e eccentricity of lateral load

Gs specific gravity
H lateral load
L skirt length
M overturning moment

Mmax maximum moment in a load cycle
Mmin minimum moment in a load cycle
Mult ultimate moment capacity

N number of cycles
qc cone tip resistance
t skirt thickness
V vertical load
v velocity
z penetration depth
α dimensionless variable
β dimensionless variable

Δθ(N ) accumulated rotation during cyclic loading
ζb parameter describing cyclic loading magnitude
ζc parameter describing cyclic loading symmetry
θ caisson rotation
θ0 maximum rotation during preloading to Mmax
θN maximum rotation in cycle number N

ρmax maximum dry density
ρmin minimum dry density
ϕ′cs critical state friction angle

INTRODUCTION
There is a growing interest in suction caissons (Fig. 1) as a
potential alternative to monopiles as the foundation for
offshore wind turbines (OWTs). The OWT design requires
an assessment of the accumulated rotation due to the
moment loading caused by wind and waves, with onerous
limitations imposed over the design life (e.g. 0·5°, DNV,
2016). The current design approaches for assessing the effect
of cyclic loading on offshore foundations use ‘counting
methods’ to decompose time histories of irregular cyclic
loads into a series of cyclic load parcels of uniform
amplitude (Matsuishi & Endo, 1968; Norén-Cosgriff et al.,
2015; Khoa & Jostad, 2017; Zografou et al., 2019). The
cyclic load parcels are then ordered by magnitude – either in
ascending or descending order – and the total accumulated
displacement calculated using a superposition approach in
which the displacements due to previous cyclic load parcels
are accounted for by including an equivalent number of
cycles of the current cyclic load parcel. Hence, this super-
position approach assumes that the order of the cyclic load
parcels will have no bearing on the accumulated displace-
ment (Miner’s rule, Miner, 1945). Miner’s rule has been
shown to be valid for drained triaxial tests on quartz sand
involving 25 000 cycles (Wichtmann et al., 2010), as
changing the ordering of the cyclic loads did not have a
discernible effect on the accumulated strain. In
laboratory-scale model tests of monopiles in sand involving
up to 10 000 lateral load cycles, negligible (LeBlanc et al.,
2010b) or modest (Abadie et al., 2018) differences in the
final accumulated rotation resulted from the ordering of the
cyclic load parcels.

Hence, it appears that for sand (but not for clay, Zografou
et al., 2019), the ordering of the cyclic loads does not have a
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significant effect. However, this may be at least partly
because the existing studies adopted differing cyclic load
characteristics and much fewer load cycles (typically
<25 000) than would be experienced by an OWT. As noted
by Houlsby (2016), caution should be exercised in extra-
polating results from model tests involving relatively low
numbers of cycles to the millions of load cycles that an OWT
experiences over its lifetime. Furthermore, the appropriate-
ness of employing Miner’s rule for OWT applications has
focused solely on monopiles (LeBlanc et al., 2010b, Abadie
et al., 2015) with little consideration given to the response of
a suction caisson (Wang et al., 2018). This knowledge gap is
addressed here through a series of physical model tests on
suction caissons in sand, with each test involving about one
million lateral loading cycles, of both constant and multi-
amplitude, and with cyclic amplitudes in the range 20–80%
of the monotonic capacity. The constant amplitude tests
formed the basis for predicting the response of the multi-
amplitude tests, and the validity of this approach – and
hence Miner’s rule – is investigated through multi-amplitude
tests where the ordering of the cyclic load was changed.

EXPERIMENTAL APPROACH AND PROGRAMME
Modelling approach
The experimental approach adopted in this study was to
conduct reduced scale model tests at single gravity. This was
considered more efficient than centrifuge testing as each
model test involved about one million load cycles, taking
around 12 d. As discussed in Zhu et al. (2019), although the
initial rotation of a suction caisson after the first cycle will be
higher in the single gravity tests due to the much lower
stiffness, rotation accumulation progresses at the same rate in
single gravity and centrifuge tests, such that single gravity
tests are an effective and reliable means of investigating
long-term response. Although absolute magnitudes of
rotation are not the primary interest in this comparative
study, the long-term response can be quantified provided

that a reliable estimation of the initial stiffness can be
obtained.

The methodology and experimental arrangement are
detailed in Zhu et al. (2018), with only brief descriptions
provided here as follows:

• The anodised aluminium model caisson had a diameter,
D=160 mm, a skirt length, L=80 mm and a skirt
thickness, t=1 mm. Avent in the caisson lid allowed for
expulsion of air and water during installation.

• The tests were conducted in samples of silica sand with
properties as summarised in Table 1. Each of the ten
samples in the testing programme was prepared by first
pluviating the sand into circular containers measuring
600 mm in diameter and 325 mm high, before slowly
saturating water from the base. The target relative density
for the sand samples was Dr = 42%, selected to capture
the behaviour of dense sand (Dr = 80%) in a 1 : 100
reduced scale single gravity test. This is required to
account for the well-known dependence of friction angle
and dilation angle on stress level and relative density
(e.g. Bolton, 1986; Kelly et al., 2006; LeBlanc et al.,
2010a; Byrne, 2014). The relative density across the ten
samples was in the narrow range, Dr = 42± 2%,
consistent with the agreement in depth profiles of cone
tip resistance, qc, obtained from cone penetration tests
(diameter = 10 mm) in each sample (see Fig. 2).

• The experimental arrangement is shown in Fig. 3.
The caisson was installed using an electrical actuator
(with the vent on the caisson lid open) at a velocity,
v=0·05 mm/s, such that the response was drained
(Zhu et al., 2018) (Fig. 3(a)). After installation was
complete – assessed from visual observations through the
transparent caisson lid and the installation resistance
measurements – the vent was closed and the installation
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Fig. 1. OWT supported by a monopod suction caisson (source:
after Zhu et al. (2018))

Table 1. Properties of the silica sand used in this study

Property Value

Specific gravity, Gs 2·67
Mean particle size, d50: mm 0·18
Coefficient of uniformity, Cu 1·67
Coefficient of curvature, Cc 1·02
Minimum dry density, ρmin: kg/m

3 1497
Maximum dry density, ρmax: kg/m

3 1774
Critical state friction angle, ϕ′cs: deg 31·6 (triaxial)

Source: Chow et al. (2018)
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Fig. 2. Depth profiles of cone tip resistance
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actuator removed. Lateral loading was applied (using a
second actuator, Fig. 3(b)) to avertical shaft connected to
the caisson at a distance 3·5D above the reference point
(RP in Fig. 3(b)). The load eccentricity,M/HD=3·5 was
selected to maintain consistency with the Zhu et al.
(2018) single gravity tests, and is also of relevance to field
conditions (Petrini et al., 2010; Cox et al., 2014). All tests
were drained, achieved by conducting the monotonic
tests in displacement control at a velocity, v=0·05 mm/s,
and the cyclic tests in load control at a frequency of 1 Hz
(Zhu et al., 2018).

Test programme
The test programme comprised two monotonic tests (to
establish the cyclic load magnitude for the cyclic tests), five
constant amplitude cyclic tests and three multi-amplitude
cyclic tests as summarised in Table 2. The cyclic load
magnitude and symmetry in the tests were described using
the parameters ζb and ζc, respectively (LeBlanc et al., 2010a)

ζ b ¼
Mmax

Mult
; ζ c ¼

Mmin

Mmax
ð1Þ

where Mmin and Mmax are the minimum and maximum
moments in a load cycle, and Mult is the ultimate moment
capacity (see Fig. 4(a)). The load symmetry was chosen as
ζc = 0·1, to reflect the dominance of one-way cyclic loading
on OWTs (LeBlanc et al., 2010a), whereas the cyclic load
magnitude was varied in the range ζb = 0·2–0·8 to cover the
plausible range of cyclic loads experienced by an OWTover
its design life. Each cyclic test involved a pre-load to Mmax
(under displacement control) to a rotation, θ0 (Fig. 4(b))
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Fig. 3. Experimental arrangement during: (a) installation, (b) cyclic loading

Table 2. Test programme

Test
identification

Test type Cyclic load
magnitude,

ξb

Number
of cycles,

N

M1 Monotonic — —
M2* — —
CA1 Constant

amplitude
0·2 1 034 941

CA2* 0·4 1 204 998
CA3 0·6 1 075 462
CA4 0·7 1 015 898
CA5 0·8 1 009 113
MA1 Multi-amplitude

(ascending)
Total
N=1 000 000

0·2 850 000
0·4 100 000
0·6 35 000
0·7 10 000
0·8 5000

MA2 Multi-amplitude
(descending)
Total
N=1 000 000

0·8 5000
0·7 10 000
0·6 35 000
0·4 100 000
0·2 850 000

MA3 Multi-amplitude
(ascending then
descending)
Total
N=1 000 000

0·2 425 000
0·4 50 000
0·6 17 500
0·7 5000
0·8 5000
0·7 5000
0·6 17 500
0·4 50 000
0·2 425 000

*Zhu et al. (2018).
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before starting the (typically) one million load cycles. After
cyclic loading, a monotonic test was conducted to provide a
basis for examining post-cyclic stiffness and capacity. The
multi-amplitude cyclic tests were designed as plausible
representations of actual cyclic loading, with a reduction
in the number of cycles as the load amplitude increased. The
three multi-amplitude tests are shown in Fig. 5 and represent
the scenarios where the cyclic load is ordered according to:
increasing amplitude (MA1), decreasing amplitude (MA2)
and increasing and then decreasing amplitude (MA3).

RESULTS AND DISCUSSION
Typical cyclic behaviour
A typical response from a constant load-amplitude cyclic
test (CA3) is shown together with the monotonic test results
in Fig. 6. The cyclic test (CA3) employed a cyclic load
magnitude, ζb = 0·6 (i.e. Mmax = 0·6Mult), with Mult deter-
mined using the simple construction method shown in
Fig. 6 (and adopted in previous suction caisson model
experiments – for example, Zhu et al., 2013, 2018; Cox et al.,
2014).
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θ0 θN

θ
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Fig. 4. Definition of: (a) cyclic parameters ζb and ζc, (b) accumulated rotation (source: after LeBlanc et al. (2010a))
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Fig. 5. Multi-amplitude cyclic tests: (a) MA1, (b) MA2, (c) MA3
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Figure 6 indicates the following observations.

• The effect of cyclic loading on accumulated rotation is
evident, with a final rotation (after�1·1 × 106 cycles) that
is approximately ten times higher than that after the
first cycle.

• The variation in unloading stiffness (as defined in
LeBlanc et al., 2010a) is modest, increasing by 70% over
the course of the cyclic loading, similar to the increases
measured in the other cyclic loading tests in the test
programme. Although changes in unloading stiffness
affect the system dynamics, the magnitude of stiffness
change measured in these tests would have a minimal
impact on the natural frequency of the OWT system
(Arany et al., 2016).

• Finally, cyclic loading increases monotonic capacity by
27%, similar to the increases reported by Nicolai et al.
(2017) for monopiles and Zhu et al. (2018) for suction
caissons.

Hence, the most significant effect from the cyclic loading is
the accumulated rotation, as considered in more detail in the
following sections.

Constant amplitude cyclic loading
Accumulated rotation, θ, with cycle number, N, for the
constant amplitude cyclic tests is shown in Fig. 7(a). The

response (in log–log space) is approximately bi-linear,
intersecting at a cycle number, N, that decreases with
increasing cyclic load amplitude, ζb. This load magnitude-
dependent transition is also visible in data from monopile
model tests (Abadie et al., 2015), although the long-term
accumulated rotation of monopiles includes a third phase
(Cuéllar, 2011). This observation suggests a cyclic-induced
change in soil state, with a greater number of low amplitude
cycles and a fewer number of high-amplitude cycles
required to bring about this change. Investigation of the
underlying micro-mechanics, similar to the study of load
asymmetry by Cui et al. (2019), could provide further
insights.

The same rotation data are shown in Fig. 7(b), but
quantified as Δθ(N )/θ0, where Δθ(N ) = θN – θ0, and θ0 and
θN are the maximum rotation during monotonic preloading
toMmax and in cycle numberN, respectively. Fig. 7(b) shows
the following power law that has been demonstrated to
acceptably describe the evolution of rotation with cycle
number for suction caissons and monopiles (e.g. LeBlanc
et al., 2010a; Zhu et al., 2013)

ΔθðNÞ
θ0

¼ β �Nα ð2Þ

where β quantifies the initial rotation from θ0 to θ1 and α
controls the rate at which rotation accumulates with cycle
number. Regression analyses resulted in an average α=0·28
for all tests, as also reported by Zhu et al. (2018) for suction
caissons in sand, and in sand over clay seabed profiles, while
β is in the range 0·01–0·25, increasing with ζb, although as
noted in Zhu et al. (2019), β is also influenced significantly
by installation method, stress level and the drainage
response.

Multi-amplitude cyclic loading
Figure 8 shows the accumulated rotation measured in the
three multi-amplitude tests together with that from the
constant amplitude tests. The lowest rotation, θ=0·21°, was
measured in test MA1, followed by test MA3 (θ=0·28°) and
then test MA2 (θ=0·42°). Hence, there is a significant effect
from changing the order that the same series of cyclic
loading is applied; in this case the accumulated rotation
approximately doubled when the order changed from
ascending to descending. This effect is higher than reported
for monopiles in sand (LeBlanc et al., 2010b; Abadie et al.,
2018), albeit that those experiments involved two orders of
magnitude fewer cycles.
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The effect of stress history, evident from the comparison in
Fig. 8, is considered to be due to cyclic loading induced
changes in grain contact and densification, potentially also
providing stress redistributions from the caisson skirt to the
caisson lid. When the cyclic loads are arranged in ascending
order, repeated cycles of low-amplitude load ‘improves’ the
soil, such that the subsequent sequences of higher amplitude
cyclic loading have a diminishing effect. It follows that when
the cyclic loads are arranged in descending order, the
beneficial effects associated with the low-amplitude cyclic
loading will be absent, as also demonstrated by Abadie et al.
(2018) for rigid piles. This explains why the sequence of
high-amplitude cyclic loading has a more significant effect
(i.e. higher caisson rotation) in test MA2 (descending order)
than in MA1 (ascending order). The same densification
effects are also evident in the post-cyclic monotonic stage of
the constant amplitude test shown in Fig. 6, where the cyclic
loading causes an increase in monotonic capacity, as
also observed for plate anchors (Chow et al., 2015) and
monopiles (Nicolai et al., 2017) in sand.
This experimental evidence implies that Miner’s rule will

not hold for the very large number of load cycles considered
in these tests and the suction caisson geometry. This is
demonstrated by the following prediction approach that

superimposes the calculated rotation using equation (2)
according to the number of cycles and load amplitude in
each sequence. Figure 9(a) depicts how the predictions are
obtained when the loads are in ascending sequence. An
initial sequence of N1 cycles at ζb,1 follows equation (2) from
point A at N=1 to point B at N1 = 1000, with a calculated
normalised rotation, Δθ(N1)/θ0. A subsequent N2 = 100
cycles at ζb,2 first follows path B–C reaching equation (2)
line for ζb,2 at N2,0, and then follows equation (2) from
point C (N=N2,0) to point D (N=N2,0 +N2) with a
calculated normalised rotation, Δθ(N2)/θ0,2. When the
loading sequence is applied in descending order the
procedure results in the same calculated normalised rotation,
Δθ(N ′2)/θ0,1 =Δθ(N2)/θ0,2 (as shown in Fig. 9(b)). Hence,
the approach, which is consistent with that adopted by
LeBlanc et al. (2010b) for rigid piles, implicitly assumes
that Miner’s rule applies as no allowance is made for the
potential effect of the order in which the cyclic loads are
applied.

Calculated and measured caisson rotations for the three
multi-amplitude cyclic tests are provided in Fig. 10. As is to
be expected, the final calculated rotations for all three tests
are almost identical, which contrasts with the measured
rotation that differs by a factor of 2. Hence, the calculated
rotation is most accurate for test MA2 (within 12%), less
accurate for test MA3 (over-predicted by 64%) and least
accurate for test MA1 (over-predicted by 118%). Both the
measured and calculated rotation in test MA2 are controlled
by the highest amplitude cyclic loads. As these are ordered
first in test MA2 there is no prior loading history to alter the
soil state, such that the level of agreement between calculated
and measured rotations should be governed by the corre-
lation between equation (2) and test CA5 (Fig. 7(b)).
However, in tests MA3 and MA1 the soil state is altered
by the prior loading cycles, with densification effects
(evident from the post-cyclic monotonic test in Fig. 6),
leading to lower rotations in these tests. Hence, the
prediction approach is likely to be conservative when cyclic
loads are arranged in ascending order as it neglects the
beneficial effects from lower amplitude cyclic loading. The
tests reported here show that the extent of this conservatism
may be significant for suction caissons subject to large
numbers of cycles.
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CONCLUDING REMARKS
This paper examines the validity of Miner’s rule as applied to
the long-term response of suction caissons in sand subjected
to combined horizontal and moment cyclic loading. The
tests, which involved one million load cycles at both constant
and varying amplitude, reveal that the ordering of the cyclic
loads has a strong influence on the accumulated rotation.
This contrasts with observations from model testing of
monopiles subjected to lower numbers of cycles. For the
long-term response of suction caissons, arranging the cyclic
loads in ascending order led to an accumulated rotation that
was about half of that when the cyclic loads were arranged in
descending order. This has a significant implication for
the superposition approach used in design practice, as the
prediction basis for each packet does not account for
the change in soil state caused by the preceding packets.
The model tests reported in this paper indicate that this
omission in the calculation approach would lead to
conservative predictions as the soil densified from the prior
low-magnitude cyclic loading. Further attention should be
given to ascertain if this holds true for other initial soil states
and sand types, and to consider if these shortcomings can be
overcome through, for instance, finite-element analyses
based on the memory-enhanced bounding surface plasticity
model (Liu et al., 2019) or numerical modelling approaches
developed specifically to cater for large numbers of cycles
(e.g. the high-cycle accumulation model (Niemunis et al.,
2005; Zachert & Wichtmann, 2020)).
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