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A B S T R A C T

Offshore wind turbines and their foundations experience loading from varying directions, yet understanding of
the effect of changes in the direction of applied cyclic loading on foundation response remains limited. This
study investigates the behaviour of a suction caisson foundation in sand over clay under various types of mul-
tidirectional cyclic loading. The findings are significant: although the caisson rotation (or tilt) is affected by
changes in load direction, the caisson rotation is less than that in a unidirectional test with the same cyclic load
magnitude and symmetry, meaning that a unidirectional test may serve as a conservative estimate of caisson
rotation for multidirectional loading. This contrasts with previous findings for monopiles in sand, where pre-
diction of the accumulated displacement based on unidirectional cyclic loading was substantially un-con-
servative for multidirectional loading. Changes in unloading stiffness due to changes in load direction are slight,
varying by an amount that is no greater than the change measured over the course of a unidirectional test.
Foundation stiffness and ultimate capacity following multidirectional cyclic loading are largely unaffected,
unlike unidirectional cyclic loading, where consolidation of the clay layer improves both the stiffness and ca-
pacity.

1. Introduction

While monopiles remain the favoured foundation type for bottom-
founded offshore wind turbines, suction caissons represent an increas-
ingly considered alternative foundation concept, offering cost-effective
installation with minimal acoustic emissions. The installation does not
require specialist equipment as the suction caisson is penetrated into
the seabed initially under self-weight, and in a second stage by pumping
water from the caisson interior (a process that can be reversed for re-
moval of the caisson). Suction caissons were first used as the foundation
of a 3MW wind turbine at Frederikshave, Denmark in 2002 (Ibsen and
Brincker, 2004). Since then they have received considerable attention
(e.g. Byrne and Houlsby, 2004; Cox et al., 2014; Foglia et al., 2014),
with a number of proprietary offshore trial installations in the North
Sea (Tjelta, 2015).

Fig. 1a shows a typical offshore wind turbine supported by a suction
caisson. The resultant of the environmental wind and wave loads act
laterally at some distance, e, above the seabed, inducing a horizontal
load, H, and an overturning moment, M, at the foundation. The wind
turbine system is continuously exposed to these loads, which are cyclic

in nature, over its (typically) 25 year service life. This cyclic loading has
the potential to lead to an accumulated rotation of the caisson, and
hence the wind turbine, and also to alter the foundation stiffness. Both
aspects need to be considered in the design process, as strict limits on
accumulated rotation are typically enforced (e.g. 0.5°; DNV (2016)),
and changes in foundation stiffness affects the system dynamics, with
requirements that the natural frequency of the system avoids the for-
cing frequencies of the rotor frequency and the blade passing frequency.

Suction caisson response to lateral cyclic loading has been in-
vestigated experimentally in single-gravity tests (e.g. Byrne and
Houlsby, 2004; Zhu et al., 2013; Foglia et al., 2014; Nielsen et al., 2017;
Zhu et al., 2018a), centrifuge tests (e.g. Watson and Randolph, 2006;
Cox et al., 2014; Zhu et al., 2018b) and reduced scale field tests
(Houlsby et al., 2005, 2006). These studies considered the effects of
cyclic load magnitude and symmetry, but not load direction – i.e. the
cyclic loading was unidirectional. However, wind and wave direction
varies. Example wind roses (graphical representations of wind intensity
and direction) measured from Fino 1 and 2 meteorological stations in
the North Sea and Baltic Sea (Fig. 1b) show that the load direction
varies between 0° and 360°, although typically limited to Southwest (or
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between 180° and 270°). The response of suction caissons under mul-
tidirectional cyclic loading is not understood, although there are a
limited number of studies on the effect of multidirectional loading on
monopiles (Levy et al., 2007; Su, 2012; Su and Li, 2013; Sheil, 2014;
Rudolph et al., 2014; Nanda et al., 2017). This limitation is the moti-
vation for this study.

This paper considers single-gravity model caisson tests in a sand
over clay layered seabed. This layering profile is prevalent in the North
Sea (and consists of a surface sand layer of up to 10m over stiff clay,
Bond et al., 1997), where more than 80% of European wind power has
been installed (EWEA, 2016). This new data investigating the effect of
multidirectional loading provides a link with previous research on
suction caissons under unidirectional cyclic loading in the same soil
profile (Zhu et al., 2018a, b), which considerably adds to the limited
database of suction caisson response in layered soils.

2. Experimental details

The experimental approach adopted in this work is to conduct re-
duced scale model tests at single gravity. As shown by Zhu et al.
(2018b), conducting long-term cyclic loading tests on suction caissons
at single gravity is an efficient modelling approach, particularly when
the results are coupled with short-term centrifuge tests that capture the
effect of suction installation, and quantify the initial loading stiffness.
The experimental arrangement adopted here is similar to that described
in Zhu et al. (2018a), but with modifications to permit load direction
changes.

2.1. Soil properties and sample preparation

The soil samples were prepared as sand over clay, with a sand layer
thickness equal to 0.5 times the skirt length (or Hsand/L=0.5). The
targeted soil properties were Dr = 42% for the sand and su= 9 kPa for
the clay, selected to capture the behaviour of dense sand (Dr = 80%)
overlying stiff clay (su= 80 kPa) in a 1:100 reduced scale single-gravity
model test, as this soil profile is typical for areas of wind farm devel-
opment in the North Sea (De Ruiter and Fox, 1975; Bond et al., 1997;
BGS, 2002). The scaling approach ensures similitude in both the friction
angle and the ratio of sand stiffness to clay stiffness in the field and the
model, as discussed in detail in Zhu et al. (2018a).

The soil samples were created in steel circular sample containers

with an internal diameter of 600mm and an internal height of 400mm
using a fine to medium sub-angular silica sand and kaolin clay; the
material properties of the sand and clay are summarised in Table 1. The
underlying clay layer was prepared by consolidating kaolin clay slurry
at an initial moisture content of 120% (approximately twice the liquid
limit, see Table 1) in an oedometric style consolidation press in stress
increments to a final vertical effective stress of 110 kPa. After con-
solidation the clay was left to swell for one week to reach a steady
undrained shear strength as assessed from periodic T-bar penetrometer
tests. The clay surface was then scraped carefully to achieve the tar-
geted clay depth of 285mm and a level surface. The overlying 40mm
sand layer was prepared by air pluvation, followed by saturation with
water from the base of the sand layer. This was achieved using four
plastic pipes, perforated at the base, which were located along the inner
wall of the sample container (see Fig. 2a) with their inverts positioned
at the clay/sand interface. After saturation a 50mm layer of free water
was added to the sample surface and maintained over the course of the
tests (using a float valve on the water supply line). The height of the
four samples prepared for this study was 325 ± 2mm.

A model cone penetrometer with a diameter, d=10mm was used
to characterise the soil samples. The cone penetrometer was penetrated
at velocity, v=1mm/s such that the dimensionless velocity, v'= vd/
cv= 121 and < 0.01 for the clay and sand respectively (where cv is the
coefficient of vertical consolidation, taken as cv= 2.6m2/year for the
clay and cv ≥ 60,000m2/year for the sand (Lee et al., 2013), see details
in Table 1). The magnitudes of v' are such that the cone resistance is
expected to be undrained in clay and drained in sand (Chung et al.,
2006). Fig. 3 shows profiles of total cone resistance, qc, with normalised
penetration depth, z/L (i.e. penetration depth, z, normalised by the
caisson skirt length, L) measured across each sample. The development
of cone tip resistance with depth is consistent between the four samples,
with qc increasing through the sand layer and more rapidly when
reaching the clay surface at z/L=0.5, before remaining approximately
constant in the clay layer. The undrained shear strength of clay was
determined from T-bar tests (in which the T-bar was penetrated
through the sand into the clay layer), as shown by the inset plot in
Fig. 3, where su was determined from the measured T-bar resistance
using the T-bar factor, NT-bar = 10.5 (Martin and Randolph, 2006). Also
shown on the su inset plot in Fig. 3 is the classical expression (Ladd
et al., 1977)

Notation

cv coefficient of vertical consolidation
d cone penetrometer diameter
D caisson diameter
Dr relative density
e eccentricity of lateral load
H lateral load
Hsand sand layer thickness
k unloading stiffness
k1 unloading stiffness in the first cycle
kN unloading stiffness in cycle number N
L skirt length
M overturning moment
Mmin minimum moment in a load cycle
Mmax maximum moment in a load cycle
Mult ultimate moment capacity
N number of cycles
OCR over-consolidation ratio
qc cone penetration resistance
Ra surface roughness
su undrained shear strength

t skirt thickness
T dimensionless time
v penetration velocity
v' dimensionless penetration velocity
V vertical load
z penetration depth
α dimensionless variable
β dimensionless variable
σv

' vertical effective stress
Λ plastic volumetric strain ratio
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
θcyc relative caisson rotation
ψD direction of lateral displacements at loading point
ψL load direction
Δθ N( ) accumulated rotation during cyclic loading
Δu lateral displacements at loading point
Δux component of Δu in the x direction
Δuy component of Δu in the y direction
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where σ′v is the vertical effective stress determined using an effective
unit weight, γ' = 7.1 kN/m3 (as established from moisture content
measurements made on post-testing sample cores), (su/σ′v)nc is the
normally consolidated undrained shear strength ratio, OCR is the over-
consolidation ratio and Λ is the plastic volumetric strain ratio
(Schofield and Wroth, 1968). The best fit between Equation (1) and the
T-bar measurements was obtained using (su/σ′v)nc= 0.18, which is
typical for penetrometer derived measurements in kaolin clay (Chow
et al., 2014; Fu et al., 2015; O'Beirne et al., 2017) and Λ=0.83, which
is within the typical range, Λ=0.7–0.9 (Mitchell and Soga, 2005). As
shown in Fig. 3, su is in the range of 6–10 kPa over the penetration

depth. The relative density of the sand layers was Dr = 39 ± 1%
(γ'≈ 9.8 kN/m3) across the four samples as determined from global
measurements of sand mass and volume after saturation. These mea-
surements of su and Dr are consistent with those in the unidirectional
tests reported in Zhu et al. (2018a).

2.2. Model caisson, instrumentation, experimental arrangement and testing
procedure

The model caisson had a diameter, D=160mm, a skirt length,
L=80mm and a skirt thickness, t=1mm. The caisson skirt was made
of aluminium and was anodised, which gave a surface roughness of
Ra= 1.62 μm. The caisson lid was made from (transparent) polymethyl
methacrylate (PMMA) allowing for a visual access of the lid-soil in-
terface. A vent (Fig. 4c) on the caisson lid allowed for expulsion of air
and water during penetration. The caisson lid was connected rigidly to
a 30mm diameter solid aluminium ‘vertical loading shaft’ that allowed
the lateral loads to be applied at an eccentricity, e from the invert of the
caisson lid, such that overturning moments are generated at the caisson.
This shaft was sufficiently rigid such that the deflections due to the
eccentrically applied load were negligible relative to the displacement
at the loading point. The combined weight of the caisson and shaft
results in a vertical load, V=25N, or in dimensionless terms, V/
γ′D3= 0.62 (in sand; γ' = 9.8 kN/m3), which is identical to that
adopted in the baseline unidirectional tests reported in Zhu et al.
(2018a,b), and within the V/γ′D3= 0.09–0.91 range considered by
Foglia and Ibsen (2016) to be appropriate for field scale suction cais-
sons supporting offshore wind turbines.

Fig. 4 provides a photo of the apparatus, with details of the pulley
system that allowed the application of multidirectional loading, and the
displacement measurement system. Fig. 2 shows the experimental ar-
rangement at various stages in the tests. Each test follows the same
procedure involving:

• Installation. Before the caisson was installed it was connected via the
shaft and a load cell (‘vertical load cell’ in Fig. 2a) to the installation
actuator located atop the frame, to ensure that the caisson remained
vertical during installation. The load cell measured the penetration
resistance during installation. The caisson was installed at a velocity
of v=0.05mm/s, which corresponds to a dimensionless velocity, v'
(= vt/cv)= 0.6 in clay and v' < 0.01 in sand, such that the in-
stallation response is expected to be partially drained in clay and
drained in sand (Finnie and Randolph, 1994; Chung et al., 2006; Yi
et al., 2012). Installation was deemed complete when the caisson lid
made contact with the soil surface (Fig. 2b), assessed on the basis of
visual observations through the caisson lid, which were confirmed
when the caisson installation resistance increased suddenly. The
vent on the caisson lid was then sealed and the installation actuator
was removed (Fig. 2c). Throughout the installation process the lat-
eral loading apparatus was connected, but with slack in the wire in

Fig. 1. (a) Monopod suction caisson foundation for an offshore wind turbine
and (b) wind rose at meteorological stations: Fino 1 in North Sea and Fino 2 in
Baltic Sea (http://fino.bsh.de/).

Table 1
Properties of silica sand (Chow et al., 2015; Lee et al., 2013) and kaolin clay
(Stewart, 1992; Richardson et al., 2009).

Silica sand Kaolin clay

Specific gravity, Gs 2.65 Specific gravity, Gs 2.6
Median particle size, d50 (mm) 0.19 Liquid limit, LL (%) 61
Minimum dry density, ρmin

(kg/m3)
1461 Plastic limit, PL (%) 27

Maximum dry density, ρmax

(kg/m3)
1774 Plastic index, Ip (%) 34

Critical state friction angle,
ϕ′crit (°)

30 Angle of internal friction ϕ'
(°)

23

Coefficient of vertical
consolidation, cv (m2/year)
at Dr = 40%

>60,000 Coefficient of vertical
consolidation, cv (m2/year) at
σ′v= 110 kPa

2.6
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the pulley system, such that the lateral load was zero and inter-
ference during installation was avoided (Fig. 2a). The wire was
supported on a Teflon collar to minimise friction, which was held in
position by an aluminium clamp.

• Cyclic loading. The loading actuator (located on the side of the
frame, see Figs. 2 and 4) was used to apply tensile lateral loads at a
fixed height on the loading shaft (Fig. 2d). Fig. 4b shows the pulley
system that allowed lateral loads to be applied in load directions of
0°, 45°, 90°, and 135°, noting that the maximum load direction

variation (135°) more than spans the typical load variation of 90°
indicated by the wind roses in Fig. 1b. A load cell (‘horizontal load
cell’ in Fig. 2a) located in series on the loading wire, applied a one-
way lateral load, H, which generated a moment, =M H e· at the
reference point (RP, Fig. 2d). Each cyclic load test involved a pre-
load stage, in which the caisson was loaded to the maximum cyclic
load, Mmax, at a rate of 0.05 Nm/s. The cyclic loads were then ap-
plied at a frequency of 1 Hz (resulting in a drained response in sand
and an undrained response in clay over one cycle but partially

Fig. 2. Experimental arrangement at different stages: (a) before installation, (b) after installation, (c) release of installation actuator in preparation for cyclic loading
and (d) cyclic loading.
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drained response in clay over many cycles; Zhu et al. (2018a)) for
the target number of cycles. The tension in the wire was then re-
duced to zero to allow for a change in the load direction. A 10min
duration for the load direction change was maintained for each
change in load direction in each test to ensure consistency between
tests.

• Post-cyclic monotonic loading. Following cyclic loading, the tension in
the wire was released such that H=M=0, and the wire adjusted
such that load direction returned to the initial loading direction (0°).
The caisson was then loaded monotonically under displacement

control, with a displacement rate at the load application point of
0.05mm/s, to quantify post-cyclic stiffness and capacity. This stage
had a duration of t=400 s, with a corresponding dimensionless
time factor, =T c t D/v

2 <0.0013 for clay and> 10 for sand, such
that the response is expected to be undrained in the clay and drained
in the sand.

Caisson rotation and displacements were determined from mea-
surements made by four laser sensors oriented towards a target that was
parallel with the caisson lid but remained above the water surface as
shown by Fig. 4c.

2.3. Testing programme

The lateral loads were applied at an eccentricity, e=3.5D above the
mudline, such that the moment loading at the load reference point,
M=H·3.5D, is typical of that experienced by a 5–7.5MW turbine in
20–50m water depth (Cox et al., 2014; Petrini et al., 2010) and adopted
in the equivalent unidirectional loading model tests reported in Zhu
et al. (2018a,b).

Packets of cyclic loading were applied along four load diections, 0°,
45°, 90° and 135° (see Fig. 5), where 0° is the initial loading direction
and the direction adopted for the post-cyclic monotonic tests. Tests M1
to M3 were designed to investigate the effect of change between the
initial and one secondary load direction, i.e. the load direction changed
from 0° to 45°, 0°–90° and 0°–135°, respectively, in Tests M1, M2 and
M3. Test M4 investigates the effect of a successive change in load di-
rection from 0° to 45°, 90° and 135°. One sequence of multidirectional
loading in M1 to M4 consists of 90,000 cycles in one load direction,

Fig. 3. Cone tip resistance and strength profiles of the soil samples.

Fig. 4. Photographs showing: (a) experimental arrangement during caisson installation and details of (b) pulley system and (c) displacement measurement system.
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followed by 45,000 cycles in the other direction(s), as illustrated in
Fig. 6. This sequence was repeated four times in each test, i.e. 360,000
cycles in total, to provide a basis for understanding the effect of re-
peated changes in loading direction on the caisson response.

The cyclic loads applied in each direction were simplified as sinu-
soidal waves with the load magnitude and symmetry described using
the parameters ζb and ζc respectively (LeBlanc et al., 2010)

= =ζ M
M

ζ M
M

,b
max

ult
c

min

max (2)

where Mmin and Mmax are the minimum and maximum moments in a
load cycle and Mult is the ultimate moment capacity, which was quan-
tified in monotonic loading tests conducted in separate samples with
the same soil layering and strength properties as described in Zhu et al.
(2018a). ζb can vary between 0 and 1, whereas ζc can vary between −1

and 1, with ζc≥ 0 and ζc < 0 representing one-way and two-way
loading, respectively. As indicated by LeBlanc et al. (2010), whilst the
load direction varies, the load symmetry is typically one-way. Hence
the load symmetry in these tests was given by ζc= 0.1 to reflect the
dominant load symmetry, with the cyclic load magnitude given by
ζb= 0.4 to represent a fatigue limit state (LeBlanc et al., 2010). These
load characteristics, ζb= 0.4 and ζc= 0.1, are the same as the baseline
load case in Zhu et al. (2018a,b), which permits a link between those
datasets and that presented here.

3. Results and discussion

3.1. Definitions

The motion of the caisson under multidirectional cyclic loading is
complex, as illustrated in Fig. 7a. The lateral displacement at the
loading point, P, relative to the reference point at the centre of caisson
lid (RP) is described by Δu. Defining the initial loading direction as
along the x axis in Fig. 7a, the current direction of loading (H as illu-
strated in Fig. 7a) is described by the angle, ψL, with respect to the x
axis. Hence the direction of the initial loading in each test is given by ψL
= 0°. The direction of the lateral displacement is described by the
angle, ψD, between the x axis and the projection of the caisson shaft
centre line in the x-y plane (OP as illustrated in Fig. 7a). Non-verticality
of the caisson (and hence the substructure and the wind turbine it
supports) is of particular concern in design and is quantified here by the
tilt angle, θ. The geometric relationship between the lateral displace-
ment at the loading point, Δu, and the tilt angle is

= = +− −θ Δu e Δu Δu esin ( / ) sin ( / )y
1 1

x
2 2 where Δux and Δuy are com-

ponents of Δu in the x and y directions and e is the lateral load ec-
centricity as defined earlier.

The unloading stiffness is defined as k = (Mmax - Mmin)/θcyc, where
θcyc is the relative caisson rotation from Mmax to Mmin in each cycle.
According to the small-angle approximation, θcyc may be expressed by

= −θ Δu esin ( / )cyc
1

cyc , where Δucyc is the relative lateral displacement
from the loading point Pmax (at Mmax) to Pmin (at Mmin) in each cycle as
illustrated in Fig. 7b. It is worthwhile to note that θcyc is simply equal to
θmax - θmin if ψD does not change in each cycle. As a convention, θcyc is
hereafter referred to as the relative caisson rotation and θ as the caisson
rotation.

Fig. 5. Illustration of main loading directions.

Fig. 6. Loading sequences showing load direction and number of loading cycles: (a) 0°–45° (M1), (b) 0°–90°(M2), (c) 0°–135° (M3) and (d) 0°, 45°, 90°–135°(M4).
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3.2. Lateral displacements at loading point

Fig. 8 presents the evolution of lateral displacements, both in
magnitude and direction, at the loading point during the first sequence
of cyclic loading for each test. The lateral displacements

= +Δu Δu Δu( )yx
2 2 follow the load direction during the initial

N=45,000 cycles applied at ψL = 0° in all four tests. This loading
packet results in a permanent displacement (e.g. Δux/D = 0.005 and
Δuy/D=0 (M1) in Fig. 8a). Although the relative displacement in each
cycle in the secondary load direction generally follows this direction (as
illustrated by the arrow indicating ψL= 45° (M1) in Fig. 8a), the di-
rection of overall displacement at the loading point gradually moves
towards, but does not coincide with, the direction of load application
(e.g. ψD < ψL= 45° (M1) in Fig. 8a). This trend is observed in all four
tests, indicating the influence of the permanent displacement (due to
the initial N=45,000 cycles applied at ψL = 0°) on the response in the
secondary direction.

As illustrated in Fig. 7a, the lateral load H (applied at the loading

point P, at its current location) is comprised of two components: Hp and
Hn, parallel with and normal to OP respectively, where OP is the pro-
jection of the caisson shaft centre line in the x-y plane. Hp affects the
relative lateral displacement, Δu, and the caisson rotation, θ, while Hn

influences the direction of the resulting displacement, ψD. When the
direction of displacement coincides with the applied load direction (i.e.
ψD = ψL, with Hp=H and Hn= 0), Δu changes whilst ψD remains
constant. This behaviour was observed in the first packet of cyclic
loading at ψL=0°. Hence, it is reasonable that the overall displacement
gradually tends towards, but does not exceed the applied load direction.

Test M3 considers the effect of a sudden load direction change from
ψL=0° to 135°, with N=45,000 in each packet of cycles. Test M4
examines a more progressive load direction change, with the load di-
rection sweeping through ψL=0°, 45°, 90° and 135° to coincide with
the load directions investigated in the remaining tests. The ψL=0° load
direction was maintained for N=45,000 (consistent with the other
tests), whilst the ψL=45°, 90° and 135° load directions were each
maintained for N=15,000, such that the total number of cycles

Fig. 7. Notation for rotations and displacements: (a) caisson rotation, θ, loading direction, ψL, and direction of lateral displacement, ψD, and (b) relative caisson
rotation, θcyc, in each cycle.
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applied in the first sequence was N=90,000. Although both tests M3
and M4 conclude with the same load direction, i.e. ψL=135°, the
displacements in each test are significantly different as an effect of the
loading history (Fig. 8c and d). After N=15,000 at ψ=135° in test M3,
the normalised lateral displacements at the loading point are Δux/D =
-0.002 and Δuy/D=0.003 (Fig. 8c), whereas in test M4 the displace-
ment direction is quite dissimilar to the load direction, with Δux/D =
0.001 and Δuy/D=0.003 (Fig. 8d). The different displacement trajec-
tory is considered to be as a result of the plastic displacements that
resulted from the intervening load directions.

Fig. 9 presents the evolution of Δux/D and Δuy/D over the entire
cyclic loading history (N=360,000), in which the first loading se-
quences shown in Fig. 8 were repeated four times. Consistent with the
observations during load application in the secondary load directions
shown in Fig. 8, the direction of overall displacement in the repeated
packets do not follow the applied load direction, i.e. ψD ≠ ψL (neither
returning to ψD=0° nor coinciding with the secondary direction, e.g.
ψD=45° (M1) in Fig. 9a). The sector that the displacements cover
narrows with each repetition of the cyclic loading sequence. The lateral
displacement relative to the caisson reference point, RP, continues to
increase as the cyclic loading sequences are repeated (although at a
decreasing rate), meaning that the caisson rotation is also increasing (as
shown later in the paper). This is more pronounced when the load di-
rection change does not exceed 90° (Tests M1 and M2, Fig. 9a and b) as

the displacements are partially recovered when the load direction
change exceeds 90° (Tests M3 and M4, Fig. 9c and d), due to the ten-
dency for the displacement path to follow the load direction. This is
discussed in more detail later in the paper in terms of caisson rotation, θ
(recalling that the geometric relationship between θ and the resultant
magnitude of displacement, = + =Δu Δu Δu esinθyx

2 2 ).

3.3. Direction of displacements

Fig. 10 shows the evolution of direction ψD with cycle number. In
this first packet of cycles, the direction coincides with the load direc-
tion, i.e., ψD = ψL=0° which is consistent with the trajectories of
lateral displacements shown in Fig. 8. When the load direction changes
after N=45,000, ψD increases quickly and tends towards a constant
value (Tests M1 to M3). The magnitude of ψD at the end of the second
packet of cycles is lower than the load direction due to the permanent
displacements due to loading at ψL=0° in the first packet of cycles (ψD
approaches 28° for loading at 45° (Test M1), 70° for loading at 90° (Test
M2), and 122° for loading at 135° (Test M3)). In contrast, the resulting
direction is ψD=68° when the load direction changes in 45° increments
to a final load direction of 135° (Test M4), which is similar to ψD=70°
after the same number of cycles applied at a secondary load direction of
90° in Test M2. A permanent direction offset remains when the load
direction returns to 0°, which is similar in Tests M1 and M4, and higher

Fig. 8. Evolution of normalised lateral displacements at loading point during first loading sequence: (a) 0°–45° (M1), (b) 0°–90° (M2), (c) 0°–135° (M3) and (d) 0°,
45°, 90°–135° (M4).
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but also similar in Tests M2 and M3. These trends continue as the cyclic
sequences are repeated over the duration of the loading history, with
the highest ψD in a test (ψmax) decreasing slightly and lowest ψD in a test
(ψmin) increasing slightly with each repetition of the cyclic sequence.

After 360,000 cycles, ψmax= 26°, 62°, 109° and 50° in Tests M1, M2,
M3 and M4 respectively, reduced by around 10% (M1 to M3) and 26%
(M4) after the first sequence.

3.4. Caisson rotation

Fig. 11a presents the evolution of the maximum caisson rotation, θ,
in each cycle with cycle number in each multidirectional test together
with unidirectional loading counterpart tests reported in Zhu et al.
(2018a), with ζb= 0.4, and ζc= 0.1 and ζc=−0.7. The latter was
included as it features asymmetric two-way loading and is analogous to
Tests M3 and M4, which also include load reversals, albeit not in every
load cycle but at changes in load direction (from 0° to 135°). Fig. 11a
also provides the displacement at the loading point, Δu, normalised by
the caisson diameter D.

Fig. 11a shows that overall the caisson rotation continues to in-
crease when the change in load direction was ψL≤ 90° (M1 and M2),
but reduces when the load direction changes from 0° to 135° (M3 and
M4). In all tests the caisson rotation reduces immediately after a change
to the secondary load direction by an amount that is proportional to the
change in load direction. In tests M1 to M3 the caisson rotation in-
creases quickly after this reduction, whereas in test M4 (with the in-
cremental changes in load direction) the reduction continued until the
load direction returns to 0°. This behaviour is consistent with the tra-
jectory of lateral displacements shown in Fig. 8, which is to be expected

Fig. 9. Evolution of normalised lateral displacements at loading point during all loading sequences: (a) 0°–45° (M1), (b) 0°–90° (M2), (c) 0°–135° (M3) and (d) 0°, 45°,
90°–135° (M4).

Fig. 10. Direction of lateral displacement at loading point during the four se-
quences of cyclic loading.
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given that the caisson rotation θ is proportional to the magnitude of
lateral displacement Δu, or θ=sin−1(Δu/e). Specifically, the magni-
tude of Δu (denoted as the distance from the displacement trajectory to
the origin in Fig. 8) in tests M1 to M3 continues to increase following
the initial reduction after the change of load direction, while in M4 it
continues to decrease when the load direction changes to 90° and 135°.

Generally, the overall caisson rotation under multidirectional
loading is close to that under unidirectional loading with the same
cyclic load and symmetry characteristics (i.e. ζb= 0.4, ζc= 0.1) for
load direction changes of 45° (Test M1) and 90° (Test M2). When the
load direction changes are greater than 90° the rotation is lower, due to
the compensating effect of loading components that act opposite to the
initial direction of 0°, hence reducing the rotation generated in the
previous packet. However, caisson rotation in the multidirectional tests
is higher for a load direction of 135° (Tests M3 and M4) than for the
ζc=−0.7 unidirectional test, in which very little rotation accumulated
over the 360,000 cycles.

Fig. 11b shows the same data expressed in normalised form,
Δθ N θ( )/ 0 (LeBlanc et al., 2010) where = −Δθ N θ θ( ) N 0 and θ0 and θN
are the maximum rotation during preloading to Mmax and in cycle
number N, respectively. The dashed lines are empirical fits of Δθ N θ( )/ 0

using a power law (Zhu et al., 2013; Cox et al., 2014)

= ×
Δθ N

θ
β N( )

0

α
(3)

where α and β are dimensionless variables. The intercept β accounts for
the initial rotation from θ0 to θ1 and was determined from regression

analyses as β=0.07 and β=0.01 for ζc= 0.1 and ζc=−0.7, re-
spectively, in the unidirectional tests with N∼106 reported in Zhu et al.
(2018a). The magnitude of β will vary with stress level and was
quantified in Zhu et al. (2018b) for field conditions. The exponent α
accounts for the rate of rotation accumulation and was shown to be
independent of stress level (Zhu et al., 2018a,b). The response predicted
by Equation (3) is also provided on Fig. 11b using α=0.29 (Zhu et al.,
2018a) and β=0.01 and β=0.07 for ζc=−0.7 and ζc= 0.1, re-
spectively. As is to be expected, Equation (3) for ζc= 0.1 provides a
reasonable fit to the data over the first N=45,000 cycles before the
load direction changes, albeit that slight adjustments to β would im-
prove the fit for individual tests. Over the remaining packets, Equation
(3) using ζc= 0.1 and ζc=−0.7 bound the data, with the prediction
for ζc= 0.1 providing the best agreement, although the predictions
become conservative for the higher changes in load direction. This
contrasts with previous findings for monopiles in sand (Rudolph et al.,
2014; Nanda et al., 2017), where prediction of the accumulated dis-
placement based on unidirectional cyclic loading was substantially un-
conservative for multidirectional loading.

3.5. Unloading stiffness

Fig. 12 shows the variation in normalised unloading stiffness, k k/N 1,
with cycle number, N, where k1 and kN are the unloading stiffnesses in
the first cycle and cycle number N, respectively. Over the course of the
cyclic loading history, k k/N 1 varies between 0.8 and 1.6, although the
range of variation is similar (with k k/N 1 between 1.0 and 1.5) during the
initial N=45,000 cycles of load applied at 0°, which was the same in
all four tests. For comparison, the unloading stiffness in the unidirec-
tional test reported in Zhu et al. (2018a) (with the same ζb and ζc) was
found to increase over 380,049 cycles to k k/N 1 ≈ 1.4.

3.6. Post-cyclic behaviour

The effect of multidirectional cyclic loading on the loading stiffness
and ultimate capacity is examined in Fig. 13, which compares the
monotonic moment-rotation responses measured without and after
unidirectional cyclic loading (Zhu et al., 2018a), with that measured at
a loading direction of 0° after multidirectional cyclic loading. The re-
sults for test M1 (0°–45°) was discarded as the soil was disturbed due to
an operation error before the start of the post-cyclic monotonic test. In
Fig. 13 the rotation in the post-cyclic response is relative to that at the
end of cycling to facilitate a more direct comparison with the initial
monotonic response. The post-cyclic stiffness and ultimate capacity in
the multidirectional tests are similar to those measured in the mono-
tonic test without cyclic loading, which contrasts with the post-cyclic
response after cyclic loading in the unidirectional test, in which the

Fig. 11. Evolution of caisson rotation with number of cycles: (a) caisson rota-
tion and (b) normalised rotation.

Fig. 12. Unloading stiffness with number of loading cycles.
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stiffness and ultimate capacity increased by 40% and 6% respectively as
shown in Zhu et al. (2018a). These increases were attributed by Zhu
et al. (2018a) to consolidation of the clay layer, which took place over
N≈ 300,000 cycles of unidirectional loading, noting that the caisson
and soil strength profiles were identical in the unidirectional and
multidirectional tests. However, in the multidirectional tests the soil is
loaded at 0° periodically rather than continuously, such that the level of
consolidation – and hence the stiffness and capacity – is expected to be
lower. Support for this conclusion comes from Test M3, in which half of
the load cycles were applied in a near-opposing load direction to 0°, and
in which the stiffness in the post cyclic monotonic test is almost iden-
tical to that in the initial monotonic test.

4. Concluding remarks

The multidirectional test results presented here represent the first
available evidence of the effect of changes in lateral cyclic load direc-
tion on the response of a suction caisson. The tests were performed with
the suction caisson installed in sand over clay under cyclic lateral
loading acting at an eccentricity.

Changes in loading direction were found to influence the caisson
out-of-verticality (or rotation) and foundation-soil stiffness, as ex-
pected. However, the evolution of caisson rotation under multi-
directional cyclic loading was found to be bounded by relevant uni-
directional test results and established predictions. Changes in load
direction of up to 90° resulted in a similar response as corresponding
unidirectional loading, with larger variations in load direction leading
to less accumulated rotation. This is unlike previous studies for
monopiles in sand that show larger accumulated displacement under
multidirectional cyclic loading than unidirectional loading.

The effect of changes in loading direction on unloading stiffness is
slight and the variation in unloading stiffness under multidirectional
loading is similar to that measured in a unidirectional tests for the same
cyclic load magnitude and symmetry characteristics. The post-cyclic
loading stiffness and ultimate capacity in the initial loading direction
were found not to be significantly affected by multidirectional cyclic
loading. This is unlike unidirectional loading where the consolidation of
the clay layer increases both the stiffness and capacity.

The conclusions reached in this study improves the understanding
of suction caisson behaviour under multidirectional cyclic loading,
which could be extended through consideration of other soil conditions
and more realistic loading characteristics (e.g. combined changes of
cyclic magnitude, symmetry and direction) to establish recommenda-
tions for design.
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