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ABSTRACT

Horizontal plate anchors are widely used to secure tension leg platforms via mooring lines. A thorough under-
standing of the monotonic, cyclic and post-cyclic behaviour of plate anchors is essential to accurately estimate
plate anchors’ capacity. This paper presents a systematic investigation of horizontal rectangular plate anchors
subjected to vertical monotonic and cyclic loads in quartz sand under drained conditions using three-dimensional
finite-element simulations. The upgraded SANISAND-MS model is employed to accurately capture sand’s
ratcheting behaviour. The monotonic uplift load is affected by the contact types used between the soil-anchor
interface, and it increases with increasing embedded depth ratio, aspect ratio, and relative density. The results
of cyclic tests reveal that in loose and dense sands, the cyclic amplitude ratio and cyclic asymmetric ratio affect
the displacement accumulation at the cyclic stage. The cyclic loading leads to a higher post-cyclic uplift load than
the monotonic tests. Moreover, the post-cyclic uplift load increases more in tests with a high cyclic amplitude
ratio. Investigation on local soil responses shows that this can be attributed to sand’s densification, which in-
creases sand’s strength and stiffness. The study also supports the development of long term analysis for anchoring
systems subjected to cyclic loading in offshore applications.

1. Introduction

Plate anchors have been successfully used for oil and gas applications
(Rigzone, 2006) and are being increasingly considered for mooring
offshore floating renewable energy devices (Fontana et al., 2016; Hal-
lowell et al., 2018). Anchor-type foundations provide resistance against
uplift or lateral loading. The pullout behaviour of horizontal plate an-
chors under monotonic loads has been extensively studied. However,
limited studies have been conducted on the cyclic behaviours of plate
anchors subjected to long-term cyclic loading. The cyclic loading may
affect the uplift capacity of the anchors, consequently affecting the
mooring performance and overall system safety. Therefore, it is crucial
to have a thorough understanding of the monotonic, cyclic and
post-cyclic behaviour of plate anchors under long-term cyclic loading.

Studies of plate anchors in various types of soil have been widely
reported in the literature. Most of the studies were conducted to evaluate
the behaviour of plate anchors in soft clay, which is commonly

encountered in very deep water environments. These studies are
particularly relevant for oil and gas platforms operating in a water depth
exceeding 800 m (Huang et al., 2020). Floating OWTs are typically
located in relatively shallow water depths (e.g. < 100 m), where sandy
seabed deposits are more common (Chow et al., 2015, 2018; Roy et al.,
2021).

Plate anchors behave differently depending on their positioning and
loading conditions. For example, horizontally embedded plate anchors
are employed to anchor tension leg platforms (TLPs). The horizontally
embedded anchors are subjected to vertical loads from the buoyancy of
platforms as well as long-term cyclic loads induced by environmental
waves and currents (Chow et al., 2015; Cheng et al., 2021). So far, the
investigations into the behaviour of horizontally oriented plate anchors
have primarily focused on estimating the ultimate uplift capacity under
monotonic loading conditions. These studies have explored various
factors such as embedded depths, soil densities and anchor shapes, and
have identified different failure mechanisms, often with the aid of the
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critical embedded depth (Merifield et al., 2006; Merifield and Sloan,
2006; Li et al., 2016; Zhang et al., 2017; Choudhary et al., 2018; Roy
et al., 2021). However, the cyclic response of plate anchors in sands is a
complex interaction problem and being less studied. During cyclic
loading, sands can gradually accumulate plastic strains, which is known
as ratcheting behaviour (Houlsby et al., 2017; Liu et al., 2019). Conse-
quently, plate anchors embedded in sand may accumulate displacement
over their full operating life and change the monotonic post-cycling
capacity (Moghaddas Tafreshi et al., 2019). According to the experi-
mental results reported by Chow et al. (2015, 2018, 2020), the static
pullout capacity after cyclic loading could have a higher soil resistance
under the drained condition. However, the mechanisms behind such
performance still need further investigation.

Several approaches have been adopted to study the performance of
plate anchors, including theoretical analysis (Rowe and Davis, 1982;
White et al., 2008), physical testing (O’Loughlin and Barron, 2012;
Chow et al., 2015; Moghaddas Tafreshi et al., 2019; Roy et al., 2021),
macro-element modelling (Cassidy et al., 2012; Yang et al., 2012; Peccin
da Silva et al., 2021; Peccin da Silva, 2021), and numerical simulations
(Al Hakeem and Aubeny, 2019; Choudhary et al., 2018; Evans, 2019).
Among these methods, 3D FE analysis allows for detailed anchor-soil
interaction modelling under different loading conditions at a relatively
low cost. Besides, the local soil response can be investigated in detail to
promote the understanding of the anchor-soil interaction mechanisms
and help to support plate anchor optimization design from the
perspective of laboratory soil element tests. However, few 3D FE studies
have been carried out to systematically explore the post-cyclic behav-
iour of horizontally oriented plate anchors in sand.

Accurate 3D finite element analysis of geotechnical problems relies
on the careful selection of a reliable soil constitutive model. The chosen
model should possess theoretical accuracy, user-friendliness, and
ideally, the ability to precisely capture the behavioral characteristics of
diverse soil types. The Cam-clay model (Schofield and Wroth, 1968),
regarded as a pivotal advancement in modern soil constitutive model-
ling, is particularly well-suited for simulating behaviour of normally
consolidated clay. By introducing an elegantly defined unified hard-
ening parameter and the Transformed Stress (TS) method into the crit-
ical state framework, Yao et al., (2009, 2019) developed the UH (unified
hardening) model which can effectively and uniformly capture the
three-dimensional (3D) stress-strain characteristics of various types of
soils. Some models that only designate for particular soil type, like
SANISAND-MS model developed by Liu et al. (2019), has been suc-
cessfully applied to simulate monopile cyclic behaviour recently (Liu
et al., 2020, 2022a, 2022b), demonstrating its potential for use in
simulating the response of cyclically loaded offshore structures in sand.
The SANISAND-MS model is an elasto-plastic model based on bounding
surface theory and critical state framework. The model takes into ac-
count the effects of soil fabric effects through a so-called ‘memory sur-
face’ (Corti et al., 2016) and is proven to be capable of accurately
reproducing the cyclic ratcheting behaviour of sand. Afterwards, Lan
et al. (2023) upgraded the original SANISAND-MS by employing
hyperelasticity law. The updated SANISAND-MS model is featured as a
physical adaptation and thermodynamically consistent, without losing
the accuracy in reproducing sand cyclic behaviour.

In this work, 3D FE analyses are performed to study the soil-anchor
interaction mechanisms, using the upgraded SANISAND-MS constitutive
model (Lan et al.,, 2023). The open source FE platform OpenSees
(McKenna, 2011) is selected for this purpose. Since the long-term cyclic
environmental loads experienced by floating OWTs usually have low
amplitude and frequency (Vorpahl et al., 2013), the post-installation
long-term cyclic response of the sandy soil around plate anchors can
be assumed as drained. However, one should be aware that the
assumption of a drained condition without considering any consolida-
tion effect could underestimate the anchor capacity by 40%, according
to previous research (Chow et al., 2020). Parametric studies are con-
ducted to explore the effects of soil relative density, cyclic amplitude
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ratio, cyclic asymmetric ratio, embedded depth, anchor geometry, and
soil-anchor interface. The local soil response (e.g. element stress and
strain) is investigated in detail to gain insights into the local anchor-soil
interaction mechanisms. The findings from the study can contribute to
the refinement of the laboratory test programs and aid in the detailed
design of plate anchors.

2. 3D-FE analysis of soil-anchor interaction

Plate anchor is an efficient solution for mooring offshore floating
facilities. Soil-anchor interaction is complex and can greatly affect the
stability of floating OWTs. In this study, 3D finite element models of soil-
anchor interaction were constructed using the open source platform
OpenSees (McKenna, 2011) to systematically explore the monotonic,
cyclic and post-cyclic behaviour of horizontally oriented plate anchors,
with a particular focus on the cases of plate anchors subjected to vertical
loads (which is often the case of plate anchors holding TLPs). Influencing
factors such as embedded depths, relative densities, anchor aspect ratios
and cyclic load characteristics were considered. The upgraded
SANISAND-MS model was employed to capture the small strain
nonlinearity and anisotropic features of sand. More importantly, the
upgraded SANISAND-MS model can avoid large spurious accumulations
of strain under conditions of many loading cycles with small load am-
plitudes (Lan et al., 2023).

2.1. Geometry and material parameters

Fig. 1 displays the 3D FE model adopted in this work, where L, Band t
stand for the length, breadth and thickness of the plate anchor, while H
represents the embedded depth of the plate anchor. Due to its symmetry,
the quarter model was used to expedite the computation. The plate
anchors were modelled as steel using a linear elastic material model.
Typical steel material properties of Young’s modulus (Esee = 2.21 X
108 kPa), Poisson’s ratio (Ve = 0.3) and density (p = 7.85 g/cm?®)
were set for the plate anchor. For the boundary conditions, the bottom
surface of the plate anchor was restrained in all directions of the
movements, whereas the lateral boundaries were fixed in the normal
direction. To eliminate any effects from boundaries, the length and
width of the geometric model were always kept larger than H + L/2 and
H+ B/2, and the anchor was always placed at a distance greater than 2L
from the bottom of the model (Choudhary et al., 2018).

The soil domain was assumed to be uniform Karlsruhe quartz sand.
The properties of the Karlsruhe quartz sand are as follows: maximum
void ratio en,x = 0.874, minimum void ratio e;, = 0.577, median par-
ticle diameter D5y = 0.55 mm, uniformity coefficient C, = 1.8, dry unit
weighty = 16.0 kN/m® which corresponds to the relative density of 83%
(Wichtmann et al., 2005). The relative densities of 30% and 70% were
chosen to represent the loose and dense states, respectively.

2.2. Upgraded SANISAND-MS model

The upgraded SANISAND-MS constitutive model developed by Lan
et al. (2023) is adopted to capture the sand’s cyclic behaviour. The
upgraded SANISAND-MS model is an elasto-plastic model based on
bounding surface theory and a critical state framework. The model
contains three loci (Fig. 2): (a) a narrow conical yield surface; (b) a wide
conical bounding surface; (c) a conical memory surface. The effect of the
fabric changing during cyclic loading is considered by the so-called
‘memory surface’ (Corti et al., 2016; Liu et al., 2019). The state
parameter () is used in the model to unify the treatment of loose and
dense sands under one group of constitutive parameters (Dafalias et al.,
2004). In the upgraded SANISAND-MS model, the hyperelasticity law
proposed by Houlsby et al. (2019) is adopted to ensure that elastic strain
does not accumulate upon elastic cyclic loading and thus, to accurately
predict strain accumulation under high-cyclic loads. The upgraded
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Fig. 1. 3D finite element model and the geometry of the plate anchor.
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Fig. 2. Relevant loci in the deviatoric stress ratio plane (modified after Liu
et al., 2019).

SANISAND-MS model contains 18 parameters that can be calibrated
against the sand’s monotonic and cyclic responses. As shown in Fig. 3,
the model parameters of Karlsruhe quartz sand (as presented in Table 1)
have been calibrated against laboratory test data performed by Wicht-
mann et al. (2005). Fig. 3 shows that the predicted stress-strain response
of monotonic drained tests and the accumulated total strain of cyclic
drained tests agree well with the test results. The calibration procedure
can be found in Liu et al. (2019) and Lan et al. (2023) and will not be
repeated here.

2.3. FE model settings

The soil domain and plate anchor were modelled by an 8-noded
SSPbrick element in OpenSees. The 8-noded SSPbrick elements ensure
the physically stabilized single-point integration, which eliminates
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Table 1
Upgraded SANISAND-MS model parameters of Karlsruhe quartz sand calibrated
by Lan et al. (2023).

Model features Parameters Values
Elasticity n 0.3

v 0.05

k 330

y 0.9
Critical state M 1.27

c 0.712

Ae 0.049

ey 0.845

£ 0.27
Yield surface m 0.01
Plasticity modulus hy 1.54

Ch 1.01

m, 1.95
Dilatancy Ap 1.02

ng 1.05
Memory surface Ho 260

¢ 0.0005

b 1

volumetric and shear locking and improves computation precision and
efficiency (McGann et al., 2015). For the plate element, the equalDOF
command enforces equal vertical displacements for all nodes, which
prohibits any thickness change in the plate anchor. The zer-
oLengthContact3D command was used to make node-to-node frictional
contact between the plate and soil interface, where the penalty method
is implemented to control the penetration of two contact nodes through
horizontal and vertical stiffness penalties of K, and K,,, respectively. The

4
n

[ [F~—Upgraded SANISAND-MS, 1, = 60

—— Upgraded SANISAND-MS, = 260

....... Upgraded SANISAND-MS, o= 560 4
® Experiment (Wichtmann, 2005) e

)
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o
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Accumulated total strain, £ [%]
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o° 10! 107 10°
Number of cycles, N [-]

(b)

Fig. 3. Calibration of model parameters against experimental findings conducted by Wichtmann et al. (2005), (a) triaxial monotonic drained tests under the constant
Pin = 200 kPa, varying e, (b) triaxial cyclic drained tests following the settings: e;, = 0.702, ¢! = 60 kPa, p;, = 200 kPa, 72¢ = 0.75 (Lan et al., 2023).
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soil-anchor interface beneath the plate anchor can be contacted
node-to-node by applying the zeroLengthContact3D element. This contact
allows the interface between the bottom soil and anchor to separate
freely when the normal contact stress reduces to zero. Fully binding
contact is an alternative method for addressing the soil-anchor interface.
When applying fully binding contact, the nodes between the soil and
anchor must be bound in all degrees of freedom, and thus there should
be no gap at the base of the plate anchor during the pullout process.

The installation process of the plate anchor was not simulated, and
the plate anchor was assumed to be wished in place before applying
vertical load in this study. The stiffness penalties (K; and K,,) at the soil-
anchor interface were set sufficiently high to prevent the nodes of the
plate anchor and the nodes of the soil elements from penetrating each
other (Balomenos et al., 2020). Other input parameters to the zer-
oLengthContact3D element are cohesion (c,) and friction coefficient ().
Since the soil domain was modelled as sand, the cohesion (c,) coefficient
is set to zero. To test the effect of the friction coefficient (4) on the
load-displacement response of plate anchors, three simulations associ-
ated with loose sand were performed with different values of i (0.1, 0.4,
and 0.7). All other parameters, as presented in Tables 1 and 2, were kept
the same. The three simulations were performed on anchors with the
following dimensions: H/B = 3, L/B =1.7, B=4.64 m, and t = 0.6 m.
The vertical monotonic load was applied at the centroid of the upper
surface of the plate anchor. As shown in Fig. 4, despite the increase in the
value of y, the load-displacement response remains nearly identical. This
indicates that, for a horizontally oriented plate anchor subjected to
vertical loading, the frictional effect at the anchor-soil interface is not
significant. Therefore, a value of 4 = 0.7 was selected for this study. The
selected parameters for the zeroLengthContact3D element are shown in
Table 2.

2.4. Mesh size effect

A convergence study was carried out to test the meshing effect in a
loose sand domain. Fig. 5(a)-(d) show four FE models with 1976, 3306,
4598, and 7524 elements, respectively. Frictional contact elements
(which will be discussed in Section 3.1.1) were employed in the four FE
models to model the soil-anchor interface.

The vertical monotonic load was applied at the centroid of the upper
surface of the plate anchor. The load was applied until a normalized
vertical displacement of §,/B = 5% was achieved, where §, stands for the
vertical displacement of the plate anchor at the loading point and B is
the breadth of the plate anchor. Fig. 6 displays the results of the FE
simulation with different mesh sizes. There is a trend that finer mesh
results in larger vertical displacement under the same uplift load. At the
same time, with the difference of 3.1% in the simulated uplift load when
using 4598 and 7524 elements at §,/B = 5%, a clear convergence trend
was observed upon mesh refinement. To reach a balance between ac-
curacy and computational efficiency, the 4598-element model (Fig. 4
(c)) was used in the following sections.

2.5. Simulation programme

The vertical pullout resistance of the horizontal plate anchor was
simulated in 3D finite element analysis with both monotonic and cyclic
loads applied. The load-displacement curves obtained from the mono-
tonic up-lifting simulations were used to determine the ultimate pullout
capacity of the corresponding plate anchor. Various criteria have been
proposed for determining the ultimate pullout capacity, e.g., the specific

Table 2

The parameter settings of zeroLengthContact3D element.
K, K " c,
1.0 x 1.0 x 102 07 0.0

1012
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Fig. 4. The influence of friction coefficient (1) on vertical load-displacement
curves at the load point.

displacement criterion (Vesi¢, 1973), the double tangent intersection
criterion (Boushehrian et al., 2009), the function fitting criterion (Ghaly,
1997; Hanna et al., 2007) and ‘K4’ criterion (Rowe and Davis, 1982). In
this work, the specific displacement criterion was used to determine the
ultimate pullout capacity of the plate anchor. That is, taking ultimate
pullout capacity as the pullout load corresponding to a certain value of
8,/B (in this case, 5% is selected).

To investigate the load-displacement behaviour of the plate anchor
subjected to vertical cyclic loading, the one-way cyclic loads (loading
program sketched as in Fig. 7) were applied under control of cyclic
amplitude ratio ¢, and cyclic asymmetric ratio ¢.. {;, and ¢, are defined
the same as in LeBlanc et al. (2010):

qux
= 1
= &)

Fmin
—_mn 2
L= @

where Fpax, Fmin Stand for maximum and minimum vertical load in a load
cycle, respectively. F, is the reference vertical load that causes a given
reference vertical displacement of the plate anchor. In general, F, is
selected to be the monotonic ultimate pullout capacity.

Table 3 summarizes the test plans for cyclic numerical simulation. 14
numerical simulation tests were conducted on dense and loose sand with
¢y, in the range of 0.1-0.45, the tests involved cyclic one-way loading
only with ¢, in the range of 0~0.5. Since the step-by-step analysis of
high-cyclic soil-structure interaction is computationally prohibitive (Liu
et al., 2019), the number of cycles was limited to 100. On a computer
equipped with an Intel i7-9700K CPU with a base frequency of 3.6 GHz,
it takes approximately 29~85 h to calculate each of the cyclic cases
listed in Table 3. At the end of the 100th cycle, a monotonic pullout stage
(post-cyclic stage) was added to investigate the post-cyclic behaviour of
the plate anchor. The monotonic pullout load in the post-cyclic stage
was applied until the vertical displacement of the plate anchors at the
post-cyclic stage reaches 5,/B = 6%. The initial relative densities D, j, =
30% and D,j, = 70% were set before the application of the gravity
loading stage. Thus, at the beginning of the vertical loading stage, the
relative densities in soil domain slightly increased.

3. Numerical results

In this section, 3D FE simulation results of monotonic loading are



H. Lan et al.

(a)

Ocean Engineering 287 (2023) 115936

(b)

(©)

(d)

Fig. 5. Auxiliary models for sensitivity analysis of mesh size effect: (a) 1976 elements; (b) 3306 elements; (c) 4598 elements; (d) 7524 elements.
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Fig. 6. The influence of mesh size on vertical load-displacement curves at the
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Fig. 7. Illustration of the loading sequence considered in cyclic tests.

first presented to study the influence of sand’s relative density, soil-
anchor interface, aspect ratio, and embedded depth ratio on the
monotonic behaviour of the plate anchor. After that, the results of cyclic
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Table 3

The details of numerical simulation cases for cyclic tests.
Test label Diin & e Test label Dyin &y [
L1 30% 0.45 0.50 D1 70% 0.45 0.50
L2 30% 0.30 0.50 D2 70% 0.30 0.50
L3 30% 0.10 0.50 D3 70% 0.10 0.50
L4 30% 0.40 0.50 D4 70% 0.40 0.50
L5 30% 0.40 0.30 D5 70% 0.40 0.30
L6 30% 0.40 0.10 D6 70% 0.40 0.10
L7 30% 0.40 0 D7 70% 0.40 0

loading are analyzed to explore the effect of cyclic characteristics (£, and
¢.) on the cyclic behaviour of the plate anchor, specifically for the post-
cyclic uplift load resisted by plate anchors and vertical displacement
accumulation. Finally, the soil states around the plate anchor are studied
at element level.

3.1. Monotonic behaviour

3.1.1. Effect of soil-anchor interface

For an anchor’s uplift test, it is common to observe the collapse of
sand into the gap created beneath the anchor (Dickin and Laman, 2007).
This phenomenon indicates that the anchor and soil are separating
during the uplift process, resulting in the formation of a gap beneath the
anchor. In this study, two types of contacts are used at the base of the
plate anchor to investigate the effect of gap on the bearing character-
istics of a plate anchor, as indicated in Fig. 8, where monotonic uplift
loads were applied to the model with H/B=3,L/B=1.7, B=4.64,and t
= 0.6 m for loose sand.

Fig. 8 illustrates color maps of vertical displacement for loose soil
when §,/B = 5% at the loading point. As shown in Fig. 8(a), the soils
beneath the plate anchor are pulled up with the uplifting of the anchor,
as the soil-anchor interface is assumed to be fully binding with no gap
allowed. Whereas, in Fig. 8(b), due to the use of a frictional contact
interface, a gap between soil and anchor can be simulated (a large scale
of the gap is shown in Fig. 8(c)). The frictional contact interface was
simulated using zeroLengthContact3D element. As a result, the soil
beneath the anchor was not significantly heaved but showed a slight
rebound instead. The lateral and upper interfaces of the plate anchor
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were assumed to be fully binding contacts for both cases.

Fig. 8 demonstrates that the vertical displacement of the soil is
concentrated in a bubble-shape zone above the plate anchor, which
extends towards the ground surface. This pattern suggests a shallow
failure pattern. A similar failure pattern for embedded ratio H/B = 3 has
been reported by Choudhary et al. (2018) from the 3D FE analysis of a
square plate anchor.

The normalized vertical load-displacement responses of the loading
point for loose and dense sand with two types of contacts are presented
in Fig. 9. As shown in Fig. 9, the load-displacement curves for loose or
dense sand have a similar trend regardless of whether a soil-anchor
interface separation is allowed or not. When the vertical displacement
is small (6,/B = 0 ~ 0.3%), the load-displacement responses of all cases
are nearly identical. As the load increases, the difference among the four
curves gets larger. White et al. (2008) have demonstrated that the uplift
capacity of the plate anchor is comprised of two resistant components:
(a) the upper covered weight of soils and the weight of the plate anchor,

18000 - D . =30%, 10 gap D _, =30%, with gap
15000 | — 'Dr,in = 70%, no gap —Dr,in=70%’ with gap B
— - -
Z .
& 12000 } PR
S e e
- — -
2 9000 Py~ -~
@] - -
- Y/ -
= ”
= 6000F Sz
S
3000 f
: , , , . .
0 1 2 3 4 5

Normalized vertical displacement, JZ/B [%]

Fig. 9. Normalized vertical load-displacement responses at the loading point.
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Fig. 8. Distribution of vertical displacement of soil when the §,/B = 5% at the loading point. (a) D,;, = 30%, with no gap allowed, (b) D.j, = 30%, with gap allowed,

(c) local large scale of gap.
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(b) the shear strength of the soil along the sliding band above the plate
anchor. In comparison to the loose sand, the dense sand has greater
shear resistance along the shear surface, resulting in a greater uplift
load, as shown in Fig. 9. When the normalized vertical displacement &,/
B = 5%, the uplift load of the dense sand case is 38.9% and 34.1%
higher than that in the loose sand case, respectively, under the cir-
cumstances of with and without a gap, respectively. The uplift load is
affected by the presence of gaps. As illustrated in Fig. 9, in loose sand,
the uplift load is 12.2% higher when gaps are not permitted in the
simulation settings. In dense sand, the number is 16.1%. The reason for
this is that when the soil-anchor interface is set by fully binding contact,
the shear strength of the soil below the plate anchor can be mobilized
and contribute to generating resistance.

3.1.2. Effect of embedded depth ratio (H/B)

Three different embedded depth ratios (H/B=1, 3 and 5) were
simulated to investigate the influence of embedment depth on the an-
chor’s bearing characteristics in loose and dense sand. Frictional contact
is adopted at the soil-anchor interface in this section, which allows the
anchor and soil to separate freely when the normal contact stress re-
duces to zero. The width (B) and thickness (t) of the plate anchor are
fixed at 4.64 m and 0.6 m, respectively (the same value as indicated in
Section 3.1.3) and the aspect ratio (defined as L/B) was set to 1.7.
Monotonic uplift loads were applied at the centroid of the upper surface
of the plate anchor.

The load-displacement curves for different embedded depth ratios
H/B =1, 3 and 5 and initial relative densities D, j, = 30% and 70% are
demonstrated in Fig. 10(a). For both dense and loose sand, an increase in
the H/B results in a greater uplift load Q. The variations of Q with H/B
for loose and dense sand are plotted in Fig. 10(b), which is accomplished
by extracting the uplift load Q that triggers normalized vertical
displacement &,/B = 3%. The Q increases almost linearly with
increasing H/B. Similar linear trends of the uplift load as a function of H/
B are reported in Rowe and Davis (1982) based on physical modelling
results, in Merifield and Sloan (2006) by numerical limit analysis, and in
Evans (2019) by discrete element method (DEM). Fig. 11 displays color
maps of the distribution of vertical displacement for H/B = 1.0 and 3.0,
respectively. It can be seen that a larger embedment depth ratio implies
greater soil weight above the anchor and a longer sliding surface,
resulting in a higher Q.

As illustrated in Fig. 10, for a given H/B, the uplift load of a plate
anchor in dense sand is larger than the one in loose sand. As H/B in-
creases, the disparity between uplift loads in loose and dense sand in-
creases. In Fig. 10(a), the load-displacement curves are almost identical
for loose and dense sand when H/B = 1, but they vary for larger H/B
ratios (e.g., the cases with H/B = 3 and H/B = 5, which are relevant for
floating offshore structures). As can be seen in Fig. 10(b), the uplift load
of the plate anchor appears to converge to the same value for both loose
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and dense sand with a small embedded depth ratio. Similar conclusions
have been reported by Schofield and Wroth (1968) and Liang et al.
(2021). Fig. 11(a)~(d) compare the vertical displacement distribution
for loose and dense soil at shallow embedment (H/B = 1.0) and deeper
embedment (H/B = 3.0), respectively. The color maps for the shallow
embedment depth (H/B = 1.0) reveal that the size of the influence zone
at loose and dense sand is almost the same, except that the horizontal
extension of the ground is slightly wider in dense sand. Fig. 11(c) and (d)
show that for deeper embedment depth H/B = 3.0, in the case of loose
sand, the mobilization zone is in a bubble-shape. In the case of dense
sand, a conical-shape mobilization zone is formed.

3.1.3. Effect of aspect ratio (L/B)

Six simulations were run with three different aspect ratios (L/B =
1.7, 2.5, and 3.5) in both loose and dense sand to examine the impact of
anchor geometry on the bearing characteristics of the plate anchor. The
soil-anchor interface was set to allow a gap to occur. The embedded
depth ratio (H/B) was set at 3.0.

Fig. 12(a) shows the uplift load Q versus the normalized vertical
displacement &, /B for each aspect ratio in both dense and loose sand. As
the geometry of the anchor becomes larger, more soil is mobilized,
resulting in an increase in the uplift load. Take the Q corresponding to
8,/B = 3% to study the influence of L/B on the uplift load. For the plate
anchor with L/B = 1.7, the uplift load Q; /5—1 7 = 8411 kN for loose sand,
and Q/g—17 = 11517 kN for dense sand. Dickin and Laman (2007)
performed centrifuge tests on 25 mm wide, 3 mm thick stainless steel
model anchor plates with aspect ratios L/B =1, 2, 5, and 8 in sand. The
normalized uplift load Q/ Q/g—17 in this study is compared with the
experimental results conducted by Dickin and Laman (2007). Fig. 12(b)
demonstrates that the uplift load increases almost linearly as the aspect
ratio increases. The difference in slope is due to the different soil types
and soil densities, among other factors.

3.2. Cyclic behaviour

Horizontally orientated plate anchors are subjected to vertically
cyclic wave and current loads when they are used to secure TLPs. In this
section, cyclic vertical loads were applied to the plate anchor, and the
cyclic behaviour of the sand was modelled using the upgraded
SANISAND-MS model. The details and model parameters for the
upgraded SANISAND-MS model have been introduced in the previous
section. The investigation focuses on the factors of the cyclic amplitude
ratio ¢, and the cyclic asymmetric ratio ¢, which are listed in Table 3.
The cyclic uplift load is applied in a manner as sketched in Fig. 7. The
number of cycles was limited to N = 100. After cyclic loading, the plate
anchor is monotonically loaded until the vertical displacement §,/B
range at the post-cyclic stage reaches 6%. The soil-structure model is
defined with the embedded depth ratio H/B = 3.0, anchor width t = 0.6
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Fig. 10. Influence of embedded depth ratio (H/B) on anchor’s uplift bearing behaviour under a constant L/B = 1.7. (a) Variation of uplift load with normalized
vertical displacement for different H/B and initial relative densities, (b) variation of uplift load with H/B when 6,/B = 3%.
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m, and the aspect ratio of the plate anchor of L/B = 1.7, and the soil- 3.2.1. Effect of cyclic amplitude ratio (&,)

anchor interface is set to allow a gap to occur. To study the impact of {; on the cyclic behaviour of the plate anchor,
a 3D FE model was employed. The model was subjected to three
different cyclic loads, with ¢, = 0.1, 0.3 and 0.45, while maintaining the
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Fig. 13. Uplift load-displacement curves for different ¢, under a constant {, = 0.5. (a) In loose sand with D,;, = 30%, (b) in dense sand with D,;, = 70%.
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same {, = 0.5. Fig. 13 displays the cyclic load displacement curves of
the plate anchor in both loose sand and dense sand conditions. As shown
in Fig. 13, when the cyclic amplitude is small (e.g., the cases with ¢, =
0.1), there is a very small displacement accumulation of the plate an-
chor during cyclic loading. As the cyclic load amplitude increases and
becomes sufficiently large to counteract the weight of the plate anchor
and a part of the soil, larger displacement accumulations are observed
during the initial cyclic stages. For the test with ¢, = 0.45, the uplift
displacement of the anchor occurs in the first few cycles. Subsequently,
the rate of displacement accumulation decreases.

After the cyclic stage, monotonic loading was applied to examine the
post-cyclic uplift characteristics of the plate anchor. As shown in Fig. 13,
during the post-cyclic stage, the load-displacement response of tests that
underwent a previous cyclic stage exhibits a similar trend to that of tests
without cyclic loading (monotonic tests), in which the uplift load in-
creases with an increase in displacement. Nevertheless, cyclic loading
leads to a higher post-cyclic uplift load compared to monotonic tests in
both loose and dense sand. The post-cyclic uplift load increases more in
tests with a high cyclic amplitude ratio ¢,. The only exception is the case
of plate anchor in dense sand where ¢, = 0.1 was applied, in this case,
almost no cyclic effects were observed in this case. Another observation
is that the relative density does not significantly influence the cyclic
loading on the post-cyclic uplift load. For example, in the case of {, =
0.45, the post-cyclic uplift load in loose sand is 35.3% (in dense sand it is
31.4%) greater than the load observed under the monotonic loading
when the range of post-cyclic displacement reaches 8,/ B = 6%. Similar
overshooting of the load-displacement response has been reported in
Chow et al. (2015) through experimental studies and in Evans (2019)
through numerical simulation.

To elucidate the mechanism behind the increased uplift load during
post-cyclic loading, color maps depicting the relative density (D,) of the
soil domain at the end of the 100th cycle are shown in Fig. 14. In Fig. 14,
it is observed that the relative density of the soil around the plate anchor
increases after 100 cycles. This increase in relative density indicates that
the soil around the plate anchor undergoes densification as a result of
cyclic loading. The densification of the sand leads to an increase in the
shear strength and stiffness of the soil domain. Consequently, the uplift
load experienced by the plate anchor during the post-cyclic stage ex-
ceeds the uplift load observed in the monotonic loading case.

Fig. 14 (a) and (b) demonstrate that the degree of sand densification
varies between loose and dense sand under identical conditions. Addi-
tionally, the area with the highest level of densification is predominantly
concentrated in the upper portion of the plate anchor. To investigate the
densification of the soil domain in more detail, three horizontal slices
are taken below the plate anchor (at the depth of 1B) and above the plate
anchor (at distances of 0.5B and 1B), as indicated by the dashed line in
Fig. 14(a)). These slices are analyzed separately for both loose and dense
sand conditions. Fig. 15 displays the contour of the distribution of the
relative density increment AD; at the end of the 100th cycle. The relative
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density increment is defined as AD; = (D; — Din)/D;in X 100%, where
Dy jn = 30% in Fig. 15(a)~(c), and Dj, =70% in Fig. 15(d)~(f). In
Fig. 15, the rectangular area surrounding the original point indicates the
scope of the plate anchor. From Fig. 15(a) and (c), it can be observed
that in loose sand, the densification is more pronounced above the plate
anchor compared to below it at the same distance of 1B. In Fig. 15(a), the
AD; is approximately 8.5%, whereas in Fig. 15(c), it is almost 15%. In
contrast, the range of AD, for dense sand in the same zone of soil domain
is between 2.95% and 3.3% in Fig. 15(d) and between 2% and 3.5% in
Fig. 15(f). This indicates that, in dense sand, the degree of densification
above or below the anchor at a distance of 1B is comparable.

As the distance between the slice and the plate anchor increases, the
degree of densification decreases. Fig. 15(b) and (c) illustrate that, for
the same location, AD, =~ 18% ~ 25% for the case above the plate an-
chor with 0.5B, while AD; is about 8%~15% for the case above the plate
anchor with 1B. The initial relative density of sand also influences the
degree of densification within the soil domain. As shown in Fig. 15(b)
and (e), for a given soil location, the relative density can increase by as
much as 25% in loose sand, but by only 5% in dense sand.

Fig. 16 illustrates the distribution of mean effective stress (p) for
cases L2 and D2 after 1, 10, and 100 cycles. For a small number of
loading cycles (N = 1,10), the distribution of p is almost identical for
both loose and dense soil. However, as the number of cycles increases,
discrepancies between loose and dense soil occur due to load redistri-
bution during cyclic loading. The discrepancies are evident in Fig. 16(e)
and (f) for cases with N = 100.

For cases L2 and D2, the mean effective stress below the plate anchor
decreases with an increasing number of cycles. Initially, the soil beneath
the plate anchor is subjected to both the weight of the plate anchor and
the soil above it when the cyclic uplift load is initiated. During cyclic
loading, the plate anchor gradually rises vertically, as shown by the load
displacement curves depicted in Fig. 13(b). With an increasing number
of cycles, the applied uplift load gradually balances the weight of the
plate anchor and the soil above it. As a result, the mean effective stress
beneath the plate anchor decreases, and it may even reduce to zero as
the soil and plate anchor are detached.

As depicted in Fig. 16(a), (c) and (e), the distribution of p in zone 1
(directly above the plate anchor) remains between 120-160 kPa as the
number of cycles increases. This indicates that the mean effective stress
of zone 1 is largely unaffected by the number of cycles in loose sand.
However, in dense sand, the mean effective stress above the plate anchor
progressively increases with an increasing number of cycles. For
example, the mean effective stress in zone 1 starts with the range of
120~160 kPa (Fig. 16(b), but eventually increases to 180-220 kPa at
the end of 100 cycles (see Fig. 16(f)). In both loose sand and dense sand
(cases L2 and D2), the mean effective stress in zone 2 (on the side above
the plate anchor) decreases. However, the extent of the decreased mean
effective stress is greater in loose sand compared to dense sand, as
indicated by the color bar. The decrease in mean effective stress p can be
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Fig. 15. The contour distribution of the relative increment of relative density AD; = (D; —D,n)/Drin x 100% at the end of 100 cycles for (a)~(c) case L2 with D, ;, =

30%, and (d)~(f) case D2 with D,;, = 70%.

attributed to two main reasons: (a) load redistribution of the entire soil
domain during cyclic loading, and (b) shearing in zone 2 happens with a
decreasing volumetric strain rate when the number of loading cycles
gets larger, approaching a state of constant-volume shearing conditions.
Similar responses of such an approaching state of constant-volume
shearing of sands under cyclic loading have been reported by Tsuha
et al. (2012) through laboratory tests and by Liu et al. (2022a) with 3D
FE simulations. The local soil response (mainly described in Section 3.3)
provides evidence supporting the second reason (b). Taking element D
(located in zone 2 as shown by Fig. 1) as an illustration, Fig. 24(e)
demonstrates that the volumetric strain ¢, increased by 0.61% (from
0.87% to 1.48%) when the number of cycles increases from 60 to 80.
However, when N increases from 80 to 100, the volumetric strain in-
creases by only 0.31% (from 1.48% to 1.79%). During the latter part of
cyclic loading, the rate of change of volumetric strain in loose sand
decreases. On the other hand, in dense sand, as shown in Fig. 24(f), there
is only a 0.02% (from 0.43% to 0.45%) increase in ¢, when N changes
from 60 to 80, compared to a 0.16% (from 0.45% to 0.61%) increase
when N increases from 80 to 100. The change rate of volumetric strain in
dense sand increases as the number of cycles increases. Consequently,
the degree of p reduction is greater in loose sand than in dense sand.

3.2.2. Effect of cyclic asymmetric ratio (¢,)

The influence of the cyclic asymmetric ratio {, on the cyclic behav-
iour of the plate anchor has been investigated using cases L4~L7 for
loose sand and D4~D?7 for dense sand (Table 3). The cyclic amplitude
ratio () is fixed at 0.4. Fig. 17(a) and (b) present the cyclic load-
displacement response for loose and dense sands, respectively. In all
the cyclic loading cases shown in Fig. 17, the post-cyclic uplift load is
eventually higher than the monotonic uplift load. For loose sand cases,
the cyclic asymmetric ratio ¢, has little effect on the post-cyclic uplift
load of the plate anchor. For example, when the range of §,/ B of post-
cyclic stage reaches 6%, the uplift loads of cases L4~L7 exhibit a small
range (11.7-12.8 MN). In the case of dense sand, the post-cyclic uplift

10

load remains similar except for the case with ¢, = 0.1, as observed for
the cases with ¢, = 0.0, {, = 0.3, and ¢, = 0.5 at the final of the post-
cyclic stage. For the case of ¢, = 0.1, there is an approximate increase
of 10.2 MN in the final post-cyclic load compared to the case of mono-
tonic loading.

Furthermore, it can be observed from Fig. 17(a) that in loose sand —
in cases of L6 and L7 with {, = 0 and 0.1, the vertical displacement of the
plate anchor is less than zero after cyclic loading, as also shown in
Fig. 18(a) that (5, — &p)/B < 0. To investigate the influence of {. on
vertical displacement accumulation, Fig. 18 presents the normalized
vertical displacement of the plate anchor as a function of the number of
loading cycles for different ¢, values, while keeping ¢, = 0.4. The results
show that the regime of vertical displacement accumulation is different
between loose and dense sand. In loose sand (Fig. 18(a)), the anchor
initially experiences rapid settlement before reaching a stable state
when ¢, is small ({, = 0~0.3). As ¢, increases, the rate of settlement
decreases, and the vertical displacement eventually accumulates in a
positive direction. On the other hand, in dense sand, as shown in Fig. 18
(b), the vertical displacement of the plate anchor accumulates upward
during cyclic loading. The effect of gravity from the overlying soil and
the plate anchor plays an important role when an excessive uplift load is
unloaded, resulting in the accumulation of vertical displacement in the
opposite direction. It is observed that in loose sand, for a given number
of loading cycles, the normalized vertical displacement increases with
an increase of (.. Similarly, in dense sand, an increasing trend in
normalized vertical displacement is observed in Fig. 18(b) as ¢, changes
from 0 to 0.3. However, the normalized vertical displacement in dense
sand decreases when (, increases to 0.5.

3.3. Local soil response

When a plate anchor is subjected to cyclic loading, it may induce
stress and strain variations in the soil surrounding the anchor. Under-
standing the local soil behaviour around the anchor is essential for
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optimizing the design of a plate anchor, particularly from a laboratory local soil behaviour.
testing perspective. It is convenient to extract the element stress/strain In this study, representative elements denoted by A~E (as shown in
response at each step of cyclic loading, which aids in comprehending the Fig. 1) were selected to investigate the local soil response. According to
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Fig. 20. Responses of element stress components for the reference elements in Fig. 1. (a)~(b) element A, (c)~(d) element C, (e)~(f) element D.

"
=)

Deviatoric stress, ¢ [kPa]

"
3

)
S

©
=]

=)
=]

w
S

/

0 30 60 90 120

150

=N o )
=] =) =

©w
S

Number of loading cycles, N [-]
Deviatoric stress, ¢ [kPa]

100
90
80
70
60
50 -
40 .
30
20 i
10 p
0 0/

0 30 60 90 120

Mean effective stress, p [kPa]

(b)

Mean effective stress, p [kPa]

(©)

Fig. 19. Cyclic effective stress path of (a) element B, (b) element D, (c) element E, for case L2 with D;j; = 30%.

150 100
L 90 =
<
& 120 80 %
> 70 3
5 z
&m) 90 60 )
8 0 g

=3
.% 60 40 :o
E 3
5 30 20 g
a 10 7
0 0
0 30 60 90 120 150
Mean effective stress, p [kPa]
(a)
Case L2 Dr e 30%
80 ’
5
= 60
®
E 40
=
=3
j=5
£ 20
=}
Q
P
30 ~ 2 e
=
wn
-20
0 0.5 1 15 2
Time, [s] «10*
(a)
Case D2 Dr e 70%
80 ’
g ' L
= 60
—_— —0 ——0.
B XX vy 2z
ooty e e
:
1=
=3
9 W'me
£ 20
o
o
P
3 0
=
wn
-20
0 0.5 1 1.5 2
Time, ¢[s] x10*

(b)

Case L2 D . =30%
r,in

w
=3
S

[kPa]
[ )
3

g
— N
o S
S S

Stress component,
w S
(=3 =]

Time, ¢[s]

©

Case D2D . =70%
r,in

[
=]
S

IS
=]
S

[
=3
S

1)
=1
S

IS)
S

Stress component, o [kPa]
(=]

-100
0 0.5 1

Time, ¢ [s]

(d)

12

CaseL2D . =30%
r,in

250

50

Stress component, o [kPa]
=
S

=]

&
S

Time, ¢[s] x10*

(©

Case D2 Dri =70%

250

50 [,

Stress component, o [kPa]
=)
(=] (=}

9
S

1.5 2

Time, [s]

)

Number of loading cycles, N [-]




H. Lan et al.

the preliminary study, the responses of elements B, D and E are com-
parable. As illustrated by the cyclic effective stress path (see Fig. 19) for
case L2, both the mean effective stress and deviatoric stress decrease as
the number of loading cycles increases for elements B, D and E. For the
sake of simplicity, element D is used to represent the response of those
three elements. Consequently, the responses of elements A, C, and D will
be discussed and compared in the following sections.

The evolution of the six Cartesian stresses of the representative ele-
ments A, C and D during cyclic loading is demonstrated in Fig. 20. It can
be observed that the three components of shear stress (zxy, 7y, 7x;) of
elements A and C remain nearly constant, with values close to zero.
However, the component 7y, of element D varies around an average
value of 25 kPa and then decreases to values close to zero. The normal
stress o, for elements A gradually decreases in both loose and dense
sand. In dense sand, ¢,, for element C increases progressively, whereas
in loose sand, it initially increases and then decreases. During cyclic
loading, the normal stress 6,, of element D decreases and eventually
reaches zero for loose sand and 50 kPa for dense sand.

Fig. 21 illustrates the cyclic effective stress paths of deviatoric stress
versus mean effective stress, providing insight into the combination ef-
fect of the six stress components. The shaded sidebars in Fig. 21 repre-
sent the lode angle, ranging from 0° to 60°, where 0°and 60° indicate
triaxial compression and extension, respectively. The initial state cor-
responds to the beginning of the first cycle.

Element A (located shallowly and directly above the plate anchor)
exhibits a clear trend with an increase in mean effective stress and a
decrease in deviatoric stress. The increase in mean effective stress is
approximately twice as much in loose sand compared to dense sand. For
element C (located deeply and directly above the plate anchor), the
mean effective stress and deviatoric stress increase simultaneously in
dense sand. In loose sand, there is an initial increase followed by a
subsequent decrease. The stress path of element D (located deeply and
on the right side above the plate anchor) differs from that of elements A
and C. For element D, both the mean effective stress and deviatoric stress
show a decreasing trend as the number of loading cycles increases,
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eventually reaching zero in loose sand.

In Fig. 21(a)~(d), it is evident that the lode angle almost remains
close to 0° throughout cyclic loading for elements A and C. This suggests
that the soil directly above the plate anchor experiences a state similar to
triaxial compression, or oedometer conditions. Therefore, a cyclic oed-
ometer test would be suitable for evaluating the strength and stiffness of
the soil in this region. On the other hand, the lode angle of element D
varies between 0° and 60° during cyclic loading. This indicates the
mobilization of the shear stress component, corresponding to the vari-
ations in 7y, in Fig. 20(e)~(f). In this case, the DSS test would be more
appropriate for measuring the strength and stiffness of the soil on the
side above the plate anchor.

In Fig. 22, the stress path in 7y, /p ~ (oxx —02)/p plane is presented to
further investigate the mobilized shear stress at element D. Initially, the
stress state of element D lies on the negative side of the (oxx —0,,)/p axis,
indicating that the horizontal stress is smaller than the vertical stress. As
the number of loading cycles increases, the stress path gradually shifts
towards the positive side of the (6xx —0,,)/p axis. After approximately 30
cycles of cyclic loading, the horizontal stress becomes higher than the
vertical at loose sand; As a result, the shear stress 7y, moves to the
positive side of the (oxx —04;)/p axis. This stress path implies that the
principal stress axes for element D undergo rotation under cyclic
loading, with the rotation being more pronounced in loose sand.

Fig. 23 shows the distribution of shear stress 7y, and 74, in the overall
soil domain at the end of the 100th cycle for case L2. The dash line in-
dicates the mobilized zone of shear stress, which is located on the sides
above and below the plate anchor. In these zones, the shear stress
component cannot be neglected, and the soil’s strength and stiffness can
rely on the results of triaxial and DSS tests. To actually assess the soil’s
behaviour in these zones, it is necessary to measure and control more
than three stress components simultaneously. Advanced test methods,
such as hollow-cylinder torsional apparatus (HCTA) tests, can be
employed to meet these requirements (Cheng et al., 2021; Liu and
Kaynia, 2021).

Fig. 24 illustrates the cyclic strain responses for reference elements
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Fig. 23. A sketch of shearing domain at the end of 100th cycles for case L2. (a) Stress component 7y,, (b) stress component 7y,.
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A, C, and D in both loose and dense sand, with the color bar indicating
the number of loading cycles. The results highlight that the intensity of
strain mobilized in the soil domain is greatly affected by the initial
relative density of the soil and the location of the elements. Comparing
Fig. 24 (a) and (c) or (b) and (d), it can be observed that the volumetric
and deviatoric strains of element C are larger than those of element A for
a given number of loading cycles. Furthermore, the rate of strain in-
crease is higher in loose sand compared to dense sand, as evident from
Fig. 24(a) and (b), (c) and (d), or (e) and (f). The findings indicate that
there is substantial accumulation of volumetric and deviatoric strain in
the early cyclic stage. For instance, as shown in Fig. 24(d), approxi-
mately 50% of the total strain accumulation is achieved in only about 30
cycles. This local response is consistent with the global response of the
anchor, which experiences significant displacement accumulation in the
early cyclic stage. Additionally, the soil in dense sand tends to reach a
stable state more easily compared to loose sand.

4. Conclusion

This study systematically investigated the response of horizontally
oriented rectangular plate anchors subjected to vertical monotonic and
cyclic loads in a dry quartz sand. 3D FE simulations using the OpenSees
platform were conducted, incorporating the upgraded SANISAND-MS
constitutive model to capture the sand’s cyclic behaviour. The soil-
anchor interface below the plate anchor was modelled using the zer-
oLengthContact3D element, which allows for a gap to occur when the
normal contact stress reaches zero. The discussion in this work covered
the monotonic, cyclic, and post-cyclic behaviour of plate anchors, along
with the local soil responses, to investigate the anchor-soil interaction
mechanism. The intention was not to provide quantitative-level
predictions.

Parametric studies were performed to investigate the influence of
various factors on the plate anchor’s behaviour, including the relative
density, soil-anchor interface, embedded depth ratio, aspect ratio, cyclic
amplitude ratio, and cyclic asymmetric ratio. The numerical result
shows that when the soil-anchor interface does not allow for a gap, the
uplift load is larger compared to the case where a gap is allowed, as the
soil below the plate anchor contributes to shear resistance.

The findings regarding embedded depth ratio and aspect ratio were
qualitatively consistent with experimental trends reported in the

Notation

Ap ‘intrinsic’ dilatancy parameter

B plate anchor’s breadth

c compression-to-extension strength ratio
c, cohesion for zeroLengthContact3D element
Ch hardening parameter

Cu uniformity coefficient

Dso median particle diameter

D, relative density

D:in initial relative density

e reference critical void ratio

€in initial void ratio

Cmax maximum void ratio

€min minimum void ratio

Egteel Young’s modulus of the elastic steel anchor

f yield function

fo bounding function

fin memory function

Frax maximum vertical load in a load cycle
Frin minimum vertical load in a load cycle
Fret reference vertical load

ho hardening parameter
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literature. The simulation results successfully captured the overshooting
effect observed in the plate anchor’s load-displacement response during
the post-cyclic stage. This effect can be attributed to soil densification,
which increases strength and stiffness, and creases a more stable sand
micro-level configuration (fabric). Both factors result in a higher uplift
load after cyclic loading compared to applying monotonic loading only.
The degree of soil densification was found to be larger in loose sand
compared to dense sand.

In summary, the result of this work helps to more deeply understand
the mechanism of soil-anchor interaction, both from the global plate
anchor perspective and the local soil response perspective. Further in-
vestigations could consider more general loading conditions, such as
more anchor types and loading types, to further expand the knowledge
in this field.
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H plate anchor’s embedded depth

k dimensionless bulk modulus

K, penalty in tangential direction for zeroLengthContact3D element
K, penalty in normal direction for zeroLengthContact3D element
L plate anchor’s length

m Yield locus opening

M Critical stress ratio in compression

n nonlinearity parameter

N number of loading cycles

n, void ratio dependence parameters

ng void ratio dependence parameters

P mean effective stress

q deviatoric stress

q?me! cyclic amplitude

Q uplift load

Qu/g-17 uplift load when L/B = 1.7

S deviatoric stress tensor

t plate anchor’s thickness

u, vertical displacement of soil domain

y inherent anisotropy parameter

B dilatancy memory parameter

8, vertical displacement of the plate anchor

£q deviatoric strain

ey volumetric strain

Eace accumulated total strain

nave average shear stress ratio

AD, relative increment of relative density

W state parameter

p density for elastic steel anchor

v Poisson’s ratio

Vsteel Poisson’s ratio for elastic steel anchor

y dry unit weight

Ac CSL shape parameters

Uy friction coefficient for zeroLengthContact3D element

Ho ratcheting parameter

4 memory surface shrinkage parameter

I cyclic amplitude ratio

¢ cyclic asymmetric ratio

€ CSL shape parameter

Oxx normal stress applied in x-direction

Oyy normal stress applied in y-direction

[ normal stress applied in z-direction

Txy shear stress applied perpendicular to x-direction, along y-direction
Txz shear stress applied perpendicular to x-direction, along z-direction
Tyz shear stress applied perpendicular to y-direction, along z-direction
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