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New insights into the failure mechanisms of horizontal plate
anchors in clay during pull-out

SOROOSH JALILVAND*, KENNETH GAVINY, VINAYAGAMOOTHY SIVAKUMAR,
ROBERT B. GILBERT® and AARON BRADSHAW!

Offshore wind developments are moving towards deep-water regions where energy is abundant, visual
impact is minimised and the larger turbine sizes can make the energy production more cost-effective.
One of the key challenges facing the industry is the development of reliable substructures. While fixed
foundation systems are widely used for shallow-water (<60 m) developments, permanent anchors are
seen as one of the most viable mooring solutions for floating structures in deep water. In the current
study, the pull-out behaviour of square plate anchors in clay was investigated using large-displacement
finite-element analysis. The anchor capacity and failure mechanism were considered for a range of
embedment ratios and undrained shear strengths. Three distinct modes of anchor failure identified in
previous studies were examined through the analysis of four descriptors including: the pull-out capacity
of the anchor, the pull-out displacement required to mobilise this capacity, the energy absorbed by the
anchor during pull-out and the variation of the pull-out capacity with respect to a normalised
overburden pressure. The findings of the study are presented in the form of a series of charts that can aid
design through understanding of the factors controlling the development of anchor failure modes, in

addition to identifying the transition point between different failure mechanisms.

KEYWORDS: anchors & anchorages; finite-element modelling; offshore engineering

INTRODUCTION

Floating platforms are considered to be the most viable
foundation solution for offshore renewable developments in
water depths of greater than 60 m (Schwartz ez al., 2010). In
the offshore oil and gas sector the use of floating platforms
has resulted in the development of a range of anchor systems.
These include drag embedded (Aubeny & Chi, 2010), suction
embedded (Wong et al., 2012) and dynamically installed
anchors (Blake er al., 2015). These anchors are reliant, to
various extents, on the bearing area of their planar parts
to develop their ultimate pull-out capacity. This reliance
is realised either through a complete planar body shape as
in vertically loaded anchors (Murff ez al., 2005), or in the
form of planar features such as fins on Omni-Max anchors
(Shelton, 2007).

Significant investigations in the form of laboratory, field
and numerical studies have been undertaken to improve the
understanding of plate anchor behaviour in fine deposits.
These studies reveal that the pull-out capacity of anchors in
clay is dependent on a combination of parameters including
the anchor’s embedment depth, the overburden ratio (i.e. the
ratio of overburden pressure to undrained shear strength)

Manuscript received 25 October 2018; revised manuscript accepted
17 August 2020.

Discussion on this paper is welcomed by the editor.

* Formerly of the School of Civil Engineering, University College
Dublin, Ireland; now Gavin and Doherty Geosolutions, Dublin,
Ireland.

1 Faculty of Civil Engineering and Geosciences, TU Delft, the
Netherlands (Orcid:0000-0002-0741-1115).

1 School of Natural and Built Environment, Queen’s University
Belfast, Northern Ireland, UK.

§ Department of Civil, Architectural and Environmental
Engineering, University of Texas at Austin, TX, USA.

|| Department of Civil & Environmental Engineering, University of
Rhode Island, RI, USA.

and the shape of the plate anchor (Das, 1980; Merifield
et al., 2003; Singh & Ramaswamy, 2008; Wang et al., 2010;
Liu et al., 2013; Gerkus, 2016).

Based on lower-bound limit analysis, Merifield er al.
(2003) proposed the uplift capacity factor N, of a plate
anchor can be derived from a linear superposition of the
corresponding uplift capacity in weightless soil, Ny and the
overburden ratio, which in its general form can be described
using equation (1)

'"H
N. = Ny +msy

Su

S NClTl'dX (1)

where mg = (N; — No)/(y’H/sy) is the secant slope of
pull-out capacity curve at a given embedment ratio
(assumed as unity according to Merifield ez al. (2003)); ¢ is
the buoyant unit weight of soil; H is the embedded depth of
the anchor; s, is the undrained shear strength of the soil; and
Nemax 18 the maximum pull-out capacity. Merifield ez al.
(2003) highlighted that the bilinear shape of the pull-out
capacity phenomenon is associated with two dominant
anchor failure mechanisms, namely: (¢) a shallow failure
mode, where the failure mechanism reaches the soil surface,
and (b) a deep failure mode, where the failure mechanism is
localised around the anchor. The local slope of the pull-out
capacity curve, m; = ON./9(y'H /s,) was derived as unity
under a shallow failure mechanism and was shown to
approach zero under deep failure mode (Merifield et al.,
2003). For each embedment depth a critical overburden ratio
was also identified that marks the transition between shallow
and deep failure mechanisms (Merifield ez al., 2003; Song
et al., 2008; Wang et al., 2010). Recent studies carried out
using large-displacement finite-element analyses (Chen et al.,
2013; Tho et al., 2013) revealed that deeply embedded
anchors with low overburden ratios can develop a third
failure mode referred to as ‘the intermediate failure mech-
anism’, which often occurs when the deep (also referred to as
full-flow) mechanism cannot develop fully.
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While considerable effort has been directed toward acquir-
ing quantitative understanding of plate anchor capacity in
clay, the description of various anchor failure modes has
been mainly performed qualitatively through the analysis of
cumulative plastic strains (Gilbert et al., 2009; Yang et al.,
2010), shear strain increments (Hu ez al., 2011), displacement
increments (O’Neill ez al., 2003; Yu et al., 2009; Wang et al.,
2010), or velocity field data (Merifield et al., 2005; Chen
et al., 2013; Fahmy et al., 2013) in the vicinity of the anchor.
Although these approaches have led to a valuable under-
standing of the behaviour of plate anchors, they do not
provide a complete insight into the transition of the various
failure modes. Furthermore, while pull-out capacity has
been characterised by many researchers as a function of
embedment depth and overburden ratio, the impact of
pull-out displacement on the mobilised uplift capacity has
not been investigated in detail.

In the current study large-displacement finite-element
analyses were performed to investigate the pull-out capacity
of embedded anchors in clay. As a first step, the trends in the
variation of anchor capacity with embedment depth and
overburden ratio were investigated in order to ensure a
consistency with the previously published investigations. This
was then followed by an assessment of the pull-out displace-
ment on the evolution of anchor capacity. A link between the
failure mode and displacement required to reach the peak
capacity suggests that the absorbed energy of the anchor
during pull-out could provide an indication of the anchor
failure mechanism. As a final step, correlation between the
local slope of the capacity curve and the corresponding
anchor failure response is examined to provide further insight
into different failure mechanisms and their transition. A
series of design charts are also presented showing the
variation in uplift capacity as a result of change in pull-out
displacement, embedment depth and overburden ratio.

METHODOLOGY

In this study the responses of buried anchors were inves-
tigated using large-deformation finite-element analysis. Such
modelling poses challenges in relation to mesh distortion and
numerical instability. Two well-established methods proposed
to address these issues include arbitrary Lagrangian—Eulerian
(ALE) and coupled Eulerian-Lagrangian (CEL) techniques.
The ALE technique addresses problems associated with the
mesh distortion using successive re-meshing that allows for
transformation of field variables such as displacement and
stresses from distorted mesh to a new distortion-free mesh
configuration. The CEL method is another effective approach
to address large-deformation phenomena. The soil in the CEL
technique is defined as an Eulerian material and the plate is
defined as a Lagrangian material. In the Lagrangian zone, the
mesh and the material always coincide. In the Eulerian region,
the material can flow from one element to another. By
coupling the two concepts, the CEL technique allows for
modelling large-deformation soil-structure interactions
without the need to deal with issues such as the mesh
distortion that is often encountered in conventional
finite-element analysis (Qiu et al., 2011; Wang et al., 2015).

The CEL technique has been used to provide an insight for
a number of soil-structure interaction applications such as:
pile installation (Ko et al., 2016; Pucker & Grabe, 2012), cone
penetration and T-bar installation (Qiu et al., 2011,
Tolooiyan & Gavin, 2011; Wang et al., 2015), spud can
installation (Fallah et al., 2015; Hu et al., 2014, 2015; Tho
etal.,2012). In addition, CEL has also been used to study the
stability of partially embedded offshore pipelines (Dutta
et al., 2015), and the installation of drag anchors through
detailed mooring line simulation (Zhao & Liu, 2016).

In the current study, the CEL technique in Abaqus/Explicit
was employed to explore the role of large-deformation
phenomena (such as gap formation and closure) in the
overall pull-out behaviour of a square plate anchor. The
Tresca criterion was adopted to model the elastic—perfectly
plastic behaviour of clay with a uniform undrained shear
strength, s,. The ratio of the Young’s modulus E and the
undrained shear strength (E/s,) was assumed as 500 and a
Poisson’s ratio v was taken as 0-495 (i.e. under undrained
conditions). A smooth interface was also considered between
the plate and its surrounding soil. In total 129 model
predictions were carried out on a square plate anchor of
width, B=1 m. The variables considered were plate depth, H,
which varied from 0-65 m to 9-04 m (H/B=0-65 to 9-04),
effective unit weight, », that was assumed as 7 kN/m’
(representing typical soft marine deposits) and zero for
weightless soil, and undrained strength, which varied from
0-42 kN/m? to 60 kN/m?. The domain width was considered
as 20 x B, while the distance between the base of the domain
and the plate anchor was assumed as 10 x B. The domain size
was determined based on a series of initial analyses where the
load—displacement responses from models with the same
anchor embedment depth but varying domain width were
compared. The results of the sensitivity analysis revealed
similar responses to some of the previous investigations
reported by, for example, Chen et al. (2013). This sensitivity
analysis has confirmed the adopted domain size to be
adequate in eliminating any potential boundary effects. A
zone with empty elements (void) was considered at the top of
the domain to allow for a free movement of soil materials in
the upward direction to capture a possible heave at the soil
surface. The height of the void region was assumed as2 x B. A
representative finite-element mesh was used in the pull-out
analysis and is shown in Fig. 1. A mesh sensitivity analysis was
conducted wherein the minimum mesh size was varied
between B/20 and B/60. The processing time for these analyses
varied from 16 h to 66 h. The effect of using a mesh size of

108

208

Fig. 1. Schematic diagram of finite-element model (top view)
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B/40 instead of B/60 caused an error in predicting uplift
capacity by 1% for a reduction of processing time from 66 h to
13-4 h. As a result, a minimum mesh size of B/40 was adopted
in the region at the vicinity of the anchor. The influence of
loading rate on the pseudo-static analysis was examined for the
square plate anchor to obtain an optimum rate of loading at
which convergence in the resulting pull-out capacities can be
obtained at a reasonable computation cost. The loading rate
was reduced from 0-32B/s to 0-005B/s. It was found that a
loading rate of 0-02B/s yielded a result within 1% of that
obtained using 0-005B/s. Therefore, a loading rate of 0-02B/s
was adopted for the analyses reported herein (i.e. 20 mm/s for
a square plate anchor of width (B) of 1 m).

RESULTS AND DISCUSSION

A series of pull-out tests on a square plate anchor (B = 1 m)
was performed considering a range of variables, including soil
unit weight, embedment depths and the undrained shear
strength, as outlined in the previous section ‘Methodology’.

Peak pull-out capacity

As a first step in the analyses, the effect of overburden ratio
(y’H/sy) on the peak pull-out capacity factor N, was
determined and the analyses are shown in Fig. 2 in the

0 2:0 4-0 6-0 8-:0 10-0
y'His,

Fig. 2. Variation in pull-out capacity with overburden ratio and
anchor embedment ratio

120

1-29
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H/B=9-04

form adopted by Song et al. (2008) and others for a range of
normalised embedment depths, The results are consistent
with previous studies undertaken using large-deformation
finite-element analysis (Wang et al., 2010; Chen et al., 2013).
While the pull-out capacity is an important indicator of
the ultimate performance of the anchor, a complete
insight into the failure mechanism of an anchor cannot be
established through the study of the pull-out capacity alone.
In particular, the association of the specified failure modes to
different soil strength ratios and anchor embedment depths
(and the transition of failure mechanisms as a result of
change in these parameters) is not readily established in the
context of the pull-out capacity curves. In the subsequent
sections the following aspects are further examined: (a) the
anchor displacement required to mobilise the pull-out capa-
city; (b) the energy absorbed by the anchor during pull-out;
and (c) the local slope of pull-out capacity curves on the
failure mechanism developed by anchors during pull-out.

Pull-out displacement

This section examines the effect of anchor displacement on
the mobilised pull-out capacity and associated failure
mechanisms that can develop for a plate anchor, depending
on the normalised depth and overburden ratios. To this end, a
series of analyses for a square anchor plate (B=1m) in a
weightless soil was performed (y’H /s, = 0). The data are
provided in Fig. 3(a), which shows the variation in
continuous pull-out force with increasing pull-out displace-
ment at different H/B values. The displacement, wp,
corresponding to the peak pull-out force at each embedment
depth is identified with square data points. It is clear that the
normalised peak pull-out forces (Ny) initially increased
rapidly with embedment depth (H/B) while the peak
pull-out displacements (wp) increased only slightly.
However, at large embedment ratios the N,y values slowly
converge to an upper limit while the corresponding wy, values
increase much more rapidly. This is shown in Fig. 3(b) where
super-linear and sub-linear rates of growth with embedment
ratio (H/B) are observed for values of Ny and wy,
respectively (H/B < 9-0).

Figure 3 demonstrates a distinctive trend between the
anchor pull-out capacity and displacement phenomena.
However, the assessment is limited to an idealised case of a
weightless soil (y’H/s, =0) and it only considers the
interaction between the load and displacement at the peak
reaction stage. A more detailed assessment is shown in Fig. 4,

12:0 - 250
—-- Fias,

100r e w,/B 4 200

80
g 1150
I 9
1} 60 Eﬁ.
=2 1100

40

2:0 1°°

0 : 0
0 50 10-0

HIB
(b)

Fig. 3. (a) Variation in continuous pull-out force with increasing displacement of the plate (square symbol represents displacement, w,, to peak
capacity); (b) variation of peak pull-out force and associated displacement for anchor with different embedment ratios in weightless soil (y'H /s,

:0)
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wiB = 150%

wiB = 5% o 14:0

0 2:0 4-0 60 8:0 10-0 0 2:0 4-0 60 8:0 10-0
y'Hls, y'Hls,
(a) (b)

Fig. 4. Pull-out capacity at (a) 5% and (b) 150% normalised displacements

wp/B
200%

50%
25%
10%
5%

HIB =0-65

H/B =1-94 HIB =9:04
0 20 40 60 80 100 O 2:0 4-0 6-0 80 100 0 20 40 60 80 100
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(@) () (©

Fig. 5. The effect of normalised anchor depth, H/B, of (a) 0-65; (b) 1-94 and (c) 9-:04 on the proportion of peak pull-out capacity mobilised at

different displacement levels

where the correlation between the pull-out capacity and the
displacement is demonstrated as a function of overburden
ratios for a range of normalised displacements between 5%
and 150%. The following trends are observed.

(@) At low overburden ratios (y'H /sy < 5)

(i) at a low displacement level of 5% (Fig. 4(a)) the
pull-out capacity curves converge for H /B values
above 194 (i.e. pull-out capacity does not increase
with depth), and the local slope, m1 is unity for all
embedment depths

(ii) as the displacement level increases (Fig. 4(b)) the
pull-out capacity curves (for H/B values above
1-94) are observed to separate and the local slope
my, reduces below unity with increase in depth.

(b) At high overburden ratios (y'H /s, > 7), increasing the
displacement level above 5% results in a notable increase
in the pull-out capacity of shallow anchors (H/B < 2),
while the impact on deeper anchors is negligible.

(¢) At intermediate overburden ratios (5 < y'H /s, < 7),
the impact of displacement on the pull-out capacity of
anchors with different embedment ratios is not
significant.

The percentage of the peak pull-out capacity mobilised up
to different levels of normalised displacement is shown in
Fig. 5. Fig. 5(a) shows the typical responses of the anchors
with H/B < 2, where displacements up to w/B = 25% are
required to fully mobilise the capacity of anchors with large
overburden ratios (y'H /s, > 7). Fig. 5(c) shows the typical
responses of the anchors with H/B > 2, where displacements

up to w/B =200% are required to mobilise the capacity of
anchors with small overburden ratios (y'H /s, < 5). Fig. 5(b)
shows a transitional embedment depth (H /B = 2) where the
capacity is fully mobilised at w/B=15% for all overburden
ratios considered.

A summary of the effect of normalised depth and over-
burden ratio on the displacement required to achieve the
peak pull-out capacity is provided in Fig. 6. Two distinct
regions can be identified, as described below.

(a) Regions where the peak pull-out capacity is mobilised at
small displacements (w/B = 5% indicated by blue
shading) are associated with the development of either a
shallow or deep anchor failure mechanism. This region
includes anchors with embedment depth H/B < 2 with
overburden ratios of y'H /s, < 7, together with deeply
embedded anchors (H /B > 2) with overburden ratios in
excess of y’H /s, = 5. The curve for an anchor with a
normalised embedment depth H/B =194 is the only
one that falls almost entirely within the region where the
pull-out capacity is fully developed at w/B= 5% for the
entire range of overburden ratios considered.

(b) Regions of Fig. 6 where displacements in the range w/B
=5% and w/B=150% are shown to be necessary to
mobilise the peak capacity are indicative of the
intermediate failure mechanism (Chen et al., 2013). This
occurs both at low and high overburden ratios. At low
overburden ratios, deeper anchors (H/B > 1-9) cannot
develop a full-flow (deep) failure mechanism, as the
overburden stress ratio is not high enough to cause the
cavity to collapse behind the plate. At higher overburden
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ratios (y'H /s, > 7), shallow anchors (H/B < 1-3)
cannot develop a (shallow) failure mechanism, as the
undrained shear strength is not high enough to stabilise
the cavity behind the plate.

Energy absorbed during pull-out

Given that the intermediate failure mechanism was
characterised by the development of large w, values to
mobilise the peak capacity, the normalised energy absorbed
by the anchor during the pull-out process (calculated as the
area beneath the normalised force times normalised dis-
placement curve) could provide an indication of the possible
failure mode, particularly a large absorbed energy value may
be associated with the intermediate failure mechanism, while
low absorbed energy values may be related to shallow or deep
failure modes. The energy absorbed during quasi-static
pull-out of the anchor for different combinations of embed-
ment depths and overburden ratios is shown in Fig. 7(a)
where it can be seen that

(@) for shallow embedment depths (H /B< 1-94), the energy
absorbed by the anchor increased as the normalised
stress ratio increased (or the soil strength reduced)

w,/B
200%
-100%
50%
25%
10%
5%
2.0 I HIB = 9:04, 645, 5:16, 3-87, ...
...2:84,1-94,1-29, 0-65
0 0 2-‘0 4‘-0 é-O ;3-0 10I-0 1%

y'Hls,

Fig. 6. The interaction of peak pull-out displacement and anchor
capacity for various embedment depths and overburden ratios

Normalised energy absorbed

Y'His,
(@)

(b) for the anchor at H/B =194, the energy absorbed by
the anchor was approximately constant for all
overburden ratios considered

(¢) for anchors with H /B> 1-94, the energy absorbed by
the anchor decreased as the normalised stress ratio
increased with the values tending to converge to a
unique lower limit at overburden ratios of above 6.

Figure 7(a) confirms that plate anchors with shallow,
intermediate or deep behaviour exhibit distinct trends in
the dissipated energy: the shallow and intermediate anchor
responses are identified with increasing and decreasing
trends, respectively, while the deep anchor behaviour is attrib-
uted to a lower-limit horizontal asymptote. In addition, while
anchors with H/B> 3-87 exhibited a general trend for the
dissipated energy to decrease with increasing overburden
stress ratio, a local maximum can be observed in Fig. 7(a)
at an overburden ratio of y'H /s, = 3-5. As will be discussed
later, this corresponds to a characteristic point in the
capacity curves that marks the dominance of the full-
flow over the partial-flow mechanism. This is marked in
Fig. 2 with the point of convergence of pull-out capacity
curves for deeply embedded anchors (H/B>3-87) on
a back-bone curve.

Figure 7(b) shows the influence of the overburden stress
ratio and embedment depths on the variation of the peak
pull-out displacement (w}). For an overburden ratio of zero
(weightless soil), wy, increases as the normalised embedment
depth increased. For the highest overburden ratio of 10, w,
reduced rapidly at shallow embedment ratio, converging to a
horizontal asymptote at large embedment depths. The data
indicate the existence of an intermediate embedment depth
H /B == 2 for which the peak pull-out displacement is unique
for the range of overburden ratios considered in the present
study. This agrees with the observations obtained from
Fig. 7(a) and is associated with the absence of an inter-
mediate failure mechanism at a depth of H/B = 2. For
anchors with H/B < 2 the intermediate failure mechanism
(associated with large pull-out displacement or high
absorbed energy) is observed at high overburden ratios. For
anchors with H/B > 2 the intermediate failure mode governs
the response at low overburden ratios (soils with high
strength). At low overburden ratios, H/B =2 marks the
transition between shallow and intermediate failure mech-
anisms (with increasing embedment depth). At high over-
burden ratios, H/B = 2 characterises the transition between

w,/B: %
P y'His,
100 10° 102 108
0 ; : ) 10
——— yHIs,=0
y'His, = 10
2r 8
4f {6
@ s
T e an
A Y
61 . 14
e ®
i
v
8t L 2
\
coe e e
10 - 0

(b)

Fig. 7. (a) The normalised energy absorbed by the anchor during pull-out; (b) change in the pull-out displacement as a result of variation in

overburden ratio
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deep and intermediate failure mechanisms (with decreasing
embedment depth).

Local slope of capacity diagrams (my)

As discussed earlier, in the bilinear form of pull-out
capacity curves obtained by Merifield et al. (2003) using
lower-bound analysis the local slope, m1, is derived as 1-0 for
shallow failure and zero for deep failure modes. However,
consideration of large-deformation analysis by Wang et al.
(2010), Chen et al. (2013) and the current study reveals that
the local slope of capacity curves may vary between zero and
1-0 for anchors with large embedment depths and low
overburden ratios where the intermediate failure mechanism
dominates (see Fig. 2). To investigate the correlation between
the anchor failure modes and the local slope of the pull-out
capacity curve, at specific values of embedment depth and
overburden ratio, a series of analyses was considered
assuming the following two boundary conditions.

e Set1(BC-01):y'H/sy =0and 0-65 < H/B < 9-04 — that
is a weightless soil is modelled over the full range of
anchor embedment depths.

e Set2(BC-02): H/B=9-04and 0 < y'H /s, < 10— thatis
the deepest anchor was modelled over the full range of
normalised stress ratios.

BC-01. Figure 8 shows the results obtained from the set 1
analysis, which also includes sub-illustrations showing the
variation of the local slope m; with H/B combined with
schematics of the soil flow mechanism, at the point of failure
for various embedment ratios along the curve. The peak
pull-out displacement corresponding to anchor failure is
denoted in each case as wp,/B. The flow mechanism
represented in Fig. § is in terms of unit vectors and contours
that demonstrate the direction (v/||v||) and magnitude (||v||)
of soil flow around the anchor, respectively. For the purpose
of clarity, the points at which the magnitude of the flow is
sufficiently small (Iess than 1/6 of the pull-out rate of the plate
anchor) are excluded. The formation of a gap behind the
plate anchor and the initial and final (at failure) embedment
depths of the anchor are also indicated.

e

| ”
‘\\5% Py

20— ——————— Y e

401

HIB

5-0 1

6-0 1
7-0
8.0 4 1-0

-y 05 \

100 4 o 7

Based on the observations in Fig. 8, at shallow embedment
depths (H/B<2), a near-parallel and straight-sided failure
surface develops. The displacements fully propagate to the
soil surface and the peak pull-out capacity is mobilised at
relatively low displacement (w,/B<10%). The pull-out
capacity for this shallow mode is governed by the shear
stress that develops along the failure surfaces. For this case
where the soil strength is uniform with depth, the pull-out
capacity increases linearly with depth and m = 1-0.

For H/B values in the range 2-3 the failure surface
becomes more complex and w, increases to up to 15%.
Although surface displacements are still generated, the mz
value reduces below 1-0. As H/B increases, the failure
surface becomes more localised around the anchor and w, /B
increases to 220% at H/B = 9-04. It is evident that a full-flow
failure mechanism does not develop, even for the deepest
anchor (H/B=9-04) and the m; value remains above 0.

BC-02. The variations in the bearing capacity factor N,
and the local slope (m;) for a deeply embedded anchor
(H/B=9-04) over a range of normalised stress ratios
(0 <y'H/sy <10) are shown in Fig. 9(a). The bearing
capacity factor (solid line) increases from 10-9 (left-hand
axis) to 13-1 as the normalised stress ratio (horizontal axis)
increases. The local slope 1, (dashed line) increases from 0-15
(right-hand axis) at y’H /s, = 0 (horizontal axis) to a peak
value of 0-5 at y’H/s, =3-5. The latter represents the
inflection point on the pull-out capacity curve. As the
overburden ratio increases, the local slope m; reduces, con-
verging to a lower-limit asymptote of zero. The peak pull-out
displacement is shown in Fig. 9(b) where it is observed to
consistently decrease from w,/B =220% at y’H/s, =0 to
less than 5% at y'H /s, = 10. A sudden drop in the values of
peak pull-out displacement is identified at y'H/s, = 3.5,
which signals a transition in the anchor failure mechanism.

The evolution of the flow mechanisms corresponding to
points A-F in Fig. 9(a), with respect to the level of pull-out
displacement, is shown in Fig. 10. The final snapshot in
each column shows the mechanism at the peak pull-out
capacity. As before, the direction and magnitude of the flow
are represented using a combination of unit vectors and

F 10

F 20

F 30

i 4.0

50

F 60

70

- 80

L 100

Fig. 8. Variation in the local slope, m, with embedment depth obtained from the set 1 analysis. The flow velocity (||v||) is normalised with respect

to the pull-out rate of the anchor (vg)
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Fig. 9. (a) Variation in the local slope and (b) the peak pull-out displacement with overburden ratio obtained from the set 2 analysis
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Fig. 10. The evolution of flow mechanism with pull-out displacement obtained from the set 2 analysis. The flow velocity (||v||) is normalised with

respect to the pull-out rate of the anchor (vy)

contours, respectively. The formation of the gap behind the
anchor (and in its vicinity) is also depicted in Fig. 10.

The data show that, for a deeply embedded anchor, when
the normalised stress ratio exceeded 7 (columns E and F in
Fig. 10), a full-flow mechanism develops at relatively low
displacement levels. For normalised stress levels less than 5,
much larger displacements were required to mobilise the
anchor capacity, with w;, increasing as the overburden stress
ratio reduced. For these analyses (columns A-D) at low
displacement levels, soil movements were predominantly
vertically upwards — that is a shallow failure mechanism
dominates. As the displacement level increased, partial flow

around the anchor with gap closure occurs associated with
the intermediate failure mechanism.

The inflection point of the capacity curve (the local peak in
the my diagram in Fig. 9(a)) corresponds to an overburden
ratio of 3-5 that divides the flow diagrams in Fig. 10 into two
groups: the first corresponding to points A—C in Fig. 9 and
columns A-C in Fig. 10, which exhibit large peak pull-out
displacements, and the second, corresponding to points D-F
in Fig. 9 (and columns D-F in Fig. 10) where failure
develops at w,/B < 10%. It can be observed that for points
on the right-hand side of the inflection point the flow of soil
around the anchor is further inclined toward closure of the
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gap behind the plate. Overall, it can be argued that a
correlation exists between the inflection point on the nz, curve
and the variation in anchor behaviour. In particular, the
overburden ratio corresponding to the characteristic point
represents the transition between intermediate and deep
anchor response.

Combining all embedment depths and overburden ratios. The
local slope, my, for a range of normalised anchor depths
(0-65< H/B<9-04) and overburden stress ratios
(0 <y'H/sy < 10), is presented in Fig. 11. As a reference,
the data from Fig. 8 (set 1) represent the left-hand axis of
Fig. 11, while Fig. 9(a) corresponds to the upper-bound N,
values for the range of overburden stress ratios considered
(plotted on the x-axis). A notable feature of Fig. 11 is that the
region on the plot where m; = 1-0 (shallow behaviour) spans
a relatively wide range of normalised anchor depths and
overburden ratios. Values of m; below 1-0 and approaching

my
140
1-00
0-75
N, 0-50
Set1+~
© ' 025
] HIB = 9-04, 6-45, 5-16, 3-87, ...
2:0 ...2:84, 1-94, 1-29, 0-65
0-00
O 1 L 1 1 ]
0 20 40 60 80 100
y'His,

Fig. 11. Variation in the local slope (), as a descriptor of anchor
failure mode, with anchor embedment depth and overburden ratio

zero (intermediate and deep behaviours) are confined to two
key regions

(a) to the left-hand side of Fig. 11 where anchors with H/B
> 6-45 are embedded in soils with low overburden stress
ratios (or high soil strength)

(b) aregion to the right-hand side of Fig. 11 where anchors
with H /B> 1-29 are embedded in soil with y'H /s, > 6.

Areas where the local slope, my, approaches zero are
confined to deeply embedded anchors (H/B> 6-5) at very
low normalised stress ratios and for all anchors in the region
where the normalised stress ratio exceeds 8.

As both intermediate and deep anchor behaviours are
represented with a common local slope value, the data in
Fig. 11 are not sufficient for complete characterisation of
anchor response. It is necessary that the findings from the
study of local slope values m1; be viewed together with peak
pull-out displacement data (Fig. 6) for a comprehensive
understanding of anchor behaviour. This is demonstrated
through consideration of boundary embedment depth and
overburden ratio conditions summarised in Fig. 12. In
particular, the shallow (Fig. 12(a)) and deep (Fig. 12(d))
anchor responses can be distinguished based on local slope
values of close to 1 and zero, respectively. The deep anchor
response (Fig. 12(d)) can be differentiated from intermediate
behaviour (Fig. 12(c)) through the unambiguous peak
pull-out displacement demonstrated by the latter (Fig. 6).
In addition, the quasi-deep response experienced by shallow
embedded anchors with large overburden ratios (Fig. 12(b))
that can be mistaken for a full flow in Fig. 11 (due to local
slope values of close to zero), can correctly be distinguished
in Fig. 6 through notably large peak displacement values.

SUMMARY DESIGN CHARTS

An important conclusion that can be drawn from this study
is the dependence of pull-out capacity curves and, therefore,
different parameters in equation (1), on the displacement level
(see Fig. 6). This has practical implications in the design of

HIB
0-65
9-04
m,
w/B=210% 0 o'

()

Fig. 12. Summary of flow mechanisms for (a) shallow; (b) quasi-deep; (c) intermediate and (d) deep anchor responses and distinction based on the

peak pull-out displacement and the local slope (i)
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Fig. 13. Variation of (a) N for weightless soil, and (b) N .x, in equation (1) with embedment depth and displacement level
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Fig. 14. Variation of design parameter, mg, in equation (1), as a function of embedment depth, overburden ratio and pull-out displacement
level: (a) w/B= 5% (b) w/B= 10%; (c) w/B = 15%;3 (d) w/B= 20%; (e) w/B = 25%; (f) w/B = 50%; (g) w/B= 100%; (h) w/B = 150%;

(i) w/B= 210%;

pull-out capacity of vertical plate anchors, especially in
scenarios where there is low tolerance on allowable displace-
ment level due to serviceability requirements (e.g. for tension
leg platforms). A quantitative assessment of different design
parameters in equation (1) (i.e. Neo, Nemax, #3s) as a function
of embedment ratio, overburden ratio and pull-out displace-
ment level is provided in Figs 13 and 14, which provides
valuable insights for practical design purposes. It should be
noted that these design charts are particularly relevant for
typical soft marine deposits (E/s, ~ 500) and further analyses
are required for clay with higher stiffness.

CONCLUSIONS

The current study investigates the quasi-static pull-out
behaviour of a square plate in a clay of uniform strength
through an extensive series of large-deformation finite-element
analyses. The plate anchor behaviour at various embedment
depths (H) and overburden stress ratios (y'H/sy) in clay was
examined. Three known regimes of anchor behaviour corre-
sponding to shallow, intermediate and deep responses were
evaluated in terms of (@) the pull-out capacity of the anchor,
(b) the pull-out displacement, (c) the energy absorbed during
pull-out and (d) the local slope of capacity curves.
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Shallow and deep anchor mechanisms were seen to
mobilise at low displacement levels. In contrast, large
displacements were required to activate the intermediate
failure mechanism. It was also shown that the shape of the
capacity curve evolved during pull-out, as the displacement
level increased. Simultaneous examination of the pull-out
capacity and displacement was performed using the analysis
of the energy absorbed by a plate anchor during pull-out.
For the shallow mechanism the energy absorbed increased
with increasing overburden ratio. In contrast the intermediate
mechanism exhibited a decrease in energy absorbed. The
deep anchor response was represented by a horizontal
asymptote in the energy diagram. The study also confirmed
the existence of an embedment depth that marked the
transition between shallow and intermediate anchor
behaviours at low overburden ratios, and intermediate and
deep failure mechanisms at large overburden ratios.

The results allowed a correlation between the (local) slope
of capacity curves and the respective anchor failure mech-
anisms to be developed. Both the shallow and the deep
anchor response are identified by a characteristic local slope
of unity and zero, respectively. The intermediate failure
mechanisms are characterised by a local slope between unity
and close to zero.

Design charts are presented that show the variation in
different design parameters in equation (1) with anchor
displacement level for the range of anchor embedment depth
and overburden ratios considered in this study. These charts
have practical design implications for anchors with low
displacement tolerance in typical soft marine deposits
(E/sy =~ 500). Further work is underway to quantify the
effect of rigidity index on the findings published in this paper.
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NOTATION
A bearing area of the anchor
B width of the anchor
E  Young’s modulus of the soil
F  pull-out force
H embedded depth of the anchor
ms secant slope of the capacity curve
my tangent slope of the capacity curve
N. pull-out capacity factor
N¢o pull-out capacity factor in weightless soil
maximum pull-out capacity factor
sy undrained shear strength of the soil
|lvll  flow velocity vector
vo pull-out velocity of the anchor
w  pull-out displacement
wp  peak pull-out displacement
y'  buoyant unit weight of the soil
v Poisson’s ratio of the soil
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