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Abstract

As offshore energy developments move towards deeper watarred floating production fa-
cilities are increasingly preferred to fixed structures.cloring systems are therefore of great
interest to engineers working on deep water developmenistidd embedded plate anchors
(SEPLAS) are rapidly becoming a popular solution, possgssimore accurate and predictable
installation process compared to traditional alternativi@ this paper, finite element analysis
has been conducted to evaluate the ultimate pullout cgpatiBEPLAS in a range of post-
keying configurations. Previous numerical studies of angutlout capacity have generally
treated the soil as an elastic-perfectly plastic mediumwéi@r, the mechanical behaviour of
natural clays is affected by inter-particle bonding, ousture, which cannot be accounted for
using simple elasto-plastic models. Here, a novel apjpdicatf an advanced constitutive model
formulated within the kinematic hardening framework isdise accurately predict the degra-
dation of structure as an anchor embedded in a natural sgfdeposit is loaded to its pullout
capacity. In comparison with an idealised, non-softeniag,¢he degradation of clay structure
due to plastic strains in the soil mass results in a lowemptitapacity factor, a quantity com-
monly used in design, and a more complex load-displacere@attanship. It can be concluded

that clay structure has an important effect on the pullobtl®ur of plate anchors.
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1. Introduction

In recent decades the global demand for energy has increagellly and this trend is pre-
dicted to continue into the future [1]. Offshore oil and gasarves have been a mainstay of
energy production around the world. However, as the mostsatisle resources in shallow
coastal waters are depleted, the attention of energy pesglus moving further offshore [2].
Energy resources requiring installations in water depflser 2000m are becoming econom-
ically viable and the engineering challenges of deep wateeldpments are therefore of great

importance.

As water depths increase rigid structures that are fixedas#abed, such as jackup units,
jacket platforms and gravity platforms, become imprattibastead, moored floating facilities
are preferred. An anchoring system tethers the structuteetseabed, with the amount of free
movement of the facility being controlled by the mooringeaigement. The primary goal of the
anchor is to resist the combined vertical and horizontdbptiloads that the floating facility is

subjected to in the offshore environment.

Suction embedded plate anchors (SEPLAS) are designed toaowe certain limitations of
drag embedded anchors, which operate according to the samfes as a ship’s anchor. The
soil mass in front of the anchor gives resistance to pulloatls. An accurate prediction of
holding capacity is difficult as embedment depth of dragriahers is hard to predict. SEPLAS
are installed into the seabed by a suction caisson, the ghateor being inserted into a slot at
the base of the caisson during penetration. The depth aatidacof the installed anchor are
consequently known to a high degree of accuracy. Using tite phchor rather than the suction
caisson itself for anchoring is significantly less expea$8]. Following installation, the plate
anchor is keyed into the soil through loading of the anchairtland rotates from a vertical

orientation to a direction normal to the applied load if thhelzor is symmetrically loaded.

The problem of anchor pullout capacity in undrained clay be@sn studied by various re-
searchers. For horizontal anchors, Vesic [4] proposed alytcal solution for pullout capacity
based on cavity expansion theory in a rigid-plastic maltetias approach provides reason-
able results for shallow anchors in soft clays. Das [5] pnessta more versatile approach for
the estimation of pullout capacity of shallow and deep hmrial anchors, with an empirical

expression derived from model tests.

Rowe and Davis [6] undertook both an experimental and nuraldnivestigation of horizontal
and vertical plate anchor capacity in clay. Finite elemeralysis was used to predict pullout

factor values for a range of anchor configurations and spésyand results were found to agree



well with model tests. The study considered an idealisegwlasich deforms according to the
Tresca criterion. A practical definition of failure was atkegh with the failure load being taken
as the load causing a displacement four times that of aneksalysis. This was due to the
extent of plastic deformation observed before a well-defio@lapse load could be obtained.
Merifield et al. [7] used a finite element formulation of upp&d lower bound theorems from
limit analysis to analyse a similar problem. Results prevadracket for the true collapse load,

and were shown to compare favourably with previous laboyatmrk.

For SEPLAS, the keying process undertaken after insertidineoanchor by suction caisson
leads to rotation and loss of embedment. This was observigeldrtests reported by Wilde et
al. [3] and has been arecent topic of research [e.g. 8, 9]cd@pacity of plate anchors at a range
of inclination angles is therefore of interest. Limited engal research has been undertaken,
for example the study by Das and Puri [10] tested a model sqaurachor at several inclination
angles to obtain an empirical expression for pullout capadiieyerhof [11] also presented a
closed-form expression for inclined strip and square arxchofrictional soils. Merifield et
al. [12] undertook a numerical investigation of inclinedsanchor capacity where upper and
lower bound solutions for pullout factors from limit analkysvere compared with finite element
results. The finite element analysis, using a Tresca mtexda found to be very close to the

upper bound solution. Only results for the vented or immtediaeakaway case were reported.

Recently, a range of further studies applying finite elenaaralysis have been carried out.
Yu et al. [13] conducted a thorough investigation of the uilcapacity of plate anchors at a
range of inclination angles and considered a variety ofcgmillitions. The effect of an inhomo-
geneous strength profile on the pullout capacity of a squatke@ was extensively analysed by
Tho et al. [14] using a three-dimensional large deformatioite element formulation. Other

examples of finite element studies include Wang et al. [18]Rathmy et al. [16].

In these cases, the soil was described as a simple elastez{be plastic material. This as-
sumption may be unsuitable for describing natural clayscvbften show inter-particle bond-
ing, or structure, that can significantly affect mechanhmsthaviour [17]. Load-displacement
curves show rapid post-peak softening as structure degraitle increasing soil deformation.
As an extreme example, the highly sensitive quick clays an8mavia [18] demonstrate the
impact of the loss of natural structure during soil defotiorat In this paper, an advanced soil
constitutive model will be used in a finite element analygithe ultimate pullout capacity of
a SEPLA in an undrained structured clay. Plate anchor cgpadl be evaluated in a range of
post-keying inclinations. This will allow an assessmenthef effect of soil structure on pullout

capacity, and the subsequent implications for design. titiad, the localised degradation of



structure in the soil mass during the deformation procesg lmeaobserved and related to the
failure mechanism.

2. Plateanchor capacity

2.1. Problem outline

This study considers a strip anchor and the layout and wotatie shown in Fig. 1. A
SEPLA, in its post-keying state, may be rotated at any angpedding on the direction of the
applied load and the configuration of the plate anchor, ohaly factors such as offset of the
padeye from a central position. Here, the pullout load issaered to act at the midpoint and
in a direction perpendicular to the longitudinal axis of #mehor. The inclination anglé, is
measured from the horizontal. The embedment depth of theoame non-dimensionalised by
considering théd /B ratio.

Pullout behaviour of an anchor is affected by the strength@fnterface between the anchor
and surrounding soil. Physically, suction may develop heétihe anchor as it is subjected
to a pullout load. As originally suggested by Rowe and Dagistlie limiting cases are the
immediate breakaway ‘vented’ condition, where no suctiohand exists between anchor and
soil, and the no breakaway ‘attached’ condition where sejmar is not permitted. These cases
form a lower and upper bound, respectively, for the truequilcapacity, as the developed
suction or bond between anchor and plate must lie betweetvthextremes. A distinction is
also made between shallow and deep anchors [7]. For a shatiokor, the failure mechanism
involves a block of soil being lifted upwards with the she@angs extending to the ground
surface. However, at a certain critical embedment deptrskiear zone becomes localised
around the anchor. This flow-around mechanism no longehesathe surface and the anchor
is classified as deep.

2.2. Pullout capacity factor

In an undrained clay, the primary design concern is the ak#npullout capacity of the plate

anchor. This is generally expressed as a pullout capaatgifa

N

o= o ®

whereQy is the ultimate pullout loadA is the plate area ang, the undrained shear strength.

This approach is followed by current design codes [e.g. @Blchpacity assessment. If the



Figure 1: Schematic of plate anchor pullout scenario ana sigppvention.

anchor is installed in a soil with an undrained shear stiemigat increases with depth, the
pullout capacity factor may be obtained as:

_Q
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wheres, m is the undrained shear strength at the midpoint of the andrta pullout capacity
factor may be further broken down to explicitly analyse tffea of soil weight and an inho-
mogeneous shear strength profile. It has been shown thad threasonable assumption [7]. In
this study, a practical scenario is simulated and hence pédmullout capacity factdx. will

be calculated with soil weight and inhomogeneous sheangtineconsidered simultaneously.

3. Constitutive model

The kinematic hardening structure model (KHSM) developgdRbuainia and Muir Wood
[20] is used to describe the effect of clay structure on anceipiift capacity. The KHSM
incorporates soil structure by observing that with totalslof structure the soil behaves as a
remoulded material. Hence, the framework is built upon thesic modified Cam-clay (MCC)
model [21]. The KHSM extension is based on the introducticekinematic hardening bubble,
which contains the elastic behaviour, and an outer stracturface to describe the state and

effect of soil structure.

The essential feature of the KHSM is the degradation of sailcture as plastic strain is
accumulated and hence this will be detailed here. The velatze of the structure surface to
the reference MCC surface describes the degree of strucfurethe clay. The degradation of

structure is modelled by a destructuration law:
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whererg is the initial degree of structurd, controls the rate of destructuration with plastic
‘damage’ straingg, A* is the slope of the normal compression line atfdis the slope of
the swelling line in a volumetric strain-logarithmic meamess plot. It can be seen that
is a monotonically decreasing function of the damage straime clay is remoulded with no
structure whermr = 1. The damage strain itself is calculated from the companehplastic

strain by a relationship between the strain rates:

Ea= [(1—AEP+ ALY (4)

wheree! is plastic volumetric strain an&:ﬁ’ is plastic shear strain. A is a dimensionless param-
eter that determines hosf’ ande{ contribute to the damage strain, and thus the destruatarati
of the clay.

4. Soil properties

4.1. Norrkoping clay

The plate anchor will be modelled using the KHSM calibratetést results from Norrkdping
clay. The calibration procedure was undertaken and regphostdrouainia and Muir Wood [20].
The Norrkdping clay is inorganic and of low sensitivity, Wwia plasticity index of 0.43 and a
liquidity index of 1.2. Clay and silt content is 62% and 36%jpectively. The calibrated pa-
rameters are given in Table 1. The initial degree of strgctdithe Norrkdping clay is 1.75. An
effective unit weight ¢) of 10kN/m? is considered throughout and the initial stress conditions

are generated b consolidation, wittKg equal to 0.5.

4.2. Undrained shear strength profile

The KHSM is implemented as a user defined model in the finitenetd code Plaxis 2D,
which is used for all numerical simulations in this study. dceined shear strength is not an
input parameter in the KHSM, but a profile gfwith depth is needed to determine the pullout
capacity factor of a plate anchor. Plane strain shear tests therefore simulated.

Fig. 2 presents results from an undrained plane strain cessfm test on Ko consolidated
sample at 20m depth. The effect of structure on the mechdyebaviour of the clay during the



Table 1: Soil parameters for Norrképing clay.

| Material property | Value |
Slope of swelling linek* 0.0297
Slope of normal compression link; 0.252
Poisson’s ratioy 0.22
Critical state stress ratid/ 1.35
Ratio of size of bubble and reference surfdge, 0.145
Stiffness interpolation parameté, 1.98
Stiffness interpolation exponeny, 1.55
Initial degree of structurey 1.75
Destructuration strain parametéy, 0.494
Destructuration parametey, 4.16
Anisotropy of initial structurer)o 0

test is demonstrated in Fig. 2a. A clear peak strength isrebdeéefore softening behaviour
occurs due to degradation of the structure with continutrgjrs Eventually the behaviour of
the structured clay matches that of the MCC model, obtairyeselting parametens andR
equal to 1 in the KHSM. This case represents remoulded clag agucture exists in the model,
with the structure surface coinciding with the MCC yieldfage. The effective stress paths are

shown in Fia. 2b.
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Figure 2: Undrained plane strain compression test usingMi®del: (a) Deviator stress-axial strain response
and (b) effective stress path.

The undrained shear strength of the clay is determined freamias of undrained plane strain
compression tests using the in-ditgiconsolidated stress state at different depths. The regulti
su profiles of both structured and remoulded clay, calculatedhfthe peak strengths exhibited

during the tests, are shown in Fig. 3. It may be seen shatcreases linearly with depth.



For the default structured clay parameters in Table 1, trength increases at a gradient of
4.30kPa/m while in the remoulded clay the gradient is 2.24kP A normally consolidated
clay is considered as this is typical of seabed sedimentsaimyrareas of interest for offshore
development. The sensitivity of the Norrkoping clay is 1 .#4fs may be somewhat lower than
the sensitivity of marine clays where SEPLAs would typigdie deployed but it should be
noted that the KHSM can easily be calibrated to clays of higkesitivity.
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Figure 3: Profiles of undrained shear strength.

5. Modd set up

5.1. Finite element model

A plane strain finite element model was created in Plaxisgu$node triangular elements,
as shown in Fig. 4. The model boundaries are fixed along the dvad horizontal translation
is prevented at the sides. Results indicated that a mod&®P8B x 20B (with B = 2m) was
sufficient to avoid boundary effects on the ultimate pulllmaid. The anchor itself is modelled
by a plate element of very high stiffness. The analysis ipldcement-based to ensure a rigid
plate response. Soil-structure interaction is describigd tive aid of an interface element. An
interface is applied along the anchor base to model the @earid attached conditions and is
extended beyond the end of the anchor to avoid stress igetes$ at the corner points. In

the vented condition, a very low stiffness is applied to dataithe lack of bonding or suction



between plate and soil. In all cases, a smooth anchor isaenesl. Whilst not realistic, this

will provide a conservative solution.
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Figure 4: Typical finite element mesh for horizontal platetzor.

A mesh sensitivity study was carried out to determine an@pgate mesh coarseness for the
finite element model. The results are presented in Fig. Sarithe seen that the discretisation
error increases rapidly for a mesh with less than 2000 nd&dleexample of the meshes used in
this study is presented in Fig. 4. The mesh, containing 642&s, is refined around the anchor
to improve accuracy in the failure zone.
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Figure 5: Mesh sensitivity



The ultimate pullout capacities are obtained for specifibedment depths and the position
of the mesh is not updated throughout the analysis. Theteffegeometric non-linearity as the
anchor is pulled out of the soil is beyond the scope of thigpapowever, previous small-strain
finite element studies [e.g. 6, 13] have given adequateisakifor the ultimate pullout capacity

when compared with results of laboratory experiments and &nalysis formulations.

5.2. Selection of failure criterion

Yu et al. [13] report that in attached conditions the ultienlaiad is reached quickly, requiring
only a relatively small displacement. For vented anchoesultimate load will not be reached
until the failure mechanism reaches the surface; if the anshdeeply-embedded for this to
occur the soil deformation will be extremely high. It was this reason that Rowe and Davis
[6] adopted a practical failure criterion, based on an assest of elastic displacement. Here,
a similar approach is taken in vented cases primarily for eniral expediency. Based on pre-
liminary results, a displacement ofaB (1.0m) is selected as the failure criterion. It is worth
noting here that in practical offshore applications therat overburden stress to shear strength
is likely to be large enough to encourage fully attached anblehaviour [13]. Hence, the use
of a truncated failure criterion provides a conservatiieneste of the lower bound to the true
pullout capacity, which will fall between vented and attedtscenarios and in all likelihood

will lie close to the attached capacity.

6. Resultsand discussion

6.1. Analysis of the effect of structure on pullout capacity

6.1.1. Load-displacement behaviour

The effect of clay structure on anchor pullout capacity maydbmonstrated by varying the
degree of initial structure and the rate of destructuratidrich are controlled by parameteys
andk respectively. The parametric study is undertaken on a degmpaembedded &t /B =10
(20m); the default parameter values are those given in Tabidess otherwise stated. For each
set of parameters, the peak undrained shear strength rsnile¢el at anchor embedment depth
(20m) by a plane strain compression test and used for naat@n of the pullout force. Values
of initial structure of 1, 1.75, 2.5 and 3 are considerediesponding to sensitivities of 1, 1.46,
1.82 and 2. It should be noted that in the case 1, an MCC model is used witR= 1, as this

enables comparison with a conventional soil model. Theohtiestructuration is varied from



k = 0, when structure does not degrade with plastic strain (ge@}):to the calibrated value of
k=4.16.

Fig. 6a shows the development of the pullout force of an h#danchor with increasing
total displacement). In attached conditions the structured clay*$ 1) shows a peak strength
before softening occurs as plastic strains develop andtateuis lost. It is clear that a greater
degree of initial structure results in a higher peak. In theoulded clayrp = 1) the load
increases monotonically until an ultimate pullout forcegached. This ultimate force is equal
to that of the structured cases at large displacements dbe structured clay being completely
remoulded along the failure planes. The post-peak sofgenifithe structured clays occurs at a
similar rate as the calibratédvalue is used in each simulation.

Fig. 6b presents normalised load-displacement curves twéhpullout capacity factoN;
calculated using Eq. 2 and the total displacement nornthligethe anchor width. It can be
seen that when the degradation of clay structure is takenaictount the value of the pullout
capacity factor is significantly reduced, from a maximun01if.the remoulded clay to 8.7 in
the calibrated Norrkdping clay. Furthermore, the pulloapacity factor appears to reduce as
the degree of initial structure is increased.

The rate of destructuration also has an important effectn@h@r pullout capacity. Fig. 6¢
shows that if structure remains constaat0), no softening occurs and the pullout force in-
creases monotonically. When structure degrades withiplsstin, a peak force is observed
and post-peak softening occurs. A higher rate of destratitur reduces the peak pullout ca-
pacity and also causes a sharper post-peak reduction in l@aever, this only has a limited
effect on the pullout capacity factor. As evident in Fig @tk tate of destructuration does not

have such a major influence on the normalised capacity astjreel of initial structure.

No post-peak softening is observed at this depth for venteth@s (Fig. 7) because the
ultimate load, which is attained when the failure mechanisathes the surface, is not reached
for a displacement of.6B. The relationship between pullout capacity and the degrestal
structure (Figs. 7a and 7b) is similar to the attached iatericondition. In this case, the clay
structure delays the reduction in stiffness due to the dgwveént of plastic strains. As structure
is lost, the load-displacement curve reduces to the sanpesismthe remoulded clay but at a
higher load. Again, a higher initial degree of structuredteto reduce thsl; value. Figs 7c and
7d show that increasing the rate of destructuration resuléslower pullout capacity, but the

effect on the capacity factor is minimal once destructoraticcurs i > 0).

In the two analysis cases where softening does not occuemoulded clayrp = 1) and clay
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Figure 6: Effect of (a-b) initial degree of structumg) and (c-d) rate of destructuratiok)(on load-displacement
curves and pullout capacity factor for a deep, attachedar{ety B = 10).



with constant structurek(= 0), very similar values of Nc are obtained: 12.0 (11.6) iaectied
conditions and 5.2 (4.9) in vented conditions for the cqroesling casesy = 1 (k= 0). The

non-softening capacity factors can be compared to predtudses that used simple perfectly-

plastic models to represent clay behaviour. For clay withstant structurek(= 0), the position

of the structure surface actually causes an overconsetidasponse and so the MCC model

will be used for comparison as a normally consolidated dayf interest here. In the following

section the pullout capacity factor in structured Norrkigpclay will be compared with the

non-softening capacity factors from the MCC model and otesults reported in the literature.
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6.1.2. Pullout capacity factor

The pullout capacity factors for horizontal anchors in rsoftening clay (using an MCC
model) and structured clay are shown in Fig. 8, for a randé 8 ratios. Thes, profiles used
to normalise the pullout force were presented in Fig. 3, witength gradients of 2.94kPa/m
and 4.30kPa/m for non-softening and structured clay résede Previous finite element re-
sults for uniform, elastic-perfectly plastic clays remaotty Yu et al. [13] and Rowe and Davis
[6] are also shown, in addition to plasticity solutions byriield et al. [7] for vented anchors.
Although the combined influence of clay weight, strengthdggat, and different failure crite-
rions (in the vented interface condition) make comparisficdlt, it is reasonable to compare
the limiting N¢ value (\.,) for deep, attached anchors, for which the upper boundipitgst
solution is 11.42 [6]. Thé\,,, of non-softening clay in the current study is slightly osre
mated (., = 12.0) but shows a relatively good fit with values obtained in pyas numerical
analyses. The bounding solutions for vented anchors, rdddeior a uniform strength profile,
are rather higher than the results of the non-softening/aigalThis may be attributed to failure
being defined at a specified displacement for vented anch®etbe general trend of increasing
N with embedment depth is captured but at a shallower gradigato the failure mechanism

not being allowed to fully develop.

Fig. 8 shows that the pullout capacity factor in non-softgralay is higher than that in struc-
tured clay across all embedment ratios, suggesting thaesaifN. obtained by conventional
non-softening analyses may be overestimating capacitataral clays. This also reflects the
conclusions of other studies of embedded objects in sgaftening clays, such as penetrom-
eters [22, 23] and spudcans [24], where values of normatiapdcity were found to be lower
if softening behaviour is taken into account. In Norrkdpatay, the ratio of structured to non-
softeningN; is in the range 0.71 - 0.76 for attached anchors and 0.68 -for7the vented
interface condition. The clay structure does not influeimeedritical embedment ratio, mark-
ing the transition from a shallow to deep anchor, implyingtttlisplacement mechanisms are

similar for anchors in structured and non-softening clays.

In practice, the installation process of the SEPLA will cauemoulding to occur. Local
structure degradation will also result from plastic defation during keying [9]. Some degree
of structure will remain following installation of the p&anchor but it is unlikely to be fully
intact across the soil domain, nor will it be completely loshe lower bound of the capacity
factor post-installation can be taken as the residual vaful; in the structured clay, after
complete remoulding has occurred along the failure plaAssn example, the reduction from
peak to residual strength represents an 8% loss of capacignfanchor aitl /B = 10 (Fig. 6b
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Figure 8: Pullout capacity factors for horizontal anchors.



ro = 1.75). Across all embedment ratios, this reduction is in theyeab - 10%. For a vented
anchor, a similar lower bound can be calculated if the folst@ioed in the remoulded clay is
normalised by the peak shear strength in structured clagr@ier to overcome the truncated
simulation). In this case, the maximum reductiomiis 10%.

6.2. Pullout capacity of inclined plate anchors in struadrclay

Fig. 9 shows the pullout capacity factors for attached arechba range of post-keying incli-
nations 3 = 0°, 225°, 45°, 67.5°, 9(P). It can be seen that all cases tend towards a maximum
capacity factor of around 8.7. The effect on pullout cagagftanchor inclination is relatively
insignificant for embedment ratios greater than 4. At siakonbedment ratios, a horizon-
tal anchor has the highest pullout capacity, and capacttyaes with increasing inclination.
The critical embedment ratio is also seen to increase asntigoais more steeply inclined;
the plastic flow becomes localised at a greater depth. Inmalbr consolidated clay, there is
still capacity to be gained from an embedment beyond thigalipoint due to the increasing
strength profile with depth. However after the critical des reached the maximum pullout
force must increase in a manner directly proportional taslksérength, so the rate of gain in

capacity is reduced.
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Figure 9: Pullout capacity factors for attached anchorsrahge of inclinations.

For vented anchors, inclination has a profound effect uperptullout capacity factor for all
depths, as is evident in Fig. 10. The vertical anch®e90°) gives the highest factor, with
capacity reducing for less steep inclinations. This is necticontrast to behaviour if the anchor

and soil are attached, as the greatest pullout capacity evaslfin the horizontal case. The



contrasting relationship betwed and anchor inclination for different interface conditions
reflects the results of Yu et al. [13] for a uniform, weighfleday. Although Yu et al. [13]
found that the capacity became constant as the inclinatidnaed below 4% here a relatively
constant difference is observed between each inclinangiea This may be a consequence of

the use of a practical failure criterion.
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Figure 10: Pullout capacity factors for vented anchors.

The difference in behaviour between the attached and vesisel may be explained by ob-
serving the failure mechanism in each interface conditisni|lustrated in Fig. 11 for the case
H/B = 2. For a horizontal anchor, if the soil and anchor are fullpded together (11a) the
shear zone extends a distance beneath the anchor, in batbrital directions. If soil and an-
chor detach, shown in 11b, the failure plane runs immediateiards and increases in width
as weaker soil is activated. The greater length of the sHaaepn the attached case, coupled

with the activation of stronger soil at depth, adds signifibato the resistance.

For vertical anchors, in the attached case the soil engagj@ddthe anchor does not benefit
from the increase in shear strength with depth seen in thedrdal case. The failure plane is
much shorter and consequently the vertical anchor has a fmvlleut capacity. The inclinations
(22.5°, 45° and 675°) are intermediate steps; the failure plane tends to shameness soil
is activated beneath the anchor, lowering the pullout agpé&actor. In the vented case the
increased pullout capacity for vertical anchors is ex@édihy the failure mechanism extending
deeper into the soil compared to the horizontal case. Agagnintermediate inclinations show
the engagement of greater regions of deeper, strongendbiishear zone.



Fig. 12 shows failure mechanisms for deep, horizontal arschbhe localisation of plastic
flow is immediately evident for the attached anchor. It maybgced that plastic deformation
extends further above the anchor than below due to the lineareasing shear strength profile.
Failure mechanisms for attached anchors at other inabinatiollow the same pattern: instead

of the mechanism reaching the ground surface, plastic ohefioon is localised at the anchor.

For illustration purposes, Fig. 12b presents a vented anghthe same embedment ratio
(H/B = 4). The failure mechanism is essentially the same as thatrsh Fig. 12 for a
shallower embedment, hence the lack of a critical embednagiotin vented cases. As noted
by Song et al. [8], if the overburden pressure to shear stineregio was high enough, an
attached mechanism would form. A truncated failure ciateias been used in this study and

the ultimate pullout load would not be attained until théue mechanism reaches the surface.

6.3. Degradation of structure during pullout

The KHSM also allows observation of the loss of clay struetas an anchor is loaded to
failure. Fig. 13 shows the loss of structure around a deepar(tl /B = 10) at displacements
of 0.05B, 0.1B and 02B, when the failure mechanism is fully developed. The destration
strain parameter A, determining the contribution to stitetdegradation from volumetric and
shear strain, is 0.494 and so almost equal contributioms fhe two strain components would
be expected. However, in undrained conditions plasticmelic strain is necessarily small

and the loss of structure is therefore primarily caused leashtrain.

After a displacement of .05B, in both interface scenarios a total loss of structure has oc
curred in isolated regions at the tips of the anchor. Thedsfice between attached and vented
conditions is immediately apparent. The loss of structtereds above and below the attached
anchor in a similar manner. In the vented case, only a limatedunt of localised degradation
is observed beneath the anchor. No tension is allowed ineh&d interface and the loss of
structure below the anchor is likely due to the effect of bueden pressure. At this displace-
ment, structure loss is more extensive in the vented cagggsting the failure mechanism is

quicker to develop.

The two zones of remoulded clay at the anchor tips continggdw as plastic shear strains
accumulate and at 0.1B displacement have converged atraldexation above the anchor. It
is interesting to note that a zone of relatively intact sinoe remains above the anchor. At this
stage, in the attached case regions of remoulded clay edtemawards from the anchor tips as
the fully localised failure mechanism develops. A2B displacement this mechanism is fully

formed, and the anchor is enveloped in a zone of remouldédasiie from isolated regions
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Figure 11: Displacement vectors at failure at inclinatioglas from 0 to 9 for (a) attached and (b) vented
anchorsi /B = 2).



Figure 12: Displacement vectors at failure for a) attachetita vented anchor$i(/B = 4).

next to the anchor. In contrast structure continues to diegoaly above the vented anchor, as
the failure mechanism progresses towards the surface.

A pullout load has a similar effect on clay structure if thelaor is inclined. The loss of struc-
ture follows the development of plastic shear strains irsthieas the failure mechanism forms.
An interesting case occurs when the effect of anchor inttbnan the critical embedment ratio
is considered. As observed in Section 6.1.2, anchor inotinaan change the critical ratio
from H/B = 3 (horizontal anchoi3 = 0°) to H /B = 8 (vertical anchorf3 = 90°).

Fig. 14 presents the illustrative caslgB = 5 for anchor inclinations Q45° and 90. At
this embedment ratio, loss of structure is localised argbadhorizontal anchor, which deforms
according to a deep failure mechanism as described prayidfihe anchor is inclined at 45
the loss of structure is less localised. It is clear thattiahiplastic shear strains must reach the
surface as a zone of substantial but not total loss of streigstobserved. This reflects the fact
that, as may be concluded from Fig. 8, o= 45°, H/B = 5 is the critical embedment ratio.
The majority of the plastic flow, and associated loss of $tm&; occurs around the anchor and
the proximity of the ground surface does not affect the piltapacity factor. For a vertical

anchor, structure degradation clearly extends away framatichor into the soil mass. The
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Figure 13: Loss of structure at different displacementgjattached and b) vented anchidr/g = 10).



failure mechanism reaches the ground surface and the aisotiassified as shallow.
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Figure 14: Loss of structure at failure for inclined attatla@chorsifi /B = 5).

7. Conclusions

In this paper a finite element analysis of the pullout cagasfitSEPLAS in a structured clay
has been conducted. An advanced kinematic hardening tdiviimodel was used to accu-
rately describe the effect of structure on the mechanidahtieur of a plate anchor embedded
in a natural clay. The degradation of clay structure is medehs a function of plastic strain.
A range of post-keying anchor inclinations have been camnsmland the limiting cases of an

attached and vented interface were simulated.

The load-displacement relationship for attached anchostructured clay showed a peak

force followed by softening as structure is lost due to tasrains developing along the fail-



ure planes. The pullout force ultimately reduces to thahefremoulded clay. In terms of the
pullout capacity factor, which incorporates normalisatiy the peak undrained shear strength,
the loss of clay structure resulted in a reduction in cagdeittor compared to non-softening
clay. The ratio of structured to non-softening capacitydator vented and attached conditions
was in the range 0.68 - 0.76 for horizontal anchors. This esigghat values reported in previ-
ous studies may overestimate the capacity factor in natlags as the effect of softening has
not been previously accounted for in the pullout of platehams. A parametric study indicated
that a greater degree of initial structure, corresponding more sensitive clay, has the effect
of further reducing the pullout capacity factor. For low siimity clays, as considered here,
it can be concluded that design capacity factors are bestasd on the basis of remoulded
shear strength as the presence of initial structure offagsaorelatively small increase in pullout
capacity.

In undrained conditions, the loss of structure is predomtigecontrolled by plastic shear
strains. If a pullout load is applied to an anchor in struetliclay, zones of completely re-
moulded clay will form around the failure planes with incsigey displacement. The loss of
structure is more extensive for attached than for ventett@scas clay on both sides of the
anchor is activated. Small regions of remoulded soil weseoled beneath vented anchors, but

did not extend into the soil mass.

As a final remark, it must be emphasised that the pullout ¢gptactors reported in this
study are relevant only for the specific clay consideredtHeuinvestigation is needed into the
degree of structure in the clay mass and the rate of destatictn, in addition to the effect of

installation processes on the clay structure and ancharctsp
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