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This paper reports the results from three-dimensional dynamic finite element analysis undertaken to
provide insight into the behaviour of torpedo anchors during dynamic installation in non-homogeneous
clay. The large deformation finite element (LDFE) analyses were carried out using the coupled Eulerian—
Lagrangian approach, modifying the simple elastic-perfectly plastic Tresca soil model to allow strain
Keywords: softening, and incorporate strain-rate dependency of the shear strength using the Herschel-Bulkley
Torpedo anchors model. The results were validated against field data and centrifuge test data prior to undertaking a
Clays detailed parametric study, exploring the relevant range of parameters in terms of anchor shaft length and
Dynamic installation diameter; number, width and length of fins; impact velocity and soil strength. The anchor velocity profile
ETrl:lee?_g:ln;gzzmng during penetration in clay showed that the dynamic installation process consisted of two stages: (a) in
Offshore engineering Stage 1, the soil resistance was less than the submerged weight of the anchor and hence the anchor
accelerated; (b) in Stage 2, at greater penetration, frictional and end bearing resistance dominated and
the anchor decelerated. The corresponding soil failure patterns revealed two interesting aspects
including (a) mobilization of an end bearing mechanism at the base of the anchor shaft and fins and
(b) formation of a cavity above the shaft of the installing anchor and subsequent soil backflow into the
cavity depending on the soil undrained shear strength. To predict the embedment depth in the field, an
improved rational analytical embedment model, based on strain rate dependent shearing resistance and
fluid mechanics drag resistance, was proposed, with the LDFE data used to calibrate the model.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction velocities; hydrodynamic aspects related to possible entrainment
of water adjacent to the anchor and limited understanding of the
soil failure mechanisms. The high strain rate leads to increase in

undrained shear strength of the soil in the vicinity of the anchor

Dynamically installed anchors (DIAs) are increasingly con-
sidered for mooring floating facilities in deep waters. The most

commonly used DIA geometry is rocket-shaped, referred to as a
torpedo anchor, and may feature up to 4 fins at the trailing edge
(see Fig. 1). The anchor is released from a specified height above
the seabed. This allows the anchor to gain velocity as it falls freely
through the water column before impacting the seafloor and
embedding into the sediments.

One of the key challenges associated with torpedo anchors
includes accurate prediction of the anchor embedment depth. This
is complicated by the very high strain rates (exceeding 25s~!) at
the soil anchor interface, resulting from the high penetration
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while, in the absence of any better model, a simple limit equili-
brium approach comprising frictional and bearing terms is used to
estimate penetration resistance.

1.1. Previous work

Investigations on dynamic installation of anchors are very
limited, and mostly through centrifuge modelling and field trials,
with a summary given by Hossain et al. (2014). More recently the
problem has been addressed through numerical modelling. Raie
and Tassoulas (2009) carried out analysis using a computational
fluid dynamics model, modelling the soil as a viscous fluid. Sturm
et al. (2011) performed quasi-static simulation of the installation
process of a torpedo anchor using an implicit finite element code.
However, the installation process of a torpedo anchor is a dynamic
soil-structure interaction problem involving extremely large
deformations. Nazem et al. (2012) carried out dynamic large
deformation finite element (LDFE) analysis of a free-falling cone
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Nomenclature Ry factor related to effect of strain rate for frictional
resistance
An anchor shaft cross-section area St soil sensitivity
Apr fins projected area Su undrained shear strength
Ap anchor shaft and fins projected area Sum undisturbed soil strength at mudline
A total surface area of anchor Sumrer ~ reference undisturbed soil strength at mudline
Asa embedded anchor shaft surface area SubA undrained shear strength at bottom of anchor shaft
Asr embedded fin surface area Su,bF undrained shear strength at bottom of fins
Cy4 drag coefficient SusA average undrained shear strength over embedded
Da anchor shaft diameter length of shaft
D, equivalent diameter (including fins) SusF average undrained shear strength over embedded
d; anchor tip penetration depth length of fin
der installed anchor tip embedment depth Suref reference undrained shear strength
dep installed anchor padeye embedment depth Su,tip undrained shear strength at anchor tip level
Etotal total energy during anchor penetration t incremental time
Fy end bearing resistance tr fin thickness
Fppa end bearing resistance at base of anchor shaft v anchor penetrating velocity
FppF end bearing resistance at base of anchor fins Vi anchor impact velocity
Fy inertial drag resistance Wr fin width
Fr frictional resistance Wy anchor dry weight
Fia frictional resistance along shaft W anchor submerged weight in water
Fyr frictional resistance along fins z depth below soil surface
F, buoyant weight of soil displaced by anchor a interface friction ratio
hq anchor drop height p shear-thinning index
Rmin minimum element size Pip anchor tip angle
k shear strength gradient with depth Orem fully remoulded ratio
La anchor shaft length n viscous property
Lr fin length A rate parameter for logarithmic expression
Ly anchor shaft tip length Y2 rate parameter for power expression
m anchor mass He Coulomb friction coefficient
m’ anchor effective mass V4 effective unit weight of soil
Ncpa bearing capacity factor at base of anchor shaft 7 shear strain rate
Nepr bearing capacity factor at base of anchor fins Tref reference shear strain rate
n factor relating operative shear strain rate to normal- & pullout angle at the mudline
ized velocity 04 pullout angle at the padeye
Ry factor related to effect of strain rate Ps submerged density of soil
Rny factor related to effect of strain rate for end bearing Tmax limiting shear strength at soil-anchor interface
resistance cumulative plastic shear strain
Eos cumulative shear strain required for 95% remoulding
o . . d’z
penetrometer (similar to a finless anchor) using an arbitrary m? =W — F - RnFy — RpF — K

Lagrangian-Eulerian (ALE) approach, accounting for strain rate
dependency, but considering uniform clay and assuming a fric-
tionless cone-soil interface. As discussed later, frictional resistance
along the surfaces of the anchor and the soil strength gradient
have significant influences on the anchor embedment depth.

1.2. Theoretical prediction method for anchor embedment depth

1.2.1. Bearing resistance method

Due to the relative scarcity of investigations to assess installa-
tion depths of torpedo anchors, current practice relies on the limit
equilibrium method proposed by True (1974), based on Newton's
second law of motion and considering uniform clay. Several stu-
dies (Medeiros, 2002; de Araujo et al., 2004; Brandao et al., 2006;
Richardson et al., 2009; O’Loughlin et al., 2009, 2013, Chow et al.,
2014; Hossain et al., 2014) have adopted a similar approach, with
variations on the inclusion and formulation of the various forces
acting on the torpedo anchor. The equations of motion may be
expressed as

=W, — F, — Rii(Foa + Foor) — Ro(Fa + Fr) - Ry
= W; — F, — Rt (NepaSupaAa + NebrSubFAbF)

1
— oRp (Su,sAAsA + Su,sFAsF) - _CdﬂsApvz

2 M

The terms used in the above expression are defined under
nomenclature. Ry and Rp, reflect the effects of shear strain rate for
end bearing and frictional resistance, respectively. The frictional
resistance term (Fy) comprises friction along the shaft (F) and the
fins (Fg), while the bearing resistance term (F,) includes end
bearing at the base of the shaft (F, ,4) and fins (F, 4¢). In addition, if
soil backflow occurs above the installing anchor, reverse end
bearing at the upper end of the shaft (F, ) and fins (Fj ) must be
accounted for. F, is the buoyant weight of the displaced soil and Fy
is the inertial ‘drag’ resistance generally expressed in terms of a
drag coefficient, C4, as indicated (with ps the submerged soil
density and v the penetration velocity).

In practice, natural fine grained soils exhibit strain-rate depen-
dency and also soften as they are sheared and remoulded. For
dynamic installation of torpedo anchors, the rate dependency of
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