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Experimental Investigation of Installation and Pullout of

Dynamically Penetrating Anchors in Clay and Silt

Muhammad Shazzad Hossain', Youngho Kim? and Christophe Gaudin?®

Abstract: This paper reports the results from a series of model tests undertaken to provide
insight into the behaviour of torpedo anchors during dynamic installation and pullout in
lightly overconsolidated kaolin clay and calcareous silt. The tests were carried out in a drum
centrifuge at 200 g, varying the drop height, hence the impact velocity, and the time delay for
consolidation prior to pullout. The pullout angle at the mudline was also varied to encompass
various mooring systems, including catenary (0°), taut leg (45°) and tension leg (~80°). Two

geometries of torpedo anchors were explored, varying fin and tip geometry.

The results demonstrated that the anchor embedment depth increased as the drop height (and
hence the impact velocity) increased and the soil undrained shear strength decreased. In
stronger silt, the cavity above the installing anchor remained open whereas in soft clay, it was
fully backfilled and replenished. The corresponding anchor embedment depth was also about
0.63 times compared to that in clay. The anchor holding capacity was found to increase with
increasing post-installation consolidation time, depth of embedment and soil undrained shear
strength and with reducing pullout angle at the mudline. The anchor rotation during pullout

and hence the pullout distance for attaining the maximum capacity reduced as the load
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inclination at the mudline increased. The fin geometry (rectangular or elliptical) and tip
geometry (conical or ellipsoid) were shown to have remarkable influence on the holding
capacity, with rectangular fins and conical tip proved to be more effective. The negligible
adherence of silt along the anchor sides and the presence of semiliquid material around the
extracting anchor resulted in a significantly (34~47%) lower holding capacity in the

calcareous silt with significantly higher intact undrained shear strength.

CE Database subject headings: Anchors; Calcareous silts; Capacity; Centrifuge models;

Clays; Impact velocity; Installation; Mooring; Offshore platforms; Pullout.
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Introduction

Dynamically penetrating anchors (DPAs), colloquially referred to as torpedo anchors (see
Figure 1), have been increasingly considered for deep water oil and gas development. The
rapidly growing hydrocarbon exploration and extraction activity in deep and ultradeep water
(now approaching 3000 m) and in emerging provinces has necessitated the development of
alternative anchoring concepts. Among others, DPAs are the newest (late 90’s; Lieng et al.
1999, 2000; Medeiros 2001, 2002) and are identified as the most promising concept due to (a)
an economic, simple and quicker installation process performed by means of single anchor
handling vessel (AHV) with no external energy source or mechanical operations required, (b)
(and hence) a lower sensitivity to increasing water depth, (c) a high capacity under vertical
and horizontal loading with no severe constraints about accurate positioning of the anchors on
the sea bottom, (d) a flexibility in geometry that can accommodate a wide range of seabed
strength (Medeiros 2002; Colliat 2002; Ehlers et al. 2004), and (e) a relatively lighter weight
and inexpensive fabrication. Medeiros (2001) reported a related cost savings of 30%

compared with conventional anchoring systems.

Anchor Installation

Typically a set of 4 to 8 anchors are transported to the location and deployed using a typical
anchor handling vessel (see Figure 2). The dropping anchor is connected to an installation line
and an independent mooring line. It is lowered to the pre-determined drop height above the
seabed and then released by disconnecting the installation line. This allows the anchor to fall
freely through the water column before impacting and embedding within the seafloor
sediments. Penetration in the seabed is generated by the kinetic energy obtained through the

free-fall and the self-weight of the anchor.
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The main parameters that govern the penetration of a torpedo anchor in the seabed sediment
include (a) the anchor mass, (b) the drop height and hence impact velocity at the mudline, (¢)
the anchor geometry, and (d) the soil strength and sensitivity, with the former was
demonstrated to have the greatest influence (O’Loughlin et al. 2004; Richardson et al. 2006,
2009). Typical impact velocities vary between 10 and 30 m/s (Colliat 2002; Randolph et al.
2011) for free falling height ranging from 30 to 150 m. Anchor penetration in normally
consolidated (NC) clay de,p (to the top of the anchor) ranges from 8 m to 22 m. This results in
a tip embedment de,t up to 40 m or 2 to 3 times the anchor length (Colliat 2002). Dry weight
of anchors ranges from 23 to 115 tonnes and anchoring capacities in NC clay lie between 3

and 5 times the dry weight.

Anchor Geometry

A typical DPA consists of a central shaft typically 0.75~1.2 m in diameter and 12~17 m long,
and may feature stabilising fins. The cylindrical shaft is filled with scarp chain or concrete
and covered by a lid attached with an omni-directional chain attachment point (i.e. padeye). In
order to be applicable mostly in clayey sediments in increasing water depths, three alternative
forms of DPAs have been proposed. They include (a) a pipe pile with a conical tip (angle
30~60°- TA1) (Medeiros 2002; de Araujo et al. 2004; Brandao et al. 2006), (b) a tube with a
conical tip (angle 30~60°) and 4 rectangular fins attached at the upper part (TA2) (Medeiros
2002; de Araujo et al. 2004; Brandao et al. 2006), and (c) a tube with an ellipsoidal tip and 4
butterfly (TA3) or trapezoidal (TA4) wings attached at the trailing edge (Lieng et al. 1999,
2000, 2010). The rectangular (or trapezoidal) fins are 4 to 11 m in length and 0.45 to 0.9 m in
width. They are now being tested to be considered in silty deposits (Medeiros 2002; Ehler et

al. 2004). In this study, tests were carried out on model DPAs with 4 fins (TA2 and TA3).
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Applications

To date, DPAs have been used for anchoring (i) flexible risers, ships, mono-buoys; (ii)
drilling MODUs and (iii) production FPUs. For the former instance, about 90 anchors were
installed from 2000 to 2001 (Medeiros 2002) and for the latter two, more than 50 torpedos
were installed from 2002 to 2005 (Brandao et al. 2006) in the Campos Basin, offshore Brazil.
Although mostly used in soft clay, torpedo anchors have been used to moor mono-buoys and
ships in shallow and deeper water in calcareous soils (Ehlers et al. 2004). As they are being
proven as an attractive and cost-effective alternative to more traditional anchoring solutions,
with the progress of maturity, torpedo anchors will be applicable for other floating facilities,
e.g. FPSOs, TLPs, SPAR platforms, and to various emerging new concepts, including floating

LNG (FLNG) facilities.

However, DPAs trail in the level of maturity and require the most technological development
to attain a mature state of practice similar to suction caissons. In an attempt to improve
maturity in design, future research activities for torpedo anchors are recommended to be
focused to: (a) improve understanding the performance during installation and under
operational loadings in calcareous and sandy soils, (b) improve the reliability in predicting
embedment depth and holding capacity, (c) determine the optimum number, size and
configuration of fins, and (d) develop corresponding design guidelines for the offshore

industry.
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Review of Existing Data

Data from Field Test

Results from full scale field tests were reported by Medeiros (2002), de Araujo et al. (2004),
Brandao et al. (2006) and Lieng et al. (2010). The aim was to evaluate the driveability and
holding capacity of torpedo anchors (TA1, TA2, TA4). Tests were performed at the Campos
Basin, offshore Brazil and at the Gjoa field in the North Sea, off the Western coast of Norway

in water depths ranging from 200 m to 1200 m.

Installation: In order to assess the driveability, installation tests were carried out in various
soils including (a) normally consolidated and overconsolidated clay (Marlim field), (b) 13 m
thick fine sand layer overlying normally consolidated clay (Albacora field), and (c)
uncemented calcareous sand (Corvina field) (Medeiros 2002). A finless pile of outer diameter
(OD) Da = 0.762 m and length La = 12 m (Wary = 400 kN) was released from a drop height hd
= 30 m. The results illustrated in Figure 3a indicate that tip embedment of det = 1.25La and

1.83LA can be achieved in calcareous sand and sand-over-clay sediments, respectively.

For mooring Petrobras FPSO P-50, eighteen T-98 torpedo anchors (TA2, Wary = 98 tonnes =
961 kN, Da = 1.07 m, La = 17 m, four 0.9 m x 10 m rectangular fins) were installed
successfully in soft normally consolidated clay (su = 5 + 2z kPa) at the same basin (Albacora
Leste field). They were released from a drop height of ~135 m. The achieved impact velocity
was ~26.8 m/s, and the depths of final tip embedment were det = 30~37 m (see Figure 3b).
Trial tests were also performed varying the drop height (ha = 40, 97, 135 m). The
corresponding results are shown in Figure 3b. Broadly they show a trend - the impact velocity
and anchor embedment depth increase with increasing drop height. However, the rate of

increasing for the former is much higher compared to that for the latter.
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In August 2009, two full scale 80 ton torpedo anchors (TA4, Wary = 80 tonnes = 785 kN, Da =
1.2 m, La =13 m, four 1.4 m x 4~6 m trapezoidal fins) were successfully installed at the Gjoa
field in the North Sea, off the Western coast of Norway, to tether an MODU (Lieng et al.
2010). Drop height of 50 and 70 m resulted in impact velocity of 24.5 m/s and 27 m/s and
anchor tip embedment of 24 and 31 m, respectively. The undrained shear strength profiles
more or less increased with depth as su = 10 + 3.25z kPa and su = 10 + 2.37z kPa, respectively.
These are also included in Figure 3b for comparison. Although the trend is similar (and the
data are limited), it is seen that much higher impact velocity was achieved at the Gjoa field for
a similar drop height or in another words much lower drop height was necessary for achieving
any impact velocity. The corresponding embedment depths at the Gjoa field were 12~30%

lower, which may be due to the stronger seabed.

Theoretical prediction: As the anchor travels through water, its velocity increases and for a
given drop height, hd, the velocity at impacting the seafloor, vi, can be calculated from

hydrodynamic drag theory as

2
m dd:;d =W —%CdeApvi2 (1)
where m is the mass of the anchor, t is the time after releasing the anchor, Ws is the
submerged weight of the anchor (in centrifuge tests the anchor dropped initially in air and
then in water before impacting the soil surface and hence Wary and/or Ws are used as
appropriate), Cd is a dimensionless drag coefficient, Ap is the projected area of the anchor
including the shaft and fins and pw is the density of water. Note, for relatively higher drop
heights, the anchor velocity may attain the terminal velocity (i.e. may not increase further
with depth) before impacting the seabed. The predicted profiles using drag coefficient Cq =

0.6~3.04 are shown in Figure 3c. A value of C4 = 0.6~0.66 can be obtained matching with the
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measured data in the North Sea and a much bigger value of 1.46~3.04 for the data in the

Campos Basin.

Pullout: Load tests were carried out in soft normally consolidated clay (su = 5 + 2z kPa) at
Barracuda, Marlim, and Esdarte field in the Campos basin (Medeiros 2002). The tests were
performed using finless anchors (TA1, Wary = 240, 620 kN, Da = 0.76, 1.07 m, La = 12 m),
varying pullout angle (60 = 0, 45 and 90°) and set-up time (10, 18 days). The normalised
results are plotted in Figure 3d, reflecting (a) a set-up factor of 2.13~2.21 for 6o = 0°,
2.16~2.47 for B0 = 45° and 5.05~5.73 for 6o = 90°, (b) a reduction of the pullout capacity as

the pullout inclination at the mudline rises from 0°.

Data from Centrifuge Test

The pullout capacity of DPAs has been investigated experimentally through centrifuge model
testing (O’Loughlin et al. 2004; Richardson et al. 2006, 2009). The holding capacity, for a
given depth, increased with the number of fins due to the higher contact area (O’Loughlin et
al. 2004; de Aguiar et al. 2009) and reduced as the pullout inclination rises from the
horizontal (de Aguiar et al. 2009). As is generally the case for suction caissons, once the load
inclination exceeded about 30° to the horizontal, the capacity was governed entirely by the

vertical capacity.

Centrifuge work by Richardson et al. (2009) focused on the soil strength recovery after
installation and the subsequent holding capacity. As the anchor penetrated at high velocity,
significant soil disturbance was generated around the anchor and consolidation led to an
increase of anchor capacity with time, analogous to pile set-up. Results demonstrated a
significant increase of capacity with time (by a factor of 5 from immediate extraction to full

consolidation) but a greater period (up to 7 years for the 1.2 m diameter anchor presented here)
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was required to achieve full consolidation compared with equivalent piles or suction caissons.

The reported outcomes will be discussed latter along with the results from this study.

Experimental Program

Testing in Drum Centrifuge

All tests were conducted at enhanced gravity in the drum centrifuge at the University of
Western Australia (Stewart et al. 1998). This allowed correct stress similitude; strength ratio,
su/y'Da, where sy is the undrained shear strength and y’ the effective unit weight of the soil;
anchor mass; and drop height and hence impact velocity to be maintained between the model
experiments and offshore prototype conditions. Both the installation and the pullout tests were
carried out at a gravitational acceleration of 200 g, i.e. all prototype sizes are scaled down by
200, loads by 200 and mass by 200°. Unless stated, all results are presented in prototype
dimensions. A ~15 mm (model scale) layer of water was maintained above the soil surface

during testing.

A total of 20 tests were carried out, including 11 tests on kaolin clay and 9 tests on calcareous
silt. Table 1 provides a summary of all tests conducted. Installation and subsequent pullout
were carried out on two anchor models, varying the drop height (ha = 26~58 m without
applying spring tension and 61 m with applying spring tension; discussed later) and hence the
impact velocity (vi = 14.94~22 m/s) and embedment depth (det = 17.6~31 m), the elapsed

time before pulling out (tc = 0.04~219.2 years), and the pullout angle at the mudline (6o = 0,

45, 80°).
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Model Anchors

Tests were undertaken using 1:200 scale model anchors of two different geometries (see
Figure 4). These include (a) a solid shaft with a conical tip (angle 30°) and 4 rectangular
vertical fins (Wary = 1503 kKN, Da=12m, La=15m,Lr=10m, wr=0.9 m, tr = 0.1 m —
referred to as model B) and (b) a solid shaft with an ellipsoidal tip and 4 butterfly vertical fins
(Wary=1726 KN, Da=12m, La=163 m, Lr = 7.4 m, wr = 2.15 m, tr = 0.1 m — referred to
as model N). The models were made from brass (density = 8400 kg/m?). Table 2 summarises
the anchors geometry in model and prototype scale. The shapes were chosen similar to the
anchors in the field, TA2 and TA3, as illustrated by Medeiros (2002), de Araujo et al. (2004),

Brandao et al. (2006) and Lieng et al. (1999, 2000).

The anchor chain was modelled using braided fishing line, due to its flexibility, high tensile

strength, and resistance to stretching and unravelling.

Release and Pullout Mechanism

Release system: The Coriolis forces resulting from the rotating acceleration field in the
centrifuge requires the anchors to be installed through a guide to prevent lateral movement
during free fall. An installation guide was therefore manufactured from low friction PVC with
1 cylindrical groove with 4 wing channels in order to accommodate the 4-fin models, as
shown in Figure 5. The guide was 380 mm long and instrumented with a release system at the
back and a velocity measurement devises at the front. The release system consists of a spring,
a resistor (30 QQ) and a tightening screw. The anchor model’s top (padeye) was attached with
two lines, including release line and pullout line similar to the field. The model was set in the
guide channels at a targeted drop height from the soil surface. The release string was carried

through a hollow piston attached with the spring, over the resistor, and finally knotted with

10
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the screw (see Figure 5). The pullout string was left free. In some tests, the model was tensed
against the spring by rotating the screw to increase the impact velocity and hence penetration

depth.

As discussed previously, dynamic anchors rely upon the mass of the anchor and the velocity
at impact with the seabed to achieve the required embedment. In the centrifuge, equivalent
prototype impact velocities were obtained by allowing the anchor to free fall through the
increased acceleration field from much lower drop heights. To measure the anchor velocity,
while falling through the guide, 8 photoemitter-receiver pairs (PERPs, see Figure 5) were
mounted at 12.5 mm intervals along the guide at its front edge, with the last pair being at
10 mm from the exit point. The time delay between the tip of the anchor model crossing the
beam of two consecutive emitters enables the average velocity over that interval to be
determined. In this way, the average velocity at multiple points down the guide can be
determined, providing a velocity profile with vertical distance above the soil surface. The
edge of the guide was set at a distance of 15 mm above the soil surface. The impact velocity

was therefore calculated extrapolating this velocity profile.

A custom lock nut attached with a purpose-designed slotted plate was used to mount the

whole installation system on the drum centrifuge tool table actuator.

Pullout system: For carrying out pullout tests at various angles, a frictionless pulley attached
with a small slotted angle plate (allowed to adjust the position) was bolted at the edge either
above or below (for 45~80° pullout and 0° degree pullout to the horizontal, respectively) the
tool platform. The pullout string was carried over this pulley to the actuator, as illustrated in
Figure 6. A 500 N load cell was incorporated in between the actuator and the pullout line (see

Figure 6). This small load cell provided high resolution of the measured load response.

11
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Testing Procedure

The anchor was put inside the guide at a given drop height. It was held in position by using
the release string attached to the screw (see Figure 5). The installation guide was positioned at
the test site. The anchor release in flight was triggered by the resistor, which then supplied
with current, heated up and subsequently burnt through the release string. This allowed the
anchor model to free fall, initially through the guide and then through the water column,

before impacting the soil and coming to rest at a depth within the sample.

The centrifuge was ramped down so the crater above the installed anchor could be monitored.
The pullout string was stretched manually to (a) measure the depth of embedment and (b)
remove any slack. The tool platform was move up or down to set the pullout angle at the
mudline. The string was then linked to the load cell over the pulley (see Figures 6 and 7). This
allowed for maintaining the inclination constant during pulling out the anchor. The centrifuge
was then ramped up again back to 200 g. A period was then allowed for dissipation of the
excess pore water pressures (up to a certain degree) induced by the installation process around
the anchor. At completion of the reconsolidation period, the pullout test commenced. The

corresponding load-displacement was recorded.

The undrained pullout capacity of the anchors was evaluated by vertical monotonic extraction
at a rate of 2 mm/s. This rate was selected such that the normalised velocity index during
extraction, V = vDa/cy (Where v is the extraction rate, Da the anchor diameter and cv the
vertical coefficient of consolidation at the average anchor penetration; see Tables 2~4), = 31
and 144 > 30, which was expected to be sufficient to ensure undrained conditions both in clay

and silt according to Finnie (1993).

12
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Preparation of Sample

The tests were performed in lightly overconsolidated kaolin clay and calcareous silt, with the
engineering properties given in Tables 3 and 4, respectively. Both samples were prepared
together following an identical procedure. A homogeneous slurry was prepared by mixing
commercially available kaolin clay powder with water at 120% water content (twice the liquid
limit) and subsequently de-airing it under a vacuum. The silt material used was dredged

directly from the Australian seabed.

The channel was divided into two compartments by using two smooth aluminium plates to
deposit clay and silt (see Figure 8). The clay and silt slurries were then placed carefully into
the compartments alternatively, ensuring the balance of the channel. Normally consolidated
samples with a linearly increasing strength profile were produced by performing
consolidation at 200 g for seven days. The resulting clay and silt samples were 160 and
170 mm deep, respectively. The upper ~5 mm of the normally consolidated samples were
scraped off to achieve slight overconsolidation and a levelled surface for testing. For
calcareous silt, the carefully prepared soil sample may have produced engineering behaviour
corresponding to anchor installation and pullout consistent to the field seabed with similar

undrained shear strength.

Soil Strength Determination

Site characterisation tests were carried out in-flight using a T-bar penetrometer of diameter
5 mm and length 20 mm (model scale). These tests were conducted at a rate of 1 mm/s, which
was sufficiently fast to ensure undrained behaviour in both the kaolin and the silt. Figure 9
shows inferred strength profiles based on a T-bar factor of Nt.bar = 10.5. The strength values

may be idealised linearly increasing with depth as su = 1 + 0.85z kPa (clay) and 2 + 3z kPa

13
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(silt). The strength profiles replicated those typically found in offshore case studies (Randolph

2004).
Installation of Anchors

Impact Velocity

The anchor velocity at impact was determined from the velocity profile established from the
PERPs (see Figure 10a). A theoretical velocity profile was established, accounting for the
non-uniform acceleration field, which was fitted to the experimental velocity values and
permitted, by extrapolation, to determine the anchor velocity at impact. In the centrifuge, the

gravitational acceleration, a, increases with the radius, R, according to

a=n’R (2)

where o is the centrifuge angular velocity in rad/s. Consequently, the anchor experiences an
increasing gravitational acceleration as it falls towards the soil. The anchor velocity during
free fall was therefore calculated using the approach given below. The velocity, vk, at the end
of an increment was a function of the velocity, vo, the average acceleration, a, over the
increment (i.e. average of ak:ao), and the radius increment, AR, from the onset (i.e. Rk - Ro), as

follows

Vi = \/Vo2 +2a(Rk _Ro) (3)

Note that this does not account for the (negligible) deceleration experienced by the anchor as
it penetrated from air to the thin water layer above the soil surface. The theoretical velocity
profiles required adjustment to account for friction along the anchor-guide interface. An
example profile plotted in Figure 10a demonstrates the full installation features for Test C7.
Table 1 shows the range of impact velocities measured during the anchors installation and the
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dependence of impact velocity (vi) on the anchor drop height (hd). The achieved impact
velocities vary between 15 and 22 m/s (see Table 1), and increase with drop height. In some
tests on silt, the anchor model was pulled against the spring prior to releasing, which led to

obtain a slightly higher impact velocity and hence embedment depth (see Table 1).

These values of impact velocity and prototype equivalent drop height (accounting for the non-
uniform acceleration field), along with theoretical prediction using Equation 1 and Cq = 0.24
(note, the radius to the soil surface limits the curve length), are plotted in Figure 10b. The
discrepancy between the measured data and theory is about 10~15%, which can be attributed
to the friction that developed along the anchor-guide interface, as also commented on by
O’Loughlin et al. (2004). A comparison between the values from this study and the reported
data from model tests by Richardson (2008) and field tests by de Araujo et al. (2004),
Brandao et al. (2006) and Lieng et al. (2010) are shown in Figure 10c. They all show a
consistent trend except the data reported by Brandao et al. Apparently, the velocities 24~27

m/s attained the terminal one as they did not increase further with drop height.

Embedment Depth

The corresponding embedment depths are plotted in Figure 11. The anchor penetration depth
increases as the impact velocity (and hence drop height) increases. For silt (su = 2 + 3z kPa),
the anchor tip embedment (de,t) is about 1.17~1.4La. For softer clay with su = 1 + 0.85z kPa,
the depth is significantly higher and, for a similar velocity, it is around 1.6 times of that for
silt. However, under these impact velocities, in most case, the embedment depth (~2La) was
restricted by the clay sample depth of 31 m (~2La). Nevertheless, it is believed that the
consequent effect (if any) on the anchor pullout resistance was minimal and was not obvious

from the extraction profiles presented later.
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The above results are for model B. For lower impact velocities and in stronger calcareous silt,
slightly higher embedment depths were obtained for the heavier model N (see Tests K10, K11,

C3, C9; Table 1).

Similar to Figure 10, centrifuge and field test data from the literature are incorporated in
Figure 11 for comparison. The tip embedment depths for a relatively lighter anchor (15.5 gm
compared to 19.16~22.01 gm) in clay with su = ~1.35z kPa (which lies between achieved
strengths in this study of 1 + 0.85z kPa and 2 + 3z kPa), as reported by O’Loughlin et al., lie
between the trend for clay and silt. Field data for an anchor (Wary = 78 tonnes compared to

153~160 tonnes) in clay (su = 5 + 2z kPa) show a trend consistent to the measured data in clay.

Installation Mechanism: Cavity Condition

Model tests were carried out inside the body of the soil deposited around the drum channel
(see Figure 8), which prevented photos of installation mechanism to be captured. However,
the top view of the failure mechanisms were recorded continuously by using a camera
mounted on the tool platform as well as capturing photos after the completion of each test.
The centrifuge was stopped after each installation test for setting-up to carry out pullout test,
as discussed previously. It was seen that, in silt, a cavity formed above the installed anchor
remained open and, in clay, the top was fully covered or replenished (i.e. no cavity), as
displayed in Figure 12. The open cavity remained stable during the whole consolidation time,

as monitored by the camera. This is critical both for installation and pullout as

(a) During installation, the weight of the backfilled/infill soil (if any) above the
installing anchor will augment the vertically downward load (weight of anchor) and
hence the embedment depth. This may be partly responsible for the deeper

embedment depths in clay, and is reflected in Figure 11.
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343 (b) During pullout, for clay, the weight of the backfilled/infill soil will act against
344 extraction. Some researchers (e.g. Richardson et al. 2009’s Equation 4) suggest to
345 take into account (either shallow or deep) bearing resistance at the padeye level.
346 This relies on the presence of soil above the shaft and fins. Conversely, for silt the
347 open cavity was filled with water and hence the bearing resistance at the top of the
348 shaft and fins could not be mobilised. Furthermore, the backfilled/infill soil provides
349 a seal over the top of the anchor shaft and fins, which ensures transient suctions
350 (constituted by reverse end bearing) to be sustainable beneath the anchor. In absence
351 of this sealing, the consequential contribution to the pullout capacity and (possibly)
352 frictional resistance along the surfaces of the anchor were lower.

353

354  Pullout of Anchors

355  The extraction resistance from anchor pullout tests are presented in terms of normalised
356  response, F/(Apsuav) (Where F is the extraction resistance and suav is the average undrained
357  shear strength over the anchor shaft length i.e. at the mid height of the anchor shaft), as a
358  function of normalised pullout displacement, u/Da. The ultimate holding capacity including
359 the form of pullout response of anchors is affected by a number of factors: (a) the type of the
360 soil deposit; (b)the angle of pullout at the mudline, 6o; (c) the time allowed for
361  reconsolidation, tc; and (d) the geometry of the model anchor. In the following sub-sections,

362  the results will be discussed in relation to these various factors.

363  Effect of Soil Type

364  In order to highlight the effect of soil type the normalised pullout resistances from Tests K7,

365 KO (clay) and C5, C8 (silt) are plotted in Figure 13 (60 = 45°; Table 1). The form of response

17



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

Experimental investigation of installation and pullout of dynamically penetrating anchors in clay and silt Hossain et al.
March 2013, Revised August 2013, Re-revised January 2014

profile for silt is more gradual and less brittle compared to that for clay. The displacements
required for achieving the holding capacity, for a given inclination, are consistent. In
calcareous silt, the anchor was shallowly embedded (de/La = 1.17~1.4), and an open cavity
was existed above the installed anchor whereas, in clay, the anchor was deeply embedded
(de/La = 1.89~2), and fully buried. As discussed previously, the lack of sealing above the
anchor, caused by the water filled cavity, has significant influence on the mobilised skin
friction along the surfaces and suction at the base of the anchor. Furthermore, a number of
researchers (e.g. Erbrich and Hefer 2002, Cassidy 2012) have noticed that the mobilised
friction in calcareous silt is much lower than that in clay. This is also demonstrated in Figure
7 by (a) no or negligible adhered soil along the sides of the extracting anchor, and (b) the
presence of semi-liquid soils around the extracting anchor. The net resultant is, for similar tc,

the holding capacity in calcareous silt is only 0.5~0.7 times of that in clay.

Effect of Pullout Angle at the Mudline,

Pullout tests were carried out at 6o = 0, 45 and 80° in an attempt to cover catenary, taut-leg
and tension leg moorings. The results for Tests K2, K4, K7 and C3, C4, C5 (model B, Table 1)
are shown in Figures 14a and 14b, respectively, to examine the effect of loading angle. The
form of extraction resistance changes with the loading inclination. In general, as the load
inclination reduces, the curve becomes more gradual, reflecting that an increasing degree of
rotation was required for the anchor to be aligned with the pulling line. Consequently, the
required displacement to attain the peak capacity (referred to as holding capacity) is greater
for lower pullout angle. The most brittle response corresponds to 80° inclination i.e. it rises
quickly to the peak value followed by a sharp drop. This is caused by somewhat no rotation
and (hence) less adherence of soil along the extracting anchor sides (see insert of Figures 6a

and 7a). The holding capacity, for a given embedment depth, reduces as the pullout
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inclination rises from the horizontal. This is because the corresponding soil failure mechanism
changes (and becomes more confined) and degree of rotation and adherence reduce. Note, the

time allowed for consolidation (tc) for each test is also different.

By comparing the responses, once again, the normalised holding capacities in calcareous silt

are ~50% of that in clay.

Effect of Time Allowed for Reconsolidation, t.

In order to illustrate the effect of the reconsolidation time, tc on the extraction resistance, the
results of various reconsolidation times tc = 0.04, 2.28, 9.13, 109.59 (60 = 0°, models B and N,
clay and silt, Tests K3, K10 and C1, C4; Table 1) and 0.04, 82.2 (60 = 45°, model B, clay and
silt, Tests K7~K9 and C5, C8; Table 1) are displayed in Figures 15a and 15b, respectively.
This noted time does not include the required for ramp down, anchor set-up and ramp up back
to 200 g, which was around 20 minutes. Installation of the anchor models induced excess pore
water pressures. The time before pulling out allowed for dissipation of that excess pore
pressures up to a certain degree and hence gain in soil strength, as also observed from T-bar
tests by Hodder et al. (2010). Consequently, the holding capacity should increase with time.
Indeed, for kaolin clay, similar normalised holding capacity can be obtained for identical tc
(see Figure 15b) and that increases with increasing tc (see Figures 15a and 15b). However, for
silt, the percentage of increase is much lower - around 1/3 of that for clay. It is believed that (a)
the high permeability and cv of silt and (b) the open cavity above the anchor allowed for

accelerating the reconsolidation process.

The holding capacities are normalised as

F, = s 4)
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and plotted in Figure 16 against non-dimensional time, T = cit/Da?, where cn is the horizontal
coefficient of consolidation, which can be approximately calculated from cv by multiplying
with /5 (Schneider et al. 2008; Richardson et al. 2009). Richardson et al. (2009) reported
vertical pullout capacity from model tests in kaolin clay. They are also included in Figure 16
for comparison. The values from this study are much scattered as they are for various load
inclinations 6o = 0, 45, 80°. Richardson et al.’s capacity values lie below as they are from

vertical pullout tests (6o = 90°).

The set-up factor is difficult to calculate as tests were carried out at various load inclinations

and no immediate pullout was conducted.

Effect of Model Anchor Geometry

The tests were carried out using two model anchors — model B and N. The effect of anchor
geometry on the form of extraction resistance profile, including the holding capacity, are
shown in Figures 17a and 17b for pullout inclination of 6o = 0° and 45°, respectively (clay,
Tests K2, K3 and K6, K7; Table 1). The form of extraction profile and pullout displacement
for attaining the ultimate capacity are similar for both model anchors. The latter one is slightly
heavier and longer, resulting in greater embedment depth although the tip is elliptical
compared to conical for model B (see Table 1). Even then, for similar tc, the normalised
holding capacity (including Fn) for model N is about 0.75~0.78 times of that for model B

regardless of pullout angle. As such, anchor model B may be more effective in the field.
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Concluding Remarks

This paper has reported results from centrifuge model tests investigating dynamic installation
and monotonic pullout of torpedo anchors in lightly over consolidated clay and calcareous silt.
The tests were carried out varying the drop height, hence the impact velocity, and the time
delay for reconsolidation prior to pullout. The pullout angle at the mudline was also varied to

encompass various mooring systems, including catenary (0°), taut leg (45°) and tension leg

(~80°). The following key conclusions can be drawn from the results presented in the paper.

The achieved impact velocities were 15~ 22 m/s, which increased with increasing drop height.
These values were found to be consistent with the reported centrifuge model test data and
field data. They were 10~15% lower than theoretical prediction (using Ca = 0.24) due to

frictional loss in the launcher guide.

The anchor embedment depth increased with increasing drop height (and hence the impact
velocity) and decreasing soil undrained shear strength. The anchor tip embedment (de,t) was
about 1.17~1.4LA in calcareous silt (with sy = 2 + 3z kPa). In softer clay with su =1 + 0.85z
kPa, the embedment, for a similar impact velocity, was around 1.6 times compared to that in

silt.

In stronger silt, the cavity above the installing anchor remained open whereas in soft clay, it
was fully backfilled and replenished. This is critical both for installation and pullout. During
installation, the backfilled/infill soil above the anchor augments the vertically downward load.
During extraction, that soil provides a seal over the top of the anchor shaft and fins, which
may lead reverse bearing to be mobilised at the base of the anchor shaft and fins and higher

skin friction along the anchor surfaces.
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The anchor holding capacity increased with increasing post-installation consolidation time,
depth of embedment and soil undrained shear strength and with reducing pullout angle at the
mudline. The fin geometry (rectangular or elliptical) and tip geometry (conical or ellipsoid)
were shown to have remarkable influence on the holding capacity. The normalised holding
capacity for anchor model N was about 0.75~0.78 times of that for model B, regardless of

pullout angle, and hence model B may be more effective in the field.

The negligible adherence of silt along the anchor sides and the presence of semiliquid
material around the extracting anchor resulted in a significantly (34~47%) lower holding

capacity in the calcareous silt with significantly higher intact undrained shear strength.

To develop design approaches for anchor installation and pullout, an extensive investigation
is being carried out through 3D large deformation FE analyses, validating against these

centrifuge test data. The results will be published in a forth coming paper.
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477  Notation

478 a gravitational acceleration

479  Ar anchor projected area including shaft and fins

480 c¢n horizontal coefficient of consolidation
481 Cv vertical coefficient of consolidation
482 Cua dimensionless drag coefficient

483  de embedment depth of installed anchor

484  det embedment depth of installed anchor tip

485 dep  embedment depth of installed anchor padeye

486 Da anchor shaft diameter

487 F extraction resistance

488 Fn normalised holding capacity

489  hd drop height

490 La anchor shaft length

491 Lr fin length

492 Lt anchor shaft tip length

493 m anchor mass

494 R radius
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495  su undrained shear strength

496  suav  average undrained shear strength over anchor shaft length

497 t time after releasing the anchor

498  te time allowed for reconsolidation before pulling out

499  tr fin thickness

500 T non-dimensional time
501 u pullout distance

502 v extraction rate

503 i anchor velocity at impact

504 wvo, ao, Ro velocity, acceleration and radius at the beginning of anchor drop

505  wx, ak, Rk velocity, acceleration and radius at the end of each increment

506 V non-dimensional velocity index

507  wr fin width

508  Wary anchor dry weight

509 Ws  anchor submerged weight

510 z depth below soil surface

511 ¢ effective unit weight of soil

512 pw density of water
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513 6o pullout angle at mudline

514 o centrifuge angular velocity
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577 Table 1. Summary of centrifuge tests conducted
Event Test | Model | Drop height, hq Impact Depth of  tip | Time allowed for | Pullout | Holding
anchor velocity, embedment, d.; consolidation, t.* angle, | capacity,
vi (m/s) 00 (%) | F/Ap
Model | Prototype* | Model = | Model | Prototype | Model | Prototype (kPa)
(mm) (m) Prototype | (mm) (m) (hrs) (yrs)
Kl |B 260 32.59 18.55 149 29.8 0.5 228 45 -
K2 |B 260 32.59 18.57 150 30 0.5 228 0 4276.69
K3 |N 255 32.22 18.75 151.5 30.3 0.5 228 0 3373.09
K4 |B 260 32.59 18.6 151 30.2 0.5 2.28 80 2991.71
K5 |N 260 32.59 18.9 155 31 0.5 2.28 80 2291.52
EIL:YKa"“n K6 [N |260 3259 18.8 154|308 48 21918 | 45 2901.60
K7 | B 255 32.22 18.36 150 30 18 82.19 45 3557.59
K8 | B 175 24.99 15.7 145 29 0.0083 | 0.038 45 2847.59
K9 | B 133.32 | 20.18 14.94 142 28.4 0.0083 | 0.038 45 2758.08
K10 | N 175 24.99 15.85 151.5 30.3 24 109.59 0 4095.64
Kil | B 180 25.52 15.83 145 29 24 109.59 0 -
Cl B 273 32.82 19.08 100 20 0.0083 | 0.038 0 3970.99
C2 | N 305 34.55% 22 117 23.4 18 82.19 80 2655.07
C3 B 305 34.63% 21.22 106 21.2 0.0083 | 0.038 80 3034.95
E2- C4 | B 305 34.63% 21.15 104.5 20.9 2 9.13 0 4423.09
Calcareous | C5 | B 305 34.63% 21.17 105 21 18 82.19 45 3831.42
silt C6 | N 305 34.55% 21.8 116.5 233 19 86.76 45 -
C7 | B 225 293 17.13 95 19 1 4.57 45 -
C8 | B 150 21.88 15.17 88 17.6 0.0083 | 0.038 45 2918.13
C9 | N 305 34.55% 21.4 109.5 21.9 18 82.19 0 -
578

579 ¥ =7 kN/m? (kaolin clay) and 4.5 kN/m?> (calcareous silt)

580  * Applied spring tension

581  * Accounting for non-uniform acceleration field (radius for 200 g was set at 1/3 of soil sample

582  depth)

583  *Excluding time required for ramp down, anchor setting at 1 g and ramp back again to 200 g

30




Experimental investigation of installation and pullout of dynamically penetrating anchors in clay and silt Hossain et al.
March 2013, Revised August 2013, Re-revised January 2014

584 Table 2. Model and prototype anchor dimensions

Dimension Symbol | Anchor B Anchor N
Model* Prototype | Model* Prototype

Anchor length La 75 mm I5m 81.5 mm 163 m
Anchor diameter | Da 6 mm 1.2m 6 mm 1.2 m
Tip length Lt 11.2mm |[224m 10.5 mm 21m
Fin* length Lk 50 mm 10 m 37 mm 7.4 m
Fin width WF 4.5 mm 0.9 m 10.75 mm* | 2.15m
Fin thickness tr 0.5 mm 0.1 m 0.5 mm 0.1 m
Dry weight Wary 19.16 gm | 1504 kN | 22.01 gm 1727 kN

585

586  "Number of fin =4

587  * The models are made from brass (density = 8400 kg/m?®)

588 ¥ Maximum width

589
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590 Table 3. Engineering properties of kaolin clay (data from Stewart, 1992)

Property Value

Liquid limit, LL (%) 61

Plastic limit, PL (%) 27

Plasticity index, Ip (%) 34

Specific gravity, Gs 2.6

Consolidation coefficient (mean), cv (m*/year) ~2.6

Sensitivity, St 2.5~3

591
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592 Table 4. Engineering properties of calcareous silt
Property Value
Liquid limit, LL (%) 76
Plastic limit, PL (%) 35
Plasticity index, I, (%) 41
Specific gravity, Gs 2.77
Consolidation coefficient (mean), cv (m*/year) ~12
Sensitivity, St 5

593

594
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Figure Captions

Fig. 1. Typical torpedo anchors with 4 fins (after de Aguiar et al. 2009)

Fig. 2. Torpedo anchor installation procedure

Fig. 3.Data from field tests carried out at the Campos Basin, offshore Brazil and Gjea field,
North Sea (Medeiros 2002; de Araujo et al. 2004; Brandao et al. 2006; Lieng et al. 2010): (a)
Effect of seabed soil type and stratigraphy on anchor penetration depth; (b) Measured anchor
penetration depth in clay for different drop height and impact velocity; (c) Theoretical
prediction of impact velocity for various Ca; (d) Effect of load inclination and consolidation

time (tc) on holding capacity

Fig. 4. Model anchors used in centrifuge tests (1:200)

Fig. 5. Anchor release system in drum centrifuge : (a) before releasing anchor ; (b) after

releasing and installing anchor

Fig. 6. Anchor pullout at various angles in drum centrifuge (kaolin clay): (a) 80°; (b) 45°; (c)

OO

Fig. 7. Anchor pullout at various angles in drum centrifuge (calcareous silt): (a) 80°; (b) 45°;

(c) 0°

Fig. 8. Preparation of clay and silt sample together dividing drum channel into two
compartments: (a) View of full channel divided into two compartments; (b) After

consolidation; (c) After scraping

Fig. 9. Shear strength profiles from T-bar tests (N1-bar = 10.5)
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Fig. 10. Impact velocities from centrifuge tests and reported data: (a) Typical dynamic
installation profile of a torpedo anchor (Test C7, Table 1); (b) Achieved impact velocities and
theoretical prediction (accounting for non-uniform acceleration field); (c) Comparison

between results from this study and reported data from model and field tests

Fig. 11. Embedment depths from centrifuge tests and reported data

Fig. 12. Top view at the mudline after installing the anchor: (a) Kaolin clay; (b) Calcareous

silt

Fig. 13. Effect of soil type on pullout resistance (6o = 45°, Tests K7, K9 and C5, C8; Table 1)

Fig. 14. Effect of pullout angle, 6o, on pullout resistance (model B, K2, K4, K7 and C3~CS5;

Table 1): (a) Kaolin clay; (b) Calcareous silt

Fig. 15. Effect of time allowed for reconsolidation, tc, on pullout resistance: (a) 6o = 0°
(models B and N, Tests K3, K10 and C1, C4; Table 1); (b) 60 = 45° (model B, Tests K7~K9,

and C5, C8; Table 1)

Fig. 16. Effect of non-dimensional time, T, on normalised holding capacity

Fig. 17. Effect of model anchor geometry on pullout resistance (clay): (a) 6o = 0° (Tests K2,

K3; Table 1); (b) 6o =45° (Tests K6, K7; Table 1)
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636  (a) Torpedo anchors (After de Aguiar et al. 2009)

637

638  (b) Torpedo anchors (after Salies 2004)

639 Figure 1. Typical torpedo anchors with 4 fins
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641 Figure 2. Torpedo anchor installation procedure
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651  (d) Effect of load inclination and consolidation time (tc) on holding capacity
652 Figure 3. Data from field tests carried out at the Campos Basin, offshore Brazil and
653 Gjga field, North Sea (Medeiros 2002; de Araujo et al. 2004; Brandao et al. 2006;
654 Lieng et al. 2010)
655

39



Experimental investigation of installation and pullout of dynamically penetrating anchors in clay and silt Hossain et al.
March 2013, Revised August 2013, Re-revised January 2014

i

il
—:rﬂ— 1r ’;
|

—b—l ’4— Da
L¢¢ .

Conical o Ellipsoidal tip

656

657 Figure 4. Model anchors used in centrifuge tests (1:200)
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661 Figure 6. Anchor pullout at various angles in drum centrifuge (kaolin clay)
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Figure 9. Shear strength profiles from T-bar tests (Nt.par = 10.5)
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Figure 10. Impact velocities from centrifuge tests and reported data

47



Experimental investigation of installation and pullout of dynamically penetrating anchors in clay and silt Hossain et al.
March 2013, Revised August 2013, Re-revised January 2014

Impact velocity, v; (m/s)

0 5 10 15 20 25 30
0 L L L L L 0
Padeye (de,p)

5 . 1 0.33
g Silt :I<
i 10 - 1 0-66 3
£15 - j 1 0.99E

o
E 20 - S~ 11 322
c Q
Cla .

225 - Yol LA TP | 1652
S 5 g
é 30 - /M%m 198 £
Z

w 35 Model: O'Loughlin et al. (2004) | 531

Field: Araujo et al. (2004)
40 + 2.64
701
702 Figure 11. Embedment depths from centrifuge tests and reported data

48



Experimental investigation of installation and pullout of dynamically penetrating anchors in clay and silt Hossain et al.
March 2013, Revised August 2013, Re-revised January 2014

703 (a) Kaolin clay (b) Calcareous silt
704 Figure 12. Top view at the mudline after installing the anchor
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Figure 13. Effect of soil type on pullout resistance (6p = 45°, Tests K7, K9 and C5, C8;
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714 Figure 14. Effect of pullout angle, 69, on pullout resistance (model B, K2, K4, K7 and
715 C3~CS5; Table 1)
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718  (a) B0 =0° (models B and N, Tests K3, K10 and C1, C4; Table 1)
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Figure 15. Effect of time allowed for reconsolidation, t., on pullout resistance
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